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X. ABSTRACT 

 

Cardiac Health: From Electrostimulation of Cardiomyocytes to miRNA 

Detection 

Fionn Ó Maolmhuaidh 

Current methods of cell culture where electrical stimulation is applied during culture 

require a wired connection to a power supply to generate an electric field with which to 

stimulate the cells. This method is intrusive in a lab setting and does not conveniently 

allow for traditional cell culture techniques during stimulation, hence it is frequently 

omitted from cell culture protocols. The aim of this work is to demonstrate a novel method 

of electrical stimulation of cardiomyocytes using wireless bipolar electrochemical 

techniques. The work describes the design and characterisation of a wireless bipolar 

electrode and wireless bipolar electrochemical cell to facilitate wireless bipolar 

electrostimulation. By using a wireless connection more versatile experiments can be 

conducted on cells in culture while mitigating the contamination risk of a traditional wired 

stimulation platform. 

Using a polypyrrole based conducting film doped with fibronectin molecules to facilitate 

the adherence and growth of cardiomyocytes on the bipolar electrode surface. Cell 

culture on a conductive film opens the possibility of future applications in electroceuticals 

by providing a wireless platform to deliver and electric field to cells in culture. 

Demonstrating cell culture on conductive polymer with the application of electric fields 

allows for the study of healthy and disease cell populations in the presence of electrical 

stimuli. Biomarker monitoring during this work is important to characterise and 

understand the impact of stimuli on the cells in culture. As such, an electrochemical 

miRNA biosensor was also explored in this work. The assay was based on the detection 

of miRNA through hydrogen peroxide degradation. The assay was built of screen-printed 

electrodes as a method to characterise cell cultures. The ability to monitor biomarkers 

both in vitro and in vivo is important in generating an understanding of disease models 

and in the development of point-of-care testing capabilities.    
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1. Introduction to Cardiovascular Biology 

1.1. Cardiovascular disease: Definition 

Cardiovascular disease (CVD) is the leading cause of death globally. Approximately 17.9 

million deaths per year are attributed to cardiovascular disease according to the World 

Health Organisation 1. One major contributor to this is the fact that cardiovascular 

disease is an umbrella term encompassing several disease pathologies 2. Diseases 

covered by the definition of cardiovascular disease include coronary heart disease, 

cerebrovascular disease, peripheral arterial disease, rheumatic heart disease, 

congenital heart disease, deep vein thrombosis and pulmonary embolism. The most 

common manifestations include strokes, heart attacks (myocardial infarctions), and 

heart disease 3. Strokes occur through the occlusion in the vasculature of the brain, 

known as an ischemic stroke, or through the rupture of a blood vessel, known as a 

haemorrhagic stroke 4–8. These are acute incidents in the cerebrovascular system which 

cause damage to brain tissue due to a lack of oxygen. The tissue death can have a 

varied impact depending on the location of the stroke and the role of the affected tissue 

area of the brain 9–11, which can cause chronic impairments to its function. Similarly, 

myocardial infarctions are also characterised as an acute event which can have a 

serious acute and chronic impact on the heart 12,13. Myocardial infarctions are part of a 

wider disease group known as ischemic heart disease, which is also known as coronary 

artery disease occurs when blood flow to the cardiac muscle cells is obstructed, resulting 

cell death. All of these contributing diseases carry both immediate, acute risks to patient 

life but also create long term chronic issues with regards to cardiac function and volume. 

This can have a dramatic impact in the patient’s overall quality of life as well as a 

shortened lifespan 14–17. 

 

1.2. CVD global impact  

The global impact and burden of cardiovascular disease is constantly being assessed 

both globally and more locally at the national level. Naturally, this is driven by the global 

impact on mortality as discussed in section 1.1, however cardiovascular disease was 

again brought to the forefront of the national interest with the recent COVID-19 

pandemic. Detailed research into the impact of COVID-19 on those already suffering 

from cardiovascular disease was conducted in a variety of countries. Both the possibility 

of COVID-19 contribution to the development of cardiovascular disease and the impact 

of contracting COVID-19 with an underlying cardiovascular disease were assessed 18. 
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Studies of laboratory analysis showed that patients who had contracted COVID-19 had 

an approximately 10% incidence rate of elevated cardiac troponins 19–21. The troponin 

family of proteins is associated with actin in healthy cardiac muscle. They assist in the 

regulation of muscle contraction and relaxation of muscle cells through the regulation of 

calcium. Elevated cardiac troponins are associated with multiple cardiovascular 

diseases as they are released into the bloodstream upon cell death, indicating cardiac 

muscle trauma 22,23. The impact of cardiovascular disease comorbidity is well understood 

and similar trends are seen with patients who present with COVID-19 and cardiovascular 

disease comorbidities showing much poor patient outcomes than those with this 

comorbidity 24,25. As we struggle to wrestle control of the increasing cardiovascular 

disease epidemic and the risks of future concurrent pandemics the importance of 

cardiovascular disease research is even more boldened and underlined 26–28. 

 

1.3. Cardiomyocyte biology 

The heart is the central organ of the cardiovascular system and is a muscular pump used 

to distribute blood throughout the body. In the human heart there are two atria and two 

ventricles with blood flowing into and out of these chambers regulated by the tricuspid, 

pulmonary, aortic, and mitral valves. The predominant tissue type found in the heart is 

the muscle cells found sandwiched between the endocardium and the epicardium 29. 

This muscular layer of cells is known as the myocardium and the muscles cells of which 

it is comprised of are known as cardiomyocytes 30. 
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Figure 1. Illustration of heart anatomy (left) and heart wall (right). Adapted from The Texas Heart 

Institute 31 and Anatomy of the Human Heart. In Handbook of Cardiac Anatomy, Physiology, and 

Devices, Third Edition 32. 

 

1.3.1. Morphology  

Cardiomyocytes are muscles cells specific to the heart that are characterised by their 

contractile phenotype and key protein expression profiles. Characterisation of the 

cardiomyocyte is essential as both internal and external morphology, which can vary 

depending on the age of the cell. During the cells maturation process key proteins in the 

cells are expressed at different intervals affecting both the cells phenotypic appearance 

and ability to contract. Immature cells do not have the same contraction capabilities as 

those of fully mature cardiomyocytes 33,34. Electrical stimulation has been shown to be 

essential for physiologically comparable contraction force. Contraction force is a useful 

metric for estimating the in vitro cells maturity relative to in vivo cells as it is effected by 

the expression levels and organisation of key proteins, which will be discussed in further 

detail across the following two sections 1.3.2, and 1.3.3 35,36. Cell maturity can be broken 

down into two primary categories, the first being the immature cardiomyocyte which is 

known as the pre-natal phase, and the second being the mature cardiomyocyte which is 

also the post-natal phase. Therefore, it is important to highlight at which development 

phase the cardiomyocytes used in a given study. Frequently studies will use the 

qualitative difference between immature and mature cells to determine the effect of 

electrical stimulation. 
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Immature cardiomyocyte morphology is typically characterised as more rounded (height 

to width ratio of approximately 1 : 1) than mature cardiomyocyte which have a rod shape 

(height to width ratio between 1 : 1.5 and 1 : 7)37,38. Cell morphology is critical for the 

contractile role of the cells within the heart wall. For instance, a culture of highly 

conforming rod-shape cells helps to improve contractile strength, contraction direction, 

action potential propagation, and gap-junction based cell to cell communication. As such 

it is important to ensure the presence of these phenotypes during the maturation process 

and culture of cardiomyocytes regardless of lineage given the dramatic phenotypic 

differences between mature and immature cells. These changes can impact observed 

responses in cardiomyocyte cultures, which in turn could undermines conclusions of 

studies. 

 

Figure 2. Schematic representation of morphological difference between an immature and 

mature cardiomyocyte highlighting shape and cytoskeletal differences. Image adapted from Liao 

et al. 39. 

It should also be noted that there is interspecies morphological variability in 

cardiomyocytes. Murine, porcine, and human cardiomyocytes have different 

morphologies even at the post-natal mature phase. For instance individual mature 

porcine cardiomyocytes increase in size through hypertrophy which is accompanied by 

multinucleation of the cell 40,41. By contrast, multinucleated murine cardiomyocytes are 

present in a lower percentage of total cardiomyocyte population, and human 

cardiomyocyte show the lowest percentage of multinucleated cardiomyocytes within the 

overall cardiomyocyte population of any commonly used mammalian animal model. 
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Human cardiomyocytes do however show the highest percentage of polyploidy cells 

within the cardiomyocyte population. Polyploidy, the presence of a greater number of 

genome copies than the typical diploid number of 2N within a single cell, is common in 

terminally differentiated, also known as mature cells, of many lineages 42,43. It may occur 

through multiple diploid nuclei being present in the cell or through the duplication of the 

genome in a single nucleus. Therefore, phenotypic changes in cells during maturation 

should be taken in the context of the species of cell model used 44,45. 

 

1.3.2. Contractions and role of ion channels 

One key phenotype of the cardiomyocyte is the ability to contract. Contraction is a 

dynamic process where-by the cells undergo cytoskeletal rearrangement resulting in the 

shorting of the cells length. By orientating groups of cells in line with each other it is 

possible to multiply the contractile force through the tissue and generate a physiological 

response. In the case of the heart, the cardiomyocytes are orientated in the wall of the 

heart around the chambers of the heart such that when the contraction occurs the 

chambers are constricted and the blood within is pumped out 46,47.  

The cardiomyocytes carefully control the intracellular and extracellular concentration of 

Na+, Ca2+, and K+ maintaining a membrane potential of approximately -80 mV 48–51. In 

the heart the pacemaker cells trigger the contraction of cardiomyocytes. Pacemaker cells 

are specialised cardiomyocytes who have lost the ability to contract and possess as 

special set of ion channels which trigger spontaneous depolarisation. The depolarisation 

triggers a switch in the membrane potential, known as an action potential through the 

influx of Ca2+ ion, this is represented in Figure 3 52,53. This action potential is conducted 

by gap-junction proteins which allows the transfer of these Ca2+ ions from the pacemaker 

cell to the contractile cardiomyocytes 54,55. This influx of Ca2+ triggers a positive increase 

in the membrane potential towards -70 mV. Upon reaching the -70 mV action potential 

threshold, fast pumping Na+ ion pumps activate which triggers a rapid influx of Na+ into 

the cell. As the action potential continues to move positively, Ca2+ ion pumps are 

triggered at -40 mV. These create an influx of Ca2+ ions into the cell however the rate of 

this influx is less than that of the Na+ fast ion pumps. When the action potential reaches 

its peak, approximately +20 mV, the Na+ channels close and K+ channels open. The K+ 

ion channels induce an efflux of K+ ions from the cell. The Ca2+ influx and the K+ efflux 

balance each other maintain the action potential briefly. Finally, the voltage gated Ca2+ 

close and the K+ ion efflux continues until the resting membrane potential is once again 

reached. The remaining Ca2+ is taken up by the cardiomyocyte or pumped out of the cell. 
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Similarly, Na+ / K+ pumps continue to manage the other ions and maintain the resting 

membrane potential until the next action potential triggers a contraction 52,56,57. 

 

Figure 3. Graphical representation of the influx and efflux of relevant ions at across the 

cardiomyocyte cell membrane at each phase of the action potential propagation 58. 

Of the three ions discussed above Ca2+ is the most important when it comes to 

cardiomyocyte contraction, as it is the only ion which actively participates in the 

contraction mechanism of the cell. The influx of Ca2+ is not a sufficiently high enough 

concentration to facilitate the necessary contractions, however the cardiomyocytes have 

a store of Ca2+ ions, which they hold in the sarcoplasmic reticulum, and the release of 

these ions is triggered by the influx of Ca2+ 59,60. The contraction is performed using a 

collection of proteins bundled into myofibrils. These myofibril protein bundles run parallel 

to the length of the cardiomyocyte. The myofibrils are composed of four primary proteins 

known as actin, tropomyosin, troponin, and myosin which are laid out in a repeating 

pattern along the length of the myofibrils. Each individual unit is known as a sarcomere 

and are based on overlapping layers of actin and myosin with tropomyosin and troponin 

situated between each layer 61–63. The orientation of these layers can be seen in Figure 

4 below. It is important to note at this point the myosin heads which bridge between the 

myosin and the actin upon which the contraction relies. 
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Figure 4. Schematic of sarcomere featuring the myosin filaments in blue and the actin filaments 

in pink. This single sarcomeric unit is repeated along the length of the myofibril. Adapted from 

Hwang and Sykes 64. 

On the other hand, tropomyosin is wound around the actin which in the normal state 

blocks the myosin binding site preventing any contraction from occurring. The troponin 

protein is bound to the tropomyosin and is composed of three sub-units, troponin I, 

troponin T, and troponin C. Troponin I modulates the activity of the troponin complex 

through interaction with various signalling cascades in the cell, troponin T binds the 

troponin to the tropomyosin, and most importantly troponin C interacts with the 

intracellular Ca2+ ions 65–67. Upon contact with the Ca2+ ions the troponin C triggers a 

conformational change in the troponin complex which triggers a subsequent 

conformational change in the tropomyosin, exposing the myosin binding site on actin. 

This available binding site leads to cross-bridging between the two filaments. Using 

energy provided by adenosine tri-phosphate (ATP) the myosin head switches its 

orientation and therefore increases the area of overlap between the myosin and actin, 

leading to an overall shortening in the length of the sarcomere 68–71. As each sarcomere 

in the myofibril undergoes this shortening the overall effect of the cell is to contract. The 

myosin head releases the actin and binds to the next available binding site on the actin 

and uses another ATP molecule to continue the cycle. The cycling of the myosin head 

along the length of the actin continues to shorten the sarcomeres and hence continue to 

contract the cell. The cycling continues as long as the intracellular Ca2+ ion concentration 

remains high enough. The interaction of the Ca2+ ions provide the link between action 

potential and the observed contraction of the cell. As the cell undergoes the process of 

Ca2+ re-uptake and efflux the interaction between the Ca2+ and troponin C is no longer 

possible, and the troponin returns to its original state 72,73. The tropomyosin in turn also 

returns to its original state, the myosin binding sites are again blocked, and the 

contractions cease. In summary, through a cascade of conformational changes Ca2+ 
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ions trigger myosin to pull on the actin filaments creating a contraction of the cell. This is 

by no means an exhaustive description of the mechanism of muscle contraction but is 

merely meant as a general overview of the more relevant aspects to muscle contraction 

with electrical stimulation in mind. 

 

1.3.3. Primary markers 

As described in section 1.3.2 there are many key proteins which are relied upon to 

facilitate cardiomyocyte contraction. As such cardiac troponin I and T (cTnI, cTnT) are 

natural markers for cardiomyocytes. The role of the cardiac troponin in an exclusively 

intracellular capacity makes the ideal candidates for cardiovascular cell trauma. Any 

evidence of these proteins in the bloodstream is a sign of cardiomyocyte damage as 

they are not part of any signalling mechanism within the cell and hold no extracellular 

role or function. This makes them ideal biomarkers for traumatic heart injuries related to 

cardiovascular disease such as myocardial infarctions 74–76. Other protein biomarkers 

are also in clinical use for cardiovascular disease which include but is not limited to C-

reactive protein (CRP), B-type natriuretic peptides (BNP), and D-dimer 77. CRP protein 

is elevated in inflammatory disease such as atherosclerosis 78,79. Typical healthy levels 

are considered to be 0.8 µg/ml and between 3 and 10 µg/ml are considered elevated 

and indicative of inflammation. CRP is strongly correlated to atherosclerosis but is not 

specific to the disease and may also be elevated in other inflammatory processes 80,81. 

Like many biomarkers associated with heart disease, CRP is symptomatically expressed 

as a response to inflammation in the cardiovascular system, as opposed to being a 

cause of this inflammation 82,83. BNP and its associated protein N-terminal proBNP (NT-

proBNP) help to regulate blood pressure and plasma levels in order to modulate salt 

content and water retention 84. Similarly to CRP it is released by cardiomyocytes 

undergoing hypertrophy 85,86. Finally, D-dimer is associated with the degradation of 

fibrinogen. This fibrinogen breakdown is indicative of the initiation of clotting in the blood 

and is specifically linked to thrombus formation in cardiovascular disease. It is present 

in healthy blood because of the natural breakdown of these clotting factors, typically 

fibrin, in the bloodstream in order to prevent clots. High levels associated with 

cardiovascular disease are thought to be associated with large fibrin formations 87–89.  
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Table 1 – List of most relevant clinical protein biomarkers for cardiovascular disease. 

Biomarker Healthy Disease 

cTnI 1.8 pg/ml > 3 pg/ml 

cTnT 3.2 pg/ml > 6.2 pg/ml 

CRP 0.8 µg/ml 3 – 10 µg/ml 

BNP 100 pg/ml > 150 pg/ml 

D-Dimer < 110 ng/ml >170 ng/ml 

 

Proteins are the gold standard for clinical biomarkers and have been for several years. 

In the effort to develop more sensitive assays alternative biomarker types are being 

developed. One of the forerunners for the next generation of biomarkers are the 

microRNA sequences (miRNA). They are short sequences of single stranded non-

coding RNA, typically 22 nucleotides long 90,91. They provide a regulatory role in gene 

expression. Using RNA interference (RNAi) pathways miRNA supress the translation of 

complementary mRNA sequences in the cells cytoplasm in order to control protein 

expression levels in the cell 92,93. They are attractive biomarkers targets as it has been 

established that miRNAs are excreted and can be detected in the bloodstream 94–96. 

Studies have also correlated the concentrations of circulating miRNA to be clinically 

relevant in disease 97–101. This makes them suitable biomarkers as they are clinically 

relevant and samples can be collected in traditional means i.e., blood drawing, meaning 

existing processes can be used for sample preparation on clinical miRNA assays which 

reach the production phase.  

Due to their role in gene expression regulation miRNA are present in all cell types. Hence 

there is very unlikely to be a cell specific miRNA which can be a standalone marker for 

a given disease or symptom, such as cardiac troponin I for cardiomyocytes. However, 

this can be overcome using a panel-based approach, where the relative concentration 

of multiple miRNAs shows a stronger correlation to a specific disease rather than a single 

miRNA 102–104. Modern approached such as next generation sequencing and microarray 

testing can facilitate the identification of such panels for further assessment as targets 

for clinical assays 105–108. The diversity and distribution of miRNA sequence means there 

are many targets being assessed in the literature as future biomarkers for cardiovascular 

disease. There is no evidence to date of a commercial miRNA assay in use in a hospital 

setting as a point-of-care test or as a diagnostic platform for the directed treatment of 

patients.  
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To date some of the most cited miRNA sequences associated with cardiovascular 

disease include miR-1, miR133a, miR-208, miR-499 109–111. There are many more and it 

would be impractical to list them all in the scope of this review however several excellent 

reviews endeavour to compile miRNAs of interest in the cardiovascular research scene. 

High impact reviews such as Zhou et al, and Kaur et al provide a high-level overview 

and systematic review of miRNAs in cardiovascular disease research respectively and 

are excellent starting points for understanding the landscape as it currently stands 112,113. 

Most of the current data on miRNA correlation to disease is gathered using PCR based 

platforms and as such much of the data is presented as relative fold change of a miRNA 

in a healthy vs disease sample. Consequently, it is difficult to find circulating miRNA 

concentrations using amplification-free methodology. Circulating concentration data is 

important for the development of direct detection, amplification-free clinical point-of-care 

diagnostic assays. 

Table 2 – miRNA sequences related to cardiovascular disease. 

 

There are challenges when it comes to the use of miRNA as a biomarker. These are not 

always addressed in research papers intending to use and advance them as biomarkers. 

The primary concern is their overall stability in the environment. RNA is less stable than 

DNA and as such is more prone to degradation even in laboratory settings 114. Even as 

synthetic RNA strands, RNA can be readily degraded by RNases and thus extreme care 

must be used to preserve the strands integrity 115. Even in buffers there can be a 

significant challenge in preserving the RNA strand as it is more stable at a pH between 

4 and 5 and is susceptible to hydrolysis in pHs greater than 6 116. This is further 

complicated by the fact that RNA does not exhibit good stability at room temperature, 

with a half-life of only about 30 minutes.  

There are also problems with extracellular miRNA from biological sources, i.e. cell 

media, body fluids, cell lysis etc. Primarily the issue surrounds the chaperoning protein 

complex RNA-induced silencing complex (RISC) is ubiquitous with the miRNA strands 

within the cell. There is little understanding about the presence of RISC proteins 

circulating with extracellular miRNA however it is likely the association is maintained, 

miRNA Sequence (5’ – 3’) Reference 

hsa-miR-1-3p UGGAAUGUAAAGAAGUAUGUAU Belevych et al. 111 

hsa-miR-133a-3p UUUGGUCCCCUUCAACCAGCUG Belevych et al. 111 

hsa-miR-208a-3p AUAAGACGAGCAAAAAGCUUGU Kondkar et al. 110 

hsa-miR-499-5p UUAAGACUUGCAGUGAUGUUU Kondkar et al. 110 
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particularly in vesicle mediated extracellular miRNA. Hence, there is a significant 

challenged imposed by how these miRNAs are processed from the sample. The RISC 

complex significantly increase the steric hinderance involved in a miRNA target 

recognising a surface bound capture strand. Secondly, as was highlighted circulating 

miRNA are present in vesicles when present extracellularly. These lipid vesicles can 

vary in size and are typically denoted as extracellular vesicles which encompasses 

vesicles between 40 and 1000 nm in diameter, all of which have been shown to have 

miRNA present. This lipid vesicle vehicle poses a sample processing challenge for 

assays which aim to quantify miRNA from biological sources. Any method which aims to 

do so must balance the extraction of the miRNA for quantification with the strenuous 

stability concerns of unstabilised miRNAs 117,118.    

2. Cardiomyocyte research models  

 

Developing a research model for cardiovascular disease can assist in the development 

of biomarker targets and drug therapies 119–121. Outputs from these areas of research 

can be valuable in the clinical diagnostics and treatment, something that is invaluable 

for such a wide-reaching disease such as cardiovascular disease. To optimise research 

outputs with tangible impact on the patients suffering from cardiovascular disease a good 

agreement between the in vitro cell module and the in vivo cell population effected by 

the disease state. Hence, developing platforms which can improve the accuracy of in 

vitro cell models is very important 122–124. A key stimulus which is essential for 

cardiomyocyte development, growth, and function is electrical stimulation. Below is 

discussed current platforms and methodologies frequently used to deliver electrical 

stimulation to in vitro cardiomyocyte culture (regardless of cell origin or animal model). 

Also discussed is the relative merit of the cutting-edge wireless bipolar methodology 

described in this thesis. 

2.1. Cardiomyocytes used in research  

In vitro culture of cardiomyocytes is typically conducted using one of three cell origins, 

however, the animal model can vary depending on the specific pathophysiology being 

examined i.e., murine, porcine, human, etc 125,126. These three cell origins are primary 

cells, immortalised cells, and stem cells 127–129. It is possible to obtain each of these three 

cell origins from any animal model required. In the case of primary cells, they are taken 

directly from the animal model. They are typically mature cells and have the most 

accurate genotype for in vitro cell modelling of disease. However, removing them from 
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their in vivo environment can cause genotypic and phenotypic changes which can be 

difficult to assess. Furthermore, they are also not suitable for passaging and continuous 

testing due to their mature phenotype 130. On the contrary, immortalised cell lines are 

created by hybridising cell models of interest with cancer cell lines creating cells that can 

be passaged, however, the hybridisation process can impact the phenotype of the cells. 

Typically cells also present immature or foetal phenotypes which may  not be appropriate 

for certain areas of study, particularly in those cases were the cell model is reproducing 

a mature phenotype in vivo 131,132. Finally, stem cells can be taken from foetal stem cell 

populations or induced from other cell lineages. They are frequently used because of the 

control researchers can have in inducing disease models, specifically those with genetic 

components. They are also useful for elucidating the effect of development on 

pathophysiology or the effect of pathophysiology on development. The disadvantage of 

stem cell models is the immaturity of the cells can impact the genotype of the cell model 

such that it no longer represents the in vivo genotype. A strong understanding of the 

developmental pathway of the cell lineage required is necessary. Additionally, there is 

disagreement in the community about the accuracy of cells cultured in vitro in a 2D 

environment may not represent well in vivo native cells 133,134. 

 

2.2. Electrical simulation 

Electrical stimulation is the application of an electrical current to cells which can be 

applied in vivo or in vitro, however all methodologies described here in Section 2.2 will 

focus on in vitro application of electrical stimulation. The majority of in vivo electrical 

stimulation focuses on the electroceutical application of current to muscle grouping in 

the body, for example pace-makers in the heart 135–137. Research which focuses on 

implementing electrical stimulation typically cite the current density, frequency, pulse 

duration, and total stimulation time when outlining the parameters used in electrical 

stimulation of in vitro cultures. 

2.2.1. Methods 

Before discussing the stimulation methodologies used for the electrical stimulation of 

cardiomyocytes, it must first be noted that the majority of experiments described in the 

literature, particularly in relation to tissue engineering, omit electrical stimulation from the 

experimental parameters altogether. A systematic review by Scott et al. 138 from June of 

2022 is quoted as saying “stimulation has a key role in the growth, development, 
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maintenance, and even dysfunction of cardiac muscle — which is why the absence of 

electrical stimulation in the majority of cardiac [tissue engineering] cannot be overstated”.  

There are primarily three methods used for delivering a stimulating current to 

cardiomyocyte cultures in vitro. First is direct coupling whereby the cells, typically in an 

organelle, or the scaffold is directly coupled to a programable power supply to deliver 

the electrical stimulation to the cells. Currently direct coupling is most used in the biowire 

system 139. Cardiomyocytes are cultured on a synthetic scaffold which is directly 

connected to a power supply using platinum wire. This method is very successful as 

culturing cardiomyocytes which have been mechanically induced orientation and a more 

3D culture environment when compared to traditional 2D culture methods. While direct 

coupling is often described as the most effective method of electrical stimulation it is not 

frequently used in the literature likely because developing the direct coupling interface 

between either scaffold or cells in more difficult.  

The second method of electrical stimulation of cardiomyocytes in culture is capacitive 

coupling, whereby the conductive properties of the media is used to apply a current to 

cells being cultured in the media using a pair of driving electrodes. Much of the work 

using capacitive electrical stimulation is dominated by research in hydrogel. Hydrogels 

are a crosslinked polymer matrix capable of holding a large volume of water making 

them suitable as a cell culture scaffold 140,141. The hydrogels are used to support cell 

organoids, a recent advance in cell culture, whereby stem cells are grown into a co-

culture tissue, which mimics the environment of an organ in a 3D environment 142. 

Hydrogels can also be used to culture spheroids or microtissues which are 3D cell 

cultures similar to an organoid, but often focusing on a subset of cell types or a specific 

organ phenotype. The hydrogel acts as a scaffold to support the cells and its physical 

properties can be tuned for specific parameters such as stiffness or conductivity by 

varying the hydrogels constituents. Work by Li et al. 143 describes the successful 

stimulation of heart organoids using a hydrogel containing polydopamine and reduced 

graphene-oxide as the polymer material. The properties of the material allowed the 

organoids to be stimulated and the contractions recorded. However, the stimulation 

parameters of the system are limited with respect to the effect of stimulation of the cell 

culture. There is a limited attempt to fully elucidate the effect of the stimulation and 

interaction of the cells with the electrical stimulation. Only the frequency is varied, and 

most of the discussion focuses solely on the impact of the polydopamine and reduced 

graphene oxide concentrations. The work does offer exceptional images and video of 

the culture’s contractions. The characterisation of the cells is detailed with respect to the 

variation of polydopamine and reduced graphene oxide concentration. Zhang et al. 144 



37 
 

also conducted research into the electrical stimulation of rat neonatal cardiomyocytes 

for the purposes of maturation using a gelatin-based hydrogel. Once again in this work 

the only parameter varied in the electrical stimulation was the frequency. A 2 millisecond 

(ms) rectangular biphasic pulse was applied across all frequencies assessed. 

Elucidating the impact of the stimulation on the maturation of the cells in culture, 

however, is done in detail, and the genotypic assessment of expression changes in the 

cells in the stimulated vs unstimulated conditions is a useful guide for the application of 

electrical stimulation for maturation of cells in culture. Of those papers which apply 

capacitive electrical stimulation to the cells in culture, very few aim to characterise or 

understand the perceived potential of the cells I culture given they are not in contact with 

the electrodes. In other work by Zhang et al. 145 where they describe a heart-on-a-chip 

fabrication they devote significantly more attention to the potential field distribution of the 

platform. This is done through modelling of the field distribution for the stimulation of 

cardiomyocyte cells which are cultured in a microfluidic chip environment. 

The final method for electrical stimulation of cardiomyocytes is inductively coupled 

electrical stimulation. This method is frequently cited by review articles as a means to 

introduce electrical stimulation to cells in culture, however, functionally it is rarely used 

in experimental work 146–149. Be placing the cell culture into a coiled wire and using an 

alternating current in the wire to induce an electromagnetic potential field at the cells in 

culture. Like due to the extreme specialisation, unwieldy culture protocols, and limited 

applicability this technique is rarely seen and does not appear to have been used for the 

electrical stimulation of cardiomyocytes to date in the literature.  

 

2.2.2. Electrical Stimulation Application 

Electrical stimulation is applied to cells who typically require an electrical stimulation in 

vivo. These are cell lineages such as cardiomyocytes, smooth muscles cells, and 

neurons where electrical stimulation is important for cell maturation and function 38,150–

154. Cardiomyocytes require electrical stimulation for correct phenotypic growth and 

maturation 155–157. Electrical stimulation is also used to induce myopathic pathologies in 

vitro 158. Inducing hypertrophy in monocellular and pluricellular cultures allows the study 

of microenvironments and dysregulation within the cells as they would experience in 

vivo. Applications beyond cardiomyocytes include studying the reaction of skeletal 

muscle cells to drugs from medical trials 159,160. This involves characterising the 

contractile variances in the presence or absence of different drug molecules used to 

alleviate diseases such as muscular atrophy. Electrical stimulation of neurons is used to 
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study the growth and response of neuron to electric fields. This electrical stimulation 

could be used in future to induces cell growth in injured brain tissue 161,162. 

Conventionally, cells are stimulated using direct stimulation. Direct electrical stimulation 

involves the driving electrodes being introduced directly to the cell culture. An electric 

field is induced between the driving electrodes. In the way the electric field is induced 

does not significantly differ from the driving electrodes in the bipolar electrochemical 

stimulation platform. However, the cells are not cultured on a conductive substrate, 

instead they are grown on traditional culture surfaces such as the bottom of a polystyrene 

cell plate or a microscope slide. The surface does not impact the stimulation and is 

typically limited by the application of the experimental protocol being used. The 

disadvantage of this direct electrostimulation is that there is a necessity of wires to be 

introduced to the cell culture media which brings with it an increased risk of 

contamination. The method is also further disadvantaged by the fact that traditional cell 

culture equipment such as Petri dishes and cell culture plates are not readily adaptable 

to accept driving electrodes and the accompanying wiring. Petri dishes provide a greater 

degree of space; however, they do not allow for high throughput culture. Alternatively, 

using cell culture plates allows for culturing of independent cell populations in parallel 

but the small size of the wells makes adding driving electrodes challenging. 

The objective of this work is to address the issue of cell culture with independent cells 

using electrical stimulation in parallel. Using parallel cells within a single stimulation 

platform allows for simultaneous stimulation of cultures. Using bipolar electrochemistry 

also allows the cells to be cultured directly on an electrode surface in the presence of 

extracellular matrix protein. High throughput electrical stimulation using convenient 

layouts with no wires directly impacting the cells in culture would improve the integration 

of electrical stimulation in experimental protocols across cell lines such as skeletal 

muscle, neuronal, and cardiomyocytes.  

    

2.2.3. Wireless Bipolar electrostimulation – overview and advantage  

This work takes advantage of the electrochemical principle of bipolar electrochemistry. 

The technique has existed in the literature for decades and now has seen its applications 

spread to interdisciplinary fields which take advantage of its inherent bipolar 

characteristics and the wireless nature bipolar electrode at the centre of the technique 

163,164. When applied as described in the following working chapters the technique can 

offer the best of both direct coupling, and capacitive coupling electrical stimulation 165. 

Allowing direct contact of the stimulating electrode to the cells, reducing the potential to 
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induce an action potential in the cells, while also maintaining the convenience and 

benefits of a wireless system, as the bipolar electrode does not require a direct 

connection to the driving electrode on the power supply to generate an electrical 

potential. 

 

Figure 5. Schematic representation of (upper) the typical bipolar electrochemical configuration 

showing conductive material in the centre of the channel with anodic and cathodic driving 

electrode and the electrolyte filling the channel and (lower) potential field distribution in the 

channel between the driving electrodes. Note the interfacial overpotential at the poles of the 

bipolar electrode and the reversal of the pole charge compared to the driving electrode 166.  

The general technique, regardless of applications, is as follows for the general wireless 

bipolar electrochemical principals. A conductive material is placed between two driving 

electrodes in a suitable electrolyte. The conductive material, electrolyte, and driving 

electrode material can vary depending on the applications of the technique. Cell culture 

media is a possible electrolyte for wireless bipolar electrochemistry. When a potential is 

applied to the driving electrodes, a linear potential field gradient is generated between 

the two driving electrodes. The conducting material maintains a single potential along its 
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length, this potential relative to the potential filed gradient creates an interfacial potential 

between the conductive material and the electrolyte and at this point is considered to be 

a bipolar electrode 164,166,167. The interfacial potential at the bipolar electrodes surface is 

in a gradient with zero potential at the centre point of the electrode’s length and the 

greatest interfacial potential at the farthest ends, known as poles. The closest to the 

cathodic driving electrode acts as an anodic pole and the pole closest to the anodic 

driving electrode acts as a cathodic pole. The relationship between the absolute 

interfacial potential at each pole is described by the following equation: 

∆𝐸𝑒𝑙𝑒𝑐  =  𝐸𝑡𝑜𝑡  (
𝑙𝑒𝑙𝑒𝑐

𝑙𝑐ℎ𝑎𝑛𝑛𝑒𝑙
) (1) 

Equation 1 shows that the interfacial potential of the bipolar electrode (∆𝐸𝑒𝑙𝑒𝑐) is primarily 

dictated by the total electrical potential applied by the driving electrodes across the 

channel (𝐸𝑡𝑜𝑡) and is also dependent on the relative length of the bipolar electrode (𝑙𝑒𝑙𝑒𝑐) 

to the length of the channel (𝑙𝑐ℎ𝑎𝑛𝑛𝑒𝑙) 
164,168,169. This model does not account for potential 

lost at the diving electrode and electrolyte interface. When 𝐸𝑡𝑜𝑡 is sufficiently great, the 

interfacial potential at the pole of the bipolar electrode may become sufficient to reach 

the overpotential of a redox species in the electrolyte and a faradaic reaction can occur, 

dependent on kinetics of the species. To maintain the electroneutrality of the bipolar 

electrode the anodic and cathodic processes are coupled and the faradaic reaction of 

the can only occur when the overpotential of the reduction and oxidation is reached. By 

this coupled reaction a flow of electrons is present in the electrode material from the 

anodic to the cathodic pole of the bipolar electrode. This current flow is not considered 

in this work as a coupled faradaic reaction is not necessary for the purpose of electrical 

stimulation. It is the interfacial potential and its interaction with the cells on the wireless 

bipolar electrodes conductive surface which is necessary for the successful electrical 

stimulation of the cells 165. It is important to note at this point that the exact mechanism 

or pathway by which an environmental potential field induces electrical stimulation is 

unclear and not well understood however, the benefits and impacts of the electrical 

stimulation are demonstrated in a variety of literature 170,171. 

 

2.2.4. Implementation and assessment of cell stimulation 

Perhaps the most used cell culture exposed to electrical stimulation during 

experimentation is the stem cells. Stem cells, also known as progenitor cells, are a class 

of undifferentiated cells which when provided the appropriate stimulus differentiate into 

a certain cell lineage. Typically, research focuses on the foetal stem cell, which 
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elucidates many of developmental function of cell pathways. However, adult progenitor 

stem cells which can be present in certain organelles. It can often be difficult to isolate 

and confirm the presence, function, and pathology of these stem cells in certain orans 

or tissues which makes their study difficult 172,173. While the methods of obtaining cardiac 

stem cells are numerous and each method and lineage has their own merits and 

drawbacks, the focus here is on the use and feasibility of stimulation in those studies 

which apply them. There are excellent reviews on the subject, both succinct and 

exhaustive, such as those by Matsa et al. and Hou et al 174 which cover in detail the topic 

of cardiac stem cells and their use in various fields of research. 

The use of electrical stimulation has been shown to promote the development of 

sarcomeres in the immature cells 175,176. Much of this research is conducted twenty years 

ago and yet does not get incorporated into in vitro cells models of primary cells with any 

consistency. A large number of studies have been conducted in the past on neonatal 

cardiomyocytes as the need for maturation provides a greater differentiation between 

stimulated and unstimulated cultures 177,178. These works have highlighted the 

importance of electrical stimulation beyond that of intracellular organisation but also in 

the genetic expression levels across key genes. The impact of electrical stimulation was 

seen in a variety of ways including mitochondrial activity, muscle specific proteins such 

as adenylosuccinate synthetase 1 (ADSS1), as well as connexin 45 (CX45), reduced 

action potential duration, and overall cell morphology (length to width ratio) were all 

significantly impacted by electrical stimulation 37,176,179,180. 

The electrical stimulation of primary cell lines is also used in studies focused on 

identifying the impact of different factors on cardiomyocyte in vitro. These studies are 

less common than those looking to optimise the maturation of foetal cardiomyocytes 

however they illustrate the necessity for electrical stimulation in cardiomyocyte research 

regardless of research area. Studies, such as Hoebart et al. 181 examination into the role 

of transient receptor potential ankyrin 1 (TRPA1) in cardiomyocytes, require the use of 

electrical stimulation and reinforce the importance of the stimuli in order to evaluate the 

contributions of proteins of interest more accurately. 

Wireless bipolar electrochemical techniques have recently been used for the electrical 

stimulation of cell cultures. The Gordon Wallace group showed the effective stimulation 

of PC12 neuronal cells by demonstrating the increased dendritic formation of the cells 

cultured on a wireless bipolar electrode. The cells who were grown on the electrode 

substrate and subjected to wireless bipolar electrical stimulation demonstrated 
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increased dendritic formations than those cells which did not receive the electrical 

stimulation 165.  

 

2.3. Nucleic acid detection 

Molecular genetics are an essential way to characterise cells. They are also essential to 

all pathways of protein production within a cell. Therefore, they are involved in many 

aspects of disease progression. Nucleic acid screening is an important research tool 

when it comes to elucidating the impact of a given stimulus on the biological system of 

interest 182–184. Researchers can explore deviations in regulation using nucleic acid 

detection. Most frequently nucleic acid quantification in experimental studies and 

disease research as a whole is performed using polymerase chain reaction (PCR). This 

technique is widely used and is considered the gold standard for nucleic acid 

quantification 185,186. Alternative methods involving electrochemical biosensors for 

nucleic acid detection are being developed which prioritise direct detection of the nucleic 

acid strands without the need of any amplification steps. Thus, the relative merits of both 

PCR and direct detection of nucleic acids will be discussed in the following section with 

a specific focus on miRNA.  

 

2.3.1. PCR 

PCR is a diverse nucleic acid detection method which has a wide range of application in 

molecular genetics. The technique uses the same building blocks as the cell to replicate 

a specific sequence of nucleic acid. Depending on the processing techniques, PCR can 

effectively amplify both DNA and RNA sequences 187. A primer is used to select the 

miRNA sequence of interest. The most common primer design is a stem-loop design, 

where one end of the stem primer is complementary to the miRNA sequence 188,189. 

Reverse transcription extends the stem-loop primer complementary to the miRNA 

overhang creating a complementary DNA (cDNA) sequence. Heat denaturing is used to 

split the strands and generate a linear nucleic acid sequence. The miRNA is released to 

begin the next cycle. A forward primer, complementary to the cDNA formed from the 

reverse transcription of the miRNA to ensure specificity, hybridises with the extended 

stem-loop probe. Polymerisation then occurs to generate a complementary cDNA copy 

of the stem-loop sequence. A second heat denaturing cycle is performed which releases 

the stem-loop primer to become involved in the next cycle. Finally, a reverse and probe 

primers hybridise with the cDNA and polymerisation takes place. This polymerisation 
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degrades the probe and the quencher and probe separate allowing the emission of the 

fluorescent probe 190–192. The relative fluorescent unit emitted by the probes through each 

cycle is then correlated to a miRNA concentration, these steps are visualised in Figure 

6. The short nucleotide length of miRNA makes primer design difficult especially 

considering primer fidelity and specificity dictate the overall sensitivity of the assay. 

Amplification techniques such as RT-qPCR and its variations make it difficult to correlate 

the fluorescent signal generated to an absolute concentration of miRNA, either in moles 

or copy number, as the amplification does not allow such a specific correlation 193. This 

makes RT-qPCR a semi-quantitative assay with most experimental work using this 

technique citing the results as relative expression instead of concentration 194,195. This is 

useful for analytical assays, in particular elucidating the effect of drug treatments, etc., 

however in a clinical setting where the differentiation of disease versus healthy sample 

miRNA concentrations may be small the ultra-sensitive direct detection of miRNAs is 

preferable. The use of PCR as the gold standard for miRNA quantification to date makes 

it difficult to determine accurate circulating concentrations of relevant miRNAs to 

establish optimal standard curves and limits of detection for the development of clinical 

assays using direct detection methodologies.  
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Figure 6. Stepwise approach to stem-loop RT-qPCR detailing A) miRNA hybridisation, B) 

reverse transcription of the primer, C) completion of the stem-loop, D) denaturing of the stem-

loop with release of target miRNA to repeat the cycle, E) hybridisation of forward primer and 

polymerisation, F) followed by denaturing, G) hybridisation of reverse primer and probe which is 

followed by a polymerisation initiated by the reverse primer, and H) final PCR product 196. 

 

2.3.2. Electrochemical biosensors - miRNA 

There are a wide variety of miRNA sensor which use every detection method available 

in the literature to generate a signal. To discuss them all would fall beyond the scope of 

this review. Therefore, for the final section a review of miRNA assays which employ an 

electrochemical detection method will be discussed as these are the most relevant to 

the work detailed in this thesis. 

Electrochemical miRNA biosensors typical focus on three areas to develop a specific 

and sensitive assay. The first is the electrode material surface on which the assay is 

constructed. The assay surface will dictate the immobilisation method used for the 
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capture element for the assay. Metallic electrodes offer multiple ways of immobilising 

capture elements to its surfaces. Thiol binding is useful as it will form a self-assembled 

monolayer which can orientate and disperse capture elements on the electrode surface 

197–199. Surface modification of electrodes also allows alternative electrode substrates to 

be used such as glassy carbon and thin film electrode; gold electrodes can also be 

modified 200–202. Single-use and disposable electrodes are a useful substrate for assays 

with an eye to commercial diagnostic assays. Development of flexible, versatile, and 

disposable screen-printed electrode materials offer and attractive platform for 

electrochemical miRNA assays 203–206.  The second is the capture element itself. This is 

typically a nucleic acid sequence which contains a complementary sequence to the 

target miRNA, although the length of them capture sequence may vary in order to 

facilitate the chosen signalling pathway 207–209. The final is the aforementioned signalling 

pathway. In the case of electrochemical biosensors this can be a variety of methods 

such as electrochemical impedance spectroscopy (EIS) where changes in resistance 

elements in the electrochemical circuit of the assay which are attributed to the target 

miRNAs presence or absence are used as the signal, chronoamperometry where the 

current from a faradaic reaction attributed to the probe element is measured at a single 

potential in order to generate a correlation to the concentration of the target miRNA, and 

voltammetry where probe generates a faradaic current which is measured by varying the 

potential and recording the current at each point 210–212. Each of these three elements 

effect the selectivity of the assay and the sensitivity of the assay. As has been mentioned 

previously it is exceedingly difficult to determine an absolute concentration of circulating 

miRNA in whole blood, serum, or plasma to generate a biologically relevant range 

around which to design the assay 213,214. Therefore, work conducted on electrochemical 

assays typically focus on describing novel platform designs and pushing the limit of 

detection as low as possible. 

Screen-printed electrodes refer to the fabrication method of the electrode material. A 

template screen is used to outline the area for the ink to be extruded through the screen 

onto the supporting substrate 215,216. Once the ink had been deposited on the substrate 

it is cured in the oven to dry and bind. By printing in a layered fashion, it is possible to 

design complex electrode configurations which include multiple electrode compositions. 

Using this layering method a complete electrode array including a working electrode, 

reference electrode, and a counter electrode can be produced. Increasing the number 

of templates on the screen facilitates the mass productions of electrodes. Tailoring the 

ink compositions and the screen templates allows electrochemical and physical 

characteristics of the electrodes to be tuned for the desired applications 217–219. 
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Electrochemical characteristics such as resistance/conductivity, 

electroactivity/inertness, and surface functionality call been tuned by ink altering the inks 

composition 220,221. Physical characteristic such as electrode shape, working area, and 

multiplexing can be tuned by manipulating the screen template. 

Screen-printed electrode-based sensors for miRNA have become popular because of 

the benefits outlined above. Ink composition is a key design feature when developing an 

electrochemical biosensor. The choice of ink composition dictates what further 

processing steps are required for capture element immobilisation. Carbon inks are the 

most common electrode substrate for screen-printed electrodes. The inks can be 

purchased commercially or be developed in-house for specific applications. Due to 

intellectual property rights the exact formulations, whether in-house or commercial, are 

rarely described. However, the general formulation includes carbon black for 

conductivity, graphene, or graphite, to modify the conductivity, and a binder to provide 

structure to the ink. The binder also controls viscosity which is important for printing. 

Solvents can be used to ensure even distribution of components throughout the ink and 

also to adjust the ink viscosity 222–224. Smith et al. 225 modified the carbon electrode with 

ANSA in order to facilitate amine modified capture RNA modification. This work used 

reductive and oxidative chronocoulometry to determine the presence and absence of the 

miRNA target. The charge observed was lower when the target miRNA was hybridised 

with the capture and the peak charge could be correlated to miRNA concentration. This 

used a urine sample matrix for miR-21, a miRNA associated with diabetic kidney disease 

(DKD). While it describes a facile way of carbon surface modification using commercially 

available products it does require a lot of sample processing prior to analysis. The urine 

sample were treated using protein kinase K and a size exclusion filter, the sample was 

also heat treated to 50 °C. They also determined that the assay was sensitive to protein 

interference, specifically bovine serum albumin (BSA). 

One of the most attractive methods of miRNA detection using screen-printed electrodes 

is EIS. It is most frequently conducted without the need for labelling of a probe. Congur 

and Erdem 226 recently published an impedance-based screen-printed electrode assay. 

They used a second-generation poly(amidoamine) (PAMAM) dendrimer with 1,4-

diaminobutane core (G2-PS) adsorbed to the screen-printed electrode surface. The 

probe DNA was functionalised to the dendrimers of the cores. They used impedance 

spectroscopy to characterise the electrode surface during each modification step and as 

a means to detect the concentration dependent presence of the miRNA target. While the 

G2-PS represents a novel method of surface modification for screen-printed electrode 

the assay does encounter issues. While the paper cites good linearity of the assay (R2 
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= 0.9903) the assay suffers from reproducibility with large standard deviations at each 

point.  

Issues with standard deviation of standard curves plague miRNA electrochemical assays 

regardless of spectroscopy used for signal generation. Pothipor et al. 227 used square 

wave voltammetry and three individual redox probes; anthraquinone, methylene blue, 

and polydopamine. The screen-printed design featured a working electrode area for 

each of the three probes on a single printed platform. While each redox probe showed 

excellent separation on the square-wave voltammogram however the calibration curve 

for all three target redox probes did not show good reproducibility across the linear range.  

Some assays have shown good reproducibility using electrochemical methods, such as 

Cardoso et al. 228. They used both square-wave and EIS techniques to verify the 

sensitivity and selectivity of their assay. The variation in the observed current and 

electron transfer resistance, respectively, at low concentrations was greater than at the 

higher concentrations. While a strong correlation coefficient was strong for both assays 

the standard curve using the square-wave voltammetry method did show lower overall 

standard deviation than that of the EIS generated data. The issue remains that these 

assays are conducted over a broad concentration range which does not necessarily 

reflect biologically relevant circulating miRNA in diseased versus healthy cohorts. The 

good correlation over a broad concentration range does not inherently confer robustness 

over what is likely a much narrow relevant concentration range which would be 

necessary for diagnostic testing. This will continue to be an issue with amplification-free 

miRNA quantification techniques until robust and varied data is presented on circulating 

miRNA. This is essential as the relevant concentrations will likely change over based on 

the miRNA of interest and the disease used in the study.  

To date there is no evidence of screen-printed electrodes being used for the 

electrochemical detection of miR-1. However, there have been screen-printed 

electrodes described to detect other miRNAs. These miRNAs include miRNA-34a, 

miRNA-15a, and miRNA-21 have all been documented as being detected using screen-

printed electrodes 229–231. There is no available literature as of this work which describes 

the use of a screen-printed electrode for the electrochemical detection of miRNAs which 

are specifically involved in cardiovascular disease. Instead reviews show that 

electrochemical assays based on screen-printed electrodes which target cardiac 

biomarkers overwhelming focus on protein targets and thus it remains an area for further 

research. Therefore, the objective of this work is to describe an electrochemical method 

using screen-printed electrodes for the detection of cardiac miRNAs. While the 
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fundamental methodologies of nucleic acid-based capture elements should be 

transferable to a wide variety of miRNA sequences, it is possible that variations in nucleic 

acid sequences such as guanine/cytosine contents which can affect the ΔG of the 

sequence and hence the binding affinity to its complementary sequence which would 

subsequently impact the assays sensitivity. 

 

3. Conclusion 

As the pressure of cardiovascular disease increases on the global mortality rate, it is 

clear that research into diagnostic, prevention, and treatment will be essential for 

improving patient outcomes. To improve our understanding and development of reliable, 

reproducible, and accurate cell models are required to facilitate biologically relevant in 

vitro data. A key component in this will be the addition of electrical stimulation to cells in 

vitro, regardless of application or cell origin. This cell stimulation is often missing from 

contemporary cardiac research which, in the opinion of this author and others in the field, 

is a significant omission from the models currently in use. Electrical stimulation impacts 

crucial factors such as developmental phase, morphology, gene expression, and cell 

orientation among other aspects as thus its importance cannot be overlooked or 

overstated.  

As discussed in the review above there are many existing methods of electrical 

stimulation each with advantages and disadvantages for the user. It is proposed here 

that the relative merits of bipolar electrochemistry have been outlined and defined such 

that it offers an attractive platform for future cardiovascular disease research. Wireless 

bipolar electrochemistry can be adapted to parallel existing laboratory procedures with 

regards to cardiovascular disease research. It can also be utilised in a simple manner 

such as in capacitive stimulation methodologies and should not require expensive 

equipment or expertise to operate. Sound fundamentals and understanding provided by 

decades of electrochemical research means that parameter variation can be applied 

maximising research impact and optimising experimental conditions. 

As research methods advance and insights provided by in vitro models under electrical 

stimulation become more impactful, the scope of cell model research can be expanded 

significantly to novel methods for disease diagnosis. As with all disease finding, 

elucidating, and corroborating novel biomarkers is a key area for advancement which 

offers attractive benefits and may hold the key for significant improvement in patient 

outcomes. Since its discovery miRNAs have taken leaps and bounds to become an 
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attractive source of novel biomarkers. While their ubiquity across cell types poses an 

initial problem for disease correlation, this will most likely be overcome using multiplexing 

methodology and miRNA panels for disease diagnosis and prognosis. For this purpose, 

screen-printed electrodes offer a versatile substrate to facilitate multiplexing via multiple 

working electrode surfaces or through signal separation.  

A concerted approach is required to provide the necessary data to increase the impact 

of cardiovascular disease research when focusing on miRNA. The publishing of 

circulating miRNA concentrations for key miRNAs involved in cardiovascular disease, 

such as miR-1, miR-133, and miR-499 as discussed in this review, to facilitate the 

development of impactful and applicable diagnostic assays. The ability to construct a 

diagnostic assay around statistically generated biologically relevant concentration 

ranges is paramount. Furthermore, when in vitro cell culture is required for research 

purposes, it is essential that electrical stimulation, with biologically relevant parameters, 

should be used for rigorous and robust data collection with meaningful correlation to in 

vivo conditions. 

For the reasons outlined in review the following work is focused on the electrical 

stimulation of cardiomyocytes through wireless bipolar methodology and the subsequent 

electrochemical amplification-free ultrasensitive detections of miRNA related to CVD. It 

is hoped that the outcomes and results described within constitute an impactful 

contribution to the field of cardiovascular research. 
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1. Introduction 

 

Electroceuticals are medical treatments for disease which work to by generating an 

electrical potential and/or current in order to treat or prevent illness 232,233. They have 

seen a recent boom in research interest as the miniaturisation of electronic components 

alongside advances in biocompatible materials makes them a viable treatment for a 

variety of illnesses. In recent years technological advances in electronics miniaturisation 

and conductive materials have led to a steady increase in electroceutical application 

234,235. The next great hurdle to be faced is to limit the invasiveness of these treatments 

236. A useful and important aspect of this will be the application of wireless technologies 

237. This removes the need of wiring to be inserted subcutaneously into the body during 

the implantation. This must be achieved through development of a conductive electrode 

material which can simultaneously support and integrate into a biological system. This 

work aims to address this need and describe an electrode material which can meet all 

the electrochemical and physical requirements of a bipolar electrode suitable for 

biological systems. 

The use of electrical devices implanted in the body is not a new one 238. One thing they 

all currently have in common is the requirement for a wired circuit between the control 

system and potential generator and the electrode where the application is applied. This 

is the case with two of the most familiar electroceuticals in modern day medicine, the 

pacemaker, and the cochlear implant. Both the former and the latter consists of a 

generator and control system implanted in the patient. Electrical leads are threaded 

through the body. In the former through the venous system, and the latter through the 

ear canal. The end of the circuit involves the application of a potential through electrodes 

placed at the necessary site to stimulate a response. These electroceuticals target the 

cardiac smooth muscle cells of the heart and the auditory nerve of the ear respectively 

239–243. 

Development of electroceuticals capable of electrical stimulation of cells can also be 

applied to in vitro cell culture. The correct stimulation of cells in culture is essential for a 

variety of applications, including cell modelling of differentiated cells, and stem cell 

differentiation 244,245. These are essential for good cell models for contractile cells such 

as muscle cells and cells which require an action potential for normal function such as 

neuronal cells 246. Cells are known to change their genetic expression in the presence of 

electrical stimulation and that’s why electrical stimulation is also an important tool for 

stem cell differentiation. 
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To remove the necessity for the culture of cells to be directly in the electrical circuit 

creates a more dynamic platform for cell stimulation. The ability to generate a potential 

at a conductive substrate using wireless electrochemistry has been understood for years 

247,248. Using a method known as bipolar electrochemistry it is possible to induce a 

potential in a conductive substrate without direct connection to a power supply. This 

wireless technology opens a range of applications in the field of cell stimulation. Bipolar 

electrochemistry is electrochemistry performed using an electrically conductive 

electrode substrate which is polarised in an electric field created by a potential difference 

between two or more driving electrode. The electrode is placed in an electrolyte between 

the driving electrodes and the potential difference between the electrolyte and the bipolar 

electrode induces potentials in the bipolar electrode. This potential is greatest at the 

poles of the bipolar electrode. Given a sufficiently high potential difference between the 

driving electrodes, it is possible to drive oxidation and reduction reactions at the bipolar 

electrode. Bipolar electrochemistry is considered wireless as no direct electrical 

connection to the bipolar electrode is required to drive the redox reactions. It has been 

available as an electrochemical technique for decades and has enjoyed a resurgence in 

recent years particularly in the field of biosensors 169. The simultaneous anodic and 

cathodic poles provide an effective means for sensing and reporting with the use of 

multiple electrodes. 

 

 

 

Figure 7. Graphical representation of the key differences between the proposed wireless bipolar 

set up (left) featuring a bipolar electrode surface where cells can be stimulated without a direct 

wired connection to the power supply, and a traditional wired electrical stimulation set up (right) 



53 
 

for a cardiomyocyte culture where wire form a direct connection between the power supply and 

the cull culture. 

The most common method for wired systems for cell stimulation requires the introduction 

of two driving electrodes to the cell culture as shown in Figure 7. The cells are grown on 

their traditional cell surface with adhesion proteins present. These are typically glass 

coverslips and polystyrene culture materials, either flasks or well plates. The electrodes 

are typically made from glassy carbon or platinum 249,250. Their shape can vary by 

application although they are typically rods or sheets as these are the most convenient. 

The driving electrodes are then connected, generally with platinum wire directly from the 

culture to the power supply. A potential difference is placed on the driving electrodes 

and the cells are stimulated in this manner. While a wired system of cell stimulation can 

be convenient at times for simple stimulation purposes, there can be significant 

drawbacks. The primary drawback of the wired set up is that the traditional wired 

connection for cell stimulation does not offer innovation towards the electroceutical 

applications of electrical stimulation of cells in vitro and is a restrictive pathway to 

protocol development 165. It often requires complicated set up and relies on the 

medication of existing cell culture materials such as the flasks, petri dishes, and well 

plates. The wires must be carefully sterilised and cause inconvenience when working 

with cells. Cell culture requires constant monitoring and feeding of the cells in culture 

and a wired connection can make this difficult and cumbersome.  

To improve the design and functionality of electrostimulation techniques with a focus on 

applications beyond in vitro work and into electroceuticals a bipolar electrode surface 

must be developed and characterised. To do this, a Polypyrrole film co-doped with 

dextran sulphate was chosen, a material which is known for its electrochemical 

properties and its suitability in a biological environment 165,251,252. PPy films require co-

doping and dextran sulphate was chosen as the anion to stabilise the film while avoiding 

introducing potentially toxic compounds which may impact the viability of cells in the 

presence of the film 253,254. To optimise the electrode for future biological work, the PPy-

DS film was also co-doped with fibronectin, the extracellular matrix protein required for 

cardiomyocyte adhesion to occur. The net positive charge of the PPy polymer allows for 

the incorporation of biological materials such as dextran sulphate (an anionic 

polysaccharide) and fibronectin (a polyampholytic polypeptide) to be incorporated during 

polymerisation process. This is shown to occur in the literature and the co-doped 

counterions are incorporated through adsorption and subsequent entrapment as the PPy 

film is formed 255–257. In this case the aim is to incorporate these co-dopants to have dual 

functionality. The counterions also play an important role in the oxidation and reduction 
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of the PPy film. The role is typically provided by anions within the electrolyte solution. 

During deposition the polypyrrole backbone has a net positive charge and thus 

necessitates the incorporation of negatively charged anions. The oxidation of the 

polypyrrole film further necessitates the influx of anions to balance the charge. Upon 

reduction there is a reciprocal efflux of the anions to balance the charge once again. The 

oxidation and reduction of polypyrrole is shown below, where X- are anions. In this use 

case the dextran sulphate and fibronectin provide the charge balancing negative charge 

during polymer oxidation.  

 

Figure 8. Schematic representation of ion charge compensation during oxidation and reduction 
of a polypyrrole film 258. 

Fibronectin is a necessary component of the film’s composition. Many cell lines require 

the presence of extra cellular matrix proteins to facilitate their adhesion to surfaces. It is 

common practice in the cell culture protocols to coat the surface of the culture vessels 

with the extracellular matrix proteins required for that given cell line. There is a variety of 

proteins which make up the ECM however cells are typically grown in the presence of 

one or two in in vitro culture. The ECM proteins used varies from cell type to cell based 

on literature for each cell lineage, development stage, and application. Cells bind to the 

ECM proteins at cell binding sites in the proteins tertiary structure. This binding is 

facilitated by integrins, which are trans-membrane proteins, and create adherence to the 

surface through this protein binding. Protein binding is essential for cells which require 

a fixed substrate to grow, these cells are known as adherent cell lines. Adherence to 

ECM molecules is essential because it provides orientation for the cell as it grows, this 
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is important in contractile cell lines such as smooth muscle cells as the contraction in a 

single plane is essential for function. It also triggers signalling pathways in the cell which 

are necessary for developing or maintain a certain phenotype. Again, smooth muscle 

cells are an example of this as the structure of the cytoskeleton and maturation of the 

sarcomeres is, in part, triggered be presence of the ECM. Without these proteins present 

the cell does not display required phenotypic traits which are essential for in vitro cell 

modelling and may not adhere or grow at all in their absence.  

The counter ions are required in the PPy film to balance the charge and therefore 

stabilise the film as a whole, however it is possible to select the co-dopants to also 

maximise the films suitability for biological systems. The electrochemical performance 

of the film is necessary to accommodate the bipolar system. As mentioned above the 

bipolar electrode must be conductive to function in its role as a bipolar electrode. The 

development of a PPy-DS-Fib film for this purpose must deposit and arrange the PPy 

film to maintain these conductive properties 254,259,260. Their presence as charged 

molecules also provides a useful secondary trait for facilitating cell adhesion. Their 

charged properties allow for a hydrophilic film surface which improves conditions for cell 

adhesion, a necessary quality for electroceutical applications 261–263. 

The deposition potential, and therefore the deposition time is an important aspect when 

considering the optimal properties of the bipolar electrode. Additional to 

electrostimulation there are many characteristics which are favourable for biological 

experimental protocols. Typically, cell cultures are monitored using light microscopy to 

determine cell density, culture health, and confluency. A frequent method of data 

acquisition is also the use of fluorescent labelling using antibody staining protocols such 

as immunocytochemistry (ICC). As cells in the bipolar electrochemical stimulation 

protocol will be seeded and grown on the bipolar electrode surface it is preferable to 

maintain a good optical transmittance for cell analysis in situ. Film thickness can be tuned 

using a variety of deposition potential windows and fixing the scan rate of the cyclic 

voltammogram, effectively modulating the deposition time while maintain the pyrrole 

polymerisation overpotential. The effect of electrodeposition parameters on PPy polymer 

films co-doped with biomolecules is not well characterised in the literature. Preserving 

as much optical transmittance as possible in the visible spectrum of light, the range of 

most typical fluorescent dyes, while tuning the primary characteristics of the film 

(conductivity and hydrophilic surface free energy) is an important aspect of this work.  

This work describes the development of an electrochemical deposition protocol of a PPy 

based bipolar electrode material which is co-doped with dextran sulphate and fibronectin 
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for the express purpose of integration into a wireless bipolar system supporting the 

electrostimulation of cells in culture. The work represents the electrochemical profile of 

the bipolar electrode to assess the suitability of the material for bipolar electrochemical 

processes, including assessing the potential window to ensure suitable potential range 

for the electrostimulation of a variety of cell cultures. The physical characteristics of the 

electrode was also assessed to determine and optimise the hydrophilic surface free 

energy, this assists in the cell adhesion in future cell culture experiments. Presented 

here is a viable bipolar electrode material showing a promising potential window for 

electrostimulation, hydrophilic surface characteristics for cell adhesion, and excellent 

light transmittance for use in traditional biological experiments such as light and 

fluorescent microscopy. The aim is to develop and characterise a wireless bipolar 

electrode using PPy-DS-Fibronectin with good optical transmission, a potential window 

at positive potentials, and a hydrophilic surface for use in cell culture in a wireless bipolar 

electrostimulation platform. 

 

2. Materials and Methods 

2.1. Fabrication 

2.1.1. PPy-DS-Fibronectin BPE 

Pyrrole (Sigma Aldrich, Ireland) was distilled under nitrogen and stored in a -20°C freezer 

prior to use. For the deposition of a doped pyrrole film on a conductive substrate, 50 ml 

of a 0.2 M aqueous solution of pyrrole was prepared. Dextran sulphate (Sigma Aldrich, 

Ireland) was added to the aqueous solution as a charge compensating anion for the 

pyrrole polymer at concentration of 250 µM. 264–269. To facilitate cardiomyocyte adhesion 

to the bipolar electrode (BPE), 23 nM fibronectin (MW 450 kDa) was added to the 

solution.  

Table 3 – Breakdown of the constituents in 50 ml of aqueous Pyrrole solution for 

electrodeposition onto FTO substrate 

Constituent Mass added per 50 ml Molar concentration Molar ratio 

Pyrrole 0.6709 g 0.2 M 8.7 x106 

Dextran Sulphate 0.1 g 250 µM 1.09 x104 

Fibronectin 250 µg 23 nM 1 
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This concentration was chosen as it is the recommended fibronectin concentration for 

the gelatin / fibronectin gel on which cardiomyocytes are cultured in traditional cell culture 

techniques using HL-1 cardiomyocytes. Fluorine doped tin oxide was purchased in 100 

mm x 100mm sheets with a sheet resistance of 8 Ω/sheet (Sigma Aldrich). The cutting 

of the FTO was performed by an external glass cutting professional in Dublin into strips 

approximately 50 mm x 10 mm for deposition and further processing for experimental 

procedure and characterisation as needed. The FTO strips were cleaned prior to 

deposition; the cleaning procedure consisted of initial sonication in milli-Q water for 10 

minutes. Sonication was followed up with consecutive washes of ethanol and milli-Q 

water, this was repeated three times in total. To dry the cleaned FTO the strips were 

placed in an oven at 100 °C for 30 minutes. Once dried the strips were allowed to cool 

to room temperature. Electrochemical deposition of polypyrrole co-doped with dextran 

sulphate and fibronectin (PPy-DS-Fib) was performed on the same day as FTO cleaning. 

PPy-DS-Fib electropolymerisation on FTO was performed using a 3-electrode system in 

a single chamber cell using a CH instruments CHI760E potentiostat. FTO was used as 

the working electrode substrate (approximately 1 cm x 4 cm immersed in pyrrole 

solution, dimensions differed slightly as electrodes were hand cut from bulk FTO sheets) 

with a platinum wire acting as the counter and an 1M KCl Ag/AgCl reference electrode 

(all potentials cited are vs Ag/AgCl unless otherwise stated). 50 ml of aqueous pyrrole 

solution with co-dopants was placed in the electrochemical cell. The potential at the 

working electrode was cycled from 0.000 V to 0.650 V, 0.700 V, and 0.750 V respectively 

for a total of 20 cycles each to produce PPy-DS-Fib varying qualities. Following 

deposition, the BPEs were cleaned using consecutive washes of ethanol and milli-Q 

water to remove any remaining material from the electrode surface. The electrodes were 

dried overnight and stored in plastic petri dishes until they were required.  

2.2. Characterisation 

2.2.1. Cyclic voltammetry  

Cyclic voltammetry was carried out using a 3-electrode cell with either pristine FTO or 

the PPy-DS-Fib BPE acting as the working electrode, a platinum wire as the counter 

electrode and an 1M KCl Ag/AgCl reference electrode. The supporting electrolyte for all 

the cyclic voltammetry experiments was Dulbecco Phosphate Buffer Solution (DPBS) as 

it is a complex electrolyte with known salt concentrations which closely mimics the 

complex biological medium that will act as the electrolyte in the cell stimulation 

experiments. First the potential window for the BPE was established and after the cyclic 
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voltammograms were then recorded in this potential range in both oxygenated and 

deoxygenated electrolyte. The BPEs were cycled once, and each CV was recorded in 

triplicate for each maximum oxidation potential. The electrolyte was deoxygenated by 

passing a nitrogen stream through it for 5 minutes prior to recording the cyclic 

voltammogram. The voltammograms were recorded on a CH Instruments CHI760E 

potentiostat at room temperature (222C). 

2.2.2. UV-vis Spectroscopy  

To determine the transmittance of the three PPy-DS-Fibronectin layers a PerkinElmer 

Lambda 900 UV-Vis spectrometer. Blank FTO was used as a reference material to 

calculate the transmittance percentage of each of the BPE films. 

2.2.3. Surface free energy 

To estimate the surface free energy of the PPy-DS-Fib films a FTÅ 200 contact angle 

instrument (First Ten Ångstroms) was used. A single drop of 20 µl de-ionised water was 

deposited on the BPE substrate and the contact angle was calculated using the software 

provided with the instrument. The baseline of the water drop was manually established, 

and the contact angle was automatically calculated by the software for each image. The 

surface free energy of the polymers was then extrapolated from the contact angle 

measurements and the known dispersion and polar tension of water in the surface 

energy software provided by FTÅ. Several measurements were taken along the length 

of each electrode to determine the change across the length of the electrode. The 

surface energy of FTO was also calculated in the same manner. 

3. Results 

First, the electrochemical properties of the underlying FTO electrode were investigated 

to determine the available potential window and to identify any redox processes that 

might influence the bipolar experiments. At a minimum, the electrode must provide a 

stable platform which allows for the oxidation and electrodeposition of pyrrole, between 

0.65 V and 0.75 V vs Ag/AgCl. As shown in Figure 9, Fluorine doped Tin Oxide (FTO) 

gives a featureless cyclic voltammogram between 1.07 V and -0.36 V in oxygenated 

Dulbecco Phosphate Buffer Solution (DPBS) containing 1.8 mM CaCl2, 5 mM KCl, 44 

mM NaHCO3, and 110 mM NaCl. Oxidation processes and reduction processes occur 

beyond these potentials. 
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Figure 9. Comparison of blank FTO in Dulbecco Phosphate Buffer Solution (DPBS) containing 

1.8 mM CaCl2, 5 mM KCl, 44 mM NaHCO3, and 110 mM NaCl before and after deoxygenating 

using nitrogen gas. CV were scanned in a negative direction first between 1.4 V and -1.2 V and 

then back in the positive direction. Potential was recoded vs 1M KCl Ag/AgCl reference electrode 

and using a platinum wire counter electrode, the scan rate used was 0.03 V s-1. All CVs were 

performed independently in triplicate using fresh electrodes from the same batch. 

When performed in deoxygenated DPBS the oxidation processes are pushed to 1.259 

V in the anodic direction while the onset potential of the reduction is unaffected. A 

reduction peak is observed in the CV at approximately -0.5 V and is present in both the 

oxygenated and deoxygenated voltammograms. The is most likely oxygen reduction 

processes. The reduction in current density of the oxygen reduction reaction indicates 

that there remained oxygen within the system. FTO is known to facilitate oxygen 

reduction and this reduction has also been shown in phosphate buffers 270. The 

subsequent reduction peak is mostly likely the hydrogen evolution reactions. Maintaining 

this featureless potential window in an oxygenated electrolyte makes FTO a suitable 

electrode material for the electrostimulation of cardiomyocytes as mammalian cells 

require oxygen to be present in the environment for healthy cell growth and long-term 

culture survival. 
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Figure 10. Progressive scans of blank FTO in DPBS of (A) oxygenated and (B) deoxygenated. 

The potential was cycled between 1.4 V and -1.2 V at a range of scan rates from 0.03 V s-1 to 1.0 

V s-1, inclusive. The voltammograms were recorded using an 1M KCl Ag/AgCl reference and a 

platinum wire counter electrode. Only CVs for the scan rates 0.03, 0.05, 0.1, 0.5, and 1.0 V s -1 

A 

B 
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are graphed to represent the data. All CVs were performed independently in triplicate using 

electrodes from the same batch.  

Cell stimulation has been reported using frequencies ranging between 1 and 5 Hz. The 

average resting heart rate is approximately 70 beats per minute, 1 Hz is equivalent 60 

BPM making the average resting heart rate approximately 1.2 Hz. In order to determine 

the effect of rapid change in potentials applied to the electrode, a scan rate study of FTO 

in oxygenated DPBS was performed at scan rates between 0.03 V s-1 and 1 V s-1, Figure 

10. The potential window at scan rates between 0.03 V s-1 and 0.1 V s-1 it remains 

featureless between 0.65 V and 0.75 V, which allows for the oxidation of pyrrole at a 

range of scan rates. To determine if the potential window was affected by the presence 

of oxygen in the electrolyte while varying the scan rate the experiment was repeated 

using deoxygenated DPBS, Figure 10. The presence of oxygen in the electrolyte again 

showed an oxygen reduction reaction at approximately -0.5 V in both the oxygenated 

and deoxygenated electrolyte, indicating that the deoxygenation was incomplete. There 

was no redox peaks observed between 0.65 V and 0.75 V, regardless of the scan rate 

used, indicating that the FTO electrode substrate was suitable for polypyrrole 

electrodeposition at scan rates between 0.03 V s-1 and 1.0 V s-1 without the need to 

deoxygenate the solution. 
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Figure 11. Electropolymerisation of 200 mM pyrrole in the presence of 2 mg/ml dextran sulphate 

and 5 µg/ml fibronectin in water to form PPy-DS-Fibronectin on an FTO substrate using cyclic 

B 

C 
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voltammetry swept between (A) 0 and 0.65 V (B) 0 and 0.7 V and (C) 0 and 0.75 V at 0.02 V s-1 

using 1M KCl Ag/AgCl reference and platinum wire counter electrodes for a total of 10 cycles. 

The depositions were performed on multiple occasions using multiple batches of deposition 

solutions. The CVs shown here were performed independently in triplicate for the purposes of 

deposition thickness calculation.  

Effective deposition of PPy-DS-Fibronectin relies on the oxidation of pyrrole to form a 

conductive polymer. Polypyrrole alone contains a net positive charge and requires the 

addition of co-doped anions for stability. Dextran sulphate is a polyanionic 

polysaccharide and fibronectin is a polyampholytic polypeptide whose negatively 

charged peptides at a neutral pH can also act as a polypyrrole stabilizer. These charged 

molecules are both incorporated into the film through adsorption and entrapment within 

the PPy backbone. A commonly used method for pyrrole polymerisation is cyclic 

voltammetry 271–273. The literature describes methods using maximum potentials of 

between 0.6 V and 1 V for the oxidation and deposition of pyrrole. For this work, three 

maximum potentials within this range were selected to determine the optimum conditions 

for the deposition of a polymer layer. An ideal film would provide a stable potential 

window for electrostimulation of cardiomyocytes, a high surface energy to facilitate cell 

adhesion, and reasonable transmittance to allow for fluorescent microscopy for 

quantitative analysis of cell culture. FTO was used as the substrate having previously 

established that it maintained a stable potential window, across a range of scan rates 

and without the need for deoxygenation, which included the potentials at which pyrrole 

is oxidised. To determine which was the most effective maximum potential for the 

deposition of a conductive film formed from 200 mM pyrrole co-doped with 2 mg/ml (250 

µM) dextran sulphate and 5 µg/ml (23 nM) fibronectin in water three maximum potentials, 

0.6 V, 0.7 V, and 0.75V, were examined, Figure 11. Using the potentiodynamic method 

increases the time of deposition. These potentials are all above the oxidation potential 

for pyrrole. A scan rate of 0.02 V s-1 was used to allow the oxidised pyrrole time to 

polymerise and deposit on the surface of the FTO and to replenish the pyrrole layer at 

the electrode surface for the further oxidation events to occur with following sweeps. The 

first cycle of each deposition shows that PPy-DS-Fibronectin layer deposits 

consecutively on the FTO substrate. An initial deposition event can be observed followed 

by a consecutive increase in the measure current in the FTO as the deposition continues 

which is consistent with the nucleation events described in other methods for cyclic 

voltammetry-based deposition of polypyrrole in the literature 274,275. The current density 

of the second cycle is on average 450% that of the first cycle. The current continues to 

increase with each subsequent cycle with average increases in measured current: 

140%, 75%, 30% respectively for the following 3 cycles. The 5th cycle no longer 
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generates a significant increase in current from the previous cycle. Each of the final 5 

cycles increase the measured current < 5% each on the previous cycle. The presence 

and stability of the faradaic current observed in both the initial deposition cycles and the 

final cycles indicates that the polymer being deposited on the surface of the FTO is 

conductive. The oxidation maximum potential used varies the deposition conditions of 

the PPy films. Maintaining a constant scan rate while increasing the potential window in 

the anodic direction means the time at which the electrode is above the oxidation 

potential for pyrrole (0.4 V) is increased and therefore the deposition time is increased. 

The time where the electrode is at rest (below the oxidation potential for pyrrole) is 

therefore maintained and allows the same time for diffusion of pyrrole, DS and 

Fibronectin from the bulk layer to the diffusion layer that the electrode surface.  

The thickness of the film can be estimated using the following equation: 

𝑥 = 𝑞𝑀/𝑝𝐴𝑧𝐹 

Where x is the film thickness, q is the charge passed, M is the molar mass of the polymer, 

p is the density, A is the area of the electrode, z is the number of electrons involved, and 

F is Faraday’s constant. Assuming the molar mass of the polymer to be 67 g/mol, the  

density of polypyrrole films to be 1.5 g/cm3, the area of the working electrode is 3 cm2, 

and the number of electrons involved to be 2.25, then it is possible to estimate the 

thickness of each of the films at the given deposition potential to be 8 nm, 12 nm, and 

15 nm for 0.65 V, 0.7 V, and 0.75 V respectively, which correlates well with the literature 

for PPy film thicknesses using this method. 

The effect this has on the electrode with respect to the electrochemical performance as 

a bipolar electrode and the physical characteristics of the layers such as transmittance 

will be examined in following sections. The absence of any other oxidation peaks in the 

three potential ranges used shows that if the dextran sulphate and fibronectin are 

incorporated into the PPy layer they are not electroactive in the potential range used. 

Based on the pI of Fibronectin of ~6 – 6.5 it should act as an anion in solution at pH 7, 

as in the electrodeposition solution. Therefore, it is possible for the fibronectin molecules 

to be incorporated as a counterion to balance the net positive charge of the polypyrrole 

polymer during deposition. This mechanism for macro biomolecules incorporation into 

polypyrrole films has been discussed in the literature 253,276,277. There is no evidence 

within the CV that fibronectin has been incorporated however, the film remains 

conductive. 
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Figure 12. First sweep at 0.03 V s-1 in oxygenated DPBS of blank FTO (red) and FTO with PPy-

DS-Fibronectin electropolymerised and deposited at a maximum potential of 0.65 V (Black), 0.7 

V (dotted), and 0.75 V (dashed) deposited through cyclic voltammetry. CVs were independently 

recorded in triplicate with electrodes from the same batch. 

The aim of electrodepositing the Polypyrrole film co-doped with DS and Fibronectin is to 

create a conductive electrode surface which is conducive to mammalian cell adhesion 

and facilitates long term cell culture. The electrochemical properties of the conductive 

polymers must be established to ensure a potential window that avoids oxidative and 

reductive process of compounds in the cell culture environments, such as cell culture 

medium ingredients, and does not create toxic by-products during stimulation which 

could interfere with cell viability. The potential window of all three maximum deposition 

potential is shown to be from 0.1 V to 1.2 V, Figure 12. The reduction peaks outside of 

the potential window indicate that a conductive film has been successfully deposited on 

the surface of the FTO substrate. The oxidation and reduction peaks increase in current 

density with the maximum potential used for deposition which suggests that using higher 

maximum potentials leads to an increased deposition of PPy-DS-Fibronectin. The 

reductive peak of oxygen reduction is present in the voltammogram of all four electrodes. 

This is consistent with the previous observations of a persistent oxygen reduction peak, 

especially for aerated Dulbecco PBS electrolyte. A second reduction peak is visible at 

potential -0.2 V. This reduction peak may be attributed to a reduction of the PPy, the 
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absence of the peak in the bare FTO CV indicted that the reduction is associated with 

the deposition of the PPy-DS-Fibronectin film 278. Fibronectin does contain many sulphur 

containing amino acids which have redox potentials recorded within the potential window 

of the CVs however a high capacitance means there is no evidence of the oxidation peak 

at potentials commonly associated with the oxidation of amino acids. The increasing 

capacitance of the PPy-DS-Fibronectin films are likely due to the increased thickness of 

the layers as a consequence of the maximum deposition potential used 279.  

 The characteristics of the conductive polymer layer can therefore be tuned depending 

on the maximum potential used for deposition. However, the maximum deposition 

potential used does not affect the available potential window of the modified electrode. 

Depositing the PPy-DS-Fibronectin does not significantly change the potential window 

compared to that seen for blank FTO. For cell stimulation to occur, a positive potential 

is required therefore the large potential window of PPy-DS-Fibronectin appears to be a 

viable candidate for the stimulation of cells. One concern is the evidence that during 

oxidation of polypyrrole films a significant interfacial pH can be generated, this can 

contribute to cell lysis at lower potentials than on traditional metal-based electrodes. One 

was this can be avoided is to minimise the applied potentials as the cardiomyocyte 

electrical stimulation does not typically require potentials greater than 500 mV 280–283. 
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Figure 13. Progressive scans of PPy-DS-Fibronectin in DPBS of (A) deposited with a maximum 

potential of 0.65 V (B) deposited with a maximum potential of 0.7 V (C) deposited with a maximum 

potential of 0.75 V. The potential was cycled between 1.4 V and -1.2 V at a range of scan rates 

from 0.03 V s-1 to 1.0 V s-1 inclusive. The voltammograms were recorded using an 1M KCl 

Ag/AgCl reference and a platinum wire counter electrode. Only CVs for the scan rates 0.03, 0.05, 

0.1, 0.5, and 1.0 V s-1 are graphed to represent the data. CVs were independently performed in 

triplicate with electrodes from the same batch. 

The frequency of stimulation is an important parameter of cell stimulation. In order to 

determine the effects of the frequency over which the potential is changed on the 

response of the conductive PPy-DS-Fibronectin film, the scan rate of the was varied 

from 0.03 V s-1 to 1.0 V s-1 using cyclic voltammetry in oxygenated DPBS, Figure 13. At 

slow scan rates, i.e., up to 0.2 V s-1, the behaviour of all three conductive films are 

indistinguishable. The current density increases linearly from 0.1 V to 1.4 V. As noted 

earlier in Figure 12 reduction processes related to PPy can be observed. The scans 

were conducted consecutively on the same electrode, moving from slow to fast. The 

cyclic voltammetry was conducted on three electrodes of each deposition potential which 

were electrodeposited from the same deposition solution. The CV of each electrode was 

conducted independently using fresh electrolyte solution. This likely lead to an over- 

reduction of rhe polypyrrole film as the incorporated dextran sulphate and fibronectin 

cannot migrate into and out of the film for charge balancing as would be the case with 

C 
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polypyrrole films using typical anions such as Cl- as counterions. The consistent and 

wide potential window in all three PPy-DS-Fibronectin films across a range of scan rates 

suggests that the polymer can be useful for the electrical/electrochemical stimulation of 

mammalian cells in culture. 

 

 

Figure 14. Contact angle measurements for the 3 PPy layers deposited on FTO and a bare FTO 

reference. All three PPy electrodes have significantly lower contact angles than the bare FTO 

indicating an increase in the hydrophilic properties. 0.7V PPy-DS-Fib had a significantly more 

hydrophilic surface than that of the 0.75V PPy-DS-Fib. Contact angle was performed 

independently in triplicate for each condition on electrodes from a single deposition batch.  

The hydrophobic or hydrophilic properties of the BPE polymer must be controlled as it 

will have an impact of cell adhesion. Insights into the hydrophobicity of a surface can be 

obtained through the surface free energy (SFE). Material with a high surface energy is 

more hydrophilic as their surface energy is enough to break the surface tension of a 

liquid at the liquid / solid interface. Cells interact well to a hydrophilic surface and as such 

the BPE surface must be optimised to provide satisfactory conditions for cell adhesion 

and subsequent culture 284,285. The contact angle for polymers is commonly estimated 

using the sessile drop method and deionised water as the reference liquid 286,287. The 

relationship between the contact angle and the SFE can be described using the following 

equation: 
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𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣 cos 𝜃  (2) 

Were γsv is the solid surface free energy, γsl is the solid/liquid interfacial free energy, γlv 

is the liquid surface free energy, and θ is the contact angle. Hence, a contact angle of < 

90° is considered to have a high surface energy. High surface energy is a feature of 

hydrophilic surfaces. Figure 14 shows that the PPy-DS-Fib films are significantly more 

hydrophilic than bare FTO electrodes. Interestingly, there is a statistical difference in the 

contact angle of the polymer film deposited at a maximum deposition potential of 0.75 V 

when compared to 0.65 V and 0.7 V, however this is minor. There is no significant 

difference between the latter polymer layers (Figure 7). All three polymer films provide a 

more hydrophilic surface than bare FTO and offer a potentially more suitable 

environment for cell adhesion. To efficiently carry out future work the 0.7 V maximum 

deposition potential film was nominally chosen as it represents the most hydrophilic 

surface according to the data obtained. 

 

Figure 15. Transmittance of 300 nm - 700 nm wavelength light through FTO (solid), 0.65 V PPy-

DS-Fib (dot), 0.7 V PPy-DS-Fib (dashed), and 0.75 V PPy-DS-Fib electrodes (dot and dash). 

Transmittance was recorded independently in triplicate on electrodes from the same batch. 

Generating meaningful and insightful data from cell culture experiments frequently 

requires the use of microscopic techniques 288,289. Microscopic techniques such as ICC 

provide valuable information such as the up- or down-regulation of protein expression in 

reaction to a stimulus or the localisation of those proteins intra- or extra-cellularly 290,291. 

They can also provide important information on the morphological changes in the cells 
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which may indicate a reaction to a stimulus in the case of some cell lineages or, in the 

case of stem cell lines, indicate that there has been a differentiation of the cell line. 

However, more basic light microscopy is required for the maintenance of cell cultures 

during passaging or in experiments to monitor confluency. Here, the cell culture 

substrate must maintain a sufficient transmittance of visible light and emission 

wavelengths of traditional conjugates for antibody ICC. 

Figure 15 illustrates the UV vis transmittance spectra of the bare FTO prepared using 

maximum oxidation potentials of PPy 0.65 V, 0.7 V, and 0.75 V, respectively. The initial 

substrate for the bipolar electrode, FTO, has an excellent optical transmittance of up to 

80 % in the visible light region PPy generates a black film which naturally leads to a 

decrease in the transmission of the visible light. As expected, a decrease in 

transmittance is observed for all three films in comparison to the bare FTO. Specifically, 

there is a significant decrease of 20 % transmission from the 0.65 V PPy film, with each 

subsequent scan decreasing the transmission of the visible light. The decrease in the 

transmittance is expected given the increase in the deposition time meaning the 0.75 V 

PPy theoretically has the most PPy deposited on the electrode. Using the charge 

consumed during deposition, and assuming 100% faradaic efficiency, it is possible to 

estimate the surface coverage of the films using the three deposition potentials, these 

are 2.7 x10-9 mol cm-2, 9.0 x10-9 mol cm-2, and 2.3 x10-8 mol cm-2 respectively for 0.65 V, 

0.7 V, and 0.75 V deposition maximum potentials.  
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Figure 16. SEM image of the surface of the PPy-DS-Fibronectin deposited on FTO substrate. 

A) PPy-DS-Fibronectin layer deposited using potentiodynamic method. Potential was cycled 

between 0 V and 0.65 V for ten complete cycles. B) Potential was cycled between 0 V and 0.7 V 

for ten complete cycles. C) Potential was cycled between 0 V and 0.75 V for ten complete cycles. 

D) Border of the FTO substrate and deposited PPy-DS-Fibronectin deposited between 0 V and 

0.75 V illustrating the change in surface morphology upon the deposition of the PPy layer. SEM 

images were taken of three independent electrodes in each condition. 

Surface analysis using SEM imaging of the surface of the modified bipolar electrode 

(Figure 16) shows that the surface of the PPy film is relatively smooth. Small nodules 

are observed on the surface which are consistent with other PPy films observed formed 

under similar conditions using electrochemical techniques and formed from an aqueous 

solution 292,293. As is illustrated in Figure 16 the surface of the film is continuous, has a 

reasonably uniform thickness and shows significant surface roughness. At the sides of 

the electrode, it is possible to observe stratification due to the deposition of consecutive 

layers of PPy. At the resolution of the SEM, it is not possible to identify the presence of 

the fibronectin in the PPy film. Globular fibronectin is typically < 10nm which is not visible 

x6k magnification shown above. It should also be noticed that the relatively featureless 

surface makes focusing images at higher magnification very technically challenging. The 

A 

C 

B 

D 
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SEM images also show that the surface morphology of the PPy film is independent of 

the maximum oxidation potential used in the deposition of the layer.  

 

4. Conclusions 

 

This work aimed to develop a conductive bipolar electrode for use in a biological 

stimulation platform. For this purpose, a conducting film with the ability to be modified 

for biological systems must be developed. The key characteristics required are good 

conductivity, materials suitable for biological systems and a hydrophilic surface to 

maximise cell adhesion to the electrode surface. Secondary characteristics required are 

a high percentage of light transmittance for microscopy experiments and a broad 

potential window to avoid electrochemical reactions occurring during stimulation 

protocols.  

The work above describes the electrochemical deposition of a polypyrrole film co-doped 

with dextran sulphate and fibronectin. Cyclic voltammetry determined that all deposition 

parameters described provide a broad potential window in the positive potential region. 

A broad potential window is necessary for the electrical stimulation of cardiomyocytes 

using the interfacial potential in a wireless bipolar electrochemical cell. The CVs also 

showed evidence of oxygen reduction at negative potentials in the aqueous solutions 

even when de-aerated briefly. The reduction peak was present on bare FTO and the 

deposited films demonstrating that at negative potentials < -500 mV there is the 

possibility of oxygen reduction occurring during cell stimulation in a wireless bipolar 

electrochemical platform. Contact angle measurements demonstrated that the 0.7 V 

deposition potential displayed the optimal hydrophilic surface, which is advantageous to 

encourage cell adhesion. All electrochemically deposited PPy-DS-Fib films displayed 

improved hydrophilicity over bare FTO however, there was no functional difference in 

hydrophilicity between the three deposition parameters used. Ultimately 0.7 V was 

chosen for future work due to the marginally improved hydrophilicity in the data gathered. 

FTIR demonstrated that all three films maintained good optical transmittance in the 

visible light region which is important for both light and fluorescent microscopy 

techniques. These results suggest that PPy-DS-Fib can be used as a conductive, 

hydrophilic bipolar electrode material for cell culture. However, the electrochemical 

characterisation in the work has address only the performance of the electrode material 

in a traditional three electrode cell. The electrodes performance in relation to its ability 
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to generate a voltage in a potential field of a wireless bipolar platform must now be 

investigated. 

This work here successfully describes the characterisation of the bipolar electrode 

electrochemical and elucidates many of the properties. The next step of the development 

process is to optimise these characteristics for use in a biological system, which will 

require confirmation of the presence of fibronectin integration during the electrochemical 

deposition of the PPy film. There is evidence to suggest the adsorption and entrapment 

of fibronectin will occur during electrochemical deposition of the PPy film in the literature. 

The availability if the fibronectin at the cell surface for the successful adherence of cells 

is also a critical component for the deposition of fibronectin into the film. Fibronectin’s 

presence alone will not facilitate the adhesion of cell, the cell-binding domain must be 

available for the cell surface integrin proteins to bind too. Furthermore, the level of 

fibronectin doping required for cell adhesion must be adapted for cell adhesion 

optimisation. Tangentially, the effect of the fibronectin doping levels on the film 

deposition must also be determined.  
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1. Introduction 

 

Developments in cell culture techniques are essential for the improvement of our 

understanding of biological processes 294–296. Understanding cellular mechanisms, 

reactions, and gene expression changes in response to environmental stimuli before in 

vivo experimentation allows for more effective and cost-efficient studies of a variety of 

materials 297,298. In vitro cell culture is a vital tool to study new and developing materials, 

drugs and drug delivery systems, tissue-engineering, single cell characterisation at a 

phenotypic and genotypic level, and stem cell research 299–302. State of the art research 

in biomaterials, nanomaterials, electronics, and even electrochemistry can be used to 

improve and adapt current gold standard techniques. 

This work aims to design and create a platform for the wireless electrostimulation of cells 

during culture with a focus on compatibility for current standard biological wet lab 

experimentation. This includes the use of light microscopes during culture to monitor cell 

morphology and confluency, medium changes, fluorescent microscopy of cell (post 

culture), live/dead cell analysis, etc. The suitability of the platform will be assessed 

through cell viability to determine the materials toxicity and optimise the delivery of the 

stimulation potential to the cell cultures. The bipolar electrode (BPE) will be assessed 

for both the fibronectin loading optimisation, through cell adhesion studies, and through 

the cell stimulation live/dead assays. The success of the platform will be judged by its 

ability to culture cells on the surface of the bipolar electrode with comparable cell 

densities and morphology to traditional cell cultures. 

Historically, cell culture was carried out using 2D techniques where cells were grown 

either adhered to a polystyrene flask modified with attachment proteins for the cells 

(protein G or other extracellular matrix proteins) or in suspension using serum-based 

media to provide nutrients and growth factors 303,304. This approach does not mimic in 

vivo cellular conditions very well and provides limited information about the impact of 

stimuli on the cells behaviour, gene expression or morphology which could be 

transferred to in vivo cells 305,306. This work aims to provide a solution for in vitro culture 

of cells which require an electrical stimulus in order to correctly mimic in vivo conditions 

307,308. Typically, electrically sensitive cell types are those which encounter electrical 

stimulation either constantly or sporadically during their maturation cycle, e.g., neurons, 

skeletal and smooth muscle cells, and cardiac muscle cells. Electrical stimulation of cells 

has become of particular importance with the increase in stem cell cultures to 

differentiate and mature lineages from their stem cell precursors. Neurons carry 
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electrical signals through the body to and from the brain, when cultured in vitro they often 

lack the mature phenotypes observed in vitro 309–311. Electrical stimulation applied to 

myocytes has a maturation effect which leads gene expression more closely matching 

in vivo myocytes 312–314. In the case of cardiomyocytes, the physical properties of the 

cells are also more representative of in vivo cells with the addition of electrical stimulation 

315,316. 

Introducing electrical stimuli to cells could lead to improved mimicking of the genotypic 

and phenotypic achieved by the cells in vivo 317. This is a well-accepted fact in cell culture 

techniques which study these electrically sensitive cell lines 318–320. The literature 

describes many platform designs for the stimulation of cells during culture which are 

generally adapted for specific goals of the study and are not typically general protocols 

which can be easily adapted for various cell types. A common electrical cell stimulation 

platform is the ion Optix C-pace shown in Figure 17. The system consists of a power 

generator which is linked to carbon electrode plates extending from the top of a 

traditional cell culture 6 well plate. The carbon electrodes apply an electric field to a cell 

culture which is grown in a traditional manner on the bottom surface of each well, or on 

a microscope cover slip when necessary 321. This system is useful as it maintains the 

sterile integrity of the cell plates and can be reused. The biggest downfall of this system 

is that it relies exclusively on a wired connection. This limits its applications outside of in 

vitro cell cultures and does not allow for the adaptation of these platforms into future 

electroceutical developments. By using bipolar, contactless, or wireless, 

electrostimulation this work aims to bridge the gap between in vitro and in vivo 

applications. 
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Figure 17. Typical experimental apparatus and experimental data collect from electrical 

stimulation and maturation experiments on cell lines. A) represents the apparatus set up in a cell 

culture procedure, B) highlights the electrode configuration for the application of an electric field 

to the cells during culture with “motherboard” style wired circuitry integrated into the lid section of 

the 6 well plate. Adapted from Chan et al “Electrical Stimulation Promotes Maturation of 

Cardiomyocytes Derived from Human Embryonic Stem Cells”. J. Cardiovasc. Transl. Res. 2013 

322. 

In contrast to the capacitive electrical stimulation applied to the cells in culture, whereby 

the cells are cultured in a potential field on traditional cell culture substrates, the cells 

are grown directly on the electrode surface of the bipolar electrode (BPE). In this case 

the cells are exposed to the interfacial potential of the bipolar electrode and the surface 

of the bipolar electrode itself. While capacitive stimulation is most commonly used cells 

stimulated in direct contact with the electrode is frequently used in microelectronic cell-

on-a-chip style equipment 323,324. These systems often allow for both electrical 

stimulation and electrophysiological recording of the cells in culture however their small 
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size can make it difficult to scale and reduces the applicability of the microfluidic with 

respect to in vitro studies. 

The BPEs surface plays an important component when it is applied to a biological 

system. Cell adhesion is essential for culture as the majority of cell lines requiring 

electrical stimulation are adherent cell lines, this means a suitable surface for cell 

attachment is required for cell viability and normal cell growth.  

This work describes the design optimisation for the wireless electrical stimulation of cells 

using wireless bipolar electrochemical techniques. The design parameters are assessed 

on the basis of cell culture health which is comparable to that of traditional unstimulated 

cell culture. The presence of a biologically relevant level of extracellular matrix present 

in the bipolar electrode surface is assessed by ICC and the observation of in situ cells in 

culture. Cells were observed following exposure to variable electrochemical field 

strengths and stimulation durations to assess the platform components stability. The 

ability of the electrochemical cell to deliver electrical stimulation to the cells on the 

electrode surface using these parameters was also assessed.  

 

2. Materials and Methods 

 

2.1. Cell culture 

HL-1 murine cardiomyocytes were sourced from Sigma Aldrich (Ireland). Cells were 

passaged in a T75 culture flask coated with 0.02% Gelatin Fibronectin using 

supplemented Claycomb medium purchased from Sigma at 37°C with 5% CO2. 

Claycomb medium was supplemented with 10% HL-1 screened Foetal Bovine Serum 

(FBS), 100 µg/ml Penicillin/Streptomycin, 0.1 mM Norepinephrine, and 2 mM L-

Glutamine. Cells were cultured until they reached confluency then split using 

Trypsin/EDTA and soybean trypsin inhibitor, spun at 500 g for 5 minutes and seeded 1:3 

in a precoated T75 flask. Claycomb medium is a custom mix of nutrients specifically 

designed for the culture of HL-1 cardiomyocytes designed by Claycomb et al. whom also 

first established the cell line for use in culture. 
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2.2. Bipolar electrochemical cell design 1 

The bipolar electrochemical cells were formed from a 3D printed scaffold, printed from 

commercially available “Dental LT Clear” resin (Formlabs, USA), containing 12, 1 cm x 

1 cm wells, mounted to a clear acrylic base using glass sealing adhesive (RTV silicone 

adhesive, Permatex, USA). Stainless steel (0.025mm pore size, The Mesh Company, 

United Kingdom) was used as the feeder electrodes and were located at the outside 

edge of the furthest most wells in each row of three wells. They were inserted bottom up 

and sealed in using the silicone adhesive. The feeder electrode ends were left free at 

the bottom of the scaffold to allow for the attachment of the power supply via crocodile 

clips. Between the two outside wells and the central well a 0.2 µm filter was placed to 

ensure cells did not adhere to the feeder electrode creating unwanted resistance. The 

centre wells were for the bipolar electrodes. The total length of the channel was 3 cm 

with each well volume approximately 1000 µL. An acrylic lid was used to maintain the 

sterility of the cell cultures during growth in the incubator. The assembly of these bipolar 

electrochemical cells was done in the laboratory. 

 

2.3. Bipolar electrochemical cell design 2 

For the second BPE cell design (BEC2), the major components of the platform, the 3D 

printed scaffold and clear acrylic base remained the same. Key component changes 

between BEC1 and BEC2 are highlighted in bold for clarity. The bipolar electrochemical 

cells were formed from a 3D printed scaffold containing 12, 1 cm x 1 cm wells, mounted 

to a clear acrylic base using ARALDITE® RAPID RESIN, instead of the silicone 

adhesive used in BEC1. The stainless-steel mesh feeder electrodes were replaced by 

titanium foil (thickness 0.025 mm, 99.98% trace metals basis). The feeder electrodes 

were cut by hand using a stencil. The electrodes were inserted top down instead of 

sealed in from the bottom as in design 1 but maintained the tail for the attachment of the 

power supply via crocodile clips. The filters between the bipolar electrode chamber and 

the driving electrode chamber either side were removed. The centre wells were for the 

bipolar electrodes as in BEC1. A single piece low density polyethylene lid was 

fashioned to replace the two-piece acrylic lid used in BEC1 to prevent contamination due 

to incomplete sealing of the two pieces.  
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2.4. PPy-DS-Fibronectin doping of BPE 

The optimal levels of fibronectin doping of PPy for cell adhesion and stimulation were 

investigated. The deposition method is the same as described in the previous chapter, 

were the FTO substrate is places in the PPy-DS-Fibronectin solutions and cyclic 

voltammetry was used between 0 and 0.7V. To determine the effect of fibronectin 

concentration in the deposition solution and its impact on the electrodeposited film the 

concentration of fibronectin was varied. A total volume of 50 ml was used for PPy-DS-

Fibronectin deposition on the FTO substrate, the concentration of Pyrrole and Dextran 

Sulphate remained constant and the concentration of fibronectin was increased from 0 

µg/ml to 20 µg/ml. The mole ratio of Fibronectin was increased in each deposition 

solution as outlined in the following table: 

Table 4 – Composition of deposition solution for the electrochemical deposition of PPy-

DS-Fib film on FTO substrate 

Film 

PPy-DS-

Fib 

Pyrrole Mass 

(molar 

concentration) 

Dextran Sulphate 

Mass (molar 

concentration) 

Fibronectin Mass (molar 

concentration) 
Molar ratio 

5 µg/ml 0.6709 g (0.2 M) 0.1 g (250 µM) 250 µg (23 nM) 1: 1.2x10-3: 1.15x10-7 

10 µg/ml 0.6709 g (0.2 M) 0.1 g (250 µM) 500 µg (46 nM) 1: 1.2x10-3: 2.3x10-7 

15 µg/ml 0.6709 g (0.2 M) 0.1 g (250 µM) 750 µg (69 nM) 1: 1.2x10-3: 3.45x10-7 

20 µg/ml 0.6709 g (0.2 M) 0.1 g (250 µM) 1000 µg (92 nM) 1: 1.2x10-3: 4.6x10-7 

0 µg/ml 0.6709 g (0.2 M) 0.1 g (250 µM) 0 µg (0 nM) 1: 1.2x10-3 

 

The deposition CVs were conducted under constant conditions of room temperature and 

electrochemical cell setup, using a standard three electrode cell: FTO working electrode, 

a coiled platinum wire counter, and 1M KCl Ag/AgCl reference.  

 

 

2.5. FTIR analysis PPy-DS-Fib 

FTIR analysis was conducted on the deposited PPy-DS-Fibronectin films using a FTIR-

ATR (Spectrum Two FTIR, Perkin Elmer). The film was analysed while deposited on an 

FTO substrate. The film was analysed face down in contact with the FTIR crystal, and 

the measurements were recorded at three distinct locations on each electrode and each 

location was assessed in triplicate across independent electrodes. The FTIR 
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spectroscopy was conducted using a single (n=1) electrode of each deposition formula 

i.e., 0, 5, 10, 15, and 20 µg/ml fibronectin. 

 

2.6. Bipolar electrochemical cell sterilization and preparation 

for culture  

To sterilise the electrochemical cell before culture, the cells were first rinsed in 70% IMS. 

Following drying from the 70% IMS solution the cell components (lid, Ti driving 

electrodes, and well chambers with the base) were exposed to UV radiation for at least 

1 hour (30 Watt, maximum 1 meter from lamp) in the laminar flow hood. 

To prepare and sterilise the PPy-DS-Fibronectin bipolar electrodes prior to HL-1 

cardiomyocytes being cultured on their surface the electrodes were cut from the PPy-

DS-Fibronectin deposited strips of FTO into 1 cm x 1 cm bipolar electrodes immediately 

before use, PPy-DS-Fibronectin electrodes were never reused during this work to avoid 

contamination. These electrodes were then placed in 70% IMS, left to dry, and then 

exposed to UV light prior to being inserted into the central chambers of the 

electrochemical cell (BEC2) 325–328. Each platform could accommodate four bipolar 

electrodes to allow for high throughput culture. Post culture the entire platform along with 

the driving electrodes were sterilised using Diffex sterilisation solution in a sonicator for 

15 minutes, after which it was rinsed with deionised water and allowed to airdry overnight 

and then stored until needed again. 

 

2.7. Platform cell culture and stimulation 

For culture using the bipolar electrochemical cell, the cells were removed from the T75 

culture flask using Trypsin and soybean trypsin inhibitor as before and spun at 500 g for 

5 minutes. The cell pellet was resuspended in 2 ml of wash medium (Claycomb medium 

with 10% FBS) and a sample was counted using a haemocytometer and Trypan Blue as 

an alive/dead stain for viable cell counting. Each well containing the bipolar electrode 

that was pre-coated with the gelatin fibronectin was seeded with 2000 cells/cm2. For the 

control, the cells were seeded on the electrode and cultured unstimulated in the 

incubator at 37 °C with 5% CO2.  The medium was exchanged daily in all three wells of 

each row to ensure there was enough nutrients for the cells to grow. For the cells 

experiencing stimulation, the feeder electrodes were attached to a TENMA 72-13320 
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dual channel power supply which was computer controlled for potential. The stimulation 

protocols were applied as follows:  

 

Table 5 – Details of stimulation protocol, a 1 V and 3 V stimulation protocol was 

administered over a 3-day and 7-day period. 

Protocol Potential 
Duration of 

potential 
Rest 

Total 

stimulation time 

per day 

Total 

experiment 

duration 

1-1 1 V 10 minutes 
5 

minutes 
1 hour 7 days 

3-1 3 V 10 minutes 
5 

minutes 
1 hour 7 days 

1-8 1 V 10 minutes 
5 

minutes 
8 hours 3 days 

3-8 3 V 10 minutes 
5 

minutes 
8 hours 3 days 

 

During the stimulation process the medium was also changed in each well daily and the 

cell number, distribution and morphology was of the cultures was monitored using light 

microscopy. 

 

2.8. Immunocytochemistry  

Following culture of the cells on the bipolar electrodes, ICC was performed on the 

cultures using mouse anti-α smooth muscle actin monoclonal antibodies (1mg/ml, MA1-

06110, ThermoFisher, Ireland) and mouse anti-cardiac Troponin T (0.5 mg/ml, MA5-

12960, ThermoFisher, Ireland) and stained using goat anti-mouse IgG secondary 

antibodies conjugated with Alexa Fluor 488 dye. Once the experimental conditions had 

been completed, the cells were prepared for fixing by aspirating the cell culture media 

followed by washing gently with PBS 3 times with gentle agitation then fixed using 4% 

paraformaldehyde in PBS for 20 minutes at room temperature. The paraformaldehyde 

was then aspirated and washed again with PBS three times with gentle agitation. The 

surfaces were then blocked to prevent non-specific binding of primary and secondary 

antibodies using 500 µl of a blocking buffer of PBS with 5% Bovine Serum Albumin, 0.1% 
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Tween-20, and 0.3 M Glycine for an hour at room temperature. The blocking buffer was 

removed from all wells except for the negative control which was left in place. 500 µl of 

the primary antibody was added to each bipolar electrode, either α-SMA or cTnT was 

added to avoid non-specific binding of the secondary antibody cause by species 

immunoglobulin overlap. The antibody for both α-SMA and cTnT were diluted 1:200 with 

antibody dilution buffer (PBS with 1% BSA and 0.1% Tween-20). The primary antibodies 

were incubated overnight at 4°C. Following overnight incubation, the primary antibody 

solutions were removed by pipette, and the bipolar electrodes were again gently rinsed 

three times in PBS. Once washed, 500 µl of the secondary antibody, diluted 1:1000 with 

antibody dilution buffer, was added to each electrode and incubated for 1 hour at room 

temperature covered from the light. The secondary antibody was then decanted, and the 

electrodes were washed 3 times with PBS with Tween-20 using gentle agitation. For 

nuclear visualisation the cells were also stained with 10 µg/ml DAPI (D5942, Sigma 

Aldrich, Ireland) diluted in PBST by incubating the electrodes for 15 minutes at room 

temperature protected from light. Once the DAPI had been removed the electrodes were 

rinsed a final three times using PBST, they were then inverted onto a microscope slide 

and mounted using 15 µl of mounting media (P36970, ThermoFisher, Ireland). Once 

mounted the microscope slides were stored for at least 3 hours, preferably overnight, at 

4°C while protected from light to allow mounting media to cure and then imaged using 

an Olympus fluorescent microscope. 

 

 

2.9. Immunofluorescence Microscopy of Fibronectin 

Primary anti-fibronectin monoclonal antibody (Invitrogen) was diluted 1:500 with 

antibody dilution buffer formulated from PBS without magnesium and calcium with 1% 

Bovine Serum Albumin (Sigma) and 0.1% Tween-20 (Sigma Aldrich, Ireland)). 100 µl of 

the primary antibody was then pipetted onto a strip of Parafilm and the bipolar electrodes 

were placed upside down into the deposited primary antibody, 100 µl per electrode was 

used (0.65 V, 0.7 V, 0.75 V, and blank FTO). As a control, cells cultured on bipolar 

electrodes were left in Bovine Serum Albumin and no primary antibody was used. All 

electrodes were then incubated overnight at 4°C, after which they were removed and 

washed x3 in room temperature PBS without calcium and magnesium (Sigma Aldrich, 

Ireland) for 5 mins with gentle agitation once or twice per wash. Once cleaned 1000 µl 

anti-mouse secondary antibody conjugated with Alexa Fluor 488 at a 1:1000 dilution was 

added to the bipolar electrode and was incubated at room temperature concealed from 
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light to protect the fluorescent probe for 1 hour. The secondary was then decanted, and 

the electrode was washed x3 in PBST (PBS with 1% Tween-20) at room temperature. 

20 µl of mounting media was added to the electrodes and then the electrode was flipped 

onto a cover slip, taking care to avoid the capture of air bubbles between the electrode 

and the coverslip. The edges were then sealed with nail varnish to ensure the coverslips 

did not dry out. At least 8 – 10 images of the electrodes were then captured at 

magnifications of 10X, 20X, and 60X using a confocal microscope. 

 

3. Results and Discussion 

 

3.1. Bipolar electrochemical cell design 1 

 

Figure 18. Cell used for culturing of HL1 cardiomyocytes while under electrical stimulation. A) 

Stainless-steel mesh driving electrodes which are connected via crocodile clip cable to a power 

source. B) the four central chambers for the PPy-DS-Fibronectin electrode on which the 

cardiomyocytes are cultured. C) Filter used to prevent cell adherence to the stainless-steel driving 

electrodes. D) Driving electrodes to complete the bipolar electrochemical circuit, this cell is filled 

with electrolyte or cell culture media during bipolar electrochemical experiments. 

The device was generously donated by Professors Gordon Wallace and Jun Chen of the 

University of Wollongong, Australia. It came from a collaboration on a similar 

1 cm 
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electrochemical stimulation platform for use with PC-12 neuronal cells. These cells 

respond to electrochemical stimulation in culture which leads to an improved phenotypic 

cell growth more closely resembling primary in vivo cells, and I was a co-author on this 

work 165. PC-12 cells were prepared in DCU in the same manner as the HL-1 

cardiomyocytes. The Wallace group produced PPy-DS- Collagen type 1 wireless bipolar 

electrodes on an FTO electrode substrate. The film was deposited using a standard 

three electrode cell using an FTO working electrode, a 1M KCl Ag/AgCl reference 

electrode, and a platinum coil counter electrode and were produced in the University of 

Wollongong and transported to DCU. The cells were cultured on these electrodes and 

using the BEC1 wireless bipolar electrochemical cell. The cells were stimulated using a 

basic monophasic stimulation and cultured for 3 days. Following the third day the cells 

were removed from the BEC1 and the cells were stained for ICC to determine if dendrite 

formation had occurred. This work demonstrated that the platform shown above could 

successfully electrostimulate the PC-12 cell culture which led to an observable increase 

in dendritic growths from the cells in culture.  

As discussed in the previous chapter the stimulation platform takes advantage of the 

electrochemical technique of bipolar electrochemistry. This method allows an interfacial 

potential to be induced when a conductive material, the bipolar electrode (BPE) is placed 

in an electric field driven by the connection of two driving electrodes.  

The bulk of the design is formed using a 3D printed well design, closely resembling 

traditional culture platforms such as 6 well plates. The 3D printed cell consisted of four 

by three well pattern as can be seen in Figure 18. The 3D printed cell structure was then 

bonded to a transparent acrylic sheet to form the base of the platform. The upper and 

lower portions were sealed using silicon adhesive sealant.  

To induce a bipolar electrochemical effect the driving electrodes must be connected to 

a power supply. To achieve this a stainless-steel wires mesh was employed for its 

conductive properties and its inertness. The mesh was cut in a long outer strip with four 

driving electrode “teeth” with are inserted into the outer wells on the upper portion of the 

platform. The outer strip is cut approximately 1 cm beyond the length of the 3D printed 

section. This is to facilitate the connection of the driving electrode to the power supply. 

This feature can be seen highlighted by A in Figure 18. This connection allows all four 

rows of the platform to be stimulated in parallel, increasing the number of cultures which 

can simultaneously stimulated. 

Each well of the 3D printed upper consists of a 1 cm x 1 cm x 1 cm volume well, with 

three wells to a row. This makes the overall length of the channel 3 cm. The length of 
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the channel is a very important parameter for a bipolar electrochemical set up. The key 

equation for bipolar electrochemistry is the calculation for the maximum polar 

overpotential achievable at the BPE. This equation is a simple one and is represented 

by Equation 3: 

∆𝐸𝑒𝑙𝑒𝑐  =  
𝐸𝑡𝑜𝑡

𝑙𝑐ℎ𝑎𝑛𝑛𝑒𝑙
𝑙𝑒𝑙𝑒𝑐  (3) 

 

Therefore, the potential available for cell culture stimulation is proportional to the length 

of the BPE relative to the distance between the driving electrode i.e., the length of the 

channel.  

The BPE is placed in the central well, represented by B in Figure 18, thus placing the 

BPE in the centre of the channel. The dimensions of the are 1cm x 1cm, hence the 

maximum ΔEelec is a third of the total applied potential (1 cm / 3 cm). These distances 

are maintained by the wall structures of the 3D printed upper structure of the platform. 

The BEC 1 the cells were seeded onto the BPE surface after it was placed in the BPE 

cell. The seeding procedure was similar to that of traditional culture with the cell 

concentration calculated to a given volume and diluted from the stock culture prior to 

seeding, typically at a seeding density of 5000 cells cm-1. The cell medium mixture was 

then added to the central well and allowed to adhere overnight. After 15 hours, the 

medium was changed to remove any non-viable or unadhered cells. The custom cut 

Polyvinylidene Fluoride (PVDF) membrane was then placed between the outer and 

central wells, as denoted by C in Figure 18 above. This permeable membrane allowed 

the medium, also acting as the electrolyte, to pass between wells but did not allow cells 

through during the seeding period. The potential at the driving electrode is three-fold 

higher than that experienced at the BPE and therefore any cells that may adhere to this 

surface would certainly be destroyed at high potentials. These destroyed cells can lead 

to the secretion of cytotoxic compounds triggering further cell death in the rest of the 

culture. 

The final design feature to draw attention to are the driving electrodes at the ends of 

each row of wells, denoted by D in Figure 18. The driving electrodes are the protrusions 

from the single cut-out of the stainless-steel mesh. The driving electrodes are cut to 

extend the full width of the channel to ensure a potential gradient which can be applied 

to the full width of the BPE also, thus ensuring all areas of the cell culture are exposed 

to an interfacial potential when growing on the BPE. In this design the driving electrodes 
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are inserted between the 3D printed upper section and the acrylic lower section of the 

platform. The silicon sealant is applied on and around the driving electrodes under the 

3D printed upper allowing it to be secured in place and also maintain the seal to prevent 

leakage. The driving electrodes are located in a slot in the upper section to hold them 

upright and fix their position, therefore also fixing the distance over which the voltage is 

dropped. 

 

3.2. Cell Stimulation Experiments 

Traditionally HL-1 cardiomyocytes are cultured on a 0.02% gelatin and 5 µg/ml 

fibronectin layer on the culture substrate. This layer aids the cell adhesion of this 

particular cell line. The initial experiments were conducted using the BEC1 supplied by 

the Wallace group of the University of Wollongong. The Wallace group also supplied 

PPy bipolar electrodes for the electrical stimulation. These electrodes originally had 

Collagen type 1 incorporated instead of fibronectin. To adapt these electrodes a 

gelatin/fibronectin coating was deposited on top of the electrodes to enable the 

adherence of HL-1 cardiomyocytes in culture. The aim of these initial experiments was 

to examine if the bipolar electrochemical cell could deliver significant stimulation to the 

cardiomyocytes to generate a quantifiable physiological response in the HL-1 

cardiomyocyte cell type. The experiment was broken into three parameters, a control 

group of cells which were cultured unstimulated for the duration of the experiment to 

examine any potentially toxic effects of the PPy films which may influence the growth of 

cells in culture. The second group of cells were exposed to one hour per day of electrical 

stimulation at 1 V for a total of 7 days. The third group of cells were exposed to one hour 

per day of electrical stimulation at 3 V for a total of 7 days. The control group of cells did 

not experience an ill effect in terms of growth relating to the presence of the PPy, 

indicating that within this system the PPy film is compatible with cell culture. When 

examined under the light microscope the cells did not differ with respect to morphology, 

distribution, or confluency indicating a healthy culture was achieved within the bipolar 

electrochemical cell, due to instrument down-time it was not possible to quantify and 

compare viable cells. Both stimulated cell groups experienced one hour of electrical 

stimulation per day over the course of seven days with one group experiencing 1 V at 

the driving electrode (0.333 V cm-1) and another experiencing 3 V at the driving electrode 

(1 V cm-1). The primary goal of the experiment was to begin to optimise the stimulation 

voltage for the cells since a larger electric field leads to a higher potential at the bipolar 

electrode. However, upon application of the two potentials it became clear that the higher 
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potential would not be suitable for cell stimulation since the cell culture media becomes 

discoloured most likely due to oxidation of the stainless steel. Observations under the 

light microscope showed that the cells in culture had died and by the end of the seven 

days experiment and no cells were visible. At the end of the experiment, it was also 

observed that the stainless-steel feeder electrodes were deteriorating to the point where 

they had lost their physical integrity. It is unclear whether the potential was too high and 

lead to the oxidation of some constituents of the cell culture medium or if the 

discolouration was directly linked to deterioration of the feeder electrodes leading to a 

cytotoxic effect on the cells. 

As the optimal potential for cell stimulation on the wireless bipolar electrodes may require 

a high voltage to be applied to the feeder electrodes, a secondary experiment was 

conducted adjusting the stimulation time frame to 8 hours per day for 3 days. This was 

done to examine if a shorter time frame could preserve the cells using a 3 V potential 

and mitigate the deterioration of the feeder electrodes. The shorter time frame did not 

yield an improved outcome. Once again, the feeder electrodes deteriorated significantly, 

and the cell culture medium progressively fouled leading to the loss of the cell culture. 

There was no appreciable difference in the performance of the bipolar electrochemical 

cell at either 1 hour per day over 7 days or 8 hours per day over three days at 3 V and it 

is clear that under with this set up, this potential is not viable for cell stimulation. If a 

higher potential (above 1 V) is required for the stimulation of the HL1 cardiomyocytes, 

then further investigations of composition of the feeder electrode material will be 

required, e.g., the use of titanium. Currently, a fine stainless-steel mesh is used as the 

feeder electrode in order to maximise the surface area; it may be possible to achieve 

better performance at a higher potential by using a higher gauge mesh, using a more 

corrosion resistant stainless steel, e.g., marine 361, or by switching to a platinum feeder 

electrode. With regards to the 1 V stimulation, the experimental set up showed 

satisfactory performance with no visible deterioration of the feeder electrodes and no 

discolouration of the growth medium. Examination of the culture under light microscopy 

showed that the distribution and morphology of the stimulated and control population of 

cells were similar. 

 

3.3. Immunocytochemistry 

Following the successful culture of the control group along with both stimulation 

protocols, a quantitative review of the three cultures was then carried out using ICC. The 

proteins chosen for the ICC were cardiac Troponin T (cTnT) and α-smooth muscle actin 
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(α-SMA). These proteins were chosen as they are not only cardiomyocyte specific 

proteins which serve to characterise the cells as cardiomyocytes, they are also 

structurally relevant within the cells. In the case of cTnT it has been shown to have 

altered expression level in cells exposed to different stimuli and it was possible that by 

staining for cTnT a differential expression or localisation of the protein could be observed 

between the stimulated and control groups. α-SMA is a structural protein expressed in 

smooth muscle cells and aids in the contraction of these cells. This protein was stained 

for to visualise internal structures of the cardiomyocytes and to identify any specific 

changes observed in the cell cultures following stimulation. The proteins were stained 

using traditional ICC protocols; primary anti-mouse cTnT and anti-mouse α-SMA were 

used followed by goat anti-mouse secondary antibody conjugated with Alexa Fluor 488. 
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Figure 19. Fluorescent microscopy images of HL-1 cardiomyocytes stimulated using stimulation 

protocol  A and B represent two images from independent electrodes stimulated at 1 V for 1 hour 

per day with 10 minutes of stimulation and 5 minutes rest for a total of 7 consecutive day,s and 

C and D represent two images from independent electrodes stimulated at 1 V for 8 hours per day 

with 10 minutes of stimulation and 5 minutes rest for a total of 3 consecutive days.. The cells were 

cultured on PPy-DS-Collagen I electrodes coated with 0.02% gelatin fibronectin. Images shown 

are nuclear stained using DAPI (Blue) and mouse anti-α SMA primary antibody with goat anti-

mouse secondary conjugated with Alexa Fluor 488. Each condition was replicated a single time 

generating four independent cultures stimulated in parallel. 

C 

 

D 
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ICC images of the cells following stimulation at 1 V for 1 hour per day with 10 minutes of 

stimulation and 5 minutes rest for a total of 7 consecutive days (A, B) and 1 V for 8 hours 

per day with 10 minutes of stimulation and 5 minutes rest for a total of 3 consecutive 

days (C, D) are shown in Figure 19. All images shown above represent α-SMA in the 

cardiomyocyte cells. There were issues regarding the permeability of the cells and 

therefore it was difficult to fully resolve intracellular localisation of the primary antibodies. 

The stimulated ICC images illustrate the various cell morphologies of the culture 

following exposure to the electrical stimuli. Two observations can be made firstly, there 

are predominantly two morphologies observed in the culture. The first being the 

disordered confluent “islands” of cells which can be seen in images A and C above. 

These cell morphologies are consistent in their disordered irregular pattern and are the 

primary morphology observed in the stimulated cultures. These “islands” of confluent 

cells are consistent with unstimulated cell cultures grown using traditional methods at a 

high rate of confluency (> 75%) prior to full confluency where cell sheets are formed. 

The second morphology observed in the cultures can be seen in images C and D (which 

have been expanded to better highlight the morphology and are not same scale as 

images A and B). The morphology observed in these cells is that of an orientated mature 

cardiomyocyte and has been shown in literature to be optimised in this elongated shape 

for contractions 49–51. This morphology of cell is also seen in unstimulated cultures at a 

lower confluency level between 10% and 60% where cells have adhered, but not yet 

come into contact with neighbouring cells to begin the formation of the aforementioned 

cells sheets of a fully confluent culture of HL-1 cardiomyocytes 52,53. Previous work on 

the electrical stimulation of muscle cell including cardiomyocytes suggest that the cells, 

when cultured using electrical stimulation, align themselves in culture. In the case of this 

work there is no current conducted through the bipolar electrode in the absence of redox 

reactions, as such the potential experienced by the cells in this case does not have a 

direction and therefore the orientation of the cells should not be affected 54,55. 

Observations of the cells under bright field and fluorescent microscopy are inconclusive 

as to the influence of the potential at the bipolar electrode on the cells in culture. While 

there was evidence of the matured rod shape cardiomyocytes observed in both culture 

1-1 and 1-8 these cell morphologies were also observed in the control. There was no 

quantifiable difference between the control cell phenotype and those that experience the 

stimulation conditions. The most immediate reason for this being the case would be that 

the gelatin fibronectin layer did not provide a suitable substrate for the conduction of the 

applied potential to the bipolar electrode surface. It is also possible that the electrode did 

D 
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transmit the potential, but the gelatin fibronectin layer significantly removed the cells from 

the surface or otherwise insulated them from the potential. If this is the case, we would 

expect to see a significant divergence from the control group when cells are applied 

directly to the PPy-DS-Fibronectin bipolar electrode which has been developed and 

characterised above and has shown to be electrochemically active. The results observed 

using the gelatin fibronectin film further reinforce the need to develop a bipolar electrode 

which incorporates extra cellular matrix proteins to allow direct cell adherence to the 

electrode.  

The second observation is that there was no appreciable difference between the two 

stimulation protocols, the cells did not respond to a short stimulation protocol nor an 

extended stimulation protocol. It is important to note that the total duration of stimulation 

is different, i.e., 7 vs. 24 hours, however in unstimulated culture the cardiomyocytes will 

reach confluency in three days before passaging is required.  While a direct comparison 

is not possible between the two protocols, it should be noted that neither provided more 

suitable conditions for stimulating the cells. The same cell morphology and distribution 

was observed in both cultures with both parameters yielding predominantly confluent 

islands with small individual cells showing a more mature phenotype and rod shape 

expected of a developed cardiomyocyte. Clearly the stimulation applied to both cultures 

did not cause a significant change in morphology. However, there was a significant 

difference in duration of both experiments with those cells under the 1-8 stimulation 

undergoing a shorter stimulation period (3 days vs 7 days). Given that the confluency of 

both the 1-1 and 1-8 was approximately the same, it is possible to conclude that 

simulation for 8 hours for a total of three days offers an advantage to the 1 hour per day 

for 7 days protocol as it does not inhibit the cell growth and provides a similar cell density 

and morphology in half the incubation time meaning follow up experiments can be 

conducted in a more time efficient manner with comparable results to a slower and more 

moderate stimulation protocol. 

 

3.4. Bipolar electrochemical cell design II 

To address the issues with the original BEC1 design, minor adjustments were made to 

improve functionality. 

The main area of concern was the inability of the stainless-steel mesh driving electrodes 

to withstand driving potentials greater than 1 V, i.e.,   the stainless-steel disintegrated at 

a driving potential of 3 V, even for a relatively short stimulation times whereas cell culture 
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stimulations require several days. The time of stimulation, 10 minutes of potential and 5 

minutes resting with no potential applied, is also well within normal stimulation 

experiment protocols seen in the literature. EF Stimulation protocols can vary in terms 

of the electric field strength applied. As the first-generation platform reduced the potential 

difference at the BPE to a third of the potential difference between the two feeder 

electrodes, the ability to apply relatively high potential at the driving electrodes is 

essential.  

To address this issue the stainless-steel mech was replaced by a titanium sheet (99.98% 

Ti, 0.025 mm). The thickness of the Ti sheet allowed it to be cut using some scissors to 

the same dimensions as the stainless-steel mesh. It also meant that the sheet could be 

cut using the same outline as the mesh and could be placed in the platform in the same 

slot and hold its position. The orientation of the driving electrodes was also switched. 

Instead of being inserted from the bottom, as the stainless-steel mesh was, the driving 

electrodes were now placed from the top down. This made the electrodes removable 

which aided in their sterilisation. The structural integrity of the sheet over the mesh 

allowed for this new orientation as the driving electrodes could hold their shape better 

that the mesh alternative. The driving electrodes did not require fixing into position using 

an adhesive as a simple crease along the top of the electrode strip was enough to hold 

them securely in place while in use. Again, an extra length of sheet was left on the 

electrode strip as a connection point for the crocodile clip used to form the circuit with 

the power supply. The Ti sheet performed very well as an alternative driving electrode 

material capable of maintaining higher potentials for longer periods of time than the 

stainless-steel mesh used previously 329. The Ti driving electrode performance was 

confirmed using deionised water and a universal indicator. The reduction and oxidation 

at the anode and cathodic driving electrodes using a driving potential used was 1 V cm-

1 and the colour change indicates the presence of a potential field, Figure 20. 



97 
 

 

Figure 20. Universal indicator showing the potential at the Ti driving electrodes when a potential 

field of 1 V cm-1 is applied. The driving electrode triggers water splitting which in turn alters the 

pH at the driving electrodes, which is illustrated by the red and blue colour change observed in 

the Universal Indicator. Note the bipolar electrode is not present, this figure serves to illustrate 

the driving electrode potential. Experiment was performed with a duplicate using two independent 

bipolar electrostimulation platforms. 

 

In line with the improved durability of the driving electrodes other durability features of 

the BEC was also improved. It was noted in previous experiments that the silicon 

adhesive used to bind the 3D printed upper and the acrylic lower was not suitable for 

extend use or re-usable following the completion of electrostimulation. While it did 

provide an excellent waterproof seal it could not be used more than once and, on the 

occasions where re-use was attempted, the two sections of the platform came away 

from each other rendering them useless. It is believed the continued exposure to 37 °C 

of the incubator combined with the high humidity and contact with moisture for extended 

periods of time effected the integrity of the seal. It is also possible that the use of 

solvents, such as ethanol and 70% IMS could also contribute to the deterioration of the 

seal. To compensate, a more robust method of adherence was required. To achieve this 

a two-part epoxy adhesive was used. Both parts of the adhesive are combined and 

applied to the bottom of the 3D printed upper section. The entire bottom of the upper 
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section was completely covered in adhesive to ensure a tight seal. All efforts were made 

to ensure no bubbles were included in the adhesive during applications in order to avoid 

leaks from the upper section out onto the base but also between the rows of the upper. 

Cross contamination between the rows of wells is essential to avoid cytotoxic 

components transferring between cultures in the event of any issues during stimulation. 

The seal between well rows and to the outside edges is also critical in the event of 

bacterial or fungal contamination; however, the presence of any microbiological 

contamination led to the termination of any experiment where it was detected. As 

mentioned above, the relocation of the driving electrode from between the upper and 

lower section to insertion from the top of the upper section also played a critical role in 

durability and leak-free construction of the BEC II platform. 

 

3.5. Fibronectin incorporation into the film – ICC 

The presence of fibronectin is an important component in the film in order to ensure good 

cell adhesion to the surface and provide suitable stimulus for representative phenotypic 

growth. The level of fibronectin doping was varied it to determine the optimal 

concentration of fibronectin in the film surface. The doping level was varied by adding 

the protein to the deposition solution using the same deposition method. Fibronectin was 

added to the pyrrole and dextran sulphate aqueous solution at concentrations of 0 µg/ml, 

5 µg/ml, 10 µg/ml, 15 µg/ml, 20 µg/ml.  

Electrochemical deposition of the PPy-DS-Fib was performed using a three-electrode 

cell, using FTO as the working electrode, an 1M KCl Ag/AgCl reference, and a coiled 

platinum wire counter electrode. The potential was cycled from 0 V to 0.7 V and the 

pyrrole is oxidised to form a polymer with the incorporation of stabilising counter ions. 

As discussed previously, the fibronectin is expected to incorporate into the PPy film to 

help balance the positive charge of the PPy. The most important function of the 

fibronectin in the film is to function as an extracellular matrix protein anchor point for cell 

adhesion. This anchoring of the cell using fibronectin also initiates a signal cascade in 

the cells expression profile which helps to ensure the correct phenotypic response in the 

cells in culture. To elucidate the presence of biologically relevant fibronectin, i.e., 

fibronectin on the surface of the film which the cell membrane can functionally adhere 

to, ICC was used. The adherence of the primary anti-fibronectin antibody is used as a 

proxy for the integrin receptor proteins of the cell membrane. Dye functionalised 

secondary antibodies highlight the regions of exposed fibronectin which cell membranes 

could also access.  
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Figure 21. ICC of different PPy-DS-Fib film deposited from films using various loadings of 

fibronectin in the bulk solution during deposition. The films were stained using and anti-fibronectin 

(1:50) primary antibody and a FITC labelled secondary antibody. The loading level of each film is 

indicated above each image and ranged from 0 to 20 µg/ml. Staining was performed in triplicate 

on three electrodes from the same batch. 

ICC of the PPy-Dextran sulphate film with no fibronectin present in the deposition 

solution did not show any evidence of antibody binding when examined under a 

fluorescent microscope. This is an expected result as the primary antibody was raised 

against the fibronectin protein, however, this result confirms the absence of any cross 

reactivity between the primary or secondary antibodies with the constituents of the film. 

Therefore, no measurable cross reactivity occurs with the dextran sulphate, pyrrole 

polymers, or the intrinsic surface topography of the film. Positive antibody staining was 

observed in the samples containing fibronectin in the deposition solution, confirming that 

fibronectins addition in the deposition bulk solution leads to the proteins inclusion in the 

films formed through electrodeposition.  

The films deposited from containing the solutions containing 5 µg/ml and 10 µg/ml 

loadings of fibronectin showed the highest intensity responses for the positive presence 

of fibronectin along with the most wide-spread distribution through the film. The staining 
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of the fibronectin is not uniform throughout the film. As can be seen in Figure 21 the 

fibronectin deposits in the film appear in a fibrous and concentrated areas. These areas 

are distributed across the surface area of the film. The film deposited from the solution 

containing 15 µg/ml showed less concentrated areas of fibronectin deposits but showed 

less surface availability than the 5 and 10 µg/ml concentrations. The highest loading of 

fibronectin tested, 20 µg/ml, did show many positive areas of fibronectin. 

It is unclear what is impacting the distribution pattern of the fibronectin from the results 

of the ICC imaging. Fibronectin deposited in the typical adsorption method for cell culture 

flasks provides a random homogenous and aggregation-free distribution pattern as 

opposed to the aggregated, island distributions observed with the PPy-DS-Fib films.  

Fibronectin proteins tend to aggregate in solution and do not solubilise well into solution. 

This physical characteristic on the proteins could help explain the fibrous depositions 

identified in the films. It would also explain the lower observed fibronectin in the highest 

loading concentration, suggesting that at 20 µg/ml the proteins do not mix well in the 

solution and therefore are not deposited with the film. Observations of the 20 µg/ml 

showed a concentrated film at the top of the bulk solution also indicating the lack of 

solubility at the highest fibronectin concentrations. This experiment shows that there is 

accessible surface level fibronectin available following deposition of PPy-DS-Fib bulk 

solution using cyclic voltammetry. Logistical issues with the thickness of the FTO 

substrate relative to the focal length of the fluorescent microscope meant a higher 

magnification could not be used. The dark nature of the PPy film coupled with the dark 

backlight of the fluorescent microscopy also adds to the difficulty in visualising the FITC 

labelled antibodies in the image. The absence of a strong colour coupled with the 

magnification limit makes it harder to visualise more diffuse fibronectin on the electrode 

surface which might provide quantitative analysis of the concentration of fibronectin 

present in each film in relation to the initial loading of the bulk solution; i.e., if the 

concentration of fibronectin in the bulk solution of 5 and 10 µg/ml translates to the film 

or if there is a relative two-fold increase in the level of fibronectin observed in each film.  

 

3.6. Fibronectin incorporation into the film – FTIR 

To elaborate further on the constitution of the film when the fibronectin loading is varied 

in the bulk deposition solution FTIR analysis was performed on the different film 

compositions. The aim was to determine a quantitative analysis of the fibronectin 

presence in the film. The presence of all three constituents can be determined for the 

FTIR spectra of the films, PPy, DS, and fibronectin, represented in Figure 22. 
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Figure 22. FTIR spectra of PPy-DS-Fib films containing 0 µg/ml, 5 µg/ml, 15 µg/ml, and 20 µg/ml 

fibronectin in the bulk deposition solution prior to electrochemical deposition. A single replicate of 

each spectrum was obtained. 

 

Firstly, multiple peaks in all four spectra indicate that indeed the films consist of 

polypyrrole. The characteristic polypyrrole peaks can be observed at 1560 cm-1 and 1485 

cm-1 indicative of C=C stretching. Similarly, there is a peak at 1690 cm-1 representing 

C=N and another peak at 1317 cm-1 representing C-N bonds. These peaks are 

particularly evident in the 0 µg/ml PPy-DS sulphate film but also are present in the other 

films indicating the presence of the fibronectin does not interfere with the ability to form 

PPy using electrodeposition 330. 

Secondly, all bulk solutions of the deposition solutions contained dextran sulphate as a 

counterion to balance the positive charge of the polypyrrole backbone. Peaks at 1260 

cm-1 and 830 cm-1 indicate the presence of S=O and O-S-O bonds, respectively. The 

presence of these peaks is indicative of the dextran sulphate successfully acting as a 

counterion during deposition and remaining present in the films 331. 
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Finally, there are peaks present in the FTIR spectra which confirm the presence of 

fibronectin in or on the films. The large peaks present at 1650 cm-1 and particularly 1540 

cm-1 are considered amide I and amide II peaks respectively. These peaks are typical of 

the polypeptides and indicative of the presence of fibronectin at the film surface. In 

particular the presence and growth of the amide II peak at 1540 cm-1 , while it is a peak 

indicative of C=C stretching discussed in relation to PPy the growth of the peak in the 

films deposited using 5, 15, and 20 µg/ml fibronectin indicates that there is u polypeptide 

presence in the film additional to the PPy 332. The growth of the peaks suggests that the 

initial concentration of fibronectin in the bulk deposition solution does affect the quantity 

of fibronectin found in the FTIR spectra however the levels varied widely and did not 

represent a reliable or quantifiable doping level of fibronectin in the films. Increasing the 

concentration of fibronectin in the bulk concentration does increase the level of doping 

in the deposited film however reproducibility is an issue. 

FTIR did not provide further clarification on the positioning of the fibronectin in relation 

to the film. It was not possible to deduce if the fibronectin is imbedded in the film or 

adsorbed only to the surface passively in the time following deposition. It is possible for 

this deposition to occur and withstand the cleaning processes following deposition. The 

evidence gathered is ultimately inconclusive about a possible mechanism for fibronectin 

inclusion in the film during electrodeposition.  

 

4. Conclusions 

 

The work above describes the successful design of a reliable and reusable cell 

stimulation platform based on bipolar electrochemical process. It allows for the 

application of an interfacial potential at a bipolar electrode using a wireless 

methodology. It also describes the characterisation of the bipolar electrode surface with 

respect to presence of key components for the integration of the electrode into a 

biological system. The presence of fibronectin was successfully shown in the film using 

immunocytochemical staining for surface fibronectin availability. This was backed up by 

the results of FTIR spectra of the films which confirmed the presence of fibronectin, 

which was deposited during the electrodeposition process from the bulk solution. The 

spectra also suggested the amount of fibronectin present was related to the 

concentration of the protein in the bulk deposition solution, however reproducibility was 

not high enough to provide a quantitative relationship between bulk solution 
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concentration and final fibronectin content of the deposited film. Unfortunately, neither 

ICC nor FTIR could elucidate the precise distribution characteristics of the fibronectin in 

the film, with regards to its presence within the film itself or solely at the surface of the 

film.  

The work shows that the cells could successfully be cultured on a wireless bipolar 

electrode with a stimulation potential of 1 V. According to the calculation for wireless 

bipolar electrode the interfacial potential likely experienced by the cells was 300 mV. The 

bipolar electrode with incorporated fibronectin could support both unstimulated and 

stimulated cell cultures. This indicates the doping method of fibronectin, and the 

electrodeposition of the PPy-DS-Fibronectin film is suitable for the culture of HL-1 

cardiomyocytes. There was no immediate evidence of electroporation at the 300 mV 

potential, however, extended stimulation times did lead to metal leeching from the driving 

electrode causing cell death. Further work is required to fully assess the platform with 

respect to stimulation performance in a variety of experimental conditions and 

stimulation waveforms. 
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Chapter 4 
Wireless Bipolar Electrostimulation of 

Cardiomyocytes on variable 

Fibronectin Doped PPy-DS-

Fibronectin bipolar electrodes using 

biphasic electrostimulation waveforms 
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1. Introduction  

 

Electrostimulation of cell cultures is an important method for many cell lines in influencing 

differentiation and phenotypes 333. Close approximation of in vivo conditions allows for 

in vitro models to give a more accurate representation of biological dynamics of a given 

system. Electrostimulation is particularly important for cardiomyocytes in vitro as they 

are exposed to an activation potential in vivo consistently which impacts on the cells 

genotypic and phenotypic profile 334. Cells are typically stimulated at a biological relevant 

frequency (~ 1 Hz) and at the activation potential of the cardiomyocyte (~ 90 mV). This 

work aims to elucidate how the cardiomyocyte cell cultures respond to various electrical 

stimulation waveforms and how that impacts the properties of the culture. The work 

represents the first-time that cardiomyocytes have been stimulated using a wireless 

bipolar electrode. The work also represents the first use of biphasic, or ac, waveforms 

for wireless bipolar electrostimulation of cells. 

 

It is well understood that cell lines such as neurons and cardiomyocytes require electrical 

stimulation in vitro to reflect in vivo condition more accurately 335–337. Cell culture 

stimulation in vitro is often multi-faceted as an accurate cell culture model requires the 

use of chemical, mechanical and electrical stimulation. Chemical stimulation is typically 

achieved through the addition of hormones, such as norepinephrine which is required 

by the HL-1 cardiomyocytes used in this study. Norepinephrine induces a contraction in 

cardiomyocytes through a G protein-coupled receptor kinase 2 (GRK2) phosphorylation 

pathway 338. It is commonly supplemented into cell culture medias in order to maintain a 

contractile phenotype in in vitro cultured cardiomyocytes for both primary and 

immortalised cardiomyocyte cell lines. Mechanical stimulation refers to the surface on 

which the cells are adhered which can tuned for optimised cell growth 339,340. Mechanical 

stimulation in traditional 2D cell culture is typically achieved by adding extracellular 

matrix proteins to the surface on which the cells adhere.  For example, fibronectin and 

gelatin is used to coat polystyrene cell culture flasks in cardiomyocyte cultures 341. 

Electrical stimulation involves the culture of cells in an electric field. The electric field 

seeks to reproduce the action potential experienced by the cells in vivo. It has been 

shown that electrostimulation impacts the cells in a variety of way, e.g., changes in the 

internal cytoskeletal configuration which helps to maintain a contractile phenotype and 

improve the contractile strength of cardiomyocytes comparable to those experienced by 

cells in vivo. 
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The model for cardiac electrostimulation action potentials is a complex waveform with 

biphasic properties. In this case biphasic refers to both a cathodic and anodic component 

in the waveform. A cardiac waveform as characterised by an electrocardiogram (ECG) 

consists of a repeating cycle of P, Q, R, S, and T waves within a cycle 342. In a murine 

ECG the electroactivity of the cardiomyocyte has been measured at approximately 1 

Vpp (peak-to-peak potential), i.e., with a maximum cathodic potential of 500 mV and a 

maximum anodic potential of 500 mV 343. The stimulation waveforms cited in literature in 

cardiac cell culture stimulation typically quote three parameters when detailing 

electrostimulation protocols. The first is the electric field strength and indicates the 

applied potential to the cells. The amplitude of the electric field varies on the application 

of the stimulation, in galvanotaxis studies, for instance, the electric field strength can be 

as high as 5 V cm-1 344. Electrostimulation for the purposes of contraction typically mirror 

the action potential required of the cell line and can be lower than 1 V*cm-1 345.  Pulse 

width is the second parameter indicated and refers to the duration of the electric field 

strength experienced by the cells in culture. Extended periods of time in an electric field, 

particularly at greater potentials, can cause damage to the cells therefore the pulse width 

is typically measured on a millisecond time scale 346–348. Finally, the frequency of the 

pulses is given in Hz and indicated the pace at which the culture is stimulated and 

experiences the potential during the stimulation 349. This is typically done to mimic the 

contraction frequency of the in vivo tissue type. A typical human heart beats at a rate of 

60 beats per minute (BPM) which is equivalent to a stimulation frequency of 1 Hz. In 

comparison a murine heart will can have a resting heart rate of 600 BPM, or 10 Hz. 

Unfortunately, in electrostimulation protocols these vary wide parameters vary widely 

even with the same cell line, a table representing this variation can be seen in Chen, Bai, 

et al. 333 . There is no consensus on optimal electric field strength, pulse width, or 

frequency in the literature when referring to cell origin (primary or immortalised), species 

origin (human or murine), or cell lineage (induced pluripotent stem cells, or mature cells). 

 

By their nature bipolar electrodes have both cathodic and anodic poles which are 

reciprocal in polarity to the driving electrode inducing the electric field, i.e., the cathodic 

driving electrode will induce an anodic pole at the area of driving electrode closest to it 

and vice versa for the anodic driving electrode 167,350. Previous work conducted with 

Wallace and Chen et al. utilised a monophasic pulsed waveform for the 

electrostimulation of PC12 neuronal cells causing an increase in dendrite formation 

within the cell population 165. This work uses a biphasic, along with a monophasic, 

waveforms to stimulate the HL-1 cardiomyocytes as a typical cardiac waveform has 

anodic and cathodic potentials. It is important to elucidate how the culture would react 
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when exposed to cycling anodic and cathodic poles at the bipolar electrode interface. In 

a monophasic waveform the poles would remain in the same orientation throughout the 

stimulation period. Given the interfacial potential gradient one half of the bipolar 

electrode will stimulate with a positive potential and the other will experience only a 

negative potential. In a biphasic waveform, as the potential alternates at the driving 

electrodes so too will the potential alternate at the adjacent poles of the bipolar electrode. 

During a single cycle the cells adhered to the bipolar electrode will experience both 

positive and negative potentials 351. As a cardiac waveform is a compound waveform 

made up of both positive and negative potentials it is important to evaluate how the cells 

are affected by this alternating potential pattern when cultured on a wireless bipolar 

electrode. 

 

This work examines the effect of electrical stimuli parameters on cell cultures adhered 

to the surface of the bipolar or contactless electrode. The cell density and distribution on 

the bipolar electrode surface was assessed along with their relative distribution across 

the area of the electrode. In this way the effect of both monophasic and biphasic 

stimulation on cardiac cell culture was elucidated. 

 

 

2. Materials and method 

 

2.1. Cell culture 

HL-1 murine cardiomyocytes were sourced from Sigma Aldrich. Cells were passaged in 

a T75 culture flask coated with 0.02% Gelatin Fibronectin using supplemented Claycomb 

medium purchased from Sigma Aldrich at 37°C with 5% CO2 as recommended. 

Claycomb medium was supplemented with 10% HL-1 screened Foetal Bovine Serum 

(FBS), 100 µg/ml Penicillin/Streptomycin, 0.1 mM Norepinephrine, and 2 mM L-

Glutamine. Claycomb media is a formulated cell culture medium developed by Claycomb 

et al. and who originally formed the HL-1 cell line. Foetal bovine serum is included to 

supply additional nutrients to the cells along with key developmental hormones and 

stimuli. Penicillin/Streptomycin is included to prevent bacterial contamination during 

culture. Both Norepinephrine and L-Glutamine are included to encourage and maintain 

a contractile phenotype during cell culture. Cells were cultured until they reached 
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confluency then split using Trypsin/EDTA and soybean trypsin inhibitor, spun at 500 g 

for 5 minutes and seeded 1:3 in a precoated T75 flask. 

 

2.2. Cell stimulation 

For culture using the bipolar electrochemical cell, the cells were removed from the T75 

culture flask using Trypsin and soybean trypsin inhibitor as before and spun at 500 g for 

5 minutes. The cell pellet was resuspended in 2 ml of wash medium (Claycomb medium 

with 10% FBS) and a 10 µl aliquot was taken to conduct a cell count using 10 µl of 

Trypan Blue and a haemocytometer. Trypan Blue is an alive/dead stain for viable cell 

counting, it cannot pass through the cell wall of viable cells and stains dead cells blue. 

Two bipolar electrodes were chosen based on the results of previous work, these were 

the 10 µg/ml (~2 x 10-8 M) PPy-DS-Fibronectin film, and 0.02% w/v Gelatin (~ 6 x 10-7 

M) with 5µg/ml Fibronectin (~1 x 10-8 M) coated FTO glass. The bipolar electrodes were 

seeded with 25000 cells/cm2 in a 24 well plate and allowed to adhere overnight. The 

following day the bipolar electrodes were transferred from the 24 well plates to the 

stimulation platform. Cells were stimulated using a Keysight EDU33210 Series Trueform 

Arbitrary Waveform Generator with dual output channels. Pulse, sine, and cardiac 

waveforms were used from the pre-programmed waveforms available on the generator. 

Parameters were altered to customise the stimulation conditions as indicated in Table 

6. The cells were subjected to electrostimulation conditions for two hours per day for 

three consecutive days. Cultures were maintained in an incubator at 37 degrees Celsius 

and 5% CO2. The medium was exchanged daily in all three wells of each row to ensure 

there was enough nutrients for the cells to grow. 

 

Table 6 - Waveform parameters for electrostimulation protocols 

Waveform Amplitude (V) Pulse width (ms) Frequency (Hz) 

Monophasic pulsed 1 500 3 

Biphasic pulsed 2 (peak-to-peak) 500 3 

Sine 2 (peak-to-peak) N/A 3 

Cardiac 2 (peak-to-peak) N/A 3 
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2.3. Immunocytochemistry  

Following culture of the cells on the bipolar electrodes, ICC was performed on the 

cultures using DAPI nuclear stain. Once the experimental conditions had been 

completed, the cells were prepared for fixing by aspirating the cell culture media followed 

by washing gently with PBS 3 times with gentle agitation then fixed using 4% 

paraformaldehyde in PBS for 20 minutes at room temperature. The paraformaldehyde 

was then aspirated and washed again with PBS three times with gentle agitation. The 

surfaces were then blocked to prevent non-specific binding of antibodies to the bipolar 

electrode surface using 500 µl of a blocking buffer of PBS with 5% Bovine Serum 

Albumin, 0.1% Tween-20, and 0.3 M Glycine for an hour at room temperature. For 

nuclear visualisation the cells were also stained with DAPI by incubating the electrodes 

for 15 minutes at room temperature protected from light. Once the DAPI had been 

removed the electrodes were rinsed a final three times using PBST, they were then 

inverted onto a microscope slide and mounted using 15 µl of mounting media. Once 

mounted the microscope slides were stored for at least 3 hours, preferably overnight, at 

4°C while protected from light to allow the mounting media to set and fix the electrodes 

in place on the microscope slide. The slides were then imaged using an Olympus 

fluorescent microscope. 

 

 

3. Results and Discussion 

 

The dynamic nature of cells makes the impact of the bipolar electrostimulation 

challenging to assess. Biological systems inherently have a high degree of variability 

and are subject to interference from any uncontrolled factors. Cells were used between 

passage 17 and 22 to keep the cell cultures as reproducible as possible. Experiments 

where microbial or fungal infection, or contamination, occurred were terminated.  Every 

attempt was made to maintain the reproducibility of these experiments and each 

parameter was assessed in triplicate. 

 

3.1. Unstimulated cell culture  

In order to assess the suitability of the bipolar electrostimulation platform a baseline was 

established in the absence of stimulation. Cells were cultured for three days total in order 
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to match the electrostimulation time frame r. Three days was also selected as this is 

typically represents the duration of time for HL-1 to become confluent in a T75 flask when 

the supplier (Sigma) protocol is followed. Cells were cultured on the six bipolar electrode 

substrates described in Chapter 2 and 3. Five electrodes consisted of a polypyrrole – 

dextran sulphate – fibronectin film (PPy-DS-Fib) on a Fluorine doped tin oxide (FTO) 

substrate, along with a Gelatin/fibronectin coated FTO substrate, further detail can be 

found in the materials section. The conducting polymer composite films were deposited 

using cyclic voltammetry. The fibronectin content was varied (0, 5, 10, 15, and 20 µg/ml) 

in the deposition solution in order to assess the optimal concentration for developing a 

surface which maximises cell adhesion and the number of adherent cells.  

 

This work not only serves as a baseline for future experiments but is also an assessment 

of the PPy-DS-Fib films suitability for a biological system. To date, the physical and 

electrochemical properties have been elucidated, however this work represents the first 

description of HL-1 cardiomyocytes cultured on a PPy-DS-Fib bipolar electrode. 

Environmental factors such as surface availability of extracellular proteins and cytotoxic 

materials play a big role in the success of a cell culture and therefore must be elucidated 

prior the introduction of additional electrical stimulation so that the effects of the presence 

of a stimulating potential can be properly extracted. 

 

The number of cells per electrode was assessed by nuclei staining using DAPI and 

imaged using a fluorescent microscope, the nuclei were then counted using ImageJ 

software. The results for nuclei counted per electrode with respect to bipolar electrode 

material can be seen in Figure 23 below.   

 

Each of the bipolar electrode surfaces successfully supported the culture of viable cells 

over the three-day time period. It is worth noting that the PPy-DS-Fib film containing 0 

µg/ml fibronectin concentration also supported a viable cell culture with comparable cell 

number to films which also include fibronectin. This indicates that the PPy-DS 

components of the films provide a surface topography to support the adhesion of HL-1 

cardiomyocytes. However, it is known that the presence of fibronectin is important to 

maintain a contractile phenotype in the cultured cells and is therefore an important 

component which cannot be excluded from the surface of the bipolar electrode. 
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Figure 23. Cell count of nuclei stained using DAPI nuclear stain following three days of culture 

in on the electrode materials and in the custom cell culture platform without any stimulation 

applied to the cells. PPy-DS-Fibronectin described in Chapter 2 and 3 were assessed with the 

concentration of fibronectin varied. Each condition was performed in a single replicate with four 

independent electrodes (n=4). Cells were counted by taking 6 images of each electrode in 

random locations. Total cells in each of the 6 images was summed together and statistics were 

calculated using total cell count for the 4 independent replicates. 

 

The importance of the fibronectin is observed in the cell count for the Gelatin/ Fibronectin 

coated electrodes which represented the highest cell count (1350 cells per electrode) 

and the lowest inter culture variability (± 78). HL-1 cardiomyocytes are typically grown 

on a gelatin/fibronectin coating when cultured in a polystyrene cultureware such as well 

plates and culture flasks so it is expected the cells could be well maintained on a similar 

coating. Previous work shows that the gelatin/fibronectin does not affect the 

electrochemical properties of the electrode for the purposes of bipolar electrostimulation. 

 

The viable cells present on the films deposited from 5, 10, and 15 µg/ml solutions of 

PPy-DS-Fib were very similar in terms of viable cells present following three days of 
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culture, 915 ± 149, 948 ± 418, and 992 ± 228 respectively. These results indicate that 

there is not a significant increase in viable cells when the concentration of fibronectin is 

increased in the deposition solution. This is supported by the heterogenous distribution 

of surface fibronectin observed in Chapter 3. This dataset represents the most 

reproducible conditions of future experiments described in this work. It is worth noting 

the high degree of relative standard deviation in all bipolar electrode materials. This is 

representative of cell culture experiments given the inherent variability of cells and their 

responses to environmental stimuli and conditions 352–354. The RSD observed are 

represented in Table 7. 

 

Table 7 - Variability of viable cell numbers following three days of culture. 

Bipolar electrode 

material 

Mean cells per 

electrode (cells) 

Standard 

deviation (cells) 
RSD (%) 

PPy-DS-Fib 0 µg/ml 982 197 20.061 

PPy-DS-Fib 5 µg/ml 915 149 16.284 

PPy-DS-Fib 10 

µg/ml 
948 418 44.093 

PPy-DS-Fib 15 

µg/ml 
992 228 22.984 

PPy-DS-Fib 20 

µg/ml 
672 302 44.940 

Gelatin/Fibronectin 1360 78 5.735 

 

 

 

3.2. Wireless bipolar monophasic pulsed stimulation of HL-1 

cardiomyocytes  

The cultured HL-1 cardiomyocytes were exposed to monophasic waveforms with an 

amplitude of 1 V and a pulse width of 500 ms.  Given the dimensions of the stimulation 

platform (channel length = 3cm) an electric field strength of 0.33 V*cm-1 can be 

calculated. In this case, an electrical stimulus was introduced to the cells from the day 

of transfer into the stimulation platform and the cells were exposed to the stimulus for a 

total of two hours per day for three consecutive days. This would represent the first 

wireless bipolar electrostimulation of a cardiac cell line described in the literature.   
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Figure 24. Cell count of nuclei stained using DAPI nuclear stain following three days of culture 

on the electrode materials and in the custom cell culture platform with monophasic 1 V stimulation 

applied to the cells. PPy-DS-Fibronectin described in Chapter 2 and 3 were assessed with the 

concentration of fibronectin varied. Each condition was performed in a single replicate with four 

independent electrodes (n=4). Cells were counted by taking 6 images of each electrode in 

random locations. Total cells in each of the 6 images was summed together and statistics were 

calculated using total cell count for the 3 independent replicates. One-way ANOVA testing with 

Tukey ad hoc analysis showed 15 µg/ml and Gelatin/ fibronectin showed a statistically significant 

variance from the 10 µg/ml film.  

 

Mean viable nuclei per electrode is represented above in Figure 24. A one-way ANOVA 

test with Tukey ad hoc analysis indicated that the low viable cells identified on the 15 

µg/ml and gelatin/ fibronectin electrodes was only statistically significant from the 10 

µg/ml film. This indicates that the variance observed is not statistically significant and 

shows no correlation between the fibronectin concentration and the number of viable 

cells on the electrode surface. These results are typical of cell cultures on modified 

surfaces as natural variances in growth from one culture to another lead to a high degree 

of inherent variation in the data. All five of the bipolar electrode material PPy-DS-Fib 
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films along with the gelatin/ fibronectin coated FTO sustained viable cell cultures for 

three days of exposure to the electrical stimulation. The data is further represented and 

analysed in Table 8. 

Table 8 – Variability of viable cell numbers following three days of culture with 

monophasic pulsed waveform electrical stimulus. 

Bipolar electrode 

material 

Mean cells per 

electrode (cells) 

Standard deviation 

(cells) 
RSD (%) 

PPy-DS-Fib 0 µg/ml 4606 2621 57 

PPy-DS-Fib 5 µg/ml 2636 2089 79 

PPy-DS-Fib 10 µg/ml 7504 3625 48 

PPy-DS-Fib 15 µg/ml 326 230. 71 

PPy-DS-Fib 20 µg/ml 5095 3092 61 

Gelatin/Fibronectin 467 243 52 

 

It is clear from the data represented above that the electrical stimulus is having a 

measurable effect on the cells during the three days of exposure and this is represented 

in 2 key areas. Firstly, the relative standard deviation (RSD) also increased across every 

bipolar electrode material. Secondly, viable cell numbers also increased in all but two 

bipolar electrode materials (PPy-DS-Fib 15 µg/ml, and gelatin/ fibronectin coated FTO), 

these two findings are represented in Table 8 and Table 9 respectively. This indicates 

that the cells did experience the electrical stimulus applied to the stimulation platform 

and that wireless bipolar stimulation is an effective method for introducing an electrical 

stimulus to a cardiomyocyte culture in vitro. The increase in RSD serves to confirm the 

hypothesis that the cells have reacted to the introduction of an electrical stimulus and 

confirms that the platform is capable of delivering an experimentally significant electrical 

stimulus.  The increase in RSD also serves to reaffirm that the cell cultures experience 

a high degree of variability from culture to culture with all but one culture recording an 

RSD of > 50%. The high RSD is indicative of the inherently noisy signal recorded from 

in vitro cell culture work. 
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Table 9 - Comparative analysis of viable cells per electrode with and without exposure 

to monophasic pulsed waveform electrical stimulus 

Bipolar electrode 

material 

Unstimulated 

(mean cells) 

Monophasic 

stimulation 

(mean cells) 

Cell count 

change 

(%) 

P value 

(*= P < 0.05) 

PPy-DS-Fib 0 µg/ml 982 4606 369 0.079 

PPy-DS-Fib 5 µg/ml 915 2636 188 0.227 

PPy-DS-Fib 10 µg/ml 948 7504 691 0.036 (*) 

PPy-DS-Fib 15 µg/ml 992 326 -67 0.024 (*) 

PPy-DS-Fib 20 µg/ml 672 5095 658 0.069 

Gelatin/Fibronectin 1360 467 -66 0.017 (*) 

 

Given the high degree of inter culture variation only PPy-DS-Fib 10 µg/ml bipolar 

electrode showed a significant increase (p = 0.03582) in viable cell number in 

comparison to the unstimulated. Both PPy-DS-Fib 15 µg/ml and gelatin/fibronectin 

coated FTO cultures recorded a significant decrease (p = 0.02354 and p = 0.017, 

respectively).  This can be explained due to the high RSD noted earlier and indicates 

that the cell cultures are extremely sensitive to small changes in experimental set up, 

namely exact position of the bipolar electrode in the platforms channel and exact position 

of the driving electrodes at each end of the channel, which can affect the exact interfacial 

potential at the surface of the bipolar electrode 351. 

3.3. Biphasic electrostimulation of HL-1 cardiomyocyte 

cultures using pulsed, sine, and cardiac waveforms 

In order to assess further the suitability other bipolar electrostimulation platform for the 

delivery of electrical stimulus to the cell cultures biphasic waveform stimulation was 

applied to the cells in culture. The application of a biphasic waveform differs from a 

monophasic waveform in the effect it has on the interfacial potential at the bipolar 

electrode. In a monophasic stimulation scenario, a single potential is applied in pulses 

to the driving electrodes, this in turn induces a cathodic and anodic pole at the bipolar 

electrode. During the pulse the bipolar electrode experiences an interfacial potential and 

between pulses no interfacial potential is present. This means one pole is intermittently 

cathodic and the other is anodic. 

 

When biphasic waveforms are used, the potential is alternated from positive to negative 

according to the waveform (square, sine, etc.). This means when a potential is applied 
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to the driving electrode a cathodic and anodic pole is induced at the bipolar electrode, 

as in the case of monophasic stimulation. However, as the potential is inverted i.e., 

enters the second phase, then so two are cathodic and anodic poles of the bipolar 

electrode. Each half of the bipolar electrode is alternately polarised and therefore both 

poles of the electrode experience both cathodic and anodic interfacial potentials in 

sequence.  

 

Biphasic stimulation is more consistent with the depolarisation of cardiomyocytes in vivo 

and thus is an important parameter to examine how an alternating potential effect the 

growth of the cells in culture. A pulsed biphasic waveform mimics the pulsed monophasic 

waveform in that the potential is switched from positive to negative rapidly with minimal 

ramping time and a sustained pulse with of 500 ms. The sine waveform alternates the 

positive and negative potential as the biphasic pulsed waveform does however the 

magnitude is increased more gradually, and the peak potential is not held as it is in the 

pulsed waveform. The sine waveform aims to mimic the action potential of the QRS 

complex of a compound cardiac waveform. Finally, a complete cardiac waveform, as 

measured on an electrocardiogram was used to mimic potential variation experienced 

by the cardiomyocytes in vivo. Average cell count per electrode under each waveform 

condition is summarised in Figure 25. Bipolar electrodes of gelatin/fibronectin coated 

FTO, and PPy-DS-Fib 10 µg/ml were used to analyse the biphasic waveforms as they 

provided the highest mean cells per electrode in unstimulated and monophasic 

stimulation conditions, respectively. 
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Figure 25. Cell count of nuclei stained using DAPI nuclear stain following three days of culture 

on 10 µg/ml PPy-DS-Fib and Gelatin/ Fibronectin bipolar electrodes and in the custom cell culture 

platform with biphasic (2 Vpp), Sine wave (2 Vpp), and Cardiac waveform (2 Vpp) stimulation 

applied to the cells for 1 hour per day. Each condition was performed in a single replicate with 

four independent electrodes (n=4). Cells were counted by taking 6 images of each electrode in 

random locations. Total cells in each of the 6 images was summed together and statistics were 

calculated using total cell count for the 4 independent replicates. 

 

Once again, the high standard deviation is evident across all cultures with all stimulation 

waveforms. The presence of the anodic and cathodic poles on both halves of the 

electrode did impact the cells viability. Pulsed biphasic showed low viable cell count and 

extremely high std deviation, 81 ± 123 (RSD 152%), and 156 ± 258 (RSD 165%) on PPy-

DS-Fib 10 µg/ml and gelatin/fibronectin coated FTO respectively. Sine wave electrical 

stimulation also did not support any viable cells on the surface of the electrodes following 

the three-day culture protocol. Only the cardiac waveform stimulation on the cells 
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cultured on the gelatin/fibronectin coated FTO substrate showed consistent cell growth, 

despite this the PPy-DS-Fib 10 µg/ml did not provide viable cells. Figure 26 represents 

the comparison of both the gelatin/fibronectin coated FTO and PPy-DS-Fib 10 µg/ml 

across all stimulation conditions used in this work. 

 

It is also evident that the biphasic stimulation does have an overall negative impact on 

the cells per electrode count. ANOVA two-way testing with ad hoc Tukey analysis did 

not indicate the presence of any significant differences between the stimulation 

waveform used and the electrode materials on which the cells were cultured, with the 

exception of the sine waveform which did not yield viable cells. 

 

One explanation for the increased cell death is that the presence of both positive and 

negative potentials during the biphasic stimulation is causing an increase cell death. 

Cells have a natural resting potential, and it is possible that increasing the polarisation 

has a negative effect on the cell’s viability. As the biphasic waveform ensures the entire 

electrode will experience a cathodic and anodic pole cells distributed across all areas of 

the bipolar electrode are subjected to this high degree of polarisation. This would be 

reinforced by the greater number of cells present on the electrode exposed to 

monophasic stimulus as half of the electrodes surface area will not experience this 

hyperpolarisation event and instead experiences only the action potential for initiating 

contractions.      
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Figure 26. Comparative cell count of 10 µg/ml PPy-DS-Fib and Gelatin/ Fibronectin bipolar 

electrodes and in the custom cell culture platform across unstimulated and the four stimulation 

waveforms used (Monophasic, biphasic, sine, and cardiac). Each condition was performed in a 

single replicate with four independent electrodes (n=4). Cells were counted by taking 6 images 

of each electrode in random locations. Total cells in each of the 6 images was summed together 

and statistics were calculated using total cell count for the 4 independent replicates. 

 

 

4. Conclusion 

 

This work represents the first reported electrostimulation of HL-1 cardiomyocytes using 

wireless bipolar electrochemistry using a monophasic electrostimulation protocol. 

Successful viable cell cultures were observed on PPy-DS-Fibronectin cultures of varying 

concentrations of fibronectin along with gelatin/fibronectin coated conductive FTO 

electrodes. Furthermore, this work represents the first reported wireless bipolar 
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electrostimulation of a cell culture using biphasic electrostimulation protocols. While the 

electrodes did support viable cells in both biphasic pulsed, and cardiac waveform 

conditions the cell numbers and inter-culture variability were low indicating further 

refinement of methodology is required to optimise biphasic stimulation conditions for high 

yield viable cell culture under stimulation conditions. This is an encouraging start point 

for wireless bipolar biphasic stimulation of cell cultures which can closely recreate the 

electrical field conditions of in vivo biological conditions. Further work is required to 

further refine the experimental conditions of the cultures and genetic analysis would 

further elucidate and differentiate the genotypic effect of the electrostimulation conditions 

on the cultures.  
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Chapter 5 
Screen-printed Electrode Based 

Electrochemical Biosensor for 

Cardiovascular miRNA Detection. 
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1. Introduction 

 

Biosensors have become an essential tool in diagnostics and disease monitoring at all 

levels of health care, including research lab cell culture modelling of diseases 355,356, 

hospital testing for disease markers and infection 357,358, to handheld blood monitoring 

such as in the case for blood sugar sensors used by diabetes patients 359. The recent 

global COVID-19 pandemic has brought an even greater spotlight on the need for rapid 

testing, which is also simple, reliable, and easily used by untrained operators (namely 

the public at large). Biosensors cover a wide range of devices and techniques but can 

be generally defined as “a device that measures biological or chemical reactions by 

generating signals proportional to the concentration of an analyte in the reaction.” 360. As 

with all sensors, the key parameters for an effective biosensor are sensitivity and 

selectivity. They must be sensitive enough to detect the analyte in a relevant biological 

range and they must also be selective for that analyte in a sample which maybe contain 

a low concentration of the analyte or have other molecules in the sample which may 

interfere with the detection of the desired analyte 361. 

Biomarkers are defined as “a defined characteristic that is measured as an indicator of 

normal biological processes, pathogenic processes or responses to an exposure or 

intervention.”, however, there can be more refined definitions according to the 

application of the assay 362. Typically, when discussing biomarkers in relation to disease 

pathology and its progression, these biomarkers have been proteins as they are found 

in most bodily fluids and their regulation with biological systems is best understood at 

this time 363,364. Proteins are useful biomarkers as their appearance, disappearance, or 

relative abundance indicates a change in cells which in turn can be correlated with a 

disease. Interest in alternative biomarkers is growing and one alternative to proteins are 

miRNA biomarkers 365,366. miRNA are sequences of RNA typically 22 base-pairs long 

which, when associated with RNA Induced Silencing Complexes (RISCs), play a role 

RNA interference blocking translation of RNA into their respective proteins 92,367. With 

recent advances in genome sequencing and large genetic libraries of disease it is 

possible to generate libraries of miRNAs, either individual or clusters, which have a 

strong association to disease 368,369.  

There is an extremely large number of miRNAs identified which have been observed not 

only in cells but also in body fluids of all kinds 370,371. These cell free miRNAs are typically 

found in liposomes circulating the body and while the exact function of these liposomal 

miRNAs is not well understood, studies have shown that changes in liposomal 
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concentrations are directly proportional to cellular concentrations of miRNA changes 372–

374. This makes them legitimate potential biomarkers as they are readily sampled and 

can be strongly correlated to the state of a disease. It is hoped that monitoring miRNA 

can lead to early detection and even prevention of disease due to their role in gene 

regulation within the cell 375,376. They can also be more readily correlated with diseases 

as they can affect proteins that are not always excreted by the cell and therefore not 

available for use as conventional biomarkers. The sequence of each miRNA is highly 

conserved, they intrinsically hybridise with complementary RNA strands which are 

attractive traits for emergent biomarkers. One major disadvantage in that the predictive 

or prognostic value of a single miRNA is often limited, individual miRNA may be 

dysregulated due to several different diseases, and typically an expression profile is a 

better correlative indicator towards disease 377,378. Another area of concern is the 

susceptibility of miRNA to the RNase family of enzymes. An RNase is an enzyme 

designed to break down strands of nucleic acids, including miRNA 379,380. This can be 

overcome with careful sterilisation of the environment, and careful sample preparation 

and treatment to reduce miRNA degradation. This has not been a major issue for 

biosensors which have been developed to date 381,382. While DNA is typically used as a 

capture and probe element in these types of nucleic acid sandwich assay, this assay 

uses RNA capture and probe elements. While it has been highlighted that the instability 

of RNA in laboratory conditions, at room temperature, and in neutral buffer there is 

evidence in the literature that RNA-RNA hybrids are more stable than DNA-RNA hybrids. 

The literature also suggests that these RNA-RNA hybrids are resistance to RNase 

degradation 383–385. 

The surface properties of the electrode selected significantly affects the performance of 

the electrochemical based biomarker assay, in particular the immobilisation of a 

bioreceptor on the transducer surface. Many materials with varying functional groups 

have been developed which facilitate the use of biomolecular capture elements 386,387. 

One of the most widely used surfaces is a bare gold electrode as it is a well characterised 

electrode material and molecules can be covalently immobilised using gold-thiol 

chemistry 388. This is a convenient method of electrode surface functionalisation which 

is simple and quick to perform. The major drawback, particularly when using an 

electrocatalytic nanoparticle label, is that the gold surface can also reduce hydrogen 

peroxide thus producing a background signal that disimproves the limit of detection 

(LOD) as this signal cannot be distinguished from the contribution due to the target 

analyte mediated capture of nanoparticles 228. On the other hand carbon electrodes, 

such as screen-printed carbon electrodes, can generate a low background current for 
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peroxide reduction making them useful for biosensor development and they are low-cost 

389. Unfortunately, while strategies such as diazonium coupling, exist, biological 

materials are less easily covalently linked to carbon which is important for the stability of 

the biosensor 390,391. This work aims to assess the feasibility of combining the well-

established thiol binding affinity of gold with the low background characteristic of screen-

printed carbon electrode. This is achieved by using a carbon-based ink that contains 

gold nanoparticles to produce screen-printed electrodes, SPEs, in which the gold 

nanoparticles act as anchor points for the miRNA capture strands.This chapter describes 

the development of a novel miRNA biosensor that uses a screen-printed carbon 

electrode, containing gold nanoparticles that are functionalised with capture strands that 

are complementary to the target mir-1-3p (Accession number MIMAT0000416), a 

miRNA linked to cardiovascular disease. 392,393 .The assay uses capture strands of a thiol 

terminated RNA complementary to half of the target miRNA strand that are bound to the 

gold nanoparticles trapped within the SPE. As shown in Figure 27, following target 

hybridisation, a platinum nanoparticle functionalised with probe strands that are 

complementary to the target strand overhang is hybridised. This electrochemical 

biosensor utilises the reduction of hydrogen peroxide and the electrons released to 

quantify the amount of target miRNA present on the transducers surface. The 

mechanism of hydrogen peroxide degradation at a platinum surface can be described 

by the following scheme: 

2Pt + H2O2 →  2Pt(OH)                    (1) 
 

2Pt(OH) + 2H+ + 2e- →  2Pt(H2O)    (2) 
 

At low potentials, as in this case, the hydrogen peroxide is first disassociated onto two 

platinum sites on the nanoparticle (Eq 1).  This adsorbed OH is not stable on the platinum 

surface site. The site is regenerated through the electrochemical reduction shown in Eq 

2. The platinum site is then freed to adsorb another OH from a dissociated hydrogen 

peroxide. It should be noted that the hydrogen peroxide itself undergoes a chemical 

reaction and the current measured is in fact the reduction of the Pt(OH) site. This process 

is a 2-electron process as described above. Literature suggests that experiments 

conducted using nucleic acid sequences that the electron transport from the transducer 

electrode occurs along the length of the nucleic acid backbone to the platinum 

nanoparticle 394–396.    

The development of an accurate and quantitative miRNA assay is an essential tool for 

the future use of miRNA as a prognostic biomarker in the fight not just against 
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cardiovascular disease, but many other diseases 376,397,398. Quantitative detection of 

miRNA without the need for replication or amplification, as is the case for RT-qPCR 

techniques, offers advantages as normal levels of circulating biomarkers can differ 

greatly from person to person and so relative fold increases may not always be sufficient 

to detect early cellular genetic dysregulation in the course of disease pathology and 

progression 399,400. Another advantage is that development of a robust protocol allows 

for reconfiguration of the assay to detect a wide range miRNA by using custom capture 

and probe sequences without the need to alter any other materials within the assay 366. 

The small size of the sensor platform and disposable nature of the electrode coupled 

with the aforementioned simplicity with respect to editing the target sequence could allow 

for single sample multiplex testing using multiple electrodes each detecting a different 

target. 

  

Figure 27. Schematic representation of the miRNA assay described in this work showing the 

screen-printed carbon electrode material (black) containing with gold nanoparticles (gold). The 

sandwich assay design comprises a capture strand of RNA (blue) and probe strand of RNA (red) 

which are complementary to the target miRNA (green). The probe RNA is functionalised with 

platinum nanoparticles (grey). The scale has been altered to show all components of the assay 

clearly. It should be noted that a higher degree of surface coverage would be expected on both 

the gold surface and the PtNPs in experimental conditions. This figure was created using 

BioRender. 
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2. Materials and methods 

 

2.1. Gold disc electrode preparation and assay 

Gold disc electrodes (IJ Cambria, England) with a working area diameter of 2 mm, were 

polished using standard mechanical cleaning methods with alumina powder of fine 

grades, 0.5 µm, 0.1 µm, and 0.05 µm on a polishing pad (powder and pads supplied by 

IJ Cambria, England). Electrodes were polished in a figure eight motion for at least 15 

minutes to ensure a reproducible roughness factor. The roughness factor was assessed 

through single atom layer oxidation and reduction of the electrode in a 0.1 M H2SO4 

electrolyte in a standard three electrode cell with a platinum counter and an 1M KCl 

Ag/AgCl reference electrode. Additional polishing was done if required to ensure similar 

roughness factor across all gold disk electrodes.  

For the capture strand immobilisation 300 µL of 1 µM capture strand RNA in Denhardt’s 

buffer (pH 8, Sigma Aldrich, Ireland) were incubated with the gold disc electrodes for 3 

hours at 37 °C 401. Capture strand miR-5p were purchased with thiol termination from 

(Eurogentec, Belgium). Following immobilisation, the electrode was gently rinsed in 

deionised water three times and dried gently under a stream of nitrogen. Once the 

electrodes were rinsed, they were incubated with the desired concentration of target 

miR-5p miRNA, for three hours at 37 °C to allow hybridisation between the capture and 

target strands of the RNA 402. A further three step rinse steps were performed before the 

addition of probe miRNA. The probe miRNA was also purchased with a thiol termination 

to facilitate binding to 50 nm platinum nanoparticles (NanoComposix, CA, USA). 

Functionalisation was done by rinsing 1 ml of 3.3 x1010 particles/mL stock concentration 

nanoparticles three times in DI water followed by high speed microcentrifugation after 

the storage solution was removed. The nanoparticles were then resuspended in 900 µL 

of 1 µM probe RNA in Denhardt’s buffer and placed in the oven at 37 °C for 1 hour to 

functionalise. The functionalised probe was then allowed to hybridise to the overhang of 

the miRNA target for 3 hours at 37 °C 403. 

The chronoamperometric current vs time curves (i-t curves) were all recorded for 2400 

seconds, consisting of a 60 second equalisation period, injection of 200 µM H2O2 final 

concentration, then signal recording for a further 120 seconds. The signal was recorded 
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at a potential of -0.25 V in a 0.01 M H2SO4 electrolyte solution (pH 1.7) with a final cell 

volume of 8 ml following the addition of H2O2. 

Electrochemical characterisation such as cyclic voltammetry and chronoamperometry 

were performed using a CH Instruments (TX, USA) 760 and were recorded in a three-

electrode cell using a platinum counter electrode and 1M KCl Ag/AgCl counter electrode. 

All chemicals and materials were obtained from Sigma Aldrich, Ireland unless otherwise 

stated.  

 

2.2. Screen-printed gold functionalised carbon electrode 

preparation and assay 

Gold nanoparticle containing carbon screen-printed electrodes were produced by Dr 

Loanda Cumba (School of Chemical Science, DCU, Ireland). The technique allows the 

percentage of gold at the surface of the screen-printed electrode by carefully tuning the 

curing parameters of the ink. The gold surface area is achieved through the addition of 

the 500 nm gold nanoparticles to the ink mixture prior to the printing process. 

For screen-printed electrodes, miR-1 (hsa-miR-1-3p MIMAT0000416) was used and 

was supplied by Integrated DNA Technologies (Belgium). TE buffer of pH 8 was used in 

place of Denhardt’s buffer in line with suppliers’ recommendations. As before, 1 µM 

capture RNA was used to coat the electrode surface, and 1 µM of probe RNA 

functionalised 50 nm platinum nanoparticle was used as the label in the sandwich assay. 

 

Table 10 – Sequence information for nucleic acid sandwich assay used in this work. 

Strand Sequence 

Capture 5’- Thiol (C6)- AUA CAU ACU UC -3’ 

hsa-miR-1-3p 5’- UGG AAU GUA AAG AAG UAU GUA U -3’ 

Probe 5’- UUU ACA UUC CA -Thiol (C6) -3’ 

 

The capture layer was immobilised by immersing the screen-printed electrode in the 

thiolated capture strand solution for one hour. The electrode was then removed and 

rinsed in RNase free water and incubated with the target miRNA for one hour to allow 

hybridisation to occur at 37 °C. During this time 300 µl of the platinum nanoparticles were 
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removed and rinsed in RNase free water using centrifugation to pellet the nanoparticles. 

Once rinsed, the nanoparticles were added to 900 µl of probe RNA and incubated at 37 

°C to allow immobilisation. The resulting probeRNA functionalised platinum 

nanoparticles are now considered probes. To complete the sandwich the probeRNA 

functionalised platinum nanoparticle probes are incubated after the capture RNA and 

miRNA target have been hybridised to allow the final hybridisation step to take place for 

one hour at 37 °C. 

The i-t curves were all recorded for 180 seconds, consisting of a 60 second equalisation 

period, injection of H2O2 to a final concentration of 1.25 mM, then signal recording for a 

further 120 seconds. The signal was recorded at a potential of -0.4 V in a 0.1 M LiClO4 

electrolyte solution (pH 8) with a final cell volume of 8 ml following the addition of H2O2. 

The potential was optimised using cyclic voltammetry to optimise the faradaic current of 

Pt nanoparticle driven H2O2 catalysis. It was necessary to establish a new potential due 

to the peak shift attributed to the use of a screen-printed carbon counter electrode 

relative to the platinum coil electrode used with the traditional gold three-electrode cell. 

For electrochemical analysis of the screen-printed electrode a Metrohm Autolab 

potentiostat (Netherlands) was used in conjunction with a three-electrode adapter for the 

printed electrodes. The three-electrode cell consisted of the gold functionalised carbon 

screen-printed working electrode, AgCl screen printed reference electrode, and a carbon 

screen-printed counter electrode, shown in Figure 28. The Metrohm Autolab was 

controlled using NOVA 2.1 software. 

 

 

Figure 28. Screen printed electrode configuration featuring working electrode, carbon counter 

electrode, and AgCl reference electrode. The left side shows the connection point which allows 

the electrodes to be connected to a traditional potentiostat using an adapter. 

 

3. Results and discussion 
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3.1. miRNA assay on planar gold electrode 

Biosensors have become a growing sector in both academic and industry fields. The 

thing that both defines and differentiates a biosensor is the use of a biorecognition 

element. Nucleic acid biosensors are popular platforms due to the hybridisation of single 

stranded mature target miRNAs with complementary single stranded nucleic acid 

strands. While the complementary sequences will bind, even a single nucleic acid 

mismatch affects the hybridisation affinity. The reduction in hybridisation affinity of a 

single mismatch means even miRNA within the same families can be selected for using 

nucleic acid capture elements, which gives the assay is specificity 404,405. The ability to 

quantify the level of target in a sample, regardless of whether the matrix is buffer or 

bodily fluids, relies on the efficiency and stability of the capture – target – probe binding 

event. When designing an assay, the higher the capture and probe binding affinity for 

the target, the greater the LOD of the assay. The LOD of an assay can therefore be 

improved by increasing the binding events per unit area or the ability to detect a low 

number of binding events, i.e., create more binding events or detect binding events more 

effectively. To create more binding events, the area of the electrode can be increased 

thus allowing a higher number of binding sites. Alternatively, the surface coverage of the 

capture units can be optimised in order induce a signal for each individual binding events 

by removing probe steric hinderance which might lead to target hybridisation with 

capture without a further probe hybridisation step.  This assay uses an RNA polymer 

chain of 11 bases as the capture unit, given the short base length of the target miRNA 

sequence and the low Gibbs free energy attributed to short complementary nucleic acid 

sequences a 50-50 split of the sequence was chosen for the capture and probe lengths. 

Furthermore, as the goal of the assay was to create an ultrasensitive miRNA assay 

neither the capture nor probe hybridisation could be prioritised and therefore there was 

no advantage to increase the length of the capture or the probe. These capture RNA are 

designed to be complementary to half the length of the miR-1-3p miRNA target strand. 

A probe strand of RNA, which is complementary to the second half of the target 

sequence. To generate a current signal in this assay, design a platinum nanoparticle is 

used and it is functionalised using thiol chemistry with these probe RNA strands. 

Nucleic acid sequences, both DNA and RNA based, are commonly used for the 

detection of nucleic acid biomarkers 406–409. They provide a valuable capture and probe 

element due to their predisposition for hybridisation to complementary sequences. This 

is especially useful when target molecules are also single stranded nucleic acid 

sequences, such as in the case of miRNA. Literature reports a typical surface coverage 
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of probe nucleic acid strands to be ~ 3 – 5 pmol cm-2. This is equivalent to 1.8 – 3 x1012 

nucleic acid copies per cm2.  

Using a typical gold disc electrode, a high-density capture monolayer approach was 

taken with the goal of designing a sensitive miRNA assay. 5’ modified capture RNA 

strands (captureRNA) featuring a thiol – C6 terminal were immobilised to the gold 

surface of the electrode using thiol chemistry allowing for direct immobilisation of RNA 

strands to the electrode surface 410,411. The monolayer was allowed to form overnight on 

the gold disc electrode surface to maximise the monolayer coverage using 1 µM 

concentration of capture RNA stands and removing any limitations from the time needed 

for capture strands to diffuse to the electrode surface and bind. Using cyclic voltammetry, 

the properties of the immobilised capture monolayer were examined, the results of which 

are represented in Figure 29. In the presence of a H2SO4 electrolyte a gold oxide is 

formed when a potential greater than 1 V is applied. This gold oxide is then reduced 

back to gold when a potential of 800 mV is subsequently applied. Using a scan rate of 

100 mV s-1 it is possible to generate a monolayer of gold oxide which represents the 

surface area of available gold, thus the resulting reduction peak at 800 mV can be used 

to quantify the available gold on the electrode surface which is expected to decrease as 

the capture strands bind 412. By comparing the charge passed during the reduction of 

the gold oxide on the bare gold electrode versus the charge passed in the presence of 

the captureRNA immobilised on the surface it is possible to estimate the degree of 

surface coverage. To compare to a highly compact and ordered monolayer, 11-

Mercaptoundecanoic acid (MUA) was used as a control monolayer. Replication of 

capture RNA immobilisation (N = 6) shows reasonable reproducibility of the monolayer 

with an average charge passed of 1.596 x10-5 C (± 9.8 x10-7) giving a relative standard 

deviation of 6.3%and suggests reasonably good reproducibility. However, analysis of 

the comparative reduction peaks of bare, capture RNA and MUA SAM shows that in 

comparison to the MUA SAM the capture RNA covers only 31.6% of the available gold 

surface. Therefore, captureRNA alone is not sufficient to effectively block the electrode 

surface under these conditions with up to 70% of the gold surface remaining exposed. It 

is possible that some of the increased current seen in the miRNA capture immobilised 

electrode is from the oxidative desorption of the monolayer during cycling. This is 

evidenced by the presence of an oxidation peak in the CV of the capture RNA 

immobilised gold electrode. While oxidative absorption is more common, it is possible 

that the oxidation of the crystalline gold lead to the desorption of the capture RNA from 

the surface of the gold electrode. This same oxidation peak is not present in the MUA 

SAM immobilised gold electrode cyclic voltammogram. 
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Figure 29. Cyclic voltammogram demonstrating the change in charge passed during the 

reduction of gold oxide using a bare gold electrode (black) and in the presence of capture RNA 

(red) established overnight and mercaptoundecanoic acid SAM (blue) established for 2 hours. 

The cyclic voltammograms were recorded in 0.1 M H2SO4 using an 1M KCl Ag/AgCl reference 

electrode and platinum wire coil as a counter. All CVs were recorded at a scan rate of 100 mV s-

1. CVs were recorded in fully independent triplicates. 

The effect of the low surface coverage presented by the captureRNA on the assay was 

investigated by recording a chronoamperometric curve (i-t curve) of the current released 

by the degradation of hydrogen peroxide by the platinum nanoparticles, which when 

coated with probe RNA strands (probeRNA) acts as the probe. The probe RNA-

functionalised platinum nanoparticles will henceforth be referred to as the “probe” with 

the nucleic acid sequences being denoted as probeRNA and the nanoparticles as PtNPs 

when referred to as unique reagents. The capture RNA layer was assembled on the bare 

gold electrode surface as before. Three bracketing concentrations of target miRNA-1-3p 

(1 µM, 1 nM, and 1 pM) were used in the assay to elucidate the effect of target 

concentration on the current response. It was expected, if the coverage of captureRNA 

was sufficient, then an appreciable difference in current could be observed given the 
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large difference, six orders of magnitude, in target concentration. The experimental 

protocol was based off a similar methodology on the electrochemical detection of miRNA 

using a variety of metallic nanoparticles 413,414. A final concentration of 200 µM of 

hydrogen peroxide was used to reduce the likelihood of surface bubbles of oxygen 

forming on the electrode due to the degradation of hydrogen peroxide. Bubbles can block 

the probes and thus reduce the current response during the assay. Secondarily, the 

bubble may also affect the stability of the captureRNA on the gold surface, causing 

desorption 415,416. 

The probe was assembled using 1 ml of 50 nm diameter PtNPs with a stock 

concentration of 3.3 x1010 particles mL 1. The particles were functionalised using 900 µL 

of 1 µM probeRNA strands, which equates to a total of 5.42 x1014 probeRNA strands. 

The final probes (PtNP functionalised with probeRNA strands) were aliquoted to 300 µl 

for use in the assay. This provides a final probe count of 1.1 x1010 particles available for 

hybridisation with the target miRNA during the assay. Given a circular area of 3.14 x1012 

nm2 and 1963.5 nm2 respectively for the gold electrode and the 2D area of the 

nanoparticles, this puts the probes in a 7-fold excess to the physical capacity of the 

working electrode assay area, assuming enough hybridisation events occur. A high 

surface coverage is preferable to maximise the number of hybridisation events. This is 

especially important when a low concentration of target is expected, to maximise the 

current generated. The curvature of the nanoparticle allows for a high degree of surface 

coverage on the nanoparticle as it mitigates steric and electrostatic issues due to the 

negatively charged nucleic backbone arising between probeRNA strands 417–419. A high 

surface coverage can also lead to less favourable properties, in particular when the 

surface coverage is so dense so as to create a blocking effect at the nanoparticle surface 

it may inhibit the catalytic effect of the nanoparticles on the hydrogen peroxide 420. 

Reducing the degree of hydrogen peroxide degradation in turn reduces the current 

generated per probe which affects the low-end sensitivity as smaller currents may not 

be detectable through any noise which might be present in the assay. In this case the 

most likely source of noise would come from the carbon/gold electrode surface itself 

reducing the hydrogen peroxide and consequently generating a current 421–423. 

To assess the optimal potential at which to record the i-t cures at the faradaic current 

attributed to peroxide degradation at the PtNPs was assessed using the screen-printed 

electrode cell. The potential of -0.4 V was chosen to maximise the faradaic current 

relative to the capacitive and cathodic current of the nanoparticles without the presence 

of the hydrogen peroxide. It should be noted that although the -0.4 V potential in relation 

to the screen-printed electrode cell the negativity can be attributed to the potential shift 
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of the pseudo-reference AgCl electrode used relative to the Ag/AgCl reference. That 

shift is between -300 and -400 mV and hence the i-t curve potential is approximately -

0.1 V vs 1M KCl Ag/AgCl which mitigates possible hydrogen evolution during the assay.  

The expected outcome of a stepwise increase in faradaic current, proportional to the 

increase in target miRNA concentration, was not observed, as shown in Figure 30. All 

three target concentrations displayed broadly similar current responses upon addition of 

hydrogen peroxide and no steady-state current was observed over the 2400 second 

assay duration. This current appears to be independent of target concentration. The 

most likely explanation for this independent current is background signal being 

generated by the system which can be seen in the black like shown in Figure 30 . The 

origin of the background signal is the large (70%) unblocked gold surface area observed 

in Figure 29. This is due to golds catalytic effect on hydrogen peroxide generating 

current 424,425. The independent current coupled with a relatively large, exposed gold area 

therefore explains the large and similar currents observed at all three target 

concentrations.   
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Figure 30. Chronoamperometric curve (i-t curve) of captureRNA monolayer established using 

a 1 µM bulk solution.  Target miRNA concentrations of 1 µM, 1 nM, 1 pM, and 0 M concentrations 

of target miRNA with 50 nm platinum nanoparticle functionalised with 1 µM probe RNA 

concentration. i-t curves were recorded in 0.1 M H2SO4 with a working concentration of 200 µM 

H2O2. Chronoamperometry was recorded at a scan rate of 100 mV s-1. Chronoamperometry was 

recorded in fully independent triplicates. 

 

The results of the experiments conducted on a bare gold electrode indicated that a large 

available surface area of gold at the electrode substrate was contributing to a high 

background signal 426. This signal was caused by nonspecific degradation of the 

hydrogen peroxide which was independent of the miRNA target concentration and was 

attributed to the catalytic effect of gold on hydrogen peroxide degradation. One common 

method for reducing this signal attributed to gold disc electrode substrate in other assays 

is to use a blocking species to reduce the available gold surface. This is most often 

achieved using an alkanethiol chain of appropriate length. The length is typically dictated 
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by the length of the spacer used for the capture element of the assay, for example a 6-

Mercapto-1-hexanol (MCH) given the C6 spacer used on the captureRNA in this work, 

however alkane chain spacer lengths are not standardised and may be longer or shorter 

according to the desired application 427,428. Alternative strategies also include using 

proteins such as bovine serum albumin (BSA) which performs a similar function of 

blocking available gold surface following deposition of the capture elements on the gold 

substrate 429,430, and developing alternative surfaces in order to avoid the use of metallic 

substrates which can degrade the hydrogen peroxide in a similar manner 431,432. 

 

3.2. miRNA assay on Au-SPE electrode  

To improve sensitivity of the assay a gold containing screen-printed carbon electrode 

(Au-SPE) substrate was used to reduce the surface area of gold at the electrode surface. 

500 nm gold nanoparticles were added to carbon ink for screen-printing electrodes prior 

the printing process. Using proprietary techniques, the level of gold nanoparticles which 

are exposed at the surface of the electrode can be tuned and controlled during the curing 

process. Two factors make the Au-SPE an attractive alternative to a planar gold 

electrode substrate. The first is that the carbon ink of the screen-printed electrode does 

not contribute to the catalysis of the hydrogen peroxide. Although unblocked gold can 

still generate a background signal the rest of the unblocked surface, the carbon ink, will 

not contribute to this background current associated with reduction of peroxide. This 

however also means that while the electrocatalytic area, the Au, is small, there is a large 

area, Au and C, of the working electrode contributing to the capacitive current of the 

system. This capacitive current may contribute to the noise of the system and make it 

come difficult to distinguish faradaic currents attributed to the probes. The second benefit 

is that the spherical nature of the nanoparticles could allow for a closer packing of the 

captureRNA strands on the gold surface. This curvature can mitigate the steric hindrance 

between charged captureRNA strand to allow for a higher degree of surface blocking 420. 

The orientation of the capture strands immobilised on a curved surface can also allow 

for improved hybridisation with target and probeRNA strands by exposing the nucleic 

acid sequences while remaining closely packed at the surface through the C6 spacers 

433. This effect also aids in the reduction of exposed gold at the surface of the electrode 

without the need to immobilise blockers on the surface. 

Upon introduction of the Au-SPE substrate the potential applied during the i-t was 

optimised. Due to this optimisation process the potential at which the i-t curve was 

decreased (more negative) in an attempt to select for the current contribution of the 
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probe over any nonspecific (background) signal. Recent work by Chang et al. shows that 

hydrogen peroxide disproportionation (simultaneous oxidation and reduction) generates 

a measurable faradaic current between -0.4 and -0.5 V using platinum microelectrodes 

434. Hence, in order to optimise the faradaic current due to the hydrogen peroxide 

degradation at the probes (Pt nanoparticles functionalised with probeRNA) a potential of 

-0.4 V was selected for chronoamperometric measurements using Au-SPE electrodes.   

Alongside the alternative electrode substrate some other parameters of the assay were 

optimised to further improve the signal to noise ratio. Despite the reduced gold surface 

area, the same bulk concentration of captureRNA was used. This ensures a high degree 

of surface coverage on the gold nanoparticles at the surface of the electrode substrate. 

The aim of the high surface coverage is to ensure the maximum degree of surface 

blocking. Surface blocking is needed to reduce the current attributed to the nonspecific 

degradation of hydrogen peroxide (degradation not catalysed by the probe). 

Furthermore, in order to generate a higher current, the concentration of hydrogen 

peroxide used in the assay was increased from 200 µM final concentration to a final 

concentration of 1.25 mM. The higher concentration of the hydrogen peroxide should 

increase the current recorded during the assay across all target concentrations 435,436. 

Experimental evidence showed that the bare Au-SPE generated a peak current of 

approximately 2 µA, Figure 31. This can be considered the maximum current of the 

assay as this would also represent the maximum area of probe assuming saturation of 

the probe and semi-infinite linear diffusion dynamics between the probes being 

dominant. Thus, a higher concentration of hydrogen peroxide provides a more desirable 

current range in which to conduct the assay. Finally, the time was reduced from 2400 

seconds to 180 seconds for the recording time of the assay as the time was initially 

selected to allow a steady current to be formed following the addition of hydrogen 

peroxide however following analysis of the preliminary experiments it was determined 

that 180 seconds was considered adequate to record a suitable current signal.  
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Figure 31. i-t curve showing the current response of the bare Au-SPE electrode substrate 

(black) and with captureRNA immobilised on the surface in the presence of 1.25 mM H2O2. 

Current was recorded at -0.4 V and H2O2 was injected after 60 seconds. Chronoamperometry 

recorded in fully independent triplicates. 

Figure 31 demonstrates the change in current observed between the bare Au-SPE 

electrode and when the surface is blocked using the captureRNA strands 437,438. The 2 

µA current observed for the bare electrode demonstrates the catalytic effect of the gold 

nanoparticles present in the SPE substrate. It is greatly reduced when compared to the 

response seen in a bare gold disc electrode despite a higher concentration of H2O2 being 

used. Thus, showing the Au-SPE has gold present at the surface of the electrode to 

catalyse the hydrogen peroxide and that the total gold area is significantly less than the 

planar gold disc electrode, as expected. A significant drop in current of 1.8 µA is 

observed upon addition of the same concentration of hydrogen peroxide when the 

captureRNA layer is present. This shows the captureRNA strands alone do provide a 

significant blocking effect on the active gold area at the surface of the Au-SPE. The lower 

current indicates the packing density of the captureRNA on the available gold is sufficient 
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to reduce the catalysis of the hydrogen peroxide. It was also observed that similar 

blocking effects could be achieved with a reduced incubation time of just one hour when 

compared to a three-hour incubation. A comparison between the three-hour and one-

hour is demonstrated in Figure 33. The lower reproducibility may be attributed to batch 

to batch variation of the Au-SPE as surface morphology is known to effect the stability 

of nucleic acid monolayer at high and low concentrations 439. This variation was 

quantified using cyclic voltammetry in 0.1 M H2SO4 at a scan rate of 100 mV s-1 (Figure 

32), the result of which indicates that there can be as much as an 18% variation in  

available surface gold between AuC-SPEs, data is tabulated in Table 11. The same 

method for surface area gold availability was used as described in Figure 29, it should 

be noted that the gold oxide reduction peak is shifted from 0.8 V to 0.45 V which can be 

attributed to the use of the screen-printed AgCl pseudo-reference in comparison to the 

Ag/AgCl reference electrode. The shift is confirmed using ferrocene methanol redox 

probe showing a redox peak shift of approximately 300 mV, which is in agreement with 

the observed shift in gold oxide reduction peak. This reinforces the importance of 

captureRNA bulk concentration to available gold surface. It is also likely that the 

curvature of the particles allows for a denser packing due to the mitigation of steric 

hinderance and electrostatic repulsion between the charged captureRNA strands 420,433.  
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Figure 32. Cyclic voltammogram of three independent AuC-SPEs demonstrating the intra-batch 

variation in exposed gold. The cyclic voltammograms were recorded in 0.1 M H2SO4 with a scan 

rate of 100 mV s-1. The available gold area was calculated using the reductive charge passed at 

0.4 V. The peak shift for the gold oxide reduction can be attributed to the use of the screen-printed 

AgCl pseudo-reference electrode when compared to the traditional 1M KCl Ag/AgCl reference 

used for the gold disc electrode described previously. The CVs were recorded in fully independent 

triplicates.  

Table 11 - Tabulated data for the intra-batch variation in available gold surface in the 

AuC-SPE 

 
Electrode 

1 

Electrode 

2 

Electrode 

3 
Std Dev (C) Mean (C) RSD 

Charge 

(C) 
6.40 x10-5 7.62 x10-5 9.15 x10-5 1.38 x10-5 7.72 x10-5 18 % 
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Figure 33. Comparative i-t curves of capture RNA deposition varying immobilisation time at 1 

hour (black) and 3 hours (red). All it curves were recorded using 1.25 mM of H2O2 in 0.1 M LiClO4 

with a final cell volume of 8 ml at a potential of -0.4 V. The reference was screen printed AgCl 

electrode and the counter was a screen-printed carbon electrode. Chronoamperometry was 

recorded in fully independent triplicates. 

Table 12 – Tabulated data for Figure 33 for unmodified electrode surface and the 

electrode surface modified with captureRNA for one hour and three hours. Currents 

recorded at 180 seconds (N=2) 

Electrode Modification Current at 180 seconds (µA) 

1-hour incubation of captureRNA -0.057 (± 0.001) 

3-hour incubation of captureRNA -0.072 (± 0.018) 

Unmodified electrode surface -1.929 
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The change in current between the bare and covered surface indicates that the Au-SPE 

does offer a current range which is acceptable for a biosensor. The limited surface area 

of the gold will limit the maximum limit of detection however the low background current 

does suggest that surface modification with captureRNA strands alone at the electrode 

surface could detect ultrasensitive, low concentrations of free miRNA targets. While the 

evidence suggests that the packing density of the captureRNA on the Au-SPE is suitable 

for reducing the nonspecific signal of golds catalysis of without the need for additional 

surface blocking steps, such as protein or alkane-thiol deposition, further elucidation is 

required to examine the effect of the higher surface packing on the hybridisation of 

target. A high surface density of captureRNA strands may impede the hybridisation of 

target and probe in the assay, despite the curvature mitigation of the gold nanoparticle 

440. 

 

Figure 34. Comparison of current response upon introduction of hydrogen peroxide of the bare 

electrode surface, the surface with the captureRNA in place, and an assembled assay with 

captureRNA in place with 1 µM target with 1µM functionalised probe. The i-t curves were all 

recorded for 180 seconds, consisting of a 60 second equalisation period, injection of 1.25 mM 

H2O2, then signal recording for a further 120 seconds. The signal was recorded at a potential of 
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-0.4 V in a 0.1 M LiClO4 electrolyte solution with a final cell volume of 8 ml following the addition 

of H2O2 (final concentration 1.25 mM). The reference was screen printed AgCl electrode and the 

counter was a screen-printed carbon electrode. The gold functionalised screen-printed carbon 

electrode is represented by the black line and represents the unblocked background signal of the 

assay. The red line represents the gold functionalised screen-printed carbon electrode following 

the immobilisation of the capture RNA. The green represents the full RNA sandwich assay using 

1 µM concentration of target miR-1 miRNA with platinum nanoparticles functionalised using 1 µM 

of probe RNA. Chronoamperometry was recorded in fully independent triplicates. 

To assess the impact of using an AuC-SPE substrate for the detection of the miRNA 

target, the assay was assembled, and i-t curves were recorded with captureRNA in 

place. Initial experiments were recorded using 1 uM of miR-1-3p to ensure a high probe 

concentration if the target hybridises. A high probe concentration was used to maximise 

the current output and assess the sensitivity of the assay when the captureRNA is at a 

high surface coverage. However, there was no significant change in the current 

observed when the capture, target, probe was present compared to the capture layer 

alone, Figure 34. The lack of an observed increased current was likely by one of two 

possible scenarios. The first was that due to the high density of the captureRNA, the 

hybridisation of the target was inhibited, and the NP labelled with probe strands could 

not be hybridised. Thus, the absence of probe led to the absence of a recordable current 

as the due to the absence of the reduction of 2Pt(OH) sites required. An alternative 

scenario is that the peroxide cannot access the surface of the platinum due to a close 

packed monolayer of probe on their surface. Thus, if the curvature of the nanoparticles 

was contributing to a higher surface density of probeRNA strands on the platinum 

nanoparticle surface this effect could contribute to the absence of signal through two 

possible mechanisms 433,441. The surface density of the probeRNA was inhibiting 

hybridisation to the target thus leading to the absence of signal despite the presence of 

target miRNA. Alternatively, the dense coverage of probeRNA on the nanoparticle is 

causing a similar blocking effect at the nanoparticles surface. This blocking would 

prevent the diffusion of the hydrogen peroxide to the nanoparticles surface thus 

preventing the catalysis and production of current 442–444. In the latter scenario 

hybridisation is occurring between the capture target and probe RNA strands however 

no current is being generated. 

The issue with current generation may also be linked to the surface of the screen-printed 

electrode. Gold disc electrodes are cleaned mechanically prior to immobilisation of the 

capture strands to the surface. In the case of the screen-printed electrodes this is not 

possible. Physically polishing of the screen-printed electrodes is not possible prior to 
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immobilisation as there is a risk of damaging the printed electrode. Also, the thiol binds 

to the gold surface of the AuNPs within the ink thus polishing the printed electrodes may 

remove some of these sites for RNA immobilisation. Therefore, there is a risk that the 

surface of the screen-printed electrode could be contaminated. This contamination can 

be with organic molecules, blocking the immobilisation of RNA, or it can mean the 

presence of RNA on the surface of the electrode. Single stranded RNA is not stable and 

easily degraded by RNase in the environment which would lead to the degradation of 

the RNA sequence on the surface of the electrode either during or immediately after 

immobilisation. Ultimately, this would leave the immobilised thiol sequences on the 

surface of the gold which would contribute to the diminished current observed over the 

blank electrode surface but make hybridisation with either the target miRNA or probe 

strand of RNA impossible leading to the absence of the expected current upon addition 

of miRNA target.  It is also possible the addition of a self-assembled monolayer following 

the immobilisation of capture RNA may help to improve the stability of the capture layer. 

The SAM is typically added to disperser the thiolated nucleic acid chains more evenly 

across the gold surface. It can also increase the blocking effect on the gold surface. 

Using C6 spacers on the capture strands of RNA means a SAM using 5- or 6-mercapto 

alcohol would be appropriate to block the surface and not interfere with the capture 

strand’s ability to hybridise with the target. In this case a blocking SAM was not used as 

the gold surface is more limited than that of a gold disc electrode, meaning the blocking 

was not such a high priority. Also, some assays in the literature which use similar 

electrochemical principles do not use blocking of the electrode surface. Ultimately it was 

determined that the issue leading to the absence of expected current was more likely to 

be contributing from a source other than surface blocking and therefore future 

experiments were continued without the addition of a SAM. 

3.3. probeRNA density impact on current generation of Probe  

Elucidating which of the three mechanisms (capture density inhibited hybridisation, 

probeRNA density inhibited hybridisation, or nanoparticle surface blocking) was an 

important next step in order to determine the viability of the assay using the Au-SPE 

substrate. Assuming the surface blocking mechanism inhibited the catalytic 

decomposition of the hydrogen peroxide by the platinum nanoparticle, a lower surface 

concentration of probeRNA strands on the platinum nanoparticles should expose a 

greater surface area of nanoparticles and thus lead to an increase in observed current 

upon addition of hydrogen peroxide to the system. To assess the effect of surface 

loading of probeRNA on the blocking of the nanoparticle surface the bulk concentration 

of probeRNA in the deposition solution was systematically reduced. The concentration 
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of platinum nanoparticles during functionalisation remained the same in all cases. The 

duration of incubation was maintained at one hour. Reducing the incubation time while 

maintaining a bulk concentration of 1 µM probeRNA could also be used to reduce the 

surface coverage but would have required very short incubation periods which could 

have introduced more variability. The level of excess probeRNA strands to platinum 

nanoparticle area was calculated for the original 1 µM deposition solution. This was done 

assuming a high packing density which is facilitated by both the high curvature of the 50 

nm platinum nanoparticles (relative to a 100 nm nanoparticle or a planar surface) and 

the salt concentration of the TE buffer in which the immobilisation occurred (10 mM Tris, 

1 mM EDTA). Literature suggests that include a salt to screen the negative charge of the 

RNA backbone combined with a highly curved surface can generate close to 

theoretically maximal surface concentration of RNA strands 420,433. Given a sufficient 

curvature and salt concentration the limiting factor for RNA surface concentration is the 

footprint of the RNA strands in comparison to the surface area of the platinum 

nanoparticle. The literature does not offer an exact diameter of single RNA strand 

however estimates suggest a diameter of approximately 26 Å, equivalent to 2.6 nm or a 

radius of 1.3 nm. Hence, the footprint of the probeRNA stands is taken to be 5.31 nm2
 

445,446. The diameter of the platinum nanoparticle is 50 nm, giving an available surface 

area of 7853.98 nm2. As described in Materials and Methods 900 µL of 3.3 x1010 particles 

mL-1 platinum nanoparticle stock was washed thoroughly and then resuspended in 900 

µL of TE buffer containing the appropriate concentration of probeRNA. By converting the 

concentration of the probeRNA to copy number in the bulk solution it is possible therefore 

to calculate the ratio of excess to which the probeRNA is present. This information is 

displayed in Table 13 and Figure 35 below. 
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Table 13 - Calculations of the determination of the ratio of excess of the probeRNA 

total area in comparison to the platinum nanoparticle total area when using 900 µL of 

stock for both. 

Stock 

probeRNA 

Concentration 

(nM) 

Mole of 

probeRNA 

in bulk 

solution 

Strands of 

probeRNA in 

bulk 

solution 

Total 

footprint of 

probe RNA 

(cm2) 

Total 

platinum 

surface 

area (cm2) 

Ratio (total 

probe area: 

total np 

area) 

1000 9 x10-10 5.418 x1014 28.766 2.333 12.33 

500 4.5 x10-10 2.709 x1014 14.383 2.333 6.17 

100 9 x1010-11 5.418 x1013 2.877 2.333 1.23 

50 4.5 x10-11 2.709 x1013 1.438 2.333 0.62 

25 2.25 x10-11 1.355 x1013 0.719 2.333 0.31 

10 9 x10-12 5.418 x1012 0.288 2.333 0.12 

 

 

Figure 35. Ratio of available area of probeRNA footprint relative to the available surface area 

of PtNP. Inset: expanded view of 10 nM to 50 nM stock probeRNA concentration. 
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Table 13 demonstrates that at a concentration of 1 µM of probeRNA (1000 nM) the total 

sum of the probeRNA footprint, in other words the total surface area which the probeRNA 

when close packed, is in a twelve-fold excess to the available. This suggests that the 

packing density given this concentration of probeRNA, the salt concentration of the 

buffer, and the high curvature of the nanoparticles should block a significant area of each 

platinum nanoparticle, with an approximate surface coverage of 1400 probeRNA strands 

per nanoparticle. This surface coverage would equate to an approximate coverage of ~2 

x1013 strands cm-2, this fits well with reported densities on  similar size nanoparticles and 

is greater that the reported density for planar gold 433,447. Both Table 13 and Figure 35 

indicate that a much lower degree of surface coverage is likely when the ratio of available 

probeRNA compared with the available nanoparticle surface area is lower and the 

literature also supports the conclusion that bulk concentration affects the surface 

coverage 448. At a concentration of 25 nM the expected coverage of an individual 

nanoparticle surface area is a maximum of approximately 30%, which is equivalent to 

450 strands per nanoparticle or ~6 x1012 strands cm-2. At a stock concentration of 10 nM 

the coverage is approximately 10% of the available surface area of the nanoparticles, 

giving surface coverages of 180 strands per nanoparticle which equates to ~2 x1012 

strands cm-2. 
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Figure 36. i-t curve of complete RNA sandwich assay showing an increase in current observed 

in the presence of 1 µM miR-1 target miRNA and 50 nm platinum nanoparticle functionalised 

probe. The 50 nm Pt probes were functionalised using 1 µM (red), 25 nM (blue) and 10 nM (green) 

of probe RNA prior to addition to the capture and target complex of the assy.  All i-t curves were 

recorded using final concentration of 1.25 mM of H2O2 and a 0.1 M LiClO4 electrolyte at a potential 

of -0.4 V. The reference was a screen printed AgCl electrode and the counter was a screen-

printed carbon electrode. Chronoamperometry was recorded in fully independent triplicates. 

 

Table 14 – Tabulated data of Figure 10 showing relative currents of each modification 

recorded at 180 seconds. 

Electrode 

background 

blank 

captureRNA 

blocked 

surface 

1 μM miRNA 

with 1uM 

probeRNA 

1 μM miRNA 

with 25 nM 

probeRNA 

1 μM miRNA 

with 10nM 
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-1.929 µA -0.061 µA -0.059 µA -0.087 µA -0.108 µA 
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To assess the effect of increasing the active surface area of the nanoparticle on the 

current observed during the i-t curve the experiment was repeated using probes which 

had been functionalised using a 25 nM and 10 nM stock solution, respectively. These 

concentrations were chosen as the calculations show a greater than 50% platinum 

surface area per nanoparticle. Choosing a concentration much lower than the theoretical 

maximum also ensures good available platinum surface area in the case of 

heterogeneous distribution of surface coverage attributed to aggregation of probeRNA 

strands or platinum nanoparticles. The catalytic reduction of hydrogen peroxide at the 

platinum surface requires two free platinum sites to be available. The immobilisation of 

a probeRNA to the surface of the platinum nanoparticle decreases the free surface are 

for hydrogen peroxide reduction. Thus, a high surface density of immobilised probeRNA 

on the surface of the platinum nanoparticle reduces the surface area. This corresponds 

to a reduction in peak current. By reducing the probeRNA solution surface saturation of 

probe RNA on the platinum nanoparticles is avoided and free site of platinum are 

maintained for hydrogen peroxide catalysis. The resulting i-t curves are shown in Figure 

36. As the concentration of probeRNA used to functionalise the NPs is decreased, and 

thus reduce the final surface coverage of the probe on the nanoparticle, an increase in 

current is observed. The captureRNA layer, shown in black, illustrates the low 

background signal as described in Figure 31 and Figure 33. The red line is the same 

data which is described in Figure 34 and shows the lack of signal, above the 

background, when the 1 µM stock concentration of probeRNA is used in generating the 

probes. The blue and green line indicate the observed signal from probes which have 

been functionalised using 25 nM and 10 nM stock concentration of probeRNA, 

respectively. The signal increase between the 1 uM and 25 nM functionalised probes is 

approximately 0.28 µA. A further current increase of 0.21 µA is observed between 25 

nM and 10 nM stock concentrations. This limited dataset shows an exponential 

relationship between the stock concentration of probe RNA used in probe 

functionalisation and the absolute current observed, shown in the inset of Figure 37. 

Absolute current is shown here for clarity and ease of comprehension. Although it is a 

limited sample size, it is possible to extrapolate the theoretical peak current when an 

optimal probeRNA surface coverage is used to functionalise the nanoparticles. Logically, 

the maximum current will be generated by the nanoparticle with the maximum available 

surface area. As hybridisation is still essential to correlate the current to the target miRNA 

concentration through the formation of a sandwich configuration, a minimum of one 

probeRNA strand is necessary on each nanoparticle. Thus, the optimal ratio when 

considering only maximum current is a stock probeRNA which gives a single strand per 
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nanoparticle. Using Table 13 that can be calculated to be a stock concentration of 0.055 

nM (55 pM).  

 

Figure 37. Extrapolated curve demonstrating the exponential growth relationship between stock 

concentration of probeRNA used during functionalisation. Current is plotted in absolute value for 

presentation purposes. Inset: original data points recorded at 180 seconds showing the fitting 

curve used to extrapolate the major plot. 

Figure 37 demonstrates the theoretical absolute current at different stock concentrations 

of probeRNA. An exponential growth relationship was established from the experimental 

data, and this was extrapolated to determine the maximum current achievable using the 

established 55 pM optimal concentration. The plot determines the peak current to be 

0.116 µA when a target concentration of 1 µM miRNA is used and all other parameters 

are maintained. The fitting determined that this is likely the maximum achievable current 

when the assay is maintained in its current format as similar peak currents were seen 

for 500 pM, 250 pM, and 100 pM stock concentrations also. This implies the current 

generated by the probe drops dramatically when the available surface area is reduced 

below 99%. It must be noted that these calculations are designed to optimise current 

generation and do not consider the impact of surface coverage on the target miRNA to 
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probeRNA hybridisation events. Fewer probeRNA present create limitations related to 

orientation which maybe become a limiting factor for assay performance. However, 

these results do show the impact available surface area has on the ability for the assay 

to generate a signal and that surface coverage can be an extremely limiting factor in this 

regard. 

 

3.4. Effect of captureRNA density on hybridisation 

Although experimental data and subsequent calculations suggest a strong correlation 

between the lack of observed current seen in Figure 34 and the probeRNA coverage of 

the nanoparticles during probe functionalisation, other processes, such as low 

hybridisation efficiency, may also contribute. Short RNA sequences as well as the 

established dense surface packing may impact the hybridisation of both the electrode 

immobilised captureRNA and the platinum nanoparticle immobilised probeRNA with the 

miRNA target. Improvements in hybridisation efficiency can be achieved by conducting 

the experiments approximately 5 °C below the melting temperature of the double 

stranded recognition element – miRNA sandwich which makes double stranded nucleic 

acids energetically preferential hence, this method is frequently used to improve primer 

dynamics in PCR methods. The melting temperature is the temperature in which half of 

double stranded nucleic acid will dissociate into single stranded nucleic acid strands and 

indicates the stability of the RNA sandwich of the assay 449–452. Staying below the melting 

temperature is preferential for ensuring the stability of double stranded RNA formation 

due to capture – target – probe hybridisation. Establishing the presence of successful 

hybridisation and subsequent double stranded RNA sandwich is a difficult one, 

particularly on a surface bound assay such as the one described in this work. One 

possible method for this would be to use a double stranded RNA intercalating dye to 

visually confirm the presence of double stranded RNA on the surface of the electrode. 

However, the issue with this method is that most intercalating dye for double stranded 

nucleic acid sequences also show some affinity for single stranded nucleic acid 

sequences, which would impede the effectiveness of this method in establishing 

exclusively establishing the presence in this application. Typically, a dye is conjugated 

to the probeRNA strand however, the visualisation of the dye would also be problematic 

given the opaque nature of the electrode material meaning specialised fluorescence 

imaging, such as STED microscopy, would be required to visualise and analyse the 

results. 
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The possible impact of hybridisation efficiency should be considered when optimising 

nucleic acid-based electrodes. Hybridisation is an important parameter which may also 

impact the ability of the sensor to generate a current at a broad range of target 

concentrations. The energy required for a strand of ssRNA to hybridise with a 

complementary strand, such as in this assay, is quantified by the Gibbs free energy. The 

Gibbs free energy can be computed from the sequence of the target strand and there 

are numerous open-source tools which perform this calculation as it is particularly 

important when designing primers for PCR. The Gibbs free energy can be related to the 

equilibrium constant between the single stranded RNA sequences by the following 

equation 453: 

∆𝐺° =  −𝑅𝑇𝑙𝑛(𝐾𝑒𝑞)   (4) 

Short oligonucleotides can be modelled by the simplified 2 state process where in the 

reactant ssRNA and the product dsRNA complex are the only two states which exist in 

the process of hybridising, that is to say that no intermediate states are formed 454,455. 

Thus, it is possible to determine the number of binding events for a given concentration 

of capture, target, and probe concentration using the equation: 

𝐾𝑒𝑞  =  
[𝐶𝑇𝑃]

[𝐶][𝑇][𝑃]
   (5) 

Where C represents captureRNA strands, T represents target miRNA sequences, and 

P represents probeRNA strands. CTP indicates the hybridised complex of capture, 

target, and probe strands. Using the aforementioned calculation tools, the Keq was for 

the target miRNA strands with the complementary captureRNA and probeRNA 

sequences as 7.29 x10-17. Hence, the following model can be established using Equation 

5:  
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Figure 38. Modelling of binding events were the concentration of the target was maintained at 

1 µM and the concentration of the probe was maintained at 55.8 pM and 37°C as per the 

parameters of the experimental data collected. The graph represents how the concentration of 

binding events changes as the capture concentration is varied. The red circle denotes the point 

at which 1 µM has occurred.  

The model shows the ratio of the concentration of double stranded RNA relative to the 

concentration of the captureRNA, target miRNA, and probeRNA. The concentration of 1 

µM binding events was chosen as it represents the hybridisation of 1 µM target miRNA 

in the assay. To date the highest concentration used in the development of this assay 

has been 1 µM, and hence this concentration was used to calculate the captureRNA 

concentration required. Using the established parameters of the assay (1 µM target 

miRNA, 55.8 pM, and with the reaction conducted at 37°C) a captureRNA concentration 

of 2.19 µM is required. The short nature of miRNA leads to a low Keq for the hybridisation 

reaction. Due to this low Keq , the capture strands must be in a two-fold excess to the 

target miRNA concentration to facilitate complete hybridisation. The captureRNA 

concentration required could be lowered if the probe concentration is raised.  
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3.5. Impact of probe distribution on peak current 

From the understanding gained from the experiments carried out on the Au-SPE 

demonstrate the importance of electrode materials and probe functionalisation on the 

expected current which is generated during the assay. One further parameter which can 

be optimised in order to increase the sensitivity of the electrode is the probe distribution 

upon successful hybridisation. Spacing of the nanoparticles can have an impact on 

expected currents by dictating the diffusion mechanism which dominates the hydrogen 

peroxide degradation. The dominant mechanism of diffusion affects the current profile 

of the probes. In the assay described above both radial diffusion and semi-infinite linear 

diffusion may occur. Radial diffusion of H2O2 to the probe will occur when the interparticle 

distance (rpp) is greater than the radius of the of the nanoparticle used as the probe. 

Radial diffusion will continue to occur until such time as the independent diffusion layers 

of the probes overlap, at which point the primary mechanism of diffusion is semi-infinite 

linear diffusion 456. The point at which radial diffusion becomes semi-infinite linear 

diffusion occurs when the radial diffusion layers of independent probes overlap and can 

be described be the following two equations: 

 

𝑟𝑝 ≪  √𝐷𝑡 ≪  𝑟𝑝𝑝   (6) 

√𝐷𝑡  ≫  𝑟𝑝𝑝    (7) 

 

Equation 6 represents when radial diffusion is the dominant and Equation 7 represents 

when semi-infinite linear diffusion occurs.  

In the case of this assay, it is preferable for radial diffusion to be dominant as the steady-

state current observed is dependent on the radius of the nanoparticle and the number of 

nanoparticles. Hence, the current observed is proportional to the number of probes 

(PtNP functionalised with probeRNA strands) present and therefore also the number of 

hybridised miRNA target sequences. Semi-infinite linear diffusion occurs once the 

individual depletion zones have coalesced is independent of the number of probes and 

instead is limited by the geometric area of the Au-C SPE electrode which has been 

modified by the probes. As such, once linear diffusion has become dominant the current 

observed will be independent of the target miRNA concentration.  

Radial diffusion has been established as the preferred mechanism of diffusion for a 

probe dependent current response which is correlated to the target miRNA concentration 
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457,458. It is then possible to model the time scale within which the current must be 

measured such that radial diffusion is dominant using Equation 6. This equation dictates 

that in order to measure the peak steady-state current over a longer time scale then the 

distance between the probes must be increased to maintain radial diffusion. The 

relationship between the timescale of the steady-state current and the interparticle 

distance has been visualised in Figure 39 below. 

 

Figure 39. Maximum time vs interparticle distance where radial diffusion is occurring. The axes 

have been converted to log in order to linearise the plot. 

This plot demonstrates that in order to measure steady-state current occurring from 

radial diffusion with a densely populated probe area (rpp < 100 nm) then current must be 

measured less than a 10 µs time frame. Additionally, to maintain and record a steady-

state current on a second timescale an interparticle distance on the 100 nm scale is 

required. The lower limit of timescale is dictated by the radius of the probe nanoparticle, 

as denoted by 𝑟𝑝 ≪  √𝐷𝑡, in Equation 6. However, the maximum timescale is dependent 

on the interparticle distance and independent of the particle radius.  
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Both the empirical evidence and modelled data show the difficulty of developing a 

chronoamperometric assay for nucleic acids. Key parameters such as the substrate 

material, nucleic acid sequence’s physical interactions with solid surfaces during 

immobilisation, and nucleic acid thermodynamic properties must all be carefully 

considered when optimising the assay for peak current at low target concentrations. It is 

also possible that at the low potential -0.4 V that there could be a contribution of oxygen 

reduction within the system contributing to the overall current within this assay 

configuration. The oxygen reduction could occur at either an exposed site on the AuNPs 

within the electrode surface, caused by an incomplete monolayer or by RNase 

degradation of the capture RNA, or from the PtNPs when the sandwich assay is 

complete. There is likely to be a significant amount of oxygen within the system through 

the disassociation of the hydrogen peroxide and from the aqueous electrolyte. While the 

potential used is not particularly low it is plausible that there may be some current 

contribution through these mechanisms. This could be tested by perform cyclic 

voltammetry on the final assay where successful capture RNA immobilisation has 

occurred, capture: target miRNA hybridisation has happened at a high target 

concentration, and probe has been successfully hybridised to the target miRNA 

overhang. At that point cyclic voltammetry could determine the oxygen reduction peak 

potential and determine if the assembled assay is likely to experience a current 

contribution from oxygen reduction. 

Unfortunately, there is not enough published literature to determine what a required 

analytical sensitivity range might be. This is predominantly because the gold standard 

RT-qPCR method is more suitable from providing relative fold change in concentration 

than in actual concentration. However, it is likely that given the small gold surface area 

of the screen-printed electrode and relatively large size of the PtNPs to the electrode 

area it is likely that in surface saturated conditions there will be an impact on analytical 

sensitivity drive by the physical limit of PtNPs relative to the concentrations of target 

miRNA bound to the assay surface. 

 

 

4. Conclusion 

The increasing integration of technology into the field of healthcare is opening the door 

for advances in biosensors. The ability to detect biomarkers rapidly and accurately 

without the need for excessive processing or amplification is and will continue to be at 
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the forefront of personal medicine. Using nucleic acids, in particular miRNA, as 

biomarkers can provide sensitive detection of disease states and be readily tuned 

targets, as required. Coupling the growing understanding of miRNAs role in pathology in 

disease with sensitive and rapid chronoamperometric assay designs promises to be a 

fruitful area of research at present and into the future. However, this work has elucidated 

through the use of experimental data and calculations, the potential limiting factors which 

can impact such assays. Biological samples can test even the most assays and so a 

deep understanding of the underlying mechanisms of nucleic acid biosensors will aid in 

the design of impactful point-of-care biosensors. This work describes the impact of the 

electrode material of the level of background current is observed. Furthermore, material 

surface chemistry and topography can play a significant impact on the signal generation 

of the assay. This impacts both the capture and probe density and distribution which can 

greatly impact noise and signal respectively. The short nature of the miRNA target 

means special attention must be paid to optimising the current response for individual 

target strands. Poor Keq associated with capture-target-probe hybridisation mean the 

generation of an appreciable current per binding event is a priority as the number of 

binding events should be expected to be low. Finally, the distribution of the probes, and 

hence the captureRNA on the electrode surface is crucial for determining the timescales 

and expected peak current of any nanoparticle-based chronoamperometric biosensor. 

It is hoped that this work can contribute to the development of an ultrasensitive miRNA 

biosensor for use in a point-of-care device. By elucidating some of the mechanisms 

behind the key parameters required to further the understanding and ensure a more 

effective assay which may one day be used for an improved outcome for patients through 

the early detection of critical disease biomarkers. 
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Chapter 6 
Future Work 
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1. Introduction 

The work presented in this thesis opens interesting avenues for further investigation 

which can drive relevant research into cardiovascular disease. Both cell stimulation and 

miRNA detection are at the forefront of current research aimed at improving our 

understanding of underlying pathways of the disease and possible avenues for 

treatment. Improvements must be made to combat the epidemic of cardiovascular 

disease and the toll it takes on the global health care system. This work lays the 

groundwork for overlapping projects which can further improve our understanding of 

cellular responses to electrical stimulation, applicability of electrical stimulation with 

respect to in vivo conditions, screen-printed substrates for sensitive testing, and 

multiplexed assays to allow a high-level view of the miRNA landscape in relation to both 

heart disease and the effect of electrical stimulation.    

 

 

2. Implications 

Cyclic voltammetry of PPy-DS-Fib films demonstrated that there is a sufficient potential 

window at positive potentials for use in the electrochemical stimulation using the 

interfacial potential of the wireless bipolar electrode. This conclusion has important 

implications for the electrical stimulation of all cell types. The wider applicability of the 

films could be used in the electrical stimulation of both primary and immortalised cell 

lines. It could also be used for the differentiation and maturation of stem cell lines. The 

work demonstrated the ability to include available surface extracellular matrix proteins 

into the electrochemically deposited films. Hence, it is possible then to modify the co-

doped extracellular matrix protein to be optimised for the cell line which will be used. As 

electrochemical deposition of PPy is the most commonly used methodology for 

deposition of PPy films onto conducting substrates it therefore represents a readily 

modifiable and optimisable surface for the stimulation of any cell lines which require both 

environmental proteins for stable culture and an electrical stimulus for differentiation or 

maturation. 

The introduction in this work of a cell line-specific modified wireless bipolar 

electrostimulation platform could impact the use of electrical stimulation in cell culture. 

Currently it is an under-utilised tool which can have significant impacts on the robustness 

and quality of protocols over a wide range of applications. The ability to use a reusable 

stimulation platform could increase uptake of electrical stimuli in cell culture protocols 

leading to improvements in in vitro cell culture modelling of disease. Improvements in in 
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vitro modelling have knock-on benefits to the research of diseases and the development 

of future treatment both directly in the study of drug treatments and indirectly in the 

understanding of the mechanisms of disease. The ability to modify the surface of the 

bipolar electrode for the specific cell line used also increases the applicability of wireless 

bipolar electrostimulation and thus its convenience for integration in many protocols 

regardless of cell type or the disease of interest.  

The cell culture response demonstrate also that the system is well suited to bot mono-

phasic and biphasic stimulation of cells demonstrates a useful dynamic range of 

stimulation parameters which increase the applicability of the system. A dynamic and 

applicable system influence its use in the development of future conductive films for the 

purposes of cell stimulation. Having a methodology for the application of an interfacial 

potential to cells in culture using novel polymers could open the door to the development 

of robust polymers for in vivo stimulation of cells. This is important for the development 

of electrodes which are suitable for in vivo biological environments which have 

applicability in electroceuticals such as deep-brain stimulation for Parkinson’s disease 

or in rejuvenation of nerves cells following traumatic spinal cord injuries. 

The issues seen in the electrochemical detection of miRNAs using screen-printed 

electrodes demonstrate drawbacks for a promising electrochemical application of 

screen-printed electrodes. Their lack of robustness in comparison to traditional disk 

electrodes makes them unsuitable for mechanical preparation of the electrode surface. 

This increases the risk of surface contamination which in turn could lead to an 

accelerated degradation of RNA through environmental RNA. The work performed here 

also demonstrates a limitation with electrochemical detection of miRNA using 

nanoparticles. The peak current is achieved when the nanoparticles are spaced out in 

such a way where radial diffusion dominates, maximising the surface area of the 

particles. There is a concern that during surface saturated conditions the peak current is 

limited to semi-infinite linear diffusion, thus limiting the assays peak current generating 

and limiting analytical sensitivity.   

3. 3D cell stimulation 

The work in this thesis describes the successful electrical stimulation of a 2D culture of 

cardiomyocytes on a wireless bipolar electrode. The bipolar electrochemical approach 

has proved effective for cell stimulation purposes. However, in the bioengineering space 

the applicability of 2D stimulations is being debated. 3D cell cultures such as organoids 

and spheroids have been growing in popularity due to their inclusion of more 

representative cell to cell connections and the presence of stimuli from all directions. 
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However, current 3D cell culture protocols make traditional cell culture techniques for 

electrical stimulation difficult. Wireless bipolar electrical stimulation is uniquely suited to 

fill the niche requirements for 3D cell stimulation. Work in the electrochemistry space 

has already shown that 3D electrodes can be applied to bipolar electrochemical cells. 

The interfacial potential caused by placing a conductor in an electrical field is equal 

across the surface of the electrode at a given distance in the channel. This aspect of 

bipolar electrochemistry means that 3D structures of cells can be homogenously 

stimulated wirelessly using an appropriate conductive scaffold to act as the bipolar 

electrode in a bipolar electrochemical cell. Further research into these conductive 3D 

scaffolds, and even emerging technologies such as graphene doped hydrogels will only 

serve to improve the possibly of applying bipolar electrochemical techniques to 3D cell 

cultures. The ability to stimulate 3D cultures opens interesting avenues into the 

development and maintenance of cardiomyocyte which are more applicable towards in 

vivo conditions. Wireless bipolar electrical stimulation could be further applied to the 

development of electroceuticals. Electroceuticals are medical devices which use 

electrical potential with therapeutic effects. The currently include devices such 

pacemakers and deep-brain stimulation for epilepsy. These devices use electrodes 

placed in the body to provide appropriate electrical stimulation in a specific area. The 

downfall of these devices currently is the use of wired electrical connection to the control 

unit from the electrode. Effective electrical stimulation through the wireless bipolar 

electrode method could provide wireless alternative to these wired devices. A wireless 

setup which can effectively replace the required stimulation potential magnitudes can 

greatly improve patient comfort. The lack of a wired connection can also improve 

applicability of electroceuticals and potentially open up new applications such as 

electrically stimulated bone healing and nerve regeneration.    

 

4. Genomic analysis of electrostimulated cells 

The work presented here describes wireless bipolar stimulation of cardiomyocytes on 

PPy-DS-Fib using a custom stimulation platform. Future work in the ae of wireless 

bipolar electrode stimulation must push to quantify the effect of electrical stimulation of 

cardiomyocytes. This work focused on the stimulation of HL-1 cardiomyocytes however 

future work could focus on the use of electrical stimulation of other cardiomyocyte cell 

lines, particularly stem cell differentiation using the wireless bipolar stimulation. In order 

to fully elucidate the effect of the stimulation using the bipolar electrode genomic 

screening of cells which have experienced will be the most valuable tool for this. The 
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transcriptome in particular will show the detail required of the intracellular response to 

the electrical stimulation. The transcriptome refers to the nucleic acid sequences which 

are transcribed from the genetic DNA. Changes in the transcriptome illustrate key 

differences in the cells in response to stimuli which will serve to illustrate the effect of 

electrical stimulation alongside the physical characterisation which has been begun in 

this work. Of particular interest will be the miRNA levels in response to the electrical 

stimulation. Comparison between the transcriptome and the miRNA can help to elucidate 

key genetic pathways which are key in both stem cell differentiation of immature cells 

and development of primary cells in vitro. Understanding the key genotypic responses 

of cells to the electrical stimulation will be essential in developing effective stimulation 

methodologies. These methodologies must endeavour to develop a deeper 

understanding of the genetic consequences of electrical stimulation on all lineages of 

cardiomyocytes. The miRNA sequences are instrumental in RNA interference and as 

such can supply valuable insight into the genomic response to electrical stimulation. The 

miRNA assay work described in this thesis will be essential in the quantification of 

miRNA levels of cardiomyocytes. Amplification free electrochemical detection of cardiac 

miRNA is important for accurate quantification of miRNA expression. Sensitive detection 

allows for the quantification of not only intracellular miRNA levels and also extracellular 

miRNA. Extracellular miRNAs are an interesting aspect of miRNA expression which has 

not yet been fully characterised or understood in the literature. They may be bioactive, 

intercellular signalling, or incidental inclusion in extracellular vesicles. Whatever the role, 

the ability to detect low concentrations in cell lysate or cellular media will provide valuable 

insight into the genetic response within the cell, furthering the understanding of the 

overall role of miRNA in response to electrical stimulation. 

 

5. Improved screen-printed electrode surfaces. 

This work illustrates the promising future of screen-printed electrodes for use in sensitive 

biosensors. However, it is clear that screen-printed electrode-based systems do require 

refinement in order to truly drive the lower limit of detection of these assays. Gold 

surfaces have very attractive qualities when it comes to conductivity and surface 

modifications. Specifically, thiol-gold chemistry is often used in biosensors as the provide 

a facile way to add biorecognition elements to a substrate surface. This usefulness is 

improved given the relative abundance of sulphurs which naturally occur in proteins such 

as immunoglobulins due to their presence in the amino acids, methionine, and cysteine. 

They can also be readily added to nucleic acid sequences of both DNA and RNA which 
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allows them to be deposited on a surface in an orientated fashion. However, gold is also 

electroactive which can cause issues with signal to noise ratios, particularly those 

sensors which focus on ultrasensitive detection. Carbon is an essential screen-printing 

material with respect to electrodes. It allows for dynamic designs, cheaper mass 

manufacturing, and opens the possibility of eco-friendly design by allowing recycling to 

be done post use. However, carbon is far less readily modified than gold which can 

cause a problem for the effective immobilisation of biorecognition elements within the 

assay system. The work described in this thesis has begun to amalgamate the desirable 

properties of both materials to assist in the ultrasensitive detection of miRNAs however, 

an issue persists with screen-printing reproducibility. As the gold surface area is an 

essential metric for comparison between assay a consistent surface area is required for 

a functional assay which could be employed in a clinical setting. Maintaining a consistent 

gold working surface will be key in driving the relative standard deviation of points on 

standard curve based on these electrode substrates low enough to develop 

ultrasensitive detection platforms with strong correlations and a high signal to noise ratio. 

 

6. Multiplexed assay 

Drawing on the flexibility with respect to assay design and mass production of screen-

printing, the future of this work should focus on driving multiplexing of electrochemical 

miRNA biosensors. Individual electrodes testing the same sample matrix or segregated 

signal generating molecules can be used to add a multiplexing capability to the work 

described in this thesis. It has been established through the literature that the highest 

correlation of miRNA as a biomarker towards a specific disease state is most likely to be 

a panel-based approach. As such it is imperative that any assay focused on the detection 

of miRNAs should endeavour to develop platforms which are inherently or readily 

adapted to a multiplexed configuration. Using ultrasensitive miRNA detection on a 

screen-printed carbon electrode containing gold nanoparticles offers an attractive 

configuration for multiplexing based off the electrochemical nature of the assay. Using 

multiple signals generating molecules whose potential at which they generate a signal 

current is one possible method of adapting a multiplex approach. Two driving potentials 

can be applied sequentially in order to determine the concentration of two or more 

targets whose signal corresponds to the respective potential. Alternatively, alternative 

electrochemical techniques such as electrochemiluminescence can be used in order to 

generate a multiplexed assay. In this method the use of light producing redox probes 

can be used as the signal generators. By knowing the redox potential of each probe and 
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using a light detecting system, such as a photomultiplier tube it is possible to quantify 

and differentiate multiple targets on the same assay. Finally, one relatively simple 

method for multiplexing is to take advantage of the tuneable surface area and design of 

the electrode afforded by the screen-printing process. Printing a design with effectively 

places more than one working electrode is such a way that a single sample could be 

added to each one simultaneously. Therefore, the signal at each electrode could 

effectively quantify an individual target independently of the other working electrodes. In 

this design it would also be possible to use the same counter and reference electrode. 

As with all scree-printed electrodes it could then be disposed of removing the need to be 

cleaned or polished ahead of the next sample.  

7. Conclusion 

This work has provided a platform for improvement in both the cell culture and 

bioengineering space, and in the biosensors space. The improvement to in vitro cell 

culture will be an essential tool in the future in the battle against cardiovascular disease. 

Not only can the future work based on this thesis improve laboratory techniques which 

can be reproducibly and easily shared among research labs globally, it will also provide 

an improved platform for essential research into cardiomyocytes. The work on 

electrochemical miRNA biosensors works in parallel to this objective by providing a 

platform on which to grow our global understanding of a novel biomarker. miRNA’s role 

in gene expression also provides us with a valuable insight in the genomic responses of 

cells to environmental stimuli. The biosensors may also serve to further elucidate the 

role of extracellular miRNAs and their impact on neighbouring cells and cells of different 

types. 
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