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Abstract 

The ability to combine both a functional sensing and signalling membrane-electrode 

interface system is crucial for developing new technologies that can directly connect the 

living biosphere with electrical devices. However, there is a considerable distinction 

between both the chemical and biomechanical properties of live cell membranes versus 

synthetic electrical prostheses, thus there remain significant challenges that must be 

overcome in order to establish stable and functionally predictable interactions between 

these different components. The sparsely tethered bilayer lipid membrane possesses the 

necessary skeleton onto which novel chemistries can be added in order to succeed in the 

first iteration of correctly integrating electronic coupling with biological tissue. 

This dissertation presents an investigation into controlling the ionic and the electronic 

interface and then detecting ion fluxes arising from nearby biologically active cells at the 

nanometer scale, by using the detectable electrical signals derived from interfacing of 

membranes with a gold electrode. In it, the feasibility of implementing tBLMs as either 

an interface between biological systems and electrical devices or for continual sensing in 

real-time or for diagnostic purposes is investigated.  

Commencing is a comprehensive review of variant artificial lipid membrane models and 

the impedance spectroscopy approach (Chapter 1). A demonstration of the intimate 

nanoscale contacts of cells with the surface of the electrode is presented in Chapter 2. The 

aim of this study was to examine the feasibility of applying tBLMs in bio-implantable 

devices to offer specific transmission of electrical signals to individual target neurons to 

improve signal fidelity. This was to be achieved by reducing leakage pathways, thereby 

minimizing electrophoretic ion currents being lost into the surrounding interstitial 
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medium. Chapter 3 describes how, instead of using the lipid membrane-covered 

electrodes to signal to cells, the electrode might be used to as a nano-biosensor for cell 

detection. Various approaches to increase sensitivity were explored to enhance this 

capability. The necessity for detection at the nanometer scale is explored in Chapter 4, 

recording in real-time the laser-generated heat pulses arising from laser-illuminated gold 

nanoparticles. Detection of these heat pulses required attachment of the gold 

nanoparticles to the membrane surface, while non-specific binding of gold nanoparticles 

failed to elicit a measurable response.  

Conclusions and perspectives are presented in Chapter 5, sum up of the significant 

achievements presented in this dissertation, which has focused on extending our 

understanding of cell membrane interactions and exploring the feasibility of using these 

across a range of applications. 
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Chapter 1 

Literature Review  

1.1 Introduction  

Bilayer lipid membranes, tethered over gold substrates, provide us with new possibilities 

in the development of superior close-contact biomimetic electrodes.  Cell membranes 

represent a critical part of living cells that define their outer perimeter, as well as creating 

specialised internal compartments in eukaryotic cells. They participate in cell protection, 

cell to cell recognition and are critical for creating and maintaining electrical and chemical 

signaling processes. Phospholipids are the main building blocks of cell membranes that 

self-assemble into bilayers, which, together with membrane proteins that are either 

embedded or attached peripherally, play essential roles in normal cellular functioning [1-

3]. 

The amalgamation of biologically active elements, such as cell membranes and proteins, 

with electrodes that can detect bioelectrical signals, creates a functional biological 

electrode interface system, which can connect artificial lipid membranes, that mimics 

natural lipid membranes, with electrical devices. This combining of biocompatible 

materials with organic tissues is crucial for developing bio-implant devices that can 

compensate or replace missing body functions, by artificially stimulating neuronal or 

other body cells. Also, interfacing biocompatible functionalized electrodes with bilayer 

lipid membranes is also critical for the development of nano-biosensors. The artificial 

membrane-electrode interface can be used to examine the potential effects of newly-

developed compounds as well as various stimuli in vitro. Variable functionalization or 

specific protein and/or ion channel insertion into artificial membranes is designed to 
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mimic the natural environment in order to study the signal responses. This, in turn, can 

reduce the usage of animal-based testing and improve specificity to identify unknown 

compounds.  

This chapter delivers an outline of the various models of artificial lipid membranes, along 

with a discussion of the advantages and limitations of each model. Also, it discusses the 

key points of understanding the tethered bilayer lipid membrane (tBLM) approach. In 

addition, this chapter reviews the key studies and application that associate tBLMs 

technology, highlighting the significance of extending the uses of lipid-membrane coated 

electrodes for the development of an innovative generation of lipid membrane biosensors 

and smart implantable cell-electrode devices.  

An explanation of the principles and applications of electrical impedance spectroscopy in 

investigating the membrane conduction and capacitance as well as the cell-electrode 

interface will be covered. As a final point, this chapter will highlight the main objectives 

of this dissertation. 

1.2  Biological membranes: Significance within in-vivo systems and 

in-vitro models 

Cellular bilayer membranes can be considered one of the most critical structures that have 

led to the existence of living cellular life on this planet [3]. As hydrophobic barriers, lipid 

membranes define the architecture of the overall cell, provide compartmentalization of 

intracellular biomolecules and serve as a scaffold for protein anchorage and organisation.  

Cellular bilayer membranes are comprised of a complex combination of lipids and 

proteins. The hydrophobic interaction between individual lipid molecules creates and 
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drives, the self-assembled bilayer membrane [4]. Together with the lipids, the embedded 

proteins across the lipid bilayer support various cellular process such as conveying ions, 

intracellular signaling and transporting nutrients [5]. Natural cell membranes incorporate 

various lipids, whereas the artificial lipid membranes models can be produced from select, 

specific phospholipids [6]. The sophistication and variability of natural lipid membrane 

systems are one of the significant challenges in understanding the lipid-protein 

interactions in cells. 

There have been various artificial membrane platforms developed to provide close bio-

mimetic versions or copies of natural lipid membrane architecture and functionality. 

These biomimetic membranes match the two-dimensional membrane design of cellular 

membranes, avoiding the multilamellar structure present in many liposomal mixtures [7].  

1.3  Development of artificial bilayer lipid membrane technologies 

The various artificial lipid-based models that are currently available are described below. 

1.3.1 Black Lipid Membranes 

The first successful model membrane system developed for studying the electrical 

characteristics of planar bilayer lipid membranes are black lipid membranes (BLMs). 

BLMs were first reported in 1962 by Mueller et al., where a small aperture was used, over 

which a phospholipid bilayer could be partitioned, separating two chambers containing 

an aqueous solution [8]. A droplet of lipids dissolved in a hydrophobic solvent is 

introduced or painted, across the aperture within the hydrophobic partition. Salt solutions 

can be added to either side of the lipid-coated aperture. Lipid bilayers made this way 
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revealed themselves as black upon light reflection when they were unilamellar. The 

method for BLM formation is illustrated in Figure 1.1. 

 

 

 

 

 

 

 

Figure 1.1: A schematic representation of Black Lipid Membrane (BLM) System.  

The system setup includes two chambers filled with an aqueous solution and linked to 

each other through a small hole in the Teflon partition. The electrical recording system is 

constituted of the applied voltage to electrodes in each chamber. The current-voltage 

amplifier utilized to investigate membrane conduction is caused by current passing 

through the painted membrane in the hole. This black lipid membrane is formed by 

inoculation of phospholipids that are dissolved in a hydrophobic solvent into the small 

aperture. This modified Figure based on [8]. 

Different biophysical processes have been investigated by use of the BLMs technique 

such as characterisation of ion channels, membrane proteins, antibiotic and pore-forming 

compounds [9-14]. For example, Tien et al. (1967) were able to compute the thickness of 

BLM by using dye compounds coupled with nonlinear optical microscopy [15]. Likewise, 
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Ries et al. (2004) derived BLM thickness by analysing reflected light intensity using 

second harmonic generation micrographs and scanning two-photon fluorescence 

microscopy [16]. Cheley et al. (2002) applied the pore-forming BLMs approach to 

examine cell signalling molecules. The introduction of phosphate anions demonstrated 

complete block of the α-hemolysin transmembrane pore, as well, they showed similar 

effects for several pores engineered to access other cell signalling molecules such as 

calcium [17].  The same methodology was employed by Braha et al. in order to sense 

divalent metal cations utilizing polyhistidine sequences[13, 14].  

The absence of physical support in the BLM model, minimizes the interference between 

the membrane and support, moreover, provides a close mimic to the actual cell 

membrane. However, on the other hand, the lack of supporting substrate allows the 

transmembrane proteins to persist in their mobility within the membrane bilayer 

suspension [18]. In addition, BLM model membrane systems offer only limited stability 

and lifetime. This was primarily because they can be easily ruptured and removing 

residual solvent during the membrane formation process proved problematic [12]. The 

problem of residual solvent within the phospholipid bilayer meant that it could denature 

added proteins [19].  

1.3.2 Supported Lipid Bilayer (SLBs) Membranes 

In order to improve upon the drawbacks associated with BLMs such as residual solvent 

and limited stability, supported lipid bilayers (SLBs) were produced by Tamm and 

McConnell in 1985 whereupon a lipid bilayer was created over a solid substrate [20]. 

Since then, a variety of solid support substrates have been utilized such as glass, mica or 

silicon, as well as several methods established to employ the SLBs [21, 22].  
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The main methods applied to form the SLBs involve either the Langmuir-Blodgett 

technique [23], vesicle deposition [24] or an amalgamation of these techniques [25]. 

However, applying amphiphilic phospholipids to a solid substrate using the air-water 

interface method exposes the proteins to the air that, in turn, affects protein activity and 

leads to protein denaturation [25].  Also, this technique is not conducive to the integration 

of transmembrane proteins into the lipid bilayer, which could be due to air contact [25].  

The vesicle adsorption and fusion method for forming solid SLBs can be prepared by a 

plethora of methods that use high pressure to extrude vesicles through polycarbonate 

porous membranes [26]. Also, techniques of sonication and ultracentrifugation of lipid 

molecules can be utilized to form the vesicles [27].  These mentioned approaches can 

enable the integration of transmembrane proteins into SLBs within a highly delicate 

process that is influenced by numerous conditions such as configuration, dimension, 

charge, surface roughness, pH and the osmotic pressure of the vesicle [28-30].  

In SLBs as shown in Figure 1.2, the hydrophilic heads of one bilayer leaflet face the bulk 

aqueous solution while the corresponding inner membrane leaflet only has a very thin 

aqueous layer between it and the substrate, which is characteristically 10-20 Å [31, 32]. 
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Figure 1.2: A Schematic representation of Supported Lipid Bilayer Membrane 

(SLB) System. Formation of an SLB can be approached through either vesicle fusion 

method or the Langmuir-Blodgett technique. In this scheme displayed vesicle fusion 

technique: (a) Small lipid vesicles introduced to the solid substrate following vesicle 

adhesion, rupture and fusion started spontaneously over the substrate; (b) Bilayer lipid 

membrane formed over the solid support. The bilayer lipid membrane separated by ~1 nm 

water layer over the solid surface. The modified figure was based on [33]. 

Extensive studies have employed SLB methods in order to examine various biophysical 

processes. For instance, Stelzle et al., (1993) investigated different protein-lipid 

membrane interfaces such as streptavidin and Apismellifera venom phospholipase A2 

(PLA2) using an SLB membrane model. The streptavidin interface with the biotinylated 

lipids, while PLA2 enzymes interfere with the formation of the intact lipid bilayer 

membrane. They were able then to distinguish between ligands of pure adsorption and 

ligands interfaces producing membrane defects. Surface plasmon resonance and 

impedance spectroscopy were used to determine changes in electrical properties of the 

membrane. However, the detection sensitivity of this developed sensor was limited and 

relies on ligand formation over the full covered insulating dielectric layer [34].  
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Larsson et al. (2003) applied the SLBs approach to detect single DNA strand 

immobilization and subsequent hybridization by examining the variations in membrane 

thickness and water content using quartz crystal microbalance and surface Plasmon 

resonance techniques [35].  

In order to better mimic the environment of the native cell, lipid membranes have been 

employed to coat abiotic surfaces for the enhancement of cell adhesion and spreading. 

The added advantage of this approach is the ability to efficiently regulate the 

concentration of incorporated transmembrane proteins and peptides in the bilayer lipid 

membranes. Hence, this method can provide an in-depth interrogation of the molecular 

interactions between cell-cell interfaces, for instance, investigation of the signalling and 

adhesion processes between cells [36]. A number of studies have employed lipid 

membrane coated electrode methods. Mostly SLB membranes have been utilized for this 

purpose.  

A study by Groves et al. (2001) demonstrated that variable lipid membrane composition 

has a profound effect on cell binding affinity. For instance, phosphatidylserine lipids 

promote cell adhesion [37]. While further studies revealed a mixture of positively charged 

lipids with different percentages of unsaturated lipids as a component of the SLB 

membrane could improve neuronal cell adhesion [38, 39].  

The work by Oliver et al. (2009) demonstrated that the fluidity of lipids has a significant 

role in cell adhesion induction, as fluid lipid bilayers mostly prevent cell adhesion. 

Alternatively, using a fixed monolayer lipid membrane promotes epithelial cell 

attachment and growth. [40]. Svedhem et al. clarified that SLB membranes could be 

selectively functionalized with an IKVAV peptide motif, that in turn, efficiently promotes 
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neuroblastic cell attachment and neurite outgrowth [41]. Similar work by Thid et al. 

revealed that 1% IKVAV peptide was the minimum required level for neural cell 

attachment and growth on SLB coated SiO2 surfaces [42]. Bérat et al. shown that SLB 

can be functionalized by utilizing self-assembled Annexin-A5 peptides as a bridge to 

anchor peptides that promote cell attachment [43].  

Sandrin et al. clarified that 10 nm RGD ligand spacing is the least appropriate spacing to 

observe attached cells on a substrate. 60 nm was found to be the optimum space between 

ligands, as mentioned by previous studies [44]. Huang et al. utilized collagen molecules 

conjugated via amide linkages to SLB, which enhanced cell attachment and reduced 

nonspecific binding [45]. Ananthanarayanan et al. demonstrated that functionalized 

bilayer membranes with distinctive design linking the RGD peptide motif supported 

neural stem cell growth and differentiation into mature neural cells [46]. Zhu et al. later 

confirmed Ananthanarayanan’s et al. results utilizing quartz crystal microbalance [47]. 

Hu et al. functionalized SLB membranes through the incorporation of cyclic hexa-

lipopeptide RGD, through the biotin-mediated anchorage. The authors found the RGD 

motif sites are highly selective to αvβ3 integrin receptors [48].  

Pautot et al. found recombinant glycosylphosphatidylinositol (GPI) anchored neuroligin 

bound to flat SLBs induced adhesion of non-neuronal cells. [49]. Likewise, Baksh et al. 

explored silicon micro beads covered with fluid lipid bilayer membranes that included 

GPI-linked with the neuroligin, which triggered synapse formation by neuronal cells [50].  

Furthermore, Ghosh et al. used SLB membranes functionalized with specific 

immunoglobulins and showed that this could also enhance neuronal cell adhesion and 

maintain neuronal viability [51]. Groves and colleagues further demonstrated that lipid 
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bilayer composition could control neural cell growth and synapses at specific regions on 

these artificial substrates [52-54].  

In summary, the SLB technique permits the implementation of a variety of lipids to 

compose the membrane and enables the control of lipid asymmetry with insignificant 

residual solvent [23]. However, SLBs still have some significant drawbacks; these arise 

from the 10-20 Å thin layer between the bilayer lipid membrane and the underlying 

substrate surface. This can interfere with transmembrane protein or ion channel insertion 

as well as diminished protein functionality. Thus the supported substrate surface 

influences are dominant over lipid-protein interfaces [31]. Further, the volume between 

the bilayer and the substrate is so small as to reduce the ability of ions to accumulate in 

the presence of an applied electrical potential limiting the accuracy of impedance 

measures [55].  

1.3.3 Hybrid Bilayer Membranes (HBMs) 

Another group of planar bilayer lipid membrane models are the hybrid bilayer membranes 

(HBMs). A hydrophobic self-assembled monolayer (SAM) coats the substrate, which is 

followed by the second layer of phospholipids that adhere spontaneously upon 

introduction of vesicles [56]. This membrane model represents the most straightforward 

technique for the immobilization of half-membranes. The hydrophilic lipid head groups 

face the bulk aqueous solution, while the non-polar acyl chains of the lipids are directed 

toward the hydrophobic surface [57]. Nuzzo and Allara in 1983 were able to deposit 

methyl-terminated alkanethiols on a gold substrate to yield excellent stability of the 

designed HBMs [58]. An HBMs membrane model is demonstrated in Figure 1.3.  
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Figure 1.3: A Schematic representation of Hybrid Bilayer Membranes (HBMs) 

model. The inner layer is self-assembled on the electrode surface with an outer layer of 

lipid. The modified figure was based on [59]. 

The first depositing monolayer on the gold surface maintains outstanding mechanical 

stability and versatility of the HBM system. The major studies over this membrane model 

were to investigate the analytes that can bind to the outer phospholipid layer of the native 

membrane. For example, Katja et al. (2002) determined the calcium ion concentration via 

determining the rate constants and affinity constants of annexin A1 anchoring to 

phosphatidylserine lipids HBMs interface by means of the quartz crystal microbalance 

method [60].  Other work by Glazier et al. (2000) demonstrated the pore-forming activity 

of the protein α-hemolysin by using HBMs and the impedance spectroscopy and 

voltammetry techniques [61]. A combination of neutron reflectometry techniques with 

HBM model system was used to reveal the orientation of melittin proteins [62]. 

In addition, the HBM platform was utilized to develop the Hydrophobic Association 

Analysis (HBA) sensor chip. This sensor chip assists transmembrane protein examination 

on BIAcore systems. In this regard, the lipid monolayer included membrane proteins; for 

instance, variable bacterial selectivity was explored over lipopolysaccharides modified 
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supported monolayer HBA model by detecting various antibodies and measuring their 

dissociation rate [63]. 

However, HBM membrane models have some fundamental shortcomings; the integral 

component of this system prevents lateral membrane mobility. Consequently, there is a 

loss of membrane fluidity within the formed lipid monolayer; in turn, phospholipids are 

usually not sufficiently mobile to allow examination of various transmembrane proteins. 

Therefore, only limited lipid-protein investigations can be accomplished by employing 

HBM models [64, 65].  

1.3.4 Polymer-cushioned lipid bilayer membranes  

With the aim of creating a bio-membrane that can provide lipid mobility with adequate 

space between the substrate and the lipid bilayer, Sackmann et al. in 1996, established a 

polymer-cushioned lipid bilayer membrane system [66]. The polymers were employed to 

act as a ‘cushion’ between the lipid bilayer and substrate. Soft polymeric constituents 

provide a greasy layer that, in turn, increase the ability of protein insertion into the bilayer. 

The mechanism of forming conductive holes within the designed polymer-bilayer 

followed by spontaneous healing is still not clear. Wagner and Tamm et al. then 

hypothesized that this phenomenon was due to the polymer smoothed surface facilitating 

lipid vesicle spreading [67].  

In this regard, the polymer cushion selection is a crucial key to this model stability. The 

tethered polymer required to provide thermodynamic and mechanical stability, in turn, 

can allow complete wetting amongst surface-hydrated polymer interface [68]. 
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This combination of stability and adequate space between the membrane and substrate 

surfaces provide distinct advantages over the previous artificial lipid membranes model 

systems. The offered stability of recombinant proteins within the polymer-cushion lipid 

bilayers membrane model is a crucial feature replicating natural surroundings of a 

biological membrane. In this membrane model, ligand-receptor interface experiments are 

carried out by attaching transmembrane proteins directly to the solid substrate, followed 

by the introduction of lipid molecules in the surrounding extents [69]. A polymer-cushion 

lipid bilayers model is demonstrated in Figure 1.4. 

Figure 1.4: A schematic representation of the polymer-cushion lipid bilayers 

approach. Polymer molecules introduced over the substrate, which is then followed by 

the addition of lipid bilayer. The lipid bilayer and the polymer cushion are joined via 

covalent interaction. The modified figure was based on [70]. 

Several studies have now been published describing the use of polymer-cushion lipid 

bilayer membrane models to investigate lipid-protein interactions. For example, in 2004, 

Ataka et al. demonstrated improved stability of an embedded protein by means of 

employing surface tethered proteins into the lipid bilayer. In this work, cytochrome-C 

oxidase was immobilized on a chemically modified gold substrate. The chemical surface-

tethering presented by the high affinity for Ni-nitrilotriacetic acid (NTA). Briefly, the first 

monolayer comprised succinimidyl propionate active esters that tethered over the gold 



 
 

 
15 

surface. Then, nickel- NTA chelating acid layer created, later histidine-tagged protein 

adsorbed over this patterned layer. In addition, the cyclic voltammetry technique used to 

assess the protein’s functionality in the membrane model [71]. Further works revealed 

that diffusion coefficients of integrated protein over polymer-cushion lipid bilayers model 

were analogous to those assessed for corresponding proteins in actual cell membranes 

[68, 69] 

In addition, polymer-cushion lipid bilayers membrane models have been applied in 

understanding cellular mechanosensitivity. The substrate stiffness was adjusted via a 

layer by layer assembly on artificial solid substrates. Ge et al. were able to functionalize 

a polymer-tethered lipid multi-bilayer with N-cadherin linkers to control the movement 

and function of anchored cells [72]. The polymer-tethered lipid multi-bilayers facilitate 

the diffusion of cadherin-based cell-substrate linkages when compared to traditionally 

used polymeric gel substrates and as a consequence, improved cell movement was 

achieved [72, 73].  

A critical point in the success of this membrane model system has been the preservation 

of the lateral fluidity of the membranes. However, the main drawback of this system 

remains the chemical constitution of the polymer chains that likely interfere with 

transmembrane protein insertion and functionality [59].  

1.3.5 Tethered Bilayer Lipid Membranes (tBLMs)  

To avoid the previously mentioned drawbacks in planar lipid bilayer model systems, a 

distinctive approach was established that sought to anchor bilayer lipid membranes over 

a substrate via a set of tethers. Tethered bilayer lipid membranes (tBLMs) are therefore 
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considered an improvement on SLBs, where a reservoir is formed between the solid 

support and the lipid bilayer [74-76]. 

The tBLM approach can offer a closer mimic to natural lipid membranes in comparison 

to the other artificial lipid membrane models by virtue of their use of tethering anchors. 

This unique characteristic is due to the aqueous ionic reservoir expanse between the gold 

substrate and the subsequently formed membrane that provides sufficient space to 

incorporate membrane proteins, ion channels or other specific functionalization 

molecules [77-79]. tBLMs’ architectural design avoids the direct attachment of integrated 

proteins to the solid substrate. Furthermore, this system offers stable bilayers with 

outstanding electrical sealing properties, which are equivalent to that of live cell 

membranes [79, 80].  

The lipids incorporated in tBLMs can be comprised of a variety of native or synthetic 

lipids. Several research groups have demonstrated the competence of tBLMs in providing 

a valuable sensor to detect a variety of targets as well as study the biological processes of 

a living membrane. Formation via a self-assembly mediated method is revealed in Figure 

1.5 below. 

Figure 1.5: Schematic representation of the stepwise, self-assembly driven formation 

a tethered Bilayer Membrane (tBLM) on a gold substrate. The formation process of 
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tBLMs comprises several stages: (a) Dipping the gold substrate in an ethanol-mixture 

solution of spacer and tether molecules; (b) Incubation period allow the spontaneous 

reaction of benzyl disulfide mixture with gold and subsequently tethers to surface to form 

the first layer that includes the tether molecules (ethylene glycol groups ended with 

hydrophobic phytanyl chain) and spacer molecules (ethylene glycol chains ended with a 

hydroxyl group); (c) Introduction of non-tethered lipids that are dissolved in a solvent in 

order to form the second layer; (d) Washing the lipids with buffer to form t-BLM by the 

solvent-exchange method. The modified figure was based on [81]. 

The inner or bottom leaflet of the lipid bilayer is covalently attached to a surface via the 

tether molecules, while the upper bilayer leaflet self-assembles, resulting in the 

phospholipid polar head groups facing the liquid medium phase above the fully formed 

bilayer membrane. Spacer molecules in varying ratios can be included to create the 

reservoir, thus increasing the water content to better mimic cytosolic cell characteristics. 

Further expanding the reservoir area also reduces the frictional coupling between the solid 

substrate and the bilayer lipid membrane [82].  

1.4  Biological applications of tethered bilayer lipid membranes 

tBLM model membranes have been a successful platform allowing researchers to gain 

insights that help to unravel the physical and chemical features of membranes, along with 

investigating protein-lipid membrane interactions.  In addition, they provide a system that 

can be adapted to serve as a detection sensor for a variety of pharmacological samples, 

biological molecules and analytes.  

This model system maintains outstanding mechanical stability and offers distinct 

advantages over other artificial lipid membrane systems. A gold electrode is at the core 

architecture of the tBLMs platform. The chemical properties allow it to be readily 



 
 

 
18 

modified with desired biomimetic substrate ligands. Likewise, it provides the electrical 

impedance spectroscopy functional readout. Electrochemical variations in the tBLMs 

model such as resistance, conductance and capacitance are critical parameters 

revealing.any defects within the molecular design of the lipid membrane. This has opened 

the perspective to investigate the electrical properties and ionic transport phenomena 

across the developed artificial lipid membrane model. The reservoir area of the tBLM 

model delivers simultaneous access to the liquid phases by both sides of the membrane 

bilayer, providing an environment that replicates the actual cell membranes. 

The tBLM system, therefore, provides information about several significant biological 

processes together with a broad range of applications. Below, is a concise review of some 

of these applications. 

1.4.1  Transmembrane protein studies using tBLMs  

The robustness, outstanding stability and ease of bilayer formation as well as protein 

insertion together offer a unique characteristic of tBLMs in order to study variable 

transmembrane proteins and molecular processes taking place in membranes. Several ion 

channels or transmembrane proteins have been examined by means of this tBLM 

approach, for example, voltage-gated ion channels [83-85] and ligand-gated ion channels 

[86-88] in an aim to investigate and further characteristics the activity of various 

pharmacological compounds, analytes and new therapies, in addition, to develop selective 

ion channel nano-biosensors. 

Using tBLMs constituted of diphytanyl phosphodatidyl choline, Naumann et al. were able 

to determine the K+ transport kinetics of valinomycin [89]. Because of its unique ability 
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to transport K+ in preference to sodium ions (Na+), valinomycin has been an antibiotic of 

choice for control use with tBLM architecture function and usefulness [90-94].   

In this context, Cornell et al. (1997) were able to incorporate gramicidin-A (gA) ion 

channels across tBLMs that were further functionalized with antibodies, in order to 

provide sensing tBLMs platform [79].  gA peptide represented the first ion channel tested 

using tBLMs. The gA biosensor platform was developed in order to detect variable bio-

threats, for instance, detecting influenza virus [95, 96]. This ion channel switch (ICS) 

nano-biosensor determined by the variation of membrane conduction. Briefly, the 

architecture comprised two types of gA monomers: mobile within the upper leaflet of 

membrane bilayer and tethered gA monomers within the lower membrane leaflet, in 

addition to tethered membrane spanner lipids. The detection mechanism depends on 

trapping the introduced analyte by transient antibody fragment and stationary membrane 

spanner lipids, thus can be determined by a significant drop in membrane conduction [79]. 

Another approach illustrates the feasibility of conducting a single ion channel over tBLMs 

rather than using the relatively gA simple chemical structure. Keizer et al. were able to 

assess single ion channel potential and detect analytes in the micromolar range, due to the 

contribution of the high sealing properties offered by tBLMs membrane model. In this 

work, researchers integrated the big potassium (BK) ion channel across tBLMs. BK is a 

highly conductive single ion channel, that can be stimulated by calcium ions and/ or 

voltage introduction. The organic cation tetraethylammonium that can block BK currents 

was used to investigate the BK single ion channel activity [97].  

In the following ion channel studies using lipid membranes that were tethered to gold 

electrodes, the activity of chloride intracellular ion channel (CLIC) family proteins was 
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revealed via evaluating membrane conductance. CLIC proteins represent a unique family 

of proteins that have dual action as ion channels and as enzymes. This is related to the 

ability of these proteins to exist as both soluble and membrane-bound forms. The work 

by Valenzuela and colleagues revealed the dependency of CLIC channel activity on the 

type and concentration of sterols within the phospholipid bilayer. Consequently, their 

findings demonstrated the importance of sterols in the lipid membrane to regulate the 

CLIC protein ion channel activity and membrane insertion [98, 99]. 

To understand in detail, cellular signal-transduction processes, a study of the gating 

phenomena (opening and closing) of ion channels were accomplished using tBLM 

models. Employing impedance spectroscopy and tBLMs technique offered the ability to 

determine the specific binding between the ligand receptors and targeted antibodies. For 

example, Stora and co-workers examined the Outer membrane protein (OmpF) porins 

gating channel that constitutes of trimeric ion channels over Escherichia coli membrane. 

Results demonstrated the firm binding between the colicinN toxin and OmpF channel. 

The membrane conductance diminished as a result of the increase of colicinN toxin 

amount then reached complete blocking of ion channels in values higher than 10µM toxin 

concentration [100]. 

Further work has been done to develop the membrane composition of tBLMs to mimic 

native E.coli membrane in order to improve porins stability. This has been achieved by 

increasing the density of the porins in the tBLMs interface. In the existence of R-domain 

of colicinN toxin impedance values increased, in turn, confirmed the ability of the 

embedded protein to bind to specific toxin domains [101].  
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Similar designs to those of Stora and co-workers were explored by Yin and co-workers, 

who used various channel blockers to assess alamethicin ion channels activity. Amiloride 

and other equivalents of channel inhibitors effects have been investigated over 

alamethicin ion channels incorporated across tBLMs. Electrical impedance spectroscopy 

results revealed the required concentration of the blocker and their effectiveness [102]. 

Significantly, α-hemolysin was chosen to be a model protein to compare to other ion 

channels activity across tBLM models. α-hemolysin from Staphylococcus aureus which 

is a high-resolution pore-forming toxin created an ion channel into tBLM. This can be 

identified by a distinct increase in membranes conduction [103-105].  

A different strategy was conducted for measuring ion channel activity using channel-

forming antibiotics or peptides.  A study by Becucci et al. (2007) measured the kinetics 

of ion channel formation across tBLM utilizing the positively charged monazomycin 

antibiotic. Analysis of magnitude impedance vs. time data showed the peptide behavior 

is represented channel-forming peptides [106]. Similar designs to those experiments were 

used to evaluate the performance of Melittin molecules, the component of the honey bee 

venom [106]. 

1.4.2 Antibiotic and antimicrobial peptides studies using tBLMs  

There have been various conventional methods developed to detect pathogenic bacteria. 

Most of these employ time-consuming strategies such as plating and counting bacterial 

cells. The tBLM sensing platform has been applied as a new technique that can provide a 

simple, effective detection method for pathogenic bacteria.  
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Of these, Tun and co-workers were able to significantly distinguished between bacterial 

strains that cause disease and non-pathogenic bacterial species by monitoring the 

electrochemical changes in membrane sealing. The pathogenic toxins of Staphylococcus 

aureus (MSSA476) and Pseudomonas aeruginosa (PAO1), also known as their virulence 

factors, interfere with the outer bilayer of lipid membranes, thus creating imperfections 

and membrane leakages. A decrease in membrane resistance and amplification of 

membrane capacitance reflected an impairment in the membrane related to the presence 

of pathogenic toxins at the bacteria-membrane interface that causes damage to the 

membrane. On the other hand, the addition of non-pathogenic bacteria such as E. coli 

DH5α, to the tBLMs demonstrated only slight discernible variance in membrane 

resistance reflecting intact membrane [107]. 

Another study by Spencelayh et al. (2006) investigated glycopeptide antibiotics such as 

vancomycin and ramoplanin interaction over tBLMs. These type of antibiotics interfere 

with the formation of peptidoglycan coatings that protect gram-positive bacteria from 

lysis. Significantly, the authors were able to use a natural E. coli membranes along with 

a synthesized peptidoglycan cell wall in order to form the lipid membrane. Surface 

plasmon resonance and impedance spectroscopy were used to determine changes in 

membrane thickness. The result revealed that the presence of vancomycin caused an 

increase in membrane thickness as it binds to the peptidoglycan layer [108].  

tBLMs as artificial membrane models, provide a close mimic to various native bacterial 

membranes, thus enabling the examination of different antimicrobial peptide activity. 

This offers a rapid and sensitive screening technique for pharmaceutical testing and 

design, in turn, enhance our understanding of these molecular interfaces. Antimicrobial 

peptides are considered as novel substitutes for standard antibiotics, which also have been 
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widely studied using tBLM membrane models. For example, a tBLM model was 

developed to replicate the Gram-negative bacterial outer membrane in order to examine 

the performance of lipopeptaibol trichogin GA IV amphipathic antimicrobial peptide. The 

peptide was incorporated within the tBLMs, which permeabilized the lipid bilayer and 

formed an ion channel. The impedance results studied the ion transport process, which 

revealed a voltage-gated behavior of the antibiotic monomers upon developing dimers 

[109]. 

There have been several more tBLMs models developed to investigate a wide range of 

antimicrobial peptides. Of these, zwitterionic and negatively-charged lipids employed 

into tBLM architecture to determine how lipid head-group charges might alter the 

interaction properties of various biphenyl peptidomimetics. Amongst the studied 

peptidomimetics compounds, guanidine salt 35d displayed potency to cause membrane 

disruption due to increased membrane conduction values [110]. There are other small 

molecular antimicrobial peptidomimetics compounds researched similarly [111].  

Likewise, the tBLM platform was used to determine the interface and performance of 

newly developed antimicrobial peptides. For instance, the interaction of N-

sulfonylphenylglyoxamide-based antimicrobial peptides was explored using negative-

charged lipids replicating bacterial cell membranes. EIS measurements of tBLM 

demonstrated an increase in membrane conductance recordings. Thus these compounds 

were suggested to perform as antimicrobial pore-forming molecules [112]. Recent work 

by Andersson et al. developed a unique configuration of lipid membranes that mimic the 

asymmetrical cell wall of gram-negative bacteria. These were used to investigate the 

colistin antimicrobial peptide-tBLMs interface and subsequent changes in lipid bilayer 

membrane structure [113]. 
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Niu et al. employed the tBLM platform to investigate the influence of lipid membrane 

composition on antimicrobial peptide interactions. In this work, variable membrane 

structures were used that demonstrated the membrane interaction of the synthetic 

antimicrobial peptide V4,  was dependent on the membrane structure. V4 showed an 

increased binding tendency towards negatively charged lipids, demonstrated by a decline 

in membrane resistance [114]. Another study by Valincius et al. investigated PLA2 

protein interaction with lipid membranes utilizing a tBLMs approach combined with 

impedance spectroscopy and neutron reflectivity techniques. PLA2 enzymatic activity 

showed a dose-dependent relationship based on PLA2 and calcium concentrations. The 

results demonstrated that the destruction rate of tBLMs following injection of PLA2 was 

much greater in the case of tBLMs constituted with palmitoyloleoylphosphatidylcholine 

(POPC) lipids compared to tBLMs made with diphytanoylphosphatidylcholine 

(DPhyPC) lipids [115]. 

Furthermore, tBLMs has been used as sensor platforms to sense the activity of various 

pore-forming toxins. For example, the cholesterol-dependent cytolysins represented by 

Vaginolysin bacterial pore-forming toxin was detected utilizing a tBLM sensor [116]. The 

work demonstrated a distinguishable simple, rapid detection of the very low concentration 

of vaginolysin toxins. EIS recordings showed significant amplification of membrane 

conductance due to the introduction of vaginolysin toxins was cholesterol concentration-

dependent. Consequently, the increase of ion permeability causes pore formation into a 

lipid membrane. However, the detection process occurred in the absence of human 

complement protein CD5; thus, the method needs further development before it can be 

used to assess real samples [116].  
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In other approaches, intensive work has been undertaken using the tBLM platform to 

examine membrane interactions by various damaging toxins. The adenylate cyclase 

(CyaA) bacterial toxin from Bordetella pertussis, has a unique protein translocation 

mechanism that inspired researchers to engineer a tBLMs on intracellular calmodulin 

amine grafted gold surfaces. In this work, researchers studied the CyaA toxin activity 

within the bilayer lipid membrane utilizing surface plasmon resonance technique. 

Notably, the results indicate that the translocation of toxin and its insertion into the 

membrane occurs under specific circumstances mainly: temperatures above 15˚C, 

particular membrane potential and the existence of calcium. The electrical field was also 

suggested to motivate the calcium-CyaA dependency towards complete translocation into 

the membrane [117-120]. 

1.4.3 Engineered nanomaterials investigations by means of tBLMs 

An innovative engineered nanomaterial-lipid membrane interface that mimics the natural 

surroundings of cells could provide a better understanding of the nanoparticles’ 

characteristics and biological systems. The integration of engineered nanoparticles in 

biomedical fields mainly arises from their unique properties include straightforward 

functionalization with specific target molecules, as well as, their suitability for the 

development of minimally invasive techniques [121]. In addition, they are also being 

implemented widely in drug delivery, biosensors and nanomedical prosthesis [122].  

In order to study nanoparticle interactions with biological systems, the tBLM platform 

offers a useful platform by which to do this as it both replicates the native membrane 

components, as well as providing real-time monitoring of the lipid membrane-

nanoparticle interactions under controllable and highly sensitive methods. In this regard, 
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various types of engineered nanoparticles such as silver, silica and polystyrene 

nanoparticles were investigated using a tBLM membrane model system [123-125]. 

The implementation of silver nanoparticles are well-known for their antibacterial 

characteristics [126, 127]. However, silver nanoparticle-mammalian cell interactions can 

lead to inflammation and protein denaturation [128]. Therefore, in order to investigate the 

safety of the silver nanoparticles for proposed medical applications, the tBLMs platform 

was an appropriate means to further investigate. Work by Goreham et al. demonstrated 

the feasibility of examining silver nanoparticles using a tBLM model combined with 

impedance spectroscopy and atomic force microscopy techniques. In this work, 

researchers found that the silver nanoparticles develop weak anchoring with the 

membrane bilayer without any real diffusion within the lipid bilayer membrane itself 

[123].  

Likewise, the tBLM biomimetic membrane model was used to define the interaction 

between silica-core nanoparticles and lipid membranes. Silica nanoparticles are widely 

used in targeted drug delivery due to their versatility [129, 130]. Liu et al. used tBLM to 

study the silica nanoparticle-lipid membrane interface, in order to determine the 

mechanism and size of formed pores. In this work, the variable state of silica 

nanoparticles (amine modified, carboxyl modified and bare) were evaluated using the 

bilayer lipid membrane and monitored via impedance spectroscopy. All silica 

nanoparticles with different surface functional groups demonstrated a decrease in 

membrane resistance with slight discernible variations. In turn, the reaction reflected the 

disturbance across membrane bilayer owing to the presence of nanoparticle [131].  
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Similar to the work of Liu et al. described above, further studies conducted by Liu and 

co-workers [125], who instead used polystyrene engineered nanoparticles to evaluate 

nanoparticle-lipid membrane interface. In this work, effects of polystyrene nanoparticle 

(PNP) size and the surface functional group was revealed. Statistical analysis 

classification was able to discriminate between variable nanoparticle sizes via assessing 

membrane disturbance parameters; the exponential rate constant and fractional loss of 

membrane resistance. PNPs coated with amidine functional group prompted nanoparticle 

aggregation over the tBLM model, while COOH functionalized PNPs disturbed 

membrane structure with a marked decrease in membrane resistance [125].  

In summary, these previously mentioned studies emphasize the versatility of uses for 

tBLMs. They provide a means by which in-depth investigations of different cell-cell 

communications, protein-lipid membrane interfaces and nanoparticle-lipid membrane 

interactions can be studied. Moreover, allow real-time recordings, which can assist in 

rapid detection methods to screen for various toxins and pharmaceutical compounds. The 

tBLM is a construct that provides a foundation for addressing most of the problems faced 

by the latest generation of implantable medical device electrodes. Fabricating and 

characterising these tBLMs introduces the essential nature of a well-sealed membrane to 

contain ion gradients. Leakage pathways between cells are in the order of a few Ω/cm2 

reinforcing the reality that in the absence of a well-sealed contact to a target cell, little or 

no ion gradient will be available to stimulate that cell. Similarly, the ion fluxes and 

gradients from a distant isolated cell will soon dissipate and be lost preventing detection 

at an electrode. tBLMs can be fabricated containing cell adhesion molecules, integrins, 

and cadherins selectins in their outer surface. Therefore, there remain enormous 

opportunities to use the tBLM approach to convert membrane binding events and 
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alterations in membrane structure into detectable electrical signals at the nanometer scale. 

Examples of such constructs are the major objective of this dissertation 

1.5 Electrical Impedance Spectroscopy (EIS) 

Electrical impedance spectroscopy is a common technique used to explore the 

characteristics of various substrates. The technique measures the total effective 

impedance that results from an alternating current (AC) signal [132]. The implementation 

of slight sinusoidal current or voltage (20-50 mV) provides a real-time and non-invasive 

versatile approach. 

Figure 1.6: Representative model of the tBLMs equivalent circuit. AC voltage 

potentials, typically 20-50 mV peak-to-peak, are applied across a wide frequency range 

(typically 0.1 Hz-2000 Hz). The variable impedance parameter is fitted to an equivalent 

circuit such as the one depicted. In this equivalent circuit, the constant phase element 

(CPE) represents imperfect reservoir capacitance, which is a result of the impeded 

motions of the ions over the gold surface by the tethering chemistries. Membrane 

conductance is represented by Gm.  Cm is the membrane capacitance, whilst Rs is the 

resistance of the electrolyte solution surrounding the membrane. The figure was modified 

from [93, 133]. 
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EIS can be utilized to determine the membrane conduction and capacitance of artificial 

tBLMs when employing a relevant equivalent electrical circuit. Membrane conductance 

(Gm) studies provide information about the ability of membranes to pass ions (membrane 

permeability) as well as providing information on ion channel activity through ion 

channels proteins that are embedded within tBLMs. Membrane capacitance (Cm) is a 

measure of membrane thickness and/ or water content. An increase in Gm reflects a rise 

in ion transfer, in other words, an increase in membrane permeability, whilst rise in Cm 

indicates a decrease in membrane thicknesses;  illustrated in Figure 1.6 [74, 134].  

At low frequencies such as 1 Hz, the double-layer capacitance or Helmholtz capacitance 

is predominant, where there is a charge build-up at sulfur-gold interface. While at 

midrange frequencies such as 1 kHz, the membrane capacitance is predominant, where 

capacitance reflecting the tethered membrane capacitance and thus the membrane 

thickness. Whereas at high frequencies such as 100 MHz, the solution resistance is 

dominant, which represents the resistance to ion movement in the outside solution. Thus 

at very high frequencies, the capacitance is reduced because the ions have insufficient 

time to migrate between the electrode and cell membrane [133, 135].  

In addition to being used for tBLMs investigations, EIS can be used in tissue culture 

conditions to monitor cell adhesion, and cell movement over time [136]. By introducing 

a relatively high-frequency AC potential to the electrodes and measuring the voltage 

change by a phase-sensitive impedance spectrometer, the magnitude of the impedance 

over a range of frequencies can be correlated to the amount of cells adhered to the 

electrode [137, 138]. Cells layer coverage over the modified electrode will impede the 

current and, in turn, increase the overall electrode impedance [137, 138]. An electrical 

cell-substrate impedance sensor (ECIS) was established three decades ago by the Giaever 
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and Keese in 1991 [139]. A schematic illustration of the ECIS measurement system is 

displayed in Figure 1.7.  

Figure 1.7: A representative figure of the ECIS measurement system. The adapted 

figure was based on [138]. 

ECIS provides quantitative evidence about morphological and locomotion characteristics 

of the cells illustrated in Figure 1.8. 

Figure 1.8: A typical magnitude impedance values of epithelial cell attachment and 

proliferation diagram. The time course of impedance spectroscopy is equivalent to 
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monitoring various stages of cells adhesion and spreading. Firstly seeding cells, then cell 

attachment, spreading, migration and proliferation. The modified figure was based on 

[140]. 

Using EIS techniques requires some understanding of basic electrical circuit theory. For 

direct current identification, Ohm’s Law can be used to describe the relationship between 

resistance, current and potential [141]: 

𝑅𝑅(𝑡𝑡) = 𝑉𝑉(𝑡𝑡)

𝐼𝐼(𝑡𝑡)

Here, R is the resistance, I the current, V the voltage; all as a function of time (t).  

The complex impedance (Z) is assessing the tendency of an electric system to resist 

current movement in an alternating current (AC) circuit.  In a perfectly resistive system, 

the current and voltage are in the same phase of AC circuits. However, in the ordinary 

AC circuits, the electric current components reactance (X) and resistance (R) lead to a 

shift in phase amongst the electric current and voltage. Therefore, magnitude impedance 

(|Z|) calculated by measuring the phase shift φ between these mentioned parameters, 

illustrated in Figure 1.9. 

Figure 1.9: Arithmetical illustration of Z in a complex plane.  X-axis represented a 
real impedance, while y-axis represented the imaginary impedance. The magnitude of 
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impedance |Z| is determined by the length of the vector. The phase shift φ among voltage 
and an electric current is represented by the angle between |Z| vector and the x-axis.  

Hence, complex impedance Z can be determined by the sum of real and imaginary 

impedance as followed: 

Z = Z'+iZ''  

Here, Z' is the real part of the impedance and iZ'' the imaginary part; all as a function of 

frequency [142]. 

When measuring the impedance of cells populating an electrode, an equivalent electrical 

circuit model can be described using an amalgamation of resistors and capacitors. The 

transmembrane proteins and ion channels can be represented as a resistor, whereas the 

cell phospholipid bilayer membrane has properties of a capacitor in parallel to the 

aforementioned resistor. In series with this will be the capacitance of the gold electrodes 

[143, 144].  

The circuit requires a reference electrode to close the circuit. However, the vast reference 

electrode impedance (Zc) reading is insignificant in comparison to the small working 

electrode measurement [145]. This kind of electrode is called a monopolar electrode, as 

the impedance is calculated from the working electrode only, while the reference 

electrodes are large in size in comparison to the working electrodes in order to ensure no 

current limitations arise [146]. 

EIS signals are highly sensitive to any nonspecific adsorptions that diverge the current 

pathway above the electrode, which can arise from functionalized layer defects, in 

comparison to other methods such as surface plasmon resonance  (SPR) [147]. Measuring 



 
 

 
33 

impedances over a range of frequencies can aid in the discrimination of junctional 

impedances and impedance initiated by cell-substrate interactions [148].  

Also, the impedance value relies on the applied frequency and current behavior.  The live 

cells intracellular spaces assumed to be a resistor in series with a lipid membrane of cells, 

which assumed to be a capacitor due to the accumulation of ionic species. Thus the 

changing of impedance is dominated by the cell membrane (the capacitor), whereas the 

cell-electrode interface represents the non-ideal capacitive behaviour which defined as a 

constant phase element (CPE) [149]. At a low frequency (less than 2 kHz), the current 

flow is strongly influenced by the high resistivity of cells capacitance components; thus 

the current mainly pass through the gaps between neighbouring cells and the medium, 

outlined in Figure 1.10  [150, 151].  

Figure 1.10: The AC current pathway at low frequencies within cell monolayer (EIS 

method). At low frequencies (such as ~100 Hz) the lipid membrane prevents the current 

to enter inside the cell, so the dominant influence on the current profile are the gaps 

between neighboring cells and any ion channels within cell membranes, symbolized by 

bold arrows. The adapted figure was based on [152]. 

At higher frequencies (~ 40 kHz), the measured impedance is dominated by resistive 

elements rather than capacitive elements, the membrane capacitance becomes negligible, 

and the current capacitively couples directly through the insulating cell membranes and 

consequently can enter the intracellular area by passing through the membrane. These 

higher frequencies can then be used to provide a simple measure of overall cell coverage 

over the electrode (Figure 1.11) [150, 151, 153].  
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Figure 1.11: The AC current pathway at high frequencies within cell monolayer 

(ECIS method). At very high frequencies, such as 40 kHz, current crosses the cell 

membrane and pass in the intracellular space, so the current is considered to be more a 

measure of cell coverage across the electrode. The adapted figure was based on [152].  

1.6 Aims and Significance of this thesis 

Engineered lipid membranes are appealing to many research interests, particularly the 

sparsely tethered membranes constructs provide the closest analogues yet devised of 

natural biological membranes, in developing biosensors that provide close resemblance 

to natural cell membranes. In addition, tBLMs offer solutions to create a new generation 

of active implantable medical devices, such devices promise unprecedented advances in 

restoring or enhancing human capabilities and more significantly, in redesigning the 

maintenance of human health. Research into tBLMs address the nanometre-scale 

integration of external electronics with the medical diagnostics and pharmaceutical 

therapeutics which is at the core of this dissertation. Therefore, this thesis aims to 

integrate tBLMs technology beyond their typical utility as a peptide-membrane 

interaction assay system.  

Here, three different studies were explored; namely:  

1. Attempting to improve implantable technologies by optimizing the specificity and 

efficiency between electrode-cell interfaces. 
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2. The development of an ion-channel switch nano-biosensor for direct cell 

detection. 

3. The development of a real-time monitoring device for the study of heat transfer 

between gold nanoparticles and lipid membranes, used in hyperthermia based 

treatments. 

1.6.1 Improving implantable technologies by optimizing the specificity 

and efficiency between electrode-cell interfaces 

Our first study was investigating the feasibility of tBLMs improving implantable 

technologies. Making the necessary close contact between the electrode and the cell 

plasma membrane has always been a challenge for existing procedures that aim to 

simultaneously stimulate while also detecting ionic currents from neuronal cells and other 

electrically active cells. Ideally, enhanced interfacial connectivity should diminish 

leakage pathways between target cells and the reading or stimulating electrode as well as 

between adjoining cells.  

The hypotheses for this work were: 

1. That intimate cell contact and targeted communication can improve the 

selectivity and sensitivity of the electrodes that are employed to stimulate and 

monitor cell activity in vitro and in vivo.   

2. That this can be achieved via coating the gold surface electrode with novel 

tethered bilayer membranes (tBLMs) technologies. The tBLMs will provide more 

efficient cell-surface crosstalk points, by mimicking the natural cellular 

environment and thus improving cell-electrode attachment and interfacing.  
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Accordingly, the aims of this part of the research were to: 

Aim 1: Prepare biocompatible and functional electrode coatings. 

To achieve this aim, this project sought to create a range of coating modifications onto 

the gold electrodes for the subsequent selection of the most appropriate substrate 

functionalization, which significantly enhanced cell attachment and proliferation and 

biocompatibility. 

Aim 2: Testing cell attachment and communication of electrode coatings.  

To address this aim, the research investigated the cell and substrate interface and 

attachment, assessed by using impedance spectroscopy over a range of frequencies. 

Localized electrode-cell intimate contact and communication could then assist in 

effective cell action, potential stimulation and cell monitoring. Cell viability and 

proliferation was assessed.  Imaging of cells was undertaken to check cell morphology 

and immunochemistry and Western blotting used to probe for any physiological changes. 

Aim 3: Enhance electrode efficiency.   

This aim sought to functionalize and modify the chemistry of tethered bilayer membranes 

to improve signal conduction for cell-based electrical devices. This aim also sought to 

discern the optimal surface modifications possible that would produce the minimal ion 

leakage pathway.  

The ultimate significance of this part of the project would put us on the path to improving 

the quality of life for those individuals who are visually and/or hearing impaired. By 

developing an advanced interface that enhances efficiency and direct communication with 
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biological neuronal tissue, biomedical devices such as cochlear and retinal implants 

would be able to employ more localized electrodes without the risk of significant cross-

talk, improving implant fidelity. 

1.6.2 Developing ion-channel switch nano-biosensors for direct cell 

detection 

The second study explored during this Ph.D. project was impedance sensors based on the 

tBLMs nanoswitch biosensor in order to detect specific cell types from within a 

heterogeneous cell population. In 1997 Cornell et al. were able to incorporate gramicidin-

A (gA) molecules to act as a nanosensor switch [79]. Using this same technology, we 

aimed to study the characterization of ion-channel switch tBLMs in order to develop an 

anion channel switch nano-biosensor for cell detection. Developing the ion channel nano-

biosensor approach for cell detection could provide a new label-free, a discriminative and 

sensitive technique for variable cell detection. This aim specifically sought to develop a 

highly sensitive nano-biosensor that could detect as few as 10,000 cells/ mL using a 

gramicidin-A ion sensor switch. Adherent and non-adherent cells would be identified by 

cell-specific functionalization that mimics biological sensory function. 

Accordingly, the aims of this part of the research were to: 

Aim 1: Identify and characterize the architecture of ion-channel switch tBLMs 

utilizing electrical impedance spectroscopy and neutron reflectometry approach 

method to determine their suitability for cell detection 

This aim sought to investigate the streptavidin-biotin-gramicidin monomer interface. 
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Aim 2: Specifically functionalize the ion nanosensor switch and test for its capability 

of detecting cells.   

This aim sought to employ cell-specific functionalizations to detect variant cell types such 

as adherent and non-adherent cells. RGD peptide and concanavalin-A polysaccharide 

were applied for the biosensing interface in order to provide close mimic to the natural 

environment of membrane-membrane contacts. In addition, this approach will offer 

promising outlooks for the study of complex cell populations, including the detection and 

identification of the specific type of cells, for example, cancerous cells.  

1.6.3 Real-time monitoring of heat transfer between gold nanoparticles 

and tethered bilayer lipid membranes 

The third study tested the hyperthermia phenomena from irradiated gold nanoparticles 

(GNPs) over tBLMs, given that assessing the direct consequences of the laser-induced 

heating phenomena of embedded GNPs in biological tissues is challenging.  An 

innovative nanomaterial-electrode interface that mimics a cell’s membrane and the 

natural surroundings of cells, serves as a model to better understand the heat transfer 

characteristics of irradiated gold nanoparticles within biological systems.  

Accordingly, the aims of this part of the research were to: 

Aim 1: Create a platform by which laser-irradiation of gold nanoparticles could 

occur simultaneously with electrochemical impedance spectroscopy recordings. 
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In order to investigate the induced hyperthermia responses by nanoparticles at a lipid 

bilayer interface, a suitable platform that enabled nanoparticles to be irradiated when 

added to preformed tBLMs, needed to be developed.  

Aim 2: Obtain real-time measurements of localized heating from GNPs irradiated 

by lasers using various tBLM architectures. 

This aim used tBLMs of differing architectures that can differentially induce the 

attachment of gold nanoparticles to the membrane surface. Such architectures include ion 

channel and varying lipid composition. Using these architectures, experiments were 

undertaken and results compared to thermal predictive mathematical models to 

demonstrate the utility of the technique for measuring heat transfer characteristic. 
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Chapter 2 

The ionic to electronic interface: key challenge to improving 

implantable medical devices 

2.1  Introduction 

The interface between natural biologically active cells such as neurons, with 

electronically conductive electrodes is a major challenge to detecting and stimulating the 

sensing and signaling pathways in the body. The challenge is to devise biocompatible 

materials that are capable of selectively binding to specific cell surfaces and to permit the 

measurement of ionic fluxes at the cell surface or alternatively to generate ion fluxes at 

that surface to trigger an action potential in an active cell. This capability is crucial for 

developing implanted devices such as cardiac pacemakers, cochlear implants, retinal 

implants and any other device aimed at compensating or replacing missing cellular 

functions, through artificially monitoring and stimulating neuronal or other body cells. 

The field remains in its infancy with there being few examples of a bio interfacial 

architecture that remotely equates to the efficiency of natural intercellular communication 

[154, 155].  There remain many significant challenges to overcome in order to establish 

stable and functionally predictable interactions between these distinct components. 

The interface between the cell and the electrode should aim to mimic the natural 

biochemical environment of the target cells, by offering proper transmission of electrical 

signals to specific neurons in the brain [156]. Accordingly, the interface relies on the 

ability of electrodes to transduce sensitive, stable stimuli and transfer efficient charges as 

electrical patterns to the relevant cells. Furthermore, electrodes should be soft, 
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biocompatible, non-toxic, mechanically-matched interface and stable and preserve the 

physiological properties of the target tissue, while at the same time, encourage cellular 

attachment, cell survival and cell proliferation [157, 158].  

There are still various challenges that need to be overcome before the effective application 

of electrode bio-implants is achieved. For instance, obtaining the necessary contiguous 

contact between the electrode and the plasma membrane of cells has always been a 

challenge to existing procedures for stimulating and reading ionic currents in neurons and 

other electrically active cells.  

An appropriate interface should reduce leakage pathways between target cells and 

electrode as well as among adjoining cells to avoid electrophoretic ion currents being lost 

into the interstitial medium before arriving at the reading electrode [159]. A 

biocompatible electrode coating that permits localized electrode-cell intimate contact and 

communication will improve the selectivity and sensitivity of electrodes that are 

employed to stimulate and monitor cell activity in vitro and in vivo.  

This chapter delivers an outline of the history and development of retinal and cochlear 

implant technologies. In addition, the key points of understanding the interfacing and 

adhesion of neuronal cells as well as describing variable abiotic surfaces and the 

feasibility to regulate cell attachment and growth onto these modified electrodes are 

discussed. 

Experiments were employed to examine the effect of various coatings, namely 

fibronectin, PEG-RGD, POEGA-RGD and bare tBLMs on promoting cell growth, 

attachment and biocompatibility. During these experiments, impedance spectroscopy 

along with imaging of cells was undertaken to define the efficacy of coatings. 
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Furthermore, this chapter studies the feasibility of using the tBLMs coated onto gold 

electrodes to enhance electrode-cell localized contact and communication. 

2.1  Development of implants and recent applications 

2.1.1 Retinal implant technologies 

Retinal implants were designed to restore missing photoreceptor cell function in people 

who have lost their vision due to degenerative eye conditions, for example, age-related 

macular degeneration and retinitis pigmentosa [160]. The prosthesis is implanted in one 

eye and operates by inducing activity in any remaining undamaged retinal ganglion cells 

[161]. Retinal electrode arrays deliver intense electrical pulses at various sites within the 

retina. These pulses correlate with the brightness of the scene at that location. As a 

consequence, visual perceptions can arise via the surviving retinal cells that become 

stimulated. This serves to provide the implanted person with a sense of light intensity but 

no fine visual definition [162-164].  

Different sites of electrode implantation have also been trialed in order to provide 

improved visualization. These include suprachoroidal (between the sclera and choroid), 

subretinal (under the retina), and epiretinal (on the top surface of the retina), each with 

varying levels of success (Figure 1.1) [165, 166]. 

In 1956, Tassicker outlined the first retinal prosthesis [167], which was followed by 

Brindley and Lewin in 1968, who found that direct electrical stimulation of the visual 

cortex introduces visual percepts [168]. In the 1990s, retinal implant research expanded 

rapidly, including studies where electrical current pulses were applied to stimulate the 

implanted multi-electrode array on the retina of blind subjects [169, 170]. Humayun and 
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colleagues demonstrated that electrical stimulation of specific sites at the retina in healthy 

and blind persons could produce steady visual sensation [169, 171, 172].  

Figure 2.1: Overview of the diverse sites of retinal electrode implantation locations. 

(A) The epiretinal implant electrode site between in fibers of the inner retinal ganglion 

cells and nerve fiber layer; (B) Subretinal placement positioned on the retinal pigment 

epithelium at the contacting side of the lost photoreceptor cells. Photodiodes respond to 

the light signal, which triggers electrodes to stimulate bipolar cells, which, in turn, induce 

the optic nerve to process the signal; (C) Suprachoroidal electrodes are present in the 

posterior part of the eye between the choroid and sclera; thus, electrodes directly 

stimulated retinal ganglion cells. The modified figure was based on [173]. 

In 2002, the first retinal prosthetic implants termed Argus I began with 16 implanted 

electrodes at the epiretinal site, relying on the direct ganglion cell stimuli in addition to 

an external digital camera [174]. This digital camera with special sensors mimics the 

photoreceptor arrangements of the retina, which gives rise to the possibility of extracting 

meaningful artificial three-dimensional data from the captured pictures [173, 175].  Later, 

in 2011, the next generation of platinum-coated epiretinal electrodes, Argus II, with 60 



 
 

 
45 

stimulating electrodes were approved for marketing after effective implantation in thirty 

subjects [176, 177]. In 2012, diamond-based suprachoroidal 20 stimulating electrode 

array retinal implants were developed by Bionic Vision Australia [175, 178]. In 2013, the 

subretinal Alpha-Institute for the Microelectronics Stuttgart (Alpha IMS) prosthetic 

device was approved. Alpha IMS implants target the photoreceptor cells that keep the 

regular eye movement intact. This included 16 stimulating electrodes and 1500 units of a 

multi-photodiode array with the amplifier. The light-sensing microphotodiode captures 

images instead of the external camera, unlike other current utilized devices [179-181].  

Stimulator implantable metal electrodes are facing a thin membrane between electrode 

and nerve cells [182]. Further, electrodes are typically fabricated from noble metals such 

as iridium, platinum or gold. This is related to their fundamental resistance to corrosion 

and destruction. However, the use of noble metals means there is capacitive coupling at 

the electrode surface which limits their utility with regards to being able to apply extended 

DC potentials in comparison to redox metals such as silver or silver chloride [74, 183].  

Importantly, electrodes should provide robust electrical pulses to induce action potentials 

by the targeted neuronal cells, while at the same time preserving the electrode constituent 

and surrounding neuronal tissue [184].   

Noteworthy though, the temporal resolution is much less in implanted persons (less than 

3 Hz) in comparison to normal vision (nearly 20 Hz). This reduced resolution is related 

to direct membrane depolarization instead of releasing an ordinary neurotransmitter to 

stimulate the remaining retinal cells [173, 185].  

The key critical parameters to consider when assessing the spatial resolution of implanted 

electrodes are electrode dimension, topography, arrangement, and the expanse gap 
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between the target cell and the electrode. Mathematical modeling has demonstrated the 

three-dimensional resolution of electrodes, in particular, will decrease in the case where 

there is a significant distance from the electrode site to the target cells [186]. There are 

inventive attempts to improve the temporal resolution using the repetitive frequency of 

electrical implants to mimic the native rod and cone cell frequency of the human eye [173, 

187]. Using three-dimensional electrodes is also promising in the improvement of spatial 

resolution to enhance the visual angle. The 3D architecture will increase the surface area 

of the electrode at the same time attempt to keep diameter comparative with the original 

cone-diameter [173, 188].  

At present, all current retinal implants provide little improvement in the vision of the 

subjects who use these prosthetic devices. The provided benefit to the subject is largely 

to allow them to detect objects and improve their orientation to assist with mobility [176]. 

Innovative studies are currently being designed to deliver extremely precise and accurate 

electrical induction toward the targeted cells. This is within improved safety frameworks 

to protect the surrounding sensitive retinal neurons from damage in order to achieve a 

greater degree of functional vision [182, 187]. These continuing studies include 

exploiting new novel electrode materials with the aim of achieving a close mimic to 

natural vision. For instance, the semi-conductive nanocrystalline diamond used to 

improve the biocompatibility, safety, and durability of implanted devices [182].  

There, therefore, remain essential outstanding challenges to be overcome in currently 

implementable retinal technologies, in order to enhance the visual acuity of visually 

impaired patients. 
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2.1.2 Cochlear implant technologies 

Cochlear implants were proposed to restore hearing functions by compensating for hair 

cells loss and spiral ganglion cell degeneration in people who are severely hard of hearing 

or are totally deaf [189, 190]. An introduced electrical current can directly stimulate 

surviving spiral ganglion neurons of the cochlear nerve creating an auditory sensation 

[191, 192].  

The mechanism and process of natural hearing relies on the transformation of sound 

waves into nerve impulses and, as a consequence, translated by the brain into 

understandable sound. Briefly, sound waves pass the outer part of the ear to inside the ear 

canal until they arrive at the eardrum. The tympanic membrane will vibrate according to 

the sound frequency delivering airwaves to middle ear bones. These airwave vibrations 

convert into fluid waves when passing through the oval window membrane that, in turn, 

induces liquid wave tension inside the cochlea. At this point, movements of fluid in the 

cochlea prompt outer hair cells to bend in response to the fluid pressure, which will 

amplify the fluid vibration into specific frequencies. The inner hair cells are tethered to 

mechanoreceptors that will transform this mechanical vibration into graded action 

potentials according to the amount of fluid tension. As a consequence, it will induce 

electrical signals within the auditory nerve that are then interpreted by the brain as sound 

[193-195].  

In the late 18th century, the first documented electrical stimulation experiment of the 

auditory system was performed by Alessandro Volta. The author applied a large voltage 

from a battery connected to two metal rods across his ears. This led to the generation of 

auditory sensation, which was described as crackling or bubbling [196]. Much later, 
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cochlear implant research extended to improve sound quality and efficiency. In the 1970s, 

patients were implanted with a single-channel cochlear implant that was only of benefit 

to the profoundly deaf. This early design implant performed by sending electrical 

impulses to a single area within the cochlea that resulted in stimulation of all nerve fibres.  

The persons implanted with single-channel electrodes could distinguish one word from a 

small word set (less than three words) [197, 198]. In the 1980s multichannel cochlear 

implants were developed with the ability to convey electrical induction to multiple sites 

of the cochlea. This has benefited both profoundly deaf and severely hard of hearing 

individuals [199]. The multichannel cochlear implants were able to produce open-set 

word identification. As a result, people with an implant could recognize more than three 

words from speech. Multiple electrodes also enhanced the number of distinct frequency 

bands in comparison to single-channel devices [200, 201]. In the 2000s speech processor, 

electronics, and other strategies were developed and improved. Speech processors have 

become much smaller in size, more convenient and convey higher electrical pulses with 

variable frequency bands [202]. The currently used cochlear implant devices principally 

consist of a multi-channel electrode with variable implant numbers,  an audio processor 

and an implanted receiver-stimulator [203]. Figure 1.2 illustrates the cochlear implant 

electrode components. 

Current studies are focusing on achieving enhanced implanted electrodes that can keep 

implants without the need for replacement after a period of time [204]. Diverse surface 

biotechnology approaches are being developed for the cochlear implants as are strategies 

to improve the frequency resolution, induction of neurite expansion toward bone 

structure, and the implant-tissue interface [205-207]. Tan et al. recently summarized the 

evolving surface biotechnology of cochlear implants. These new technologies include 
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modification of the electrode surface coating by using variable electrical conductive 

polymer and anti-scarring agents. They also include mechanical electrode topography 

alterations; for instance, increased electrode surface roughness was demonstrated a 

significant reduction on bacterial adherence to the modified surface in comparison to 

smooth surfaces [208-210]. Moreover, modifying an implanted surface with a polypyrrole 

conductive polymer improved neurite outgrowth and at the same time, minimized spiral 

ganglion neuron degradation, which results from the lost hair cell protection. Polypyrrole 

polymers serve to store neurotrophins, and their discharge can occur via electrical 

stimulus [211, 212]. 

Figure 2.2: Schematic representation of multiple-channel cochlear implant electrode 

components. The multiple-channel cochlear implant electrode includes a microphone 

that gathers the sound from the surroundings and an audio processor that collects sounds 

and transforms it into a digital frequency signal. A transmitting coil sends the electrical 
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current and transmits the data to the internal implant.  The implanted receiver-stimulator 

translates the wireless frequency signals conveyed from the audio processor into electrical 

induction, which then induces the auditory nerve. The multi-channel electrode changes 

signals to electrical energy that make contact with the cochlea. This electrode is usually 

implanted at the modiolus in the scala tympani adjacent to the targeted spiral ganglion 

cells. The modified figure was based on [203].  

Bohl et al. have made a promising development by using cochlear implanted electrodes 

that improve spiral ganglion cell growth and diminished fibrosis. This was achieved in 

vitro by specific functionalization of the electrode surface. Included was a poly4-

hydroxybutyrate biodegradable polymer layer, that can dispense anti-inflammatory drugs 

and nerve growth factors in order to enhance nerve cell proliferation [213].  

A noteworthy new direction in cochlear implantation is the utilization of electrodes that 

act via optical stimulation. As an alternative to electrodes that depolarize the remaining 

spiral ganglion cells through electrical current induction, optical induction stimulates 

auditory neurons mainly via infrared laser light [214]. This permits more concentrated 

and accurate stimulation of spiral ganglion cells, and as a consequence, could produce 

improved spectral and temporal resolution via having more controllable channels [215]. 

Light-emitting semiconductors that use light to expose the remaining spiral ganglion cells 

in hearing affected patients is one example of optical cochlear implantation [216]. 
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2.2  Neuronal cells signalling, communication and interfacing with 

the surrounding environment 

2.2.1 Mechanisms of neuronal cell signalling 

Cell signalling allows cells to communicate with each other. In nature, an action potential 

is stimulated via depolarization of the cell membrane. Nonetheless, depolarization of the 

cell membrane can be stimulated artificially through introducing electrical current 

utilizing the implanted electrodes [217].  Normal neuronal cell communication and 

signalling mechanisms involve the amalgamation of electrical signalling and chemical 

signalling [218]. Neuronal cells ordinarily have the ability to conduct signals by 

producing chemical messengers for chemical signalling induction. However, at the same 

time, neuronal cells can generate the signal electrically [219].  

Chemical signalling is considered as the most common signalling pathway in neuronal 

cells [220]. Predominantly governed through presynaptic neurons, the release of the 

chemical neurotransmitters leads to signals being detected and amplified by the targeted 

cell [221]. While, the electrical signalling represents the highly rapid response signal that 

is needed for the neuronal cell communication [220, 222].  Electrical signalling is 

governed via gap junction channels that transmit ionic current and small molecules over 

the neuronal cell membrane. There are other diverse pathways that deliver electrical 

signals, for example, production of electrical fields in order to stimulate other neuronal 

cells [219, 222]. 

However, there are also other mechanisms for communication between neuronal cells; 

for instance, volume transmission of diffusion and wiring transmission [223, 224]. 
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Volume transmission is considered as a new type of significant neural communication, 

which depends on the diffusion of chemical molecules. Notably, the signals diffuse 

through the extracellular fluids across a greater distance, resulting in less signal “safety’ 

or accuracy in comparison to other types of neuronal communication transmission [221, 

225]. Wiring transmission, which derived its name from its similarity to transmit signals 

through a wire, utilizes cellular chain channels [224, 225].  These wire channels link the 

signal message between both origin and target neuronal cells with higher signal safety in 

contrast to volume transmission. The plasma membrane tunneling nanotube is an example 

of wiring transmission achieved through tiny nanotube wires, which create the 

intracellular neuronal linkage utilizing actin constituents [226-228].  

2.2.2 Neuronal cells communication and interface with the surrounding 

environment and the impact on neurite outgrowth 

Neurons and neuronal stem cells have the ability to respond selectively to their physical, 

chemical and topographical surroundings [229, 230]. Significantly, neuronal stem cells 

have the potential to regenerate new neurons. This regeneration of neurons can 

substantially modify the neuronal shape, structure, and flexibility [231-233].  Moreover, 

neuronal cell sensing of the surrounding environment can stimulate their migration, either 

repulsively or attractively [234]. This stimulation is related to several cues such as 

chemotaxis cues, durotaxis cues, mechanotaxis cues - associated with direct sensing of 

the mechanical properties of the cell surrounding - galvanotaxis cues attended by 

electrostatic potential, and phototaxis cues influenced by the light strength [235-237].  

For instance, in chemotaxis, cells sense the concentration gradients of soluble factors in 

the extracellular environment, via specific cell membrane receptors [235]. Target cells 
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can release chemoattractants or growth factors to trigger the migration of cells towards 

the vicinity as well as attract or repel axon growth [238]. Stromal cell-derived factors, 

netrin-1 and vascular endothelial growth factor are examples of critical chemoattractants 

guidance cues of neuronal cells [239-241]. 

Durotaxis cues can alter cell behaviour and differentiation according to the reaction 

between the cell surface and substrate rigidity [242, 243].  Researchers have found that 

the differentiation of mesenchymal stem cells is influenced by the rigidity of the growth 

substrate. On soft elastic surfaces, these cells differentiate into myocytes, while on rigid 

surfaces, they differentiate into osteocytes [244]. Furthermore, Lee et al. found that by 

using only nanometer groove arrangement modifications on the surface without any other 

chemical or physical addition can prompt human embryonic stem cells to differentiate 

into neuronal cells [245]. 

It is also known that neurite outgrowth stimulation is regulated by endogenous soluble 

proteins, for example, nerve growth factor, and extracellular matrix (ECM) glycoproteins 

[246, 247]. Neural cell adhesion molecules also have significant roles in the enhancement 

of the neurite outgrowth and branching [248, 249]. Matsumoto et al. reported a method 

using carbon nanotubes coated with neurotrophins to promote and stimulate the neurite 

outgrowths of neurons [250]. Paviolo et al. exposed that laser exposure could promote 

neurite outgrowth [251]. Nakano et al. revealed that neural and thymus-derived activators, 

also known as neuregulin-2, promoted neurite outgrowth in vitro [252].  In this context, 

laminin is considered as one of the ECM glycoproteins that promotes neurite outgrowth 

[253, 254]. Garcia et al. have shown that laminins associate in axonal guidance in vivo 

[255]. More recently, Zhou et al. explored the combination of ECM components such as 

laminin, fibronectin and collagen and the electrical stimulation to promote nerve 
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regeneration and repair, in turn, improve neural cell adhesion, neurite growth and 

extension [256]. 

Significantly, introducing stem cell differentiation and neurite outgrowth guiding along 

with electrode surface modifications can improve the quality of implanted technologies. 

For instance, implanting electrodes modified with stem cells could substitute for the lost 

cellular functions in the visually and hearing impaired [257].  

However, this kind of intimate electrode-nerve interface implants would raise other 

challenges, for instance, the reconfiguration of native tissue architecture such as glial 

cells, myelin cells, epineurium cells and perineurium cells and their relative positions 

[258]. Thus using new technologies, such as a tBLM coated electrode interface that was  

investigated in this chapter, might provide more intimate contact with the nerves. 

2.3  Adhesion of cells to their surrounding environment 

Cell adhesion is crucial in cell communication, differentiation, and development [259-

261]. As such, any dysfunction or reduction in the cell-cell adhesive process can disorder 

the cells in term of morphology and structure and, in turn, promote the manifestation of 

abnormal cells [262, 263]. Cell adhesion on electrodes in vitro commences when 

functionalized electrode surface elements are recognized by the cell. This initial cell 

binding and attachment process to the electrode substrate is crucial and should be 

sufficiently durable to diminish any gap between cells and abiotic surfaces, which can 

consequently induce unwanted current leakage between cells hindering the accuracy and 

fidelity of recorded signals [264]. 
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Stable and specific adhesion achievement requires a complex binding event involving 

different adhesion molecules, such as transmembrane protein receptors, ECM molecules, 

and peptide ligand binding in addition to the abiotic surface design [261].  

2.3.1 Transmembrane adhesion receptors 

Transmembrane adhesion receptors have an important role in attaching cells to their 

surrounding environment through cytoplasmic adaptor proteins such as talin, focal 

adhesion kinase, vinculin, α-actinin, the kindlins and paxillin [265]. Each receptor 

embedded in the cell membrane is linked to a particular cellular biochemical pathway 

[266]. Each also has a significant role in regulating signal transmission via coupling the 

actin cytoskeleton to cell-matrix [267-269]. Moreover, adhesion receptor mobility in 

membranes controls the internal forces that induce the growth of focal adhesion domains, 

which, in turn, affects intracellular signal transduction events [270, 271].  

Cells express distinct cell surface adhesion receptors including integrins, cadherins, 

syndecans and other proteoglycans and cell adhesion molecules [272]. Integrin and 

cadherin families are the most commonly studied adhesion receptors [269]. The integrin 

family has been shown to promote focal adhesion-mediated cell adhesion to the ECM on 

modified artificial surfaces such as gold, glass, silicon, diamond and platinum [273]. 

Integrin family receptors include fibronectin receptors, collagen receptors, laminin 

receptors and vitronectin receptors [268, 269, 274, 275]. In particular, the neural cell 

adhesion molecules is one of the most significant cell surface glycoproteins that acts as a 

receptor and mediates cell-cell adhesion and intracellular downstream signaling in the 

nervous system [276, 277]. 
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2.3.2 Extracellular matrix adhesion molecules 

ECM molecules in vivo and in vitro promote adherence and spreading of cells through 

their interaction with other matrix components and with cell surface receptors [278]. A 

high molecular weight characterizes ECM molecules, so they are relatively difficult to 

synthesize in comparison to peptides [279]. Different types of ECM adhesion components 

are utilized to modify the substrate surface to support cells adhesion. These include 

laminin [280], fibronectin [151, 281-283], collagen [284], gelatin [148] and poly-lysine 

[285]. 

Laminin is a critical trimeric glycoprotein of the basal lamina of peripheral nerve cells. 

Laminin’s importance is related to the enhancement of neurite outgrowth and cell 

adhesion, proliferation, and migration [286]. Yu et al. combined laminin and a particular 

nerve growth factor and demonstrated significant improvement in nerve regeneration 

[287]. Collagen and fibronectin ECM molecules also support significant neuronal cell 

attachment and improved neurite expansion. Wegener et al. have shown that fibronectin-

coated surfaces enable rapid cell spreading in comparison to other examined proteins such 

as laminin, vitronectin, and bovine serum albumin [151]. However, laminin 

functionalized surfaces showed significant cell attachment in contrast to other ECM 

elements [288, 289]. Diverse cell types have different responses with variable ECM 

modified surfaces. For instance, a Poly-L-lysine (PLL) modified surface shows the 

minimum stem cell adhesion and proliferation number in comparison to a laminin-

modified surface [290]. 
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2.3.3 Peptide ligand-binding motifs 

There are many kinds of ligands, including peptide ligand binding motifs, 

neurotransmitter, hormones, toxins, and pharmaceutical drugs [291]. Peptide ligand-

binding motifs are small peptide molecules (3-10 amino acid) found in the ECM that are 

naturally secreted by cells. ECM are now also artificially manufactured to improve cell 

adhesion processes in vitro [278]. They provide a secure attachment of cells to other cells 

or surfaces via the formation of focal adhesion that links the cell surface layer with ECM 

components [278]. Peptide ligands have certain benefits over the ECM derived 

molecules, including increased selectivity, enhanced stability, and improved cell adhesion 

[292]. 

One of the frequently used peptide ligand binding motifs in cell adhesion techniques is 

the short amphiphilic tripeptide, arginine-glycine-aspartic acid (RGD), which exists in 

fibronectin, laminin and other ECM proteins [293, 294]. Pierschbacher et al. revealed that 

RGD is an essential sequence within fibronectin, which is known to promote cell adhesion 

[295]. Like RGD,  contemporary studies indicate that the cysteine extended 

GRKKRRQRRRPQ (TAT) peptide ligand also improves cell attachment on artificial 

surfaces [296].  

The YIGSR ligand on the β1 chain of laminin is another example of how peptide ligand 

binding modifies and stimulates neural cell adhesion and outgrowth [297, 298]. Also, the 

synergistic effect of the motif Pro-His-Ser-Arg-Asn (PHSRN) found in fibronectin ECM 

molecules increases the affinity of RGD [299]. Recently, combinations of two different 

ligands, RGD and Tyr–Ile–Gly–Ser–Arg (YIGSR), have been shown to progressively 

enhance initial endothelial cell adhesion and migration [300, 301]. Peptide ligand-binding 
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motifs can be classified into mobile and immobile ligands. Mobile ligands are free to 

move through the surface, such as ligands on lipid bilayer modified surfaces [36]. 

Immobile ligands are anchored to the surface [302].  

2.3.4 Abiotic surfaces  

The interface between abiotic surfaces and biotic cells are critical for cell adhesion 

stimulation. Abiotic surfaces represent the nonliving substrate on which live cells can 

grow. The most common materials for the microfabrication of abiotic substrate surfaces 

are based on polystyrene, silicon, and glass,  all known for their stability and low toxicity 

[303, 304].  

The ideal abiotic surfaces should provide significant cell adhesion, proliferation, and 

differentiation [305]. Additionally, the surface should be electrically conductive for 

implementation purposes and for in vitro cell-based research electrical measurements 

such as impedance spectroscopy [306]. Control of chemical and physical coating is 

essential to enhance the performance of substrates. Notably, additional coatings might 

lead to current leakage from the culture medium or other cells, which in turn may result 

in increased extraneous noise [307].  

2.4  Regulation of cell adhesion 

From the moment the cell membrane surface touches the electrode surface, direct 

interfacing commences. Hence, control and design of the substrate surface constituents 

are essential for cell adhesion and proliferation. In the natural and artificial environments, 

cells respond to a group of chemical, physical and mechanical signals that regulate the 
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cell’s function and fate [308-310]. This section will discuss the cellular effects of such 

influences derived from the artificial electrode substrates. 

2.4.1 Chemical cues 

Soluble chemical cues are one of the most critical signals in regulating cell adhesion onto 

artificial surfaces, via modulation of focal adhesion composition and intracellular 

signaling which in turn, controls cell function, and fate [311]. To pattern the chemical 

molecules on the electrode surface, there are different applied methods such as 

lithography and microcontact printing [312-315].  

Commonly a chemical gradient technique is employed in the chemical modification of 

electrode surfaces, such as for self-assembled monolayers (SAMs) and for modifying 

culturing substrate chemical interactions [316]. SAMs are characterized by their 

simplicity to functionalize by altering terminal functional groups with moieties like 

carboxylic acid, hydroxyls and amine groups [317-320]. Adjusting culturing substrate 

chemicals can also control cell behavior [321]. For example, functionalization of reactive 

polymer films with azlactone has an influence on the immobilization of other amine 

chemical elements that, in turn, can stimulate or inhibit cell attachment. However, 

functionalization with the hydrophilic carbohydrate D-glucamine prevents cell 

attachment and proliferation [322].  

The use of strong cross-linking binding molecules on electrode surfaces can also enhance 

cell adhesion. One example being the biotin-avidin binding system, which is considered 

as one of the strongest non-covalent interactions occurring in nature [323, 324]. 
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2.4.2 Physical cues 

Physical cues include a variety of factors that regulate cell rigidity and arrangement 

dynamics to promote cell adhesion. The density of a hydrogel group is one critical factor 

in determining surface stiffness from an exceedingly soft substrate to a solid one. The 

rigid surfaces have presented an increase in target cells adhesion in comparison to less 

rigid modified surfaces [244, 325, 326]. Equivalent to these findings, seeded cells on a 

surface with varying levels of stiffness were demonstrated where cells migrated towards 

the region of highest stiffness [242, 327].  

The arrangement of integrins and other ECM molecules on artificial surfaces can also be 

a critical factor to control cell adhesion [275, 281]. The precise modification of integrins 

can alter the cell adhesion process [328]. Further, nanoscale discrepancies in the spacing 

among adhesive ligands and/or their density can control cell spreading, relocation, and 

focal adhesion dynamics [329]. For instance, Geige et al. investigated that variations in 

the ligand spacing of a few nanometers can influence cell adhesion [270]. They 

demonstrated that cell adhesion is optimal when the average ligand spacing is smaller 

than 70 nm [330]. Notably, there is no difference between well-arranged space arrays or 

randomly distributed arrays when the ligand spacing is less than 70 nm. On the other 

hand, ligands that are ordered have an enhanced cell adhesion affinity when there is a 

greater than 70 nm spacing as does the density of ligands [331, 332].  
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Figure 2.3: Comparison between different OEG lengths modified on a gold surface 

and functionalized with RGD. The cell attachment to the RGD peptide is dependent on 

the length of the ethylene glycol carbon chain. (A) The tri-ethylene glycol group readily 

binds the RGD motif and has a significant improvement in cell adhesion in comparison 

to longer hexa-ethylene glycol chains (B). The modified figure was based on [332]. 

Researchers have developed a spontaneous monolayer enclosing oligo ethylene glycol 

(OEG) that can be functionalized with specific peptides on the electrode surface. This 

OEG monolayer can eliminate the adsorption of non-specific proteins [333]. Notably, the 

lengths of OEG groups influence ON cell attachment and spreading when compared to 

using a constant density of the attached peptides. OEG alkanethiol, with a very long 

carbon chain, considerably reduces the efficacy of cell attachment and spreading. 

Alternatively, decreasing the length of OEG alkane thiol carbon chains improves cell 

adhesion (Figure 2.3) [332]. 
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2.4.3 Mechanical cues 

The steric interaction between integrins and cadherins on surfaces controls the three-

dimensional distribution of receptors, signal networks and the actin structure within cells 

[269]. The topography of surface ligands regulates the arrangement of natural and 

artificial features such as the size, shape, and spacing of nanometer-scale structures. 

Therefore, this influences cell adhesion, morphology, migration, orientation, and 

differentiation [310, 334, 335]. For example, topographical roughness can increase the 

total electrode reaction area that can come in direct contact with cells [336]. 

Topographical configurations also play a crucial role in promoting neuronal axon and 

neuronal dendrite length and branching via mimicking the natural in vivo environment 

[337].  

There are diverse nano- to micro-topographic designs that have been developed in vitro 

for culturing neuronal cells, which include altering anisotropic groove depth that align 

fibres and channels [338] and incorporating isotropic topographies such as pillars or posts 

and holes [339]. Yim et al. have shown that a 350 nm wide groove pattern improves 

neuronal cell regulation in comparison to un-patterned ones which, in turn, enhance 

human mesenchymal stem cells to differentiate into neuronal cells [335]. Wieringa et al. 

utilized various ridge widths for modifying focal adhesion formation and hence, changed 

the cell-substrate interface. They found that, under suitable culturing conditions, cells 

displayed enhanced extensive neurite outgrowth [340]. 

Creative approaches incorporating both mechanical and chemical adjustments can 

improve cell attachment and proliferation. Recent studies found that combinations of the 

appropriate roughness and mechanical modifications can be made using hydrofluoric acid 



 
 

 
63 

on silicon substrates, which can efficiently enhance neural cells to adhere and spread [341, 

342]. 

In this regard, the overall aim of this study is to elaborate on the possibility of applying 

the tBLMs system to improve implantable technologies. Therefore, a range of coating 

variations onto the gold substrates was undertaken firstly. Consequently, a comparison of 

the variable substrate modifications in terms of their ability to improve cell attachment, 

proliferation and biocompatibility were assessed. 

As such, this chapter will examine: 

• Determining the effect of different gold electrode modifications, namely 

fibronectin, PEG-RGD, POEGA-RGD, compared to bare tBLM activity. 

• Assessing the functionalized-tBLM coatings ability to enhance electrode-cell 

localized contact and communication. 

• Evaluating the consequences of different working electrode size on the magnitude 

of impedance measurements due to cell growth and adhesion. 
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2.5  Materials and Methods 

2.5.1  Chemicals  

All chemicals used to perform the experiments, unless mentioned otherwise, were of 

analytical grade and used as advised. 100% pure ethanol, phosphate buffer saline (PBS), 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), anhydrous dimethyl sulfoxide (DMSO), Bovine serum 

albumin (BSA), streptavidin and GLY-ARG-GLY-ASP-SER (GRGDS) peptide were 

purchased from Sigma- Aldrich (Sydney, Australia). Cyclo [Arg-Gly-Asp-D-Phe-Lys 

(Biotin-PEG-PEG)] c (RGDfK(Biotin-PEG-PEG)) where PEG = 8-Amino-3,6-

Dioxaoctanoic Acid were obtained from Peptides International (Louisville, USA). 

Phospholipids: 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC), 1,2-

dipalmitoyl-sn-glycero-3phosphoethanolamine-N-(glutaryl) (sodium salt) (DP-NGPE), 

1, 2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP), and 1-oleoyl-2-

(12-biotinyl (aminododecanoyl))-sn-glycero-3-phosphoethanolamine (B-PE) were 

purchased from Avanti Polar Lipids (Alabaster, USA) and used as received. 

Benzyldisulfide-TEG-OH, Phytanyl bis-tetra-ethylene glycol, 

Diphytanyletherphosphatidylcholine, and Glycerodiphytanylether were a kind 

contribution from Surgical Diagnostics (SDx Tethered Membranes Pty Ltd, Australia). 

Thiol-PEG12-acid were purchased from Broadpharm (San Diego, USA). 

16% paraformaldehyde (PFA), Triton x 100, Dulbecco's modified eagle's medium 

(DMEM), Dulbecco's phosphate buffer saline (DPBS), nutrient mixture F-12, PBS, fetal 

bovine serum (FBS), TryPLE, 0.5 M Ethylenediaminetetraacetic acid (EDTA), Penicillin 

/ Streptomycin solution, Geneticin (G418), 4′,6-diamidino-2-phenylindole (DAPI), Alexa 
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Fluor 568 Phalloidin and Alexa Fluor 647 Phalloidin were obtained from Life 

Technologies Australia Pty Ltd (Sydney, Australia).  

Poly oligo ethylene glycol acrylate (POEGA) synthesized polymer was a gift from Dr. 

Maryam Parviz (Institute for Biomedical Materials and Devices School of Mathematical 

and Physical Sciences, University of Technology Sydney, Australia). 

2.5.2  Electrodes 

Gold electrode slides are an in-kind contribution from Surgical Diagnostics (SDx 

Tethered Membranes Pty Ltd, Australia) (Figure 2.4). Slides are made of 25mm x 75mm 

x 1mm polycarbonate with patterned gold arrays for electrodes. A polyethylene cartridge 

defines six measuring wells; in addition, cartridges include the counter gold electrode. 

The large counter electrode is situated opposite to the tethering electrodes, instead of 

being in the plane on the same slide in order to minimize the surrounding noise effect. 

Each well is designed as a flow cell chamber has the maximum capacity 600 μl solution 

with a 2.1 mm2 active tethering electrode area. 

Figure 2.4: Photographs of SDx electrode array. (A) Slide array with six working 

electrodes; (B) Counter electrode at the bottom of the cartridge; (C) 6 well flow cartridge; 

(D) Assembled cartridge.  
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Small working electrode (8W1E) (0.049 mm2 working electrode area) slides were 

purchased from Applied Bio-Physics (Troy / New York, USA). The bases are also 

prepared from a polycarbonate, following which a gold deposition by sputtering and 

photolithographic methods (http://www.biophysics.com). The polystyrene chamber 

constitutes of eight measuring wells using the maximum capacity of 400μl media (Figure 

2.5).  

Figure 2.5: Photograph of Applied Bio-Physics 8W1E electrode array. (A) Schematic 

top view of one well. Gold working and the counter electrode are on the same array, small 

working electrode defined by photopolymer insulating film; (B) Eight wells assembled 

cartridge. Adapted photographs were based on [152]. 

2.5.3  Cell culture procedures 

2.5.3.1 Cell lines 

Adherent cell lines CHO-K1 (Chinese Hamster Ovary) epithelial cells and the neuronal 

cell line SH-SY5Y human neuroblastoma cells,  were utilized in this work. 

2.5.3.2 Cell sub-culture  

All cell culture procedures were performed under sterile environments within a Class II 

laminar flow cell culture cabinet. All materials utilized for cell culture were wiped clean 

with 80% ethanol prior to employing them in the safety cabinet. CHO-K1 cells were 
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cultivated to confluence in culture flask (25 cm2, polystyrene easy flask, filter cap, Nunc, 

Thermo Fisher, Australia) in Dulbecco's Modified Eagle Medium mixture F-12 

(DMEM- F12) (Life Technologies, Australia) culture media complemented with 5 %  

heat-inactivated fetal bovine serum (FBS) (Life Technologies, Australia). SH-SY5Y cells 

were grown to confluence in DMEM-F12 culture media supplemented with 10 % FBS.  

Briefly, cells were checked daily for contamination and growth and every 3−4 days; the 

cells were passaged.  

For adherent cell detachment procedure, 1ml of TryPLE (Gibco recombinant cell-

dissociation enzymes reagent) was added to a 25 cm2 flask of adherent cell monolayer 

and incubated for 2-3 minutes inside the 37 ̊ C incubator. Cells were dislodged by a single 

hit of the flask with the flat part of the hand. FBS free medium was used for subsequent 

cell washing steps. The collected cell suspension was centrifuged at 1200 rpm for 

5 minutes. Following this, the supernatant was discarded and the cell pellet was re-

suspended in FBS free medium. Cells were re-plated into sterile 25 cm2 tissue culture 

flask in the total volume of 8 ml medium with 5 or 10 % FBS and incubated in the 5% CO2 

incubator at 37 °C. 

In order to seed the cells on the modified surfaces, the cells were diluted to final 

concentration 10 × 105 cells/ml in fresh corresponding complete growth media in addition 

to penicillin-streptomycin antibiotic (used concentrations: 100 u/ml for penicillin and 

100 µg/ml streptomycin.).  
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2.5.3.3 Transfections of mammalian cell lines with H2B-GFP 

Plasmid DNA 

H2B-GFP plasmid DNA was purchased from Addgene plasmid (H2B-GFP from Geoff 

Wahl - Addgene plasmid # 11680; http://n2t.net/addgene:11680; RRID: 

Addgene_11680) handling and preparation methods of plasmid carried out following the 

supplier’s information. Briefly, upon receipt of the H2B-GFP bacterial stabs, bacteria 

were streaked onto lysogeny broth (LB) agar plate. Single colonies were isolated using a 

sterile stick, which was then used to inoculate growth medium (LB broth) containing 

50 μg/mL kanamycin selective antibiotic (Sigma Aldrich) was incubated overnight at 

37 ºC, 200 rpm shaking incubator. Following plasmid amplification glycerol stocks were 

prepared and DNA purified for use in subsequent transfections [343]. QIAGEN Plasmid 

Maxi Kit (QIAGEN, Hilden) was used for plasmid DNA isolation following the 

manufacturer’s instructions.  

CHO-K1 cells and SHS-Y5Y cells were transfected with H2B-GFP Plasmid DNA and 

were carried out using Lipofectamine 2000 (Invitrogen, Darmstadt) following the 

supplier’s information [344].  

Briefly, the day before transfection, cells were detached and counted. Cells were seeded 

into 6-well plates (35 mm2) at a density of 3- 4 x 104 cells per well in 1ml of complete 

growth medium (DMEM-F12 + FBS). On the day of transfection, cell density was 

between 50 to 80% confluent. Individual transfection mixtures were prepared, each 

containing 1 μg plasmid DNA plus 9 μl Lipofectamine in 100 μl serum-free medium 

(SFM), and gently mixed. These mixtures were incubated for 45 minutes at room 

temperature to permit DNA- Lipofectamine complexes to form. To each of these 
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mixtures, a final volume of 1 ml was achieved by adding serum-free media (SFM). The 

cells in 6 well plate were washed twice with SFM; next 100 μl of the prepared transfection 

solution was applied to the cells. After 24 hours of incubation, the SFM medium was 

exchanged to FBS holding medium. The transfected cells were assessed by 

epifluorescence microscopy after 24 hours. To create an individual stable cell clone, cells 

were cultured in the presence of 1000 μg/ml of the selection antibiotic geneticin (G418) 

(Life Technologies Australia Pty Ltd) and single clones selected as outlined below. 

The technique of limited dilution isolated stably transfected cell clones. Transfected cells 

were screened for fluorescence; stable positive fluorescent clones were cultured into 96 

wells plates in a dilution of one cell per well in an aim to achieve single colonies. This 

procedure was repeated several times by choosing the cell populations that exposed the 

highest percentage of fluorescence transfected cells. Subsequent stable positive clones 

were expanded into larger culture flasks and frozen stocks were stored in liquid nitrogen. 

2.5.3.4 Cells visualization and imaging procedure  

The cells electrode surfaces were rinsed three times with PBS. 200 μl of 4% (v/v) PFA in 

PBS was introduced over the surface and was incubated for 15-30 minutes inside the 

incubator at 37 ˚C in order to attempt to fix cells to the electrode surfaces. Following the 

incubation period, wells were washed three times with 200 μl PBS each time. 200 μl of 

0.1% Triton x 100 in PBS was placed on the surface and was kept warm for 5 minutes at 

room temperature in order to permeabilize the cells. The substrate was then rinsed three 

times with 200 μl PBS. Cell-electrode interfaces were incubated with 1 mg/ml BSA in 

PBS for 1hour at room temperature with the purpose of minimizing nonspecific binding 

and improve staining quality.  
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The non-transfected cells were stained for actin with Alexa Fluor 647 Phalloidin 

(excitation/emission: 650/668 nm, red) and the cell nucleus with DAPI (blue). 1:200 

phalloidin solution in PBS were employed on the fixed cell interface. The dish was 

covered with aluminum foil, followed by 20 minutes of incubation time at room 

temperature. To identify nuclei, 1:1000 DAPI solution in PBS was placed on the well-

plate and was incubated for 5-10 minutes at room temperature in dark condition. For long-

term storage of cells, a 1-3 drop of mounting media dressed over the stained fixed cell-

electrode slide and cover glass slip was placed on the top. In order to visualize cells and 

confirm cells adhesion, an upright fluorescence phase-contrast microscope (Nikon, 

Tokyo, Japan) was used.  

2.5.4 Electrode surface modification  

A variety of coatings were applied to the gold electrodes, as shown in Figure 2.6 below. 

These modifications were aimed at enhancing the adhesion, spreading and growth of the 

various cells types on the gold electrode arrays, which could then be monitored in real-

time by recording the changes in impedance.  In addition, several working electrode sizes 

were investigated, including 2.1 mm2 gold electrodes and 0.049 mm2 electrodes.  
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Figure 2.6: Cartoons of the various coating modifications made to the gold electrode 

surfaces (A) Fibronectin; (B) Thiol-PEG12-acid-RGD; (C) POEGA Polymer-RGD ; (D) 

non-functionalized tBLM T10; (E) non-functionalized tBLM T100; (F) GRGD- tBLM; 

(G) cRGD-PEG-B tBLM (H) negative tBLM; (I) Positive tBLM; (J) Laminin tBLM (k) 

fibronectin tBLM (L) GRGD-tBLM T100. Electrical impedance spectroscopy was 

employed to compare the interfacial interaction and coverage with live cells. 

2.5.5  Coating and modification of the gold electrodes 

For the fibronectin coating, all wells of the SDx gold electrode array were incubated with 

50 μl of a sterile solution of 10 µg/ml fibronectin in PBS for 1 hour at 37 ˚C. Next, the 

excess protein on the substrate surface was removed by rinsing the substrates three times 
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with 100 μl of deionized water. The fibronectin-coated substrates were held in deionized 

water for subsequent application. 

For thiol-PEG12-acid-RGD gold surface functionalization, the freshly prepared gold 

slides were immersed directly in the thiol-PEG12-acid solution for at least one hour with 

slight agitation at room temperature. The thiol-PEG12 acid-coated substrates were kept 

under pure ethanol until use. For experiment use, slides were dried from ethanol then the 

slide was assembled with the appropriate sterile cartridge. The carboxylic acid terminal 

groups of the thiol-PEG12-acid monolayer were stimulated with 50 mM EDC and 

50 mM NHS in an aqueous water solution for 2 hours with continuous shaking in a sterile 

condition, illustrated in Figure 2.7.  

Carboxyl activated gold slides were washed three times with PBS. Then, 100 µl of 40 µM 

that equivalent to ~ 20 µg/ml of GRGDS (Sigma- Aldrich, Australia) peptide dissolved 

in PBS was placed over the carboxyl modified gold slides and were incubated for 30 min 

at room temperature. Following the modified gold surfaces were rinsed with PBS and 

were utilized within the same day to culture the cells on. Modifying the surface and 

seeding cells were done in a biological safety cabinet.  

Figure 2.7: Schematic illustration of RGD-gold electrode fabrication. Thiol-carboxy-

terminated poly (ethylene glycol) (HS-PEG12-COOH) self-assembled monolayer over 
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gold electrode was produced via spontaneous thiol-gold coordination. EDC/NHS 

crosslinkers were introduced to activate the carboxy terminate and form an NHS ester. 

GRGDS was attached to the amino-group via the amide bond. Cells were inoculated after 

concluding RGD surface modification. 

10 mM thiol-POEGA polymer layer (homemade synthesized polymer) thiol-gold 

interactions was cross-linked by incubation over the assembled gold electrodes with a 

cartridge for 18 hours under high humidity conditions at 37 °C. High humidity chamber 

made using a 150 mm sterile Petri dish (Thermo Fisher, Australia) with wet tissues and 

small wells filled with sterile water, in order to control the atmospheric humidity as well 

as to deliver a mechanically stable polymer layer on the electrode surface. Extra polymer 

molecules were removed by rinsing the substrates carefully three times with PBS. The 

modified substrates were kept suspended in PBS until utilized. The carboxylic acid 

terminal groups of the POEGA polymer was activated by adding 100 µl of 50 mM EDC 

and 50 mM NHS mixture to each well for 2 hours with continuous shaking under sterile 

conditions. Carboxyl activated gold slides were rinsed three times with PBS. Next, the 

carboxyl modified gold slides and was incubated for 30 min at room temperature with 

100 µl of 40 µM of GRGDS peptide dissolved in PBS. The coated gold surfaces were 

then rinsed with PBS and were utilized by seeding and culturing the cells within the same 

day. 

2.5.6  Tethered Bilayer Lipid Membranes model 

The gold patterning and first monolayer of coating tether molecules were prepared by 

SDx Tethered Membranes Pty Ltd [345]. The gold electrodes were then immersed in a 

solution comprised of 9:1 ratio of spacer molecules (benzyl disulfide comprised a four 

oxygen-ethylene glycol spacer, terminated with an OH group), and hydrophobic tethering 
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molecules (benzyl disulfide with eleven oxygen–ethylene glycol linker group with a 

single C20 hydrophobic phytanyl chain). These immersed gold electrodes are incubated 

for at least 1 hour with shaking, then washed 3 times with pure ethanol. The gold electrode 

with the first monolayer is then either used directly or stored in pure ethanol.  

The second layer is made by adding 8 μl of 3mM mobile lipid phase (MLP) that is 

comprised of 70% zwitterionic C20 diphytanyl-ether-glycero-phosphatidylcholine and 

30% C20 diphytanyldiglyceride ether lipids  (AM199) dissolved in 100% pure ethanol. 

8 μl of these mobile lipids are introduced to each assembled electrode and incubated for 

2 minutes at room temperature. Each electrode is then washed 3 times with 100 μL of 

PBS buffer. Displacing the ethanol solvent with the aqueous solution in this way (the 

solvent exchange method) enables the formation of a lipid bilayer surrounding the 

tethering molecules. Formation of a stable tBLM is confirmed by EIS, this is achieved by 

monitoring the membrane capacitance range is between 0.8 - 1.2 µF/cm2 for 10 % 

tethering chemistries [74, 346]. For instance, the 0.7 μF /cm2 membrane capacitance 

values are very low, thus would indicate a very thick membrane, whereas membrane 

capacitance values up near 1.5 μF /cm2 are very thin and/or have too much water 

associated with them [346, 347]. Also, the phase versus frequency profiles reveals the 

integrity and fluidity of the tethered membrane which reflect lipid-analyte interactions. 

For instance, incorporating ion channels such as gramicidin–A in the membrane would 

shift the frequency at the minimum phase to higher frequencies [347]. 

Gold electrodes were coated with a variety of molecules including fully tethered (100%) 

(T100) or down to 10% of tethering molecules (T10), as well as a range of lipid 

compositions. These architectures were embedded along with several functionalizations 

to enhance cell adhesion and growth over the bilayer lipid membranes, as illustrated in 
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Figure 2.6 (D-L). Chemical structures of phospholipids used in this study are presented 

in Figure 2.8.  

For T10 tBLM functionalization, the second layer of lipid membrane was modified in 

composition. This layer constituted 80:20 equivalent amount of AM199: DP-NGPE 

lipids. DP-NGPE lipids are carboxy-terminated lipids that can be utilized to couple RGD 

peptides via EDC/NHS chemistry amine activation. The density of RGD peptide 

employed as previously used for thiol-PEG acid modification that equivalent to 19 µg/ml. 

For fully tBLM T100 functionalization, the second layer of the lipid membrane is 

comprised of mixture AM199: B-PE lipids equivalent amount of 80:20. 10 nM 

streptavidin incubated with the bilayer such that they would bind to the biotinylated lipids, 

which was followed with three wash steps to remove unbound streptavidin molecules. 

Following, 100 nM cRGD-PEG-B peptide was introduced that would be attached to the 

free binding site of streptavidin. 

Further fully tBLM T100 model functionalization, the second layer of the lipid membrane 

is comprised of mixture AM199: DOTAP lipids or AM199: phosphatidylserine (PS) 

equivalent amount of 80:20. In addition, other layers constituted of 80:20 equivalent 

amount of AM199: DP-NGPE lipids. Following by functionalization with laminin, or 

fibronectin or GRGDs. 
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Figure 2.8: Chemical structure of lipids employed in this study. The displayed 

structures are: Benzyldisulfide-TEG-OH, Phytanyl bis-tetra-ethyleneglycol, 
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Diphytanyletherphosphatidylcholine, Glycerodiphytanylether, 1,2-dipalmitoyl-sn-

glycero-3phosphoethanolamine-N-(glutaryl) (sodium salt) (DP-NGPE), 1, 2-dioleoyl-3-

trimethylammonium-propane (chloride salt) (DOTAP), and 1-oleoyl-2-(12-biotinyl 

(aminododecanoyl))-sn-glycero-3-phosphoethanolamine (B-PE). 

2.5.6.1  Cartridge sterilization  

All cartridges in advance to assembling with the electrode were sterilized by first rinsing 

with 80% ethanol, then allowed to air dry. The cartridges were then exposed to UV light 

in a laminar flow hood for 15-30 minutes. 

2.5.6.2  Electrical impedance spectroscopy sensing  

Electrical monitoring of cell growth was done using methods described previously [138, 

139]. A non-invasive weak amplitude sinusoidal AC voltage signal (25 mV) within a 

frequency range of 0.1 - 25000 Hz was applied to the gold electrodes. The real-time 

increase in impedance magnitude, was the recorded measure of cell growth, attachment 

and spreading, following seeding of cells and monitoring for 24-48 hours. 

A representative illustration of the experimental setup for impedance measurements is 

illustrated in Figure 2.9. The normalized magnitude of the electrode surface impedance, 

onto which cells had been added, was compared with the interfacial interaction of a cell-

free surface, at a selected frequency.  

The impedance magnitude of the modified cell-free gold surfaces was determined as 

baseline data. The magnitude of the impedance measurements was then normalized by 

dividing the impedance measured while cells were growing over the baseline impedance. 

All measurements were taken while the electrode was inside a temperature-controlled 

humidified incubator at 37 °C in the presence of 5% CO2. Cells were initially added at a 
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concentration of 105 cells/ml unless otherwise stated. Cell seeding was completed after 

30-60 minutes after the creation of the coated electrodes in order to confirm the stability 

of impedance measurements as well as exclude the interference of the introduced culture 

medium. 

Figure 2.9: Representative illustration of the experimental setup for impedance 

recordings. Components of impedance spectroscopy measurements system; 

(A) A cartridge assembly with six electrodes (kept inside an incubator with controlled 

temperature and CO2); (B) the electrodes design scheme; (C) tethaPodTM reader 

(impedance analyzer and frequency generator) (kept outside incubator); (D) a personal 

computer. 

2.5.7  Statistical analysis  

Results are displayed as mean standard error (±SE) of three independent experiments 

replicates unless otherwise indicated. Results were analyzed and graphs created using the 

GraphPad Prism software version 7.04 (GraphPad Software, Inc.).  
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Statistically, significant differences between each group of data were determined using 

two-way ANOVA followed by Bonferroni post hoc multiple comparison tests. Bar graph 

comparing average impedance values recorded over a 24 hour period, per electrode 

area (cm2). One-way ANOVA was conducted to analyse the bar graphs, followed by 

Tukey multiple comparison tests. P-values obtained that are less than 0.05 (*P< 0.05) 

were considered statistically significant. 
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2.6 Results 

2.6.1  Optimization of electrode surface to develop a real-time monitor 

of cell growth via impedance measurements 

A range of coatings were applied to the gold electrodes, as described previously in 

Figure 2.6. For these various gold surface modifications, the aim was to observe the 

influence of each modification on the growth and adhesion of the cells by examining 

electrical impedance variation and by fluorescence imaging. In addition, several working 

electrode sizes were investigated, including 2.1 mm2 gold electrodes and 0.049 mm2 

electrodes. 

2.6.2  Impedance measurements of CHO-K1 cells grown on fibronectin 

functionalized gold electrodes 

It was important to investigate the effect of various surface electrode coatings on the 

adhesion and growth of the cells prior to the introduction of artificial tBLM membrane 

surface coatings. Therefore, we studied the effects of various coatings on cell 

proliferation. In order to investigate cell attachment and growth on the gold electrode 

surfaces, CHO-K1 cells were initially utilized due to their ease of culturing and robust 

growth. The cells’ growth was monitored through real-time measurements, as well as by 

visual inspection, using light and fluorescence microscopy.   

As discussed previously, fibronectin is an important ECM molecule that supports cell 

attachment significantly as well as improved neurite expansion [151, 281-283]. 

Therefore, fibronectin was the main ECM of interest in our initial study. Electrodes coated 
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with fibronectin demonstrated cell attachment and cell spreading as reported by an 

increase in impedance magnitude over time (Figure 2.10 C). This was also confirmed via 

fluorescence microscopy (Figure 2.10 B) showing a confluent CHO-K1 cell monolayer. 

One-way ANOVA followed by Tukey multiple comparison tests for average impedance 

values recorded over a 24 hour period also confirm there was a significant effect of 

fibronectin surface coatings on cell growth and attachment (obtained p values obtained 

are less than 0.05) as seen in Figures 2.10 (D), below. 

Figure 2.10: CHO-K1 cells attachment investigation on the fibronectin-modified 

surface. (A) Electrode surface coated with 10 µg/ml fibronectin; (B) CHO-K1 cells were 

stained for actin with Alexa Fluor 647 Phalloidin (red) and for the cell nucleus with DAPI 
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(blue); (C) Impedance of the modified and as-received surfaces was investigated and was 

compared with the interfacial interaction with live cells. Increase impedance values of 

CHO-K1 cells grown on fibronectin functionalized gold electrodes were considered as a 

positive control for cell spreading and attachment onto the electrode surface; (D) Bar 

graph comparing average impedance values recorded over 24 hours, per electrode area 

(cm2). One-way ANOVA was conducted, followed by Tukey multiple comparison tests 

(*P< 0.05 and ****P< 0.0001). The error bars indicate the average standard error of three 

replicate independent impedance magnitude measurements (n = 3). 

2.6.3  Evaluating electrical impedance parameters  

The different applied frequency ranges (0.1-25000 Hz) were evaluated in order to identify 

the most sensitive and significant frequency corresponding to cell growth and adhesion 

using CHO-K1 seeded onto RGD-coated electrodes. Impedance real-time measurements 

were recorded over time. Normalized magnitude impedance values were derived by 

dividing the measured impedance magnitude values by the last reading before the cell 

introduction that are equivalent values from the cell-free coated surfaces. Thus, the 

normalized values of impedance magnitude provide better inter-experimental 

comparability.  

The frequency of  3125 Hz was found to be the most sensitive frequency corresponding 

to the highest cell coverage in comparison to other frequencies, as shown in Figure 2.11. 

One-way ANOVA analysis followed by Tukey multiple comparison tests for an average 

mean of the impedance values for each frequency recorded over 8 hours resulted in 

significant changes between the variable frequencies, obtained p values obtained are less 

than 0.05. 
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The frequency of  3125 Hz (around 4 kHz) was chosen for analysis of cell growth and 

coverage in all subsequent experiments. 3.125 kHz frequency was used due to the 

tethaPodTM impedance reader frequencies setup. This finding was also supported by 

Giaever and Keese’s ECIS study, that demonstrated 4000 Hz frequency provides 

significant information that reflects cell adhesion and growth events [138, 139]. 

Figure 2.11: Normalized impedance magnitude changes over time to CHO-K1 cells 

at different frequencies. Frequency ranges of 185 Hz, 3125 Hz and 12500 Hz were 

explored. Normalized magnitude impedance values are displayed with the most sensitive 

frequency = ~4 kHz (solid line); Line graph comparing average impedance values 

recorded over 24 hours, per electrode area (cm2). The error bars indicate the average 

standard error of three independent impedance magnitude measurements (n = 3). One-

way ANOVA was conducted to analyse the bar graphs, followed by Tukey multiple 

comparison tests (****P< 0.0001).   
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2.6.4  Detachment of adherent cells using the calcium chelating agent 

EDTA while monitoring changes in impedance 

The EDTA agent is known to chelate calcium and magnesium ions, resulting in cell 

rounding and detachment from adherent surfaces [348]. The divalent cations calcium and 

magnesium have a critical impact on the adhesion behavior of live cells through the 

integrin-mediated mechanisms and cation bridging interactions between the cell binding 

sites and the substrate surface [349, 350]. A possible mechanism of divalent cations 

functions as bridging between carboxyl or other negatively charged groups that are 

present on the substrate [351]. 

Using a chelating agent provides a simple real-time investigation method for monitoring 

cell detachment versus adhesion events.  As seen in Figure 2.12 (A), the formation of a 

confluent CHO-K1 cells monolayer is represented by an increase in impedance 

magnitude measurements over the 24 hours real-time monitoring of cells growth.  

Figure 2.12 (B) displays the response of a growing and attached CHOK-1 cell monolayer 

compared to an equivalent sample whereupon EDTA was introduced. The cell monolayer 

response was monitored via impedance magnitude measurements at ~4 kHz. For the cell 

layer exposed to EDTA, a dramatic decrease in the normalized impedance was detected, 

indicating cell detachment as the likely reason.  In comparison, the untreated CHO-K1 

cell monolayer showed stabilize impedance magnitude measurements over time. Also, 

statistical analysis of the average impedance values recorded over 10 hours using one-

way ANOVA analysis followed by Tukey multiple comparison tests confirmed the 

significant difference in the results, as the obtained p-value is less than 0.05, as seen in 

Figure 2.12 (C). 
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Figure 2.12: Treatment of attached CHO-K1 cells by EDTA. (A) Variations in 

impedance magnitude as CHO-K1 cells spread and attach onto fibronectin-coated gold 

electrodes; (B) Typical time course of the normalized impedance magnitude at ~4 kHz of 

EDTA treated and untreated CHO-K1 cells cultures on fibronectin modified gold 

electrodes. A gradual drop in impedance magnitude occurs following the introduction of 

EDTA cells detachment agent (arrow). Measured impedance magnitudes were 

normalized to the last value before the introduction of 100 µl of 5 mM EDTA; (C) Bar 

graph comparing average impedance values recorded over a 24 hour period, per electrode 

area (cm2). One-way ANOVA was conducted to analyse bar graphs, followed by Tukey 

multiple comparison tests  (**P< 0.01 ). The error bars indicate the average standard error 

of three independent impedance magnitude measurements (n = 3). 
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2.6.5  Impedance measurements of CHO-K1 cells and SH-SY5Y cells 

grown on RGD functionalized gold electrodes 

To further mimic the extracellular matrix (ECM) as a means of regulating cell adhesion, 

we tested the effect of small peptide coatings over the gold surface electrodes using thiol-

PEG-RGD peptide. The peptide sequence RGD is a well-known tripeptide that was 

originally identified from fibronectin ECM molecules. This RGD sequence is abundantly 

common in ECM molecules and is recognised by various types of integrin receptors 

[293]. Consequently, RGD ligands can greatly enhance cell adhesion and proliferation as 

well as provide a well-controlled environment for studying cell surface interactions [352, 

353]. The density of the applied GRGDS peptide was around ~ 20 µg/ml, which was 

intended to improve the dynamic of cell adhesion and spreading [354]. 

According to our results, as seen in Figure 2.13, increasing impedance magnitude over 

time indicated cell attachment and cell spreading over the RGD monolayer modified 

surface. Two different cell types were investigated to assess the effect of RGD 

functionalized surface on their cell growth and attachment. Epithelial cells represented by 

CHO-K1 and neuronal cells represented by SH-SY5Y cells. Over the first 10 hours of 

recording, both cell lines showed similar impedance changes on the RGD peptide-

modified surface (Figure 2.13 B). However, beyond 10 hours, the impedance continued 

to increase for the CHO-K1 cells while the SH-SY5Y cell impedance plateaued. 

Fluorescence microscopy results supported this, where we see a fully confluent CHO-K1 

cell monolayer coverage, while SH-SY5Y fluorescence-stained cells showed patchy and 

only partial cell coverage (Figure 2.13 C, D). The real-time impedance measurements of 

SH-SY5Y cultured cells reflect the lower cell coverage over time compared to CHO-K1 

cells, when cultured on the same modified surface.  
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Further statistical analysis was performed by carrying out One-way ANOVA followed by 

Tukey multiple comparison tests for average impedance values recorded after a 20 hour 

period. These results also confirmed that there was a highly significant effect seen in 

CHO-K1 cell growth and attachment on RGD monolayer coatings in comparison to the 

cell-free electrode (obtained p values are less than 0.01). Comparison of CHO-K1 to SH-

SY5Y cell growth and attachment over the RGD monolayer coating resulted in less 

significant changes with p values less than 0.05. While, SH-SY5Y cell growth and 

attachment over RGD monolayer coatings in comparison to cell-free coated electrode also 

demonstrated lower significant changes, with p values less than 0.05, as shown in Figures 

2.13 (E), below. 
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Figure 2.13: Variable cells attachment investigation on RGD modified surface. (A) 

Electrode surface modified with thiol-PEG-RGD; (B) Impedance measurements of the 

modified and as-received surfaces compared the interfacial interaction with live cells. The 

increase was considered as a demonstration of the cells spreading and attachment onto 

the electrode surface. The error bars indicate the average standard error of three 

independent impedance magnitude measurements (n = 3); (C) CHO-K1 cells were stained 

for actin with Alexa Fluor 568 Phalloidin (red-orange); (D) SHSY-5Y cells were stained 
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for actin with Alexa Fluor 568 Phalloidin (red-orange); (E) Bar graph comparing average 

impedance values recorded after a 20 hour period, per electrode area (cm2). One-way 

ANOVA was conducted to analyse bar graphs, followed by Tukey multiple comparison 

tests (*P< 0.05 and ***P< 0.001 ).  

2.6.6  Coating the gold surface with RGD using POEGA polymer as a 

linker 

The behavior of cell attachment, spreading and interfaces are significantly affected by 

any slight alteration of RGD configurations, such as linker organization [355], spacing 

[329] and the surrounding molecules [332]. Therefore, it was important to investigate the 

RGD peptide effect on the cell adhesion and growth improvement using linker molecules 

of different lengths. As previously described in Section 2.5.5, thiol-PEG-acid was used 

to link the RGD peptide to the electrode surface. Here, we employed POEGA polymer as 

the first layer of the surface coating. POEGA polymer surface modification provides a 

different architecture that results in a reduced distance between the coupled RGD peptide 

and the gold electrode surface compared to the PEG-RGD.  

CHO-K1 cell growth on these RGD peptide-functionalized surfaces was investigated.  

Two different gold electrode modifications were employed: thiol-PEG-acid and POEGA 

polymer. Thiol-PEG-acid gives a greater distance between the coupled RGD peptide and 

the electrode surface, while POEGA polymer represented the shorter distance between 

the attached RGD peptide and the electrode. Both of these different first layers fabricated 

over the gold electrode, terminated in a carboxy acid.  EDC/NHS chemistry was used to 

activate the COOH terminate, which will allow GRGDS peptide coupling. 
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Normalized impedance magnitudes of CHO-K1 cell proliferation on RGD-POEGA 

polymer-coated gold electrodes revealed higher impedance values in comparison to 

RGD-thiol-12 PEG-modified gold electrode. Visual Imaging of CHO-K1 cells confirmed 

cell attachment and coverage (Figure 2.14). One-way ANOVA followed by Tukey 

multiple comparison tests for average impedance values recorded over 24 hours also 

confirmed higher significant CHO-K1 cell growth and attachment over POEGA-RGD 

monolayer coatings,  compared to CHO-K1 cell growth and attachment over PEG-RGD 

monolayer coating (obtained p values are less than 0.05), as shown in Figures 2.14 (F).  
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Figure 2.14: Comparison of CHO-K1 cell growth on the two types of RGD surface 

modification. (A) Normalized impedance magnitude of the POEGA-RGD and thiol-

PEG-RGD modified surfaces were investigated and compared upon addition of CHO-K1 

cells. Increases in impedance values of CHO-K1 cells grown on POEGA functionalized 

gold electrodes were higher than thiol-PEG acid-modified surface; (B) Cartoon of an 
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electrode surface coated with POEGA-RGD; (C) Cartoon of an electrode surface 

modified with thiol-12 PEG-RGD. The error bars indicate the average standard error of 

three independent impedance magnitude measurements (n = 3); (D) CHO-K1 cells grown 

over RGD-POEGA polymer-coated gold electrodes were stained for actin with Alexa 

Fluor 568 Phalloidin (red-orange); (E) CHO-K1 cells grown over RGD-thiol-PEG 

monolayer-coated gold electrodes were stained for actin with Alexa Fluor 568 Phalloidin 

(red-orange); (F) Bar graph comparing average impedance values recorded after 16 hours, 

per electrode area (cm2). One-way ANOVA was conducted to analyse bar graphs, 

followed by Tukey multiple comparison tests  (*P< 0.05 and **P< 0.01 ). 

2.6.7  Impedance measurements of CHO-K1 cell attachment on non-

functionalized tBLMs (T10) 

As outlined previously, in order to assess cell adhesion and spreading, a comparison of 

impedance magnitudes of cells grown on a range of coatings applied directly to the gold 

substrates was initially undertaken. In this next section, we investigated the effect of 

incorporating a tBLM system as a means by which to improve cell attachment, 

proliferation and biocompatibility.  

Therefore, the gold electrode was coated with a tBLM with 10% tethering chemistry using 

AM199 lipids. Tethered bilayer lipid membranes provide full coverage of the surface that 

would minimize ion leakage pathways. Cells were then added following the formation of 

stable sealed tBLMs. Impedance values showed that the membrane was not conductive 

following the addition of cells, while visual fluorescence images confirm the absence of 

cell growth and adhesion (Figure 2.15). 

One-way ANOVA analysis followed by Tukey multiple comparison tests for average 

impedance values recorded after 8 hour period resulted in no significant changes between 
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the variable frequencies, obtained p values obtained are greater than 0.05, as seen in 

Figures 2.15 (D), below. 

Figure 2.15: CHO-K1 cells growth investigation onto tBLMs modified surface. (A) 

Electrode surface coated with tBLMs; (B) Normalized impedance magnitude of modified 

surfaces was investigated and was compared with the interfacial interaction with and 

without the injection of live cells. Impedance values of CHO-K1 cells grown on tBLMs 

were nonsignificant. The error bars indicate the average standard error of three 

independent impedance magnitude measurements (n = 3); (C) CHO-K1 cells were stained 

for actin with Alexa Fluor 568 Phalloidin (red-orange); (D) Bar graph comparing average 

impedance values recorded after a 8 hour period, per electrode area (cm2). One-way 

ANOVA was conducted to analyse bar graphs, followed by Tukey multiple comparison 

tests (*P< 0.05).  
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2.6.8  Impedance measurement of CHO-K1 Cell attachment on RGD-

functionalized tBLMs (T10) 

Following the negative result from the tBLM coating as a means to enhance cell 

attachment and spreading, a chemically functionalized-tBLM coating was created in an 

attempt to improve electrode-cell localized attachment, contact and communication.  

Given the previous enhancement of cell attachment and growth using the thiol-PEG and 

POEGA linkers added directly onto the gold substrate, it was decided to now incorporate 

these and create functionalised tethered lipid bilayer membranes. The functionalised 

tBLMs were formed, as explained in Section 2.5.6. Impedance magnitude of the 

functionalized surfaces was investigated and was compared in the presence and absence 

of CHO-K1 cells. The increase in measured impedance signals confirmed the 

effectiveness of RGD-tBLMs to create a suitable electrode-cell interface, while visual 

fluorescence images confirm the ability of cells to grow and attach over RGD-

functionalized tBLM surface (Figure 2.16).   

Further, one-way ANOVA analysis followed by Tukey multiple comparison tests for 

average impedance values recorded after 12 hours revealed significant variations between 

the functionalized and non-functionalized-tBLM upon cell introduction, obtained p 

values obtained are less than 0.05, as shown in Figures 2.16 (D), below. 
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Figure 2.16: Impedance measurements of CHO-K1 cell attachment on RGD 

functionalized tBLMs (T10). (A) Electrode surface coated with tBLMs functionalized 

with RGD peptide; (B) Normalized impedance magnitude of RGD-tBLMs modified 

surfaces was investigated and was compared with the interfacial interaction with and 

without the inoculation of live cells. Increase normalized impedance values of CHO-K1 

cells grown on functionalized tBLMs were displayed. The error bars indicate the average 

standard error of three independent impedance magnitude measurements (n = 3); (C) 

Fluorescent images of CHO-K1 adhered onto a gold surface modified with RGD peptide-

functionalized tBLM. CHO-K1 cells were stained for actin with Alexa Fluor 568 

Phalloidin (red-orange); (D) Bar graph comparing average impedance values recorded 

after 12 hours, per electrode area (cm2). One-way ANOVA was conducted to analyse bar 

graphs, followed by Tukey multiple comparisons tests (*P< 0.05).  



 

 
96 

2.6.9  Impedance measurement of CHO-K1 cell attachment on RGD-

functionalized tBLMs that were fully tethered (T100) 

The different architecture of coupling was implemented utilizing a fully tethered lipid 

membrane (T100) in order to provide robust modification for subsequent cells 

introduction. Therefore the following experiments were designed to assess the relative 

effectiveness of cell adhesion and growth, over different membrane rigidity architectures. 

As mentioned previously in Section 1.3.3, this type of tBLM membrane is very stable and 

provides vigorous coating [64, 65]. Variable lipid modifications were conducted, for 

instance, the high-affinity binding between biotin and streptavidin compounds by 

functionalizing fully tethered tBLMs with cyclic RGD peptide coupled to biotin (cRGD-

PEG-PEG-Biotin), as seen in Figure 2.17 (A). tBLMs could be formed, as explained in 

Section 2.5.6. Impedance magnitudes of the functionalized surfaces were investigated and 

compared in the presence and absence of CHO-K1 cells.  

The impedance results did not show any constancy when repeated numerous times. 

However, visual imaging of CHO-K1 cell displayed some cell attachment and growth 

over cRGD-functionalized tBLMs (T100) gold electrodes (Figure 2.17 C).  

Figure 2.17: Visual imaging of CHO-K1 cell attachment on non-functionalized 

tBLMs and cRGD-functionalized tBLMs (T100) gold electrodes. (A) Electrode 
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surfaces coated with tBLMs that functionalized with Biotinylated-PE-Streptavidin-

Biotin-PEG_PEG-RGD; (B) Fluorescent images of CHO-K1 adhered onto a non-

functionalized tBLMs gold surface. CHO-K1 cells were stained for actin with Alexa Fluor 

647 Phalloidin (red) and for the cell nucleus with DAPI (blue); (C) Fluorescent images 

of CHO-K1 adhered onto a gold surface modified with a cRGD-PEG-PED-Biotin 

functionalized tBLM. CHO-K1 cells were stained for actin with Alexa Fluor 647 

Phalloidin (red) and for the cell nucleus with DAPI (blue). 

Further fully tBLM model functionalization was employed: positively charged tBLM 

(DOTAP lipids), negative charged tBLM (PS lipids), RGD-tBLM, laminin-tBLM and 

fibronectin-tBLM as illustrated in Figure 2.6 (J- L). Our results demonstrated 

insignificant variation in magnitude impedance measurements. Besides, the visual 

imaging of CHO-K1 cell and SH-SY5Y showed only slight cell attachment and growth 

over various fully tethered (T100) tBLM coatings.  

2.6.10  Comparison of diverse gold surface modifications using 2.1mm2 

working electrodes on CHO-K1 cell growth and adhesion  

The ability of the modified surfaces to enhance cells growth and attachment was 

examined by average impedance values recorded over time, per electrode area (cm2). The 

impedance magnitude was determined using electrical impedance spectroscopy. The 

normalised mean value provides a quantitative comparison of the relative amount of cell 

coverage on the differently functionalised surfaces, as seen in Figure 2.18. This 

comparison provides evidence that RGD-tBLM gold surface modification shows more 

impedance magnitude value in comparison to other surface modification, namely 

fibronectin, PEH-RGD and POEGA-RGD. 
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Figure 2.18: Comparison of impedance measurement of CHO-K1 cell growth and 

adhesion using various gold surface modifications on 2.1mm2 working electrodes 

area. Gold working electrode surfaces (2.1 mm2) coated with fibronectin, thiol-PEG- 

RGD, thiol-POEGA-RGD and tBLM-RGD. The impedance of the modified and as 

received surfaces was investigated and was compared with the interfacial interaction with 

live cells. Increase impedance values of CHO-K1 cells grown on tBLM-RGD 

functionalized gold electrodes were the highest. The error bars indicate the average 

standard error of three independent impedance spectroscopy conductance measurements 

(n = 3). Bar graph comparing average impedance values recorded after 18 hour period, 

per electrode area (cm2). One-way ANOVA was conducted to analyse bar graphs, 

followed by Tukey multiple comparison tests (*P< 0.05 and  **P< 0.01). 
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2.6.11  Impedance measurement of CHO-K1 cell attachment and growth 

on diverse gold surface modifications on small electrodes 

In order to investigate the consequences of different working electrode size on cell growth 

and adhesion by assessing the magnitude of impedance measurements, small working 

electrodes (0.049 mm² area) were explored and their impedance compared with those for 

the larger working electrodes (2.1 mm² area) using the same surface modifications in the 

presence and absence of cells. 

As described in material and method Sections 2.5.6, we used a variable surface 

modification for the cell growth and adhesion improvement. An electrode array 

comprising eight individual wells, as seen in Figure 2.5 (B), was placed in cell culture 

incubator at 37 °C with 5 % CO2. Gold electrodes were interfaced to the tethaPodTM 

impedance reader located outside the incubator by a home-made setup. CHO-K1 cells 

were seeded onto electrodes of size 0.049 mm² that were coated with either fibronectin, 

thiol-PEG- RGD or thiol-POEGA-RGD. 

We monitored the growth and attachment of the cells by impedance magnitude recordings 

and fluorescence imaging. The result is presented in Figure 2.19 (A), is the representative 

impedance magnitude of CHO-K1 cell coverage demonstrating the fibronectin gold 

surface modification over two different working electrode size 0.049 mm² and 2.1 mm², 

along with the negative control of modified surface in the absence of cells. From these 

results, it was evident that the 0.049 mm² working electrode size modified with 

fibronectin coating, demonstrated higher impedance magnitude values in comparison to 

the 2.1 mm² working electrode size modified with the same coating. 
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Further statistical analysis was carried out using Graph pad prism, according to ANOVA 

statistical test analysis comparing the impedance magnitude values obtained for CHO-K1 

cell adhesion and spread. The analysis demonstrated that there was a significant 

difference in the impedance magnitude of the modified 0.049 mm² surfaces in comparison 

to 2.1 mm² modified surfaces as indicated by one way ANOVA followed by Tukey’s 

multiple comparisons statistical test, where the p-value obtained is below 0.05, as shown 

in  Figure 2.19 (F). 

The data suggests that using a commercially supplied smaller gold electrode gives 

improved impedance measurements of CHO-K1 cell growth on fibronectin 

functionalized gold surfaces, as seen in Figure 2.19. 
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Figure 2.19: Comparison of impedance measurements using the variable working 

electrode size on fibronectin functionalized gold electrodes. (A) Electrode surfaces 

coated with 10 µg/ml fibronectin. The impedance of the modified and non-modified 

surfaces was investigated and was compared with the interfacial interaction with live 

cells. The error bars indicate the average standard error of three independent impedance 

magnitude measurements (n = 3); (B) Small working electrode 0.049 mm² in area; (C) 
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Large working electrode 2.1 mm² in area; (D) Fluorescence image of transfected CHO-

k1 cells in the presence of GFP histone plasmid DNA (H2B-GFP); (E) cell nucleus with 

DAPI (blue); (F) Bar graph comparing average impedance values recorded over 16 hour 

period, per electrode area (cm2). One-way ANOVA was conducted to analyse bar graphs, 

followed by Tukey multiple comparison tests  (*P< 0.05 and  ***P< 0.001).  

CHO-K1 cell growth and adhesion were investigated using various gold surface 

modifications on 0.049 mm² area electrodes by comparing the impedance measurement 

values, as shown in Figure2.20. The 0.049 mm² gold electrodes were functionalized with 

fibronectin, thiol-PEG-RGD and thiol-POEGA-RGD. Then a comparison of impedance 

measures of CHO-K1 cell growth and adhesion using various gold surface modifications 

on 0.049 mm² small electrodes with the growth of the CHO-K1 cells on same gold surface 

modification while using 2.1 mm² large working electrode. Within these variable 

electrode modifications, POEGA polymer functionalized with RGD demonstrated the 

highest impedance values corresponding to the highest cell coverage. 

Further statistical analysis was conducted. The analysis revealed that there was a 

noteworthy difference in the impedance magnitude of the 0.049 mm² modified surfaces 

in comparison to 2.1 mm² corresponding modified surfaces, as indicated by one way 

ANOVA followed by Tukey’s multiple comparisons statistical test, where the p-value 

obtained is below 0.05, as seen in  Figure 2.20 (B). 

In this regards, the various gold electrode modification revealed improved impedance 

magnitude values using a smaller working electrode (0.049 mm2) in comparison to the 

same modification using a larger 2.1mm2 area working electrode. 
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Figure 2.20: Comparison of impedance measurement of CHO-K1 cell growth and 

adhesion using diverse gold surface modifications on small electrodes with the 

growth of the CHO-K1 cells over RGD-tBLMs (T10). (A) Small working electrode 

surfaces (0.049 mm2) coated with RGD-POEGA, fibronectin and RGD-thiol-PEG. The 

impedance of the modified and as received surfaces was investigated and was compared 

with the interfacial interaction with live cells. Increase impedance values of CHO-K1 

cells grown on RGD-POEGA polymer functionalized gold electrodes were the highest. 

The error bars indicate the average standard error of three independent impedance 
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magnitude measurements (n = 3); (B) Bar graph comparing average impedance values 

between small (0.049mm2) and large (2.1mm2) working electrode using same surface 

modification, recorded over 18 hour period, per electrode area (cm2). One-way ANOVA 

was conducted to analyse bar graphs, followed by Tukey multiple comparison tests (*P< 

0.05). 

Unfortunately, due to the incompatibility of small (0.049mm2) working electrode with 

the tBLM coating modifications, it was not possible to examine the cell growth and 

adhesion using RGD-tBLM-0.049mm2 gold surface. This was mainly related to the 

architecture of 0.049mm2 working electrodes that are defined using a wax layer, which 

was easily destroyed with the ethanol component of the first layer of the tBLM coating. 
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2.7  Discussion 

The goal of this study has been to make advances in electrode-cell technologies that can 

ultimately improve the quality of life for visually and hearing-impaired patients. The aim 

has been to develop an advanced interface that enhances efficiency and direct 

communication between electrical devices and biological tissues. As such, forming the 

necessary direct contact between the electrode and cell plasma membranes remains a key 

challenge in existing procedures for stimulating and reading ionic currents arising from 

neurons and other electrically active cells.  

Combining impedance spectroscopy with fluorescence microscopy gives a unique 

investigational system for the study of cell adhesion, proliferation and compatibility. 

Impedance spectroscopy allows for monitoring cell coverage, electrical signal transfer 

and the cells’ electrical properties, while fluorescence microscopy confirms cell growth 

and adhesion as well as providing information as to the compatibility of the modified 

surface adhesive. 

Various coatings, along with different dimensions of gold electrode surfaces were 

explored to identify the impedance spectroscopy setup that creates an optimized, localized 

electrode-cell with close contact and communication.  

2.7.1  Determining the effect of different gold electrode modifications, 

compared to bare tBLM on cell-electrode interactivity 

Several studies have shown that ECM components such as fibronectin can be 

implemented to improve abiotic surface modification for cell adhesion and spreading 
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[151, 356]. In view of that, fibronectin is considered as one of the significant coatings that 

can induce cell adhesion and spreading. Our data support this, as seen in Figure 2.10, the 

fibronectin coating promoted cell attachment and growth. These findings supported our 

original hypothesis and acted as our proof-of-principal that gold-coated electrodes 

provided by our industry partner SDx, can be successfully tailored to monitor cell 

attachment and growth via impedance spectroscopy. Furthermore, fluorescence 

microscopy could be used in parallel (Figure 2.10, B) to demonstrate cell growth and 

attachment and thus support and complement our impedance data.  

The frequency parameter selection for the impedance magnitude measurements is one of 

the critical parameters that represents the sensitivity of these experiments. In this study, 

three critical frequencies were examined, namely 185, 3125 and 12500 Hz. The change 

of the cells’ monolayer magnitude impedance value was superior at the intermediate 

frequency of around 4 kHz, as seen in Figure 2.11. This finding is consistent with 

previously published studies of other groups at which this frequency displayed the most 

sensitive frequency that can mirror cell growth and adhesion changes [138, 139].  

A possible explanation for this may be that at frequencies of around 4kHz, the impedance 

magnitude is heavily influenced by the resistive contributions from the intercellular and 

subcellular spaces, thus it can detect any alteration within the tightness of the cell-cell 

contact area and cell-substrate area [139, 357].  Whereas at frequencies of higher range, 

the impedance magnitude is heavily influenced by the capacitive contributions arising 

from the cell membranes [357]. This (4kHz) optimal frequency was therefore employed 

for the experiments in this study.  
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Impedance spectroscopy measurements are highly sensitive to cell growth and adhesion 

variations. For cell-cell and cell-substrate interface monitoring over the time course, 

detachment compounds were applied. EDTA, the detachment agent, was introduced over 

the confluent cells layer of coated electrode. Impedance spectroscopy recordings have 

revealed a decline in measured magnitude impedance. In other words, when the cell 

coverage layer was disrupted due to cell detachment agent addition, the impedance 

reduced, due to the absence of impeding layer which caused a previous increase in 

measured impedance, as shown in Figure 2.12. These results further confirmed that the 

impedance changes we were observing were, in fact, directly related to the attachment 

and spreading of the cells. 

Several studies have been undertaken in order to understand the effect and mechanisms 

of RGD peptide on cell adhesion that is known as the main binding site for cells in ECM 

molecules [295]. For instance, the spacing between RGD molecules is a critical factor in 

cell-surface interface [153, 227].  

In this regards, our comparative study using different linker lengths indicated that close 

contact between the RGD peptide and the electrode surface has a more potent effect on 

promoting cell adhesion and spread. These results are similar to the findings obtained by 

Houseman et al., 2001 [332]. In another study, Attwood et al. (2016) used three different 

lengths of PEG linkers that were functionalized with RGD motif in order to investigate 

cells behavior. They found the human foreskin fibroblasts cells focal adhesion 

progressions were mature, long and wedge-shaped when short linker surfaces were used, 

while on longer linker surfaces the focal adhesions were immature, smaller and more 

circular shaped. Thus cells adhesion and proliferation is directly enhanced by the 

reduction of the functionalized linker length [358]. 
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 In this study, a comparison between dodeca-OEG lengths and POEGA polymer-modified 

on a gold surface and functionalized with RGD demonstrated that POEGA polymer di-

ethylene glycol group readily binds the RGD motif and has a significant improvement in 

cell adhesion in comparison to longer dodeca-ethylene glycol chains, as illustrated in 

Figure 2.14.  

In addition, based on RGD studies, the epithelial cell growth showed a higher density of 

cells over RGD functionalized surfaces in comparison to neuronal cells. Both 

electrochemistry impedance measurements and fluorescence microscopy data supported 

RGD-cell adhesion (Figure 2.13). This is in agreement with studies by other researchers 

examining the ability of RGD peptide to enhance adhesion of variable cell types to 

modified surfaces [359, 360].  

Various studies have shown that the adhesion and growth of different types of cells 

behaved differently when seeded on diverse functionalized surfaces, for example, glass 

surfaces that modified with laminin showed neurites extension of seeded neuronal cells, 

while poly-ethyleneimine surfaces modified with laminin displayed random neuronal 

cells growth [361]. Thus, cells adhesion and differentiation are controlled by numerous 

factors, for instance, the interaction of cells with the corresponding adhesive binding sites 

on the ECM [362]. In this regards, a recent study by Farrukh et al. (2017) was found the 

surfaces that modified with specific neuronal receptor-mediated such as Ile-Lys-Val-Ala-

Val (IKVAV) ligand enhanced neuronal cells growth and spreading [363]. Likewise, 

Ehteshami et al. have observed that when using neuronal cells, adhesion was minimal 

with RGD peptide in comparison to IKVAV, a laminin-based peptide [359]. IKVAV 

ligand has also been shown to promote neurite outgrowth [364].  
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This enhancement of neuronal cells growth was due to the existence of IKVAV mimetic 

peptide, which is a short ligand of the adhesive site on laminin [365]. The laminin is a 

well-known protein of ECM that abundantly exist in brain tissues and have a critical role 

in neuronal spreading and growth improvement as well as extending neurites extension 

enhancement [366, 367]. 

On the other hand, the RGD tripeptide is derivative from various ECM proteins such as 

fibronectin and laminin, that promote and support cell adhesion, however RGD peptide 

possess high affinity and specificity for αvβ3 integrin that widely found on the epithelial 

cells surfaces such as CHO-K1 in comparison to neuronal cells such as SH-SY5Y [360, 

368].  

2.7.2  Assessing the functionalized-tBLM coatings ability to enhance 

electrode-cell localized contact and communication 

Using non-functionalized tBLMs in association with electrical impedance spectroscopy, 

it was revealed that these coatings are unlikely to promote cell adhesion. Our initial study 

displayed the repellent characteristics of non-functionalized tBLMs towards cell adhesion 

(Figure 2.15). This finding matched earlier studies that indicated natural fluid lipid bilayer 

membranes were protein and cell repellent. As shown by Andersson et al., in the presence 

of SLB membranes, there was no notable cell adherence or growth in comparison to a 

control surface. The authors indicated that phosphatidylcholine bilayers are resistant to 

protein adsorption and as a consequence, resist cell attachment [369]. 

Further,  Kam and Boxer demonstrated fetal bovine serum (FBS) components in the 

culture media had similar cell repellent influences [370, 371]. However, later studies do 



 
 

 
110 

not support this and have demonstrated cell attachment and proliferation on lipid 

membranes in the presence of a variable percentage of FBS (1-20%). It is likely that 

proteins from the FBS itself contributed to the cell adhesion and growth noted on these 

membrane coated surfaces [45, 372].  

Furthermore, a study by Groves et al. displayed that different lipid membrane 

compositions has a profound effect on cell binding affinity. For instance, 

phosphatidylserine lipids can induce cell adhesion [37]. While further studies revealed a 

mixture of positively charged lipids with different percentages of unsaturated lipids as a 

component of the SLB membrane could improve neuronal cell adhesion [38, 39]. 

It is well-known that cellular behaviour is in response to the surrounding 

microenvironment via the various physical and chemical cues controlling such activities 

as cell adhesion, spread, differentiation and death [373-375]. Cells naturally form 

linkages to the ECM proteins using transmembrane integrin receptors [272]. The RGD 

motif is the minimal adhesive ligand within various ECM proteins that connects and 

promotes cells adhesion [376, 377]. In this study, the tBLM (T10) was functionalized 

with RGD peptides in order to provide a close mimic of natural cell membranes as well 

as to the natural surrounding microenvironment.   

It was demonstrated previously that artificial lipid membrane represented by SLB, when 

functionalized with RGD ligands, resulted in notable improvements in cell attachment 

and growth over these RGD functionalized membranes [46, 47]. According to our results 

(Figure 2.16), functionalized RGD-tBLMs provide an increase of impedance magnitude 

values demonstrated cell growth and proliferation when compared to the same 

functionalized membrane in the absence of cells. However, there was a high fluctuation 
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between different repeats that was demonstrated by wide standard error range. Statistical 

analysis of functionalized-tBLM with or without cells revealed the significant variance in 

impedance magnitude measurements. The fluorescence microscopy images suggested 

RGD-tBLMs compatibility for cell growth, though there was less amount of cells density 

over RGD-tBLM, as shown in Figure 2.16 (B).  

The results of the present study indicate the sensitivity of cells-RGD-tBLMs (T10) 

interactions that provide enhancement of cells impedance profile in comparison to the 

other surface functionalization; this is clearly illustrated by the comparison column graph 

in Figure 2.18. Also, the results in this study presented less cell density coverage of RGD-

tBLM (T10) surface, as seen in Figure 2.16 (C), in comparison to other modified surfaces 

in this study, which would interfere with the principal aim of this study to use tBLM in 

implantable technology.  

One of the explanations that may account for the absence of complete cell coverage is the 

properties of the lipid bilayer membranes that cause cell repellent [369]. This, in turn, 

directly reduce the number of the attached cell over the surface of the bilayer lipid 

membrane. This finding points to the critical role of the RGD tripeptide in cell adhesion. 

Such types of RGD-tBLM functionalization would facilitate the close adhesion of cell 

surface receptors to RGD tripeptides, thereby improving the induction of cell growth. The 

distance between the RGD functionalized phospholipids molecules (COOH terminate) 

would also affect the amount of cell adhesion and spreading over the modified surface. 

As mentioned previously, several studies have been revealed that the variation in RGD 

tripeptide density of promote cell adhesion and spreading differently, which is most likely 

due to variations in number and strength of integrin-ligands bonds [354]. 
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In view of that, cell growth and spreading over the implanted surface is one of the critical 

interfaces for implementable technology improvement. This interface between specific 

cell types such as specific neuronal cells populations and modified electrode enables 

specific cell attachment and growth as well as eliminate the growth of other invading cell 

types such as macrophages that directly affect implantable electrode integrity and 

functionality [378]. Indeed, mimicking the normal function of neuron cells in vitro is a 

crucial step towards developing implantable technologies. Thus, despite the enormous 

studies and gains in implementable technology, the delivery of high-selective modified 

electrode that provides close contact between the cell and electrodes in addition to 

minimize ion leakage pathways remains largely unfulfilled. Therefore, these findings 

presented here need further experiments in the future in order to strengthen the proposal 

for in vitro modified electrode that cell attachment and growth could be enhanced. 

Further experiments were performed in this study by using different lipid compositions 

(previously considered) and lipid functionalization. The T10 tBLM was comprised of 

10% tethering molecules and 90% spacer molecules, while T100 tBLM was comprised 

of 100% tethering molecules [379]. In comparison, the T10 tBLM provides a closer 

mimic to natural lipid membranes by allowing sufficient space for water content at both 

sides of the membrane. In contrast, T100 tBLM provides a highly rigid artificial 

membrane with water content restricted mainly to the exterior side of the membrane [57].  

This study was conducted using two different tBLM membrane models, namely T10 

(10% of tethering chemistry) and T100 (100% of tethering chemistry). In this regards, 

based on the obtained result using the fully tBLM model (T100) that modified with 

different functionalization, as seen in Figure 2.6 (J-L), it becomes clear that both modified 

and unmodified fully tBLM demonstrate insignificant impedance magnitude values upon 
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cell seeding, while the visual imaging of cells (Figure 2.17) revealed a slight cell growth 

and spreading on these coatings.  

Thus, from this, we can postulate that the reasons for poor cell growth and adhesion of 

cells over fully tethered tBLMs could be due to the membrane architecture, which is 

highly rigid and which restricts lateral membrane mobility. As such, there is a loss of 

membrane fluidity within the fully tethered tBLMs [64, 65]. Oliver et al. (2009) 

demonstrated that the fluidity of lipids has a significant role in cell adhesion, as 

excessively fluid lipid bilayers mostly block cell adhesion. Alternatively, when the same 

author used a fixed monolayer lipid membrane; results demonstrated the promotion of 

epithelial cell attachment and growth [40]. This suggests that the architecture, and in 

particular the fluidity of lipid membranes, has a high impact on cell growth and adhesion. 

Further, it suggests that the fluidity of the RGD-tBLM (T10) better mimics native cell-

ECM as well as cell-cell interfaces. 

2.7.3  Evaluating the consequences of different working electrode size 

on the magnitude of impedance measurements due to cell growth and 

adhesion  

Several studies confirmed the influence of working electrode size on the detection 

sensitivity to reflect cell adhesion and growth events [138, 380]. The work of other groups 

has confirmed that smaller-area working electrodes improve the sensitivity in impedance 

relative to cell density variations as well as generating higher impedance magnitude 

values. This observed higher sensitivity of smaller-radius working electrodes is related to 

its higher impedance magnitude values that consequently provide an improvement of 



 
 

 
114 

signal-to-noise ratio, as well as a reduction in solution resistance from the surrounding 

medium [138].  

From this point of view, it was essential to investigate the various surface modifications 

using smaller-radius working electrodes and establish if this could improve detection of 

cell adhesion and spread. Therefore, the small size of  0.049 mm2 electrodes was 

employed and compared with magnitude impedance values of larger 2.1 mm2 working 

electrodes.  Our real-time measurements demonstrated that the small dimension working 

electrodes displayed higher sensitivity in comparison to larger working electrodes. This 

is in agreement with studies by other groups [138]. Among the examined interfaces, 

POEGA Polymer-RGD demonstrated the most improved localized electrode-cell intimate 

contact and communication (Figure 2.20).  

Another point of view is that  are being directed towards using smaller implanted 

electrodes. Though the choice of the electrode metal and size is a critical issue when 

trying to stimulate excitable tissue and minimize the cascade formation around the 

implanted electrode, the so-called capsule [381]. For instance, Campbell et al. showed 

that very small diameter implants are associated with a thin capsule [382]. However, the 

implanted electrode size of currently used devices, such as cochlear implants, is mainly 

limited by current injection.If a high current is injected, heat would be generated; thus, as 

a consequence electrochemical reactions in the tissue would be driven [383, 384].  

2.8  Prospective future implantable electrode model 

In regards to the previous results, cell attachment and growth over modified surfaces was 

found to be enhanced by various microenvironment factors:  First, the distance between 
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adhesion ligand and the surface. It was found that smaller distances between the adhesion 

ligand and the membrane surface, provide a more potent effect in improving cell adhesion 

and spreading. Second, owing to neuronal cell surface interaction with the adjoining 

modified surface, modifying surfaces with specific ligands such as IKVAV pentapeptide 

would most likely enhance neurite outgrowth and attachment on the modified electrodes. 

Third, using fluid and functionalized tBLMs (T10) as a coating provides fewer leakage 

pathways between cell-surface interface as well as minimizing non-specific cell binding 

due to cell membrane repellent properties. It would be appropriate that future studies 

determine more precisely the optimal distance between the ligand and functionalized 

phospholipid heads to ensure the cell adhesion enhancement. It would be appropriate that 

future studies compare the functionalized tBLM coating with standard implant surfaces 

such as silicon, platinum, titanium or ceramics. Fourth, using a group of multiple 

nanoscale electrodes side by side would increase the intensity of the delivered electrical 

signal to specific neuronal cells, for instance using Multiparous surfaces would increase 

the surface area within the overall nanoscale dimension.  

Accordingly, based on these criteria, we postulate that a combination of different 

parameters would improve implantable electrodes technology, as illustrated in Figure 

2.21. Basically:  

• Receptors that capture specific cells in order to achieve the intimate contact between 

the tBLM at the electrode surface and the membrane of the sequestered cells. 

• A biocompatible surface, to protect the sequestered cell from contacting the driving 

metal electrode.  This is to minimize tissue scarring at the electrode surface. 

• Ion channels embedded within the tBLM permit the passage of a high flux of ions 

from the reservoir space to the sequestered cell surface. This can increase the 
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specificity by providing specific target signals towards specific types of cells that are 

attached to the tBLM. 

• An ionic reservoir area between the tBLM and the tethering gold electrodes capable 

of storing sufficient ionic charge which when driven through the ion channels 

embedded in the tBLM will be sufficient to trigger an action potential in a sequestered 

cell. 

Thus, in the future, such an electrode coating model constructed using the findings from 

this study could lead to significant improvements, ultimately resulting in the use of these 

surfaces as effective implantable electrodes. 

 

Figure 2.21: A schematic model representing an ideal coated electrode for enhanced 

implantable technologies. The gold electrode surface combines with the tethering 

chemistry and spacer forming the tBLM membrane model (T10). Large ionic reservoir 

area to store ions. Inserted specific ion channels to drive ion passage through these 

channels. The phospholipid bilayer is shown a mixture of zwitterionic mobile lipids and 

COOH terminate phospholipids with percentage corresponding to distance between 

COOH phospholipid head group around ~70nm. A schematic model of short linkers 
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between the phospholipid head group and ligand. Specific ligand conjugate would 

enhance specific cell type adhesion and growth. 

In conclusion, the amalgamation of the biologically active elements with biocompatible 

electrodes is critical to stimulate and monitor cell activity in vitro. A biocompatible 

electrode coating that permits localized electrode-cell intimate contact and 

communication would improve the selectivity and sensitivity of electrodes that are 

employed to stimulate and monitor cell activity in vitro and in vivo. The designed model, 

as seen in Figure 2.21, is based on our findings from this study and presents a possible 

future implantable electrode that would improve the cell-electrode interface. Overall, 

these findings highlight the importance of adhesive cues in the improvement of electrode-

cell contact efficiency. 
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Chapter 3 

Developing ion-channel switch nano-biosensors for direct cell detection 

3.1 Introduction 

There is an increasing demand for improving discriminative and sensitive biosensors that 

are able to detect different cell types amongst heterogeneous cell populations. Widespread 

studies have been established in order to develop a label-free and real-time cell detection 

biosensor. The usual methods for direct cell detection typically involve labelling [385]. 

Moreover, currently used techniques lack the ability to address mixed samples. In order 

to overcome the limited applied cell detection methods, novel methods are required.  

The main objective of this study was to develop new approaches for the detection, and 

isolation, of cells at very low concentrations within a mixed population. Here, this chapter 

describes the attempt to develop and to provide label-free, real-time cell isolation and 

detection. This will be accomplished by applying a new modification onto the ion nano-

sensor switch technology established by Cornell et al. in 1997 [79].  

Likewise, this chapter studies the attempt to identify streptavidin coverage in the 

membrane architecture and characterize the ion-channel switched tBLM utilizing 

electrical impedance spectroscopy and neutron reflectometry methods. Along, with the 

assessment of the feasibility of cell detection by using the direct gramicidin biosensor 

system using different binding motifs. Besides, investigating the development of an RGD 

competitive assays of the ion channel nano-biosensor switch. Furthermore, this chapter 
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outlines the background of gramicidin peptide and gramicidin nanosensor switch 

architecture and mechanisms. 

3.2  Gramicidin peptide 

Gramicidins are hydrophobic linear pentadecane peptide ion channel that have the ability 

to passage cations through membranes [386, 387].  Gramicidin antibiotics were originally 

isolated from the bacteria Bacillus brevis. Unlike most identified proteins and peptides, 

gramicidin isoforms possess an alternating sequence of L form and D isomer amino acid, 

this, in turn, allows gramicidin to form a hydrogen bond helix [388].  There are various 

forms of gramicidin peptide; namely A, B and C that consist mainly of 15 amino acid 

residues. The differences between the various isoforms are related to the peptide residue 

at position 11 [389].  

Amongst these different isoforms, gramicidin A (gA) represent the most hydrophobic 

peptide due to the existence of four tryptophan residues in their structure [390-392]. 

Tryptophan residues influence gA structure and function; as a consequence, improve the 

integral component of the channel activity and conductivity [390-392]. gA includes a 

tryptophan residue at position 11, which is fundamental to the gA ion channel structure 

and function [393-396]. Substituting tryptophan with other amino acid leads to the 

reduction of gA ion channel cation conductivity [397-399]. gA amino acid sequence and 

structure is illustrated in Figure 3.1.  
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Figure 3.1: Gramicidin A transmembrane ion-channel sequence and structure. (A) 

gA amino acid sequence. Ala, Leu, Val amino acid side chains are hydrophobic, Trp 

amino acid from a side chain is amphipathic and the N-terminal is replaced with a 

formylated valine, while the C-terminal is replaced with the ethanolamine [388, 400]; (B) 

gA ion channel structure. Alternating L, D-amino acid sequences enables gA to fold as a 

right-handed β-helix stabilized by a hydrogen-bonding pattern. Within the lipid bilayers, 

the C-terminus is directed towards the membrane surface as a consequence of hydrogen 

bonds between tryptophan and phospholipid head groups, while N-terminus is aligned 

with the internal hydrophobic components of the lipid membrane. The gA structure figure 

was taken from the Research Collaboratory for Structural Bioinformatics (RCSB) of 

Protein Data Bank (PDB) (RCSP-PDB) (code 1GRM) [401]. 

A membrane ion channel is formed from coupling the two gA monomers by hydrogen 

bonding. This occurs when each monomer of the dimeric complex resides in opposing 

leaflets of a lipid bilayer. The full gA channel width is nearly 4 Å and about 25 Å in 

length, giving it a selectivty for monovalent cations [402, 403]. Each gA ion channel can 

conduct ~ 106 ions per second for cationic complexes of less than 2 Å diameter, such as 

the K+ and Na+, while the bigger cations are excluded, such as tetramethylammonium 

((CH3)4N+) or ammonium (NH4
+) [402, 404]. Thus gA channel has a cationic conductance 

specificity as well as dimerisation dependancy.  
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3.3 Association and dissociation of gramicidin-A ion alters channel 

gating  

Several studies were carried out to determine the dissociation and association events of 

gA dimer with the aim of exploring the gating of the gA ion channel [405-408]. The 

hydrocarbon thickness of the membrane, membrane voltage and ion occupancy were 

demonstrated as important factors that directly affect the rate of gA dissociation and 

association. Rudnev et al. (1981)  revealed that the concentration of salt in the aqueous 

solution surrounding the bilayer lipid membrane alters the bilayer surface tension [409]. 

Elliott et al. (1986) found the lifetime of each single gA channel was increased as the 

mono-acylglycerol lipid monolayer membrane thickness decreased until,  at  ~2.2nm, the 

lifetime of the channel was constant [407]. Ring et al. (1992) found that the lifetime of 

the gA channel is dependent on the ion occupancy levels [406].  

Another study, conducted by Sandblom et al. (2001), demonstrated that the proportion of 

gA channel dimers formed escalates with an applied voltage of up to 50 mV [405].  

Wanasundara et al. (2011) disclosed that the dissociation of gA dimers ensues through 

the lateral movement of gA monomers within the lipid bilayer [408]. Further, the 

dissociation energy of gA dimers in a dimyristoylphosphatidylcholine bilayer membrane 

was approximately equivalent to the energy cleavage of six intermolecular hydrogen 

bonds [408]. Through these studies, and others, it became clear that gA ion channel gating 

is dependent on dimerisation of monomers in opposing leaflets of the bilayer (Figure 3.2). 
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3.4  Gramicidin-gated ion channel nano-switch biosensor 

Gramicidin ion channel switch (ICS) biosensors were first conceived by Cornell et al.  in 

1997, inspired by the distinctive electrical conductive characteristics of gramicidin dimers 

[79]. The gramicidin biosensor platform was initially developed in order to detect variable 

bio-threats, for instance, detecting influenza virus [95, 96]. 

The ICS biosensor architecture is built on a gold surface, employing sulfur-gold bonds 

and polar linkers. The first layer is constituted of mercaptoacetic acid disulphide (MAAD) 

or ethylene disulphide (EDS) spacer molecules and half-membrane-spanning tether 

molecules, as discussed previously (Chapter 2).  

Moreover, the first layer includes tethered gramicidin monomers embedded within the 

inner leaflet of the membrane bilayer, as well as immobile tethered membrane-spanning 

lipids (MSLa),  tethered to the gold substrate functionalized with a biotin termination. 

The second layer is completed with mobile gA monomers and transient half-membrane-

spanning lipids. These mobile gramicidin monomers possess a 5-aminocaproyl linker 

molecule [410] which is terminated with biotin. Thus, subsequent functionalization relies 

on streptavidin-biotin strong coupling affinity.  In turn, the detector molecules (e.g., 

antibodies) are biotinylated and also bound to the streptavidin molecules. The ICS system 

architecture illustrated in Figure 3.2.  
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Figure 3.2: Representative schematic illustration of ion-channel switch (ICS) 

biosensor. The MAAD and tether molecules over the gold electrode offer a reservoir area 

that enables the unimpeded current flow. Figure (A) and (B) represent the direct ICS 

assay. (A) The reactive site of the freely mobile gramicidin monomers and tethered 
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membrane spanner are coupled to the antibody fragment. The gA ion channel is 

conductive due to the regular formation of dimers between mobile and immobile gA 

monomers; (B) In the presence of an analyte, the mobile gA channel within the outer 

leaflet of the membrane and MSLa are inter-bound with the analyte. Thus, the mobile gA 

channel is unable to dimerize with its immobile gA monomer partner. As a result, the 

ionic current across the membrane is reduced and the overall measured membrane 

conduction will drop. Figure (C) and (D) represent the competitive ICS assay; (C) Ion 

channel are kept in their monomeric form prior to the introduction of the analyte. The 

mobile gA monomer is immobilized due to its interactions with molecules that mimic the 

sample; (D) The introduction of the sample of interest will compete with the previously 

attached analyte mimic for the antibody-binding site. This, in turn, will release the mobile 

gA monomer permitting it to dimerise with the immobile gA monomer. This modified 

Figure was based on [79]. 

3.4.1 The direct two-site sandwich ICS sensor 

In the gramicidin-A biosensor direct assay, the concentration of biotinylated gA 

molecules /cm2 in the membrane second layer is equivalent to 3.0 x 109 molecules /cm2, 

biotinylated membrane-spanning molecule density is less than the biotinylated gA density 

which is equivalent to 6.7 x108 molecules/cm2, while the concentration of introduced 

streptavidin ~ 1 pM [79]. The dual functionalization of the mobile gramicidin monomers 

and MSLa utilize whole antibodies or antibody fragments. In the absence of an antigen 

analyte, the biosensor freely permits the dimerisation between the mobile and immobile 

gA monomers giving relatively high membrane conduction reading across the tBLM. The 

introduction of the target analyte causes the antibody fragments to bind to the analyte. 

When this happens, the mobile gA monomers are prevented from dimerising with the 

tethered gA monomers and overall membrane conduction drops. 
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3.4.2 The competitive ICS sensor  

In the competitive assay version of the ICS sensor (Figure 3.2 C and D), the tethered 

MSLa compounds are functionalized with a targeted analyte mimic. In the absence of the 

analyte, an antibody-linked gA (gA4Xdig) molecule will couple with the analyte mimic 

preventing the development of gA dimers. In this case, the overall membrane conduction 

is minimal. The addition of the target analyte will compete with the previously coupled 

analyte mimic, permitting the analyte-mobile gramicidin to diffuse freely, enabling the 

dimerisation between it and the immobile gramicidin monomers, which amplifies 

membrane conduction.  

3.5 Outline of this research study 

Here, we hypothesized that instead of using the gA-biosensor for analyte-antibody 

detection, the biosensor might be used to as a nano-biosensor for cell detection. Thus the 

overall aim of this study is to examine the feasibility of cell detection using direct 

gramicidin biosensor system.  

3.5.1 Study streptavidin coverage on biotinylated gA monomers 

The initial employment of streptavidin as an intermediate coupling component was for its 

high binding affinity towards biotin molecules  (Kd~10-13 M) [411]. There are several 

forms of streptavidin derivatives from in S. avidinii. However, the C-terminus 

streptavidin form displays a superior binding affinity for biotin molecule [412, 413].  

However, previous electrical impedance spectroscopy studies have shown that the 

introduction of streptavidin as an intermediate coupling component induces a reduction 
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in membrane conduction [79]. Streptavidin is commonly used as a coupling agent due to 

its extremely high binding affinity to biotin molecules, in addition, to its ability to perform 

efficiently in environments such as extreme temperature, pH, solvents and enzymes [414]. 

Questions still remain, however, regarding the mechanisms that are involved in the 

interaction of streptavidin with biotinylated lipids or biotinylated gramicidin monomer 

components within lipid bilayers.  

Therefore, the first part of this project aimed to examine streptavidin interaction with 

biotinylated gramicidin monomers across lipid membranes, as well as to assess 

streptavidin coverage over lipid membranes in order to determine the concentration of 

possible binding sites. This will be done by using different techniques, namely: electrical 

impedance spectroscopy and neutron reflectometry methods. 

The electrical impedance spectroscopy studies will be undertaken using a tBLM system 

using different streptavidin concentrations. The tBLM-ICS biosensor and EIS will 

provide direct information on the streptavidin at various concentrations of interaction 

with the freely mobile biotinylated gramicidin monomers and will allow understanding 

the factors that regulate the gA channel activity. Neutron reflectivity assays will elucidate 

any structural changes of the tBLM system that will provide direct information whether 

streptavidin binding also induces any membrane morphological changes 

3.5.2 Development of direct two-site sandwich ICS biosensor  

Cells naturally possess the ability to sense and react to their surrounding environment; 

this is governed by binding of various cell membrane receptors (integrins) to the 

extracellular matrix (ECM) proteins [415]. ECM protein-integrin binding at the 
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membrane surface plays a crucial role in various biological processes, such as maintaining 

tissue structural integrity and cell transduction [416].  

In this study, different binding motifs were examined in order to enhance sensor 

efficiency. These binding motifs can recognize specific receptors at the cell membrane 

surface. As described below, the motifs chosen for this study were RGD peptide, 

streptavidin and concanavalin A. 

3.5.2.1 Development of RGD direct two-site sandwich ICS 

biosensor  

RGD (Arg-Gly-Asp) binding motifs provide biomimetic properties for cell attachment 

and growth and, as a consequence, various studies have used RGD peptide to form a well-

packed layer for inducing cells adhesion over different surfaces, that were then 

subsequently used as sensors for specific pharmaceutical compounds on cells [354, 417, 

418]. RGD peptides can be recognized by almost half of all known integrins embedded 

into cell membranes [293]. The RGD-integrin interface creates cell adhesion recognition 

sites called focal adhesions and also mediated intracellular signalling pathways [376, 419, 

420].  

The direct ICS nano-sensor was functionalized with biotinylated cyclic RGD (cRGD) 

utilizing the high binding affinity of streptavidin-biotin molecules. Studies have reported 

a higher cell attachment to cyclic RGD peptides in comparison to linear peptides [421]. 

For this reason, we utilized cRGD peptide to functionalize the gA-ICS sensor to attract 

cell surface recognition sites in order to couple and interface with it.  
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Traditional cell detection approaches usually employ antibodies and labelling techniques, 

such as the use of exogenous fluorophores [385]. Challenges still remain to build a label-

free nano-biosensor capable of distinguishing individual cells types in a heterogeneous 

cell population. Here, as a proof of principle, we aim to construct a label-free, real-time 

and biomimetic functional nano-biosensor that can detect low cell concentration by 

functionalizing the ICS-tBLM biosensor with RGD binding motif, as seen in Figure 3.3. 

However, there is a risk of a reduction of the binding affinity between the binding motifs 

such as RGD and cell integrins in comparison to the binding affinity of specific antibodies 

to cell membrane surface [422].  

Figure 3.3: Representative schematic illustration of RGD ICS biosensor 

modification. The inner membrane leaflet is comprised of fully tethered phytanyl lipids 

(T100) incorporating tethered gA monomers. The outer leaflet consists of freely diffusing 

cyclic RGD (cRGD) linked-streptavidin-biotinylated gA monomers. Interspersed in this 

tBLM architecture are cRGD linked-streptavidin-biotinylated full-membrane spanning 

lipids. (A) RGD direct ICS assay, the reactive site of the freely biotinylated mobile 
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gramicidin monomers and tethered membrane spanner are coupled to the cRGD motif via 

biotin-streptavidin linkage; (B) In the presence of cells, the mobile channel within the 

outer leaflet of the membrane and MSLa are interbond with the cells and, as a result, the 

ionic current is switched off (Drawing is not to scale). 

3.5.2.2 Development of streptavidin direct two-site sandwich ICS 

biosensor  

Streptavidin itself contains an RYD (Arg-Tyr-Asp) binding motif, which shares similar 

binding properties to the RGD motif’s ability to bind to integrin receptors [423]. Thus, 

streptavidin itself might be employed as a cell-binding motif equivalent to those of natural 

ECM proteins in order to elicit cell adhesion events (Figure 3.4) [424]. 

Figure 3.4: Representative schematic illustration of streptavidin ICS biosensor 

modification. The inner membrane leaflet is comprised of fully tethered phytanyl lipids 

(T100) incorporating tethered gA monomers. The outer leaflet consists of freely diffusing 

streptavidin-biotinylated gA monomers. Interspersed in this tBLM architecture are 

streptavidin-biotinylated full-membrane spanning lipids.  (A) When the reactive site of 
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the freely mobile steptavidin-biotinylated gramicidin monomers and tethered membrane 

spanner coupled to the streptavidin are not sandwiching a cell analyte, the ionic current 

is switched on; (B) In the presence of cells, the mobile channel within the outer leaflet of 

the membrane and MSLa are interbond with the cells and, as a result, the ionic current is 

switched off (Drawing is not to scale). 

However, the RYD binding motif within the streptavidin structure might have a smaller 

binding affinity towards cells integrins than RGD binding, which may directly affect the 

efficiency of any developed biosensor. Nevertheless, we will need to test the ability to 

use a streptavidin only nano-biosensor architecture and compare it to RGD containing 

architectures, as this will also provide information as to background cell binding in 

situations where RGD has been poorly conjugated. 

3.5.2.3 Development of Concanavalin A direct two-site sandwich 

ICS biosensor  

Polysaccharides are one of the most abundant biological recognition sites through 

protein-carbohydrate interactions. Also, it is well known that the protein-carbohydrate 

interface performs critical roles in a variety of critical biological events, such as cell-

surface recognition and adhesion [425, 426]. Concanavalin A, from Canavalia ensiformis, 

belongs to a family of proteins called lectins, which possess binding motifs to saccharide 

molecules that can identify the trimannoside sequence of glycan structures [427, 428]. In 

addition, concanavalin A can anchor to the various glycoproteins via protein-

carbohydrate interactions [427, 428]. The employed concanavalin A (Con-A) biosensor 

modification in this study is illustrated in Figure 3.5. However, the binding specificity 

would be reduced by using the generic binding motif, namely Con-A. 
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Figure 3.5: Representative schematic illustration of Concanavalin A ICS biosensor 

modification. The inner membrane leaflet is comprised of fully tethered phytanyl lipids 

(T100) incorporating tethered gA monomers. The outer leaflet consists of freely diffusing 

Con-A linked-streptavidin-biotinylated gA monomers. Interspersed in this tBLM 

architecture are Con-A linked-streptavidin-biotinylated full-membrane spanning lipids. 

(A) When the reactive site of the freely mobile Con-A-steptavidin-biotinylated 

gramicidin monomers and tethered membrane spanner coupled to the streptavidin are not 

sandwiching a cell analyte, the ionic current is switched on; (B) In the presence of cells, 

the mobile channel within the outer leaflet of the membrane and MSLa are interbond with 

the cells and, as a result, the ionic current is switched off (Drawing is not to scale). 

Other studies have used microarray systems to study the carbohydrate-bacterial cell 

interface, and they found that the polysaccharides epitopes could be employed to detect 

pathogens within heterogeneous populations [429, 430]. The employing of Con-A as a 

binding motif in this study could allow a variety of glycoproteins on the cell surface to be 

recognized by Con-A when it is incorporated into the biosensor. The percentage of 
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glycoproteins expressed on the cell surface varies depending on the cell-type. For 

instance, bacterial cells, such as E.coli and blood cells, contain higher amounts of cell 

surface glycoproteins [431-433]. Thus, Con-A could be used as a recognition site nano-

biosensor to detect various bacterial cells.  

3.5.3 Development of an RGD competitive ICS biosensor  

The gA ion channel competitive ICS biosensor was originally applied to the detection of 

small analytes, as illustrated previously in Figure 3.2 (C and D) [79]. In this study, an 

RGD competitive assay was investigated in order to investigate that the sensor could be 

improved by using small molecules that could compete with cell binding, as illustrated in 

Figure 3.6 below. In this version of the competitive assay, we tried to use a low molecular 

weight component using the minimal integrin structure that can bind to RGD peptide, 

which comprises the six amino acid MTSDDL. The hexapeptide MTSDDL (Met-Thr-Ser-

Asp- Asp-Leu) has a similar structure to that found in β integrin subunits [434, 435].  

Here, the introduction of bespoke MTSDDL dimers would compete with the MTSDDL 

monomer for the RGD binding motif, liberating the mobile gA monomer and increasing 

the overall membrane conductance. The inclusion of MTSDDL dimers that includes two 

MTSDDL peptides linked by an NNEN (Asn-Asn-Glu-Asn) amino acid chain represents 

the short dimer or, NNENNNNENNNNENNN amino acid that represents a longer-

linked dimer. The selection of the polar N (Asparagine) amino acid and the negatively 

charged E (Glutamate) amino acid as linker residues was to minimize any interference by 

the amino acid with the lipid bilayer membrane. When monomer and dimer 

configurations are introduced to the developed ICS biosensors, it was hypothesised that 

they would provide significant evidence of the binding affinity to cRGD binding motif. 
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Figure 3.6: Representative schematic illustration of RGD competitive ICS biosensor 

mechanism. The inner membrane leaflet is comprised of fully tethered phytanyl lipids 

(T100) incorporating tethered gA monomers. The outer leaflet consists of freely diffusing 

MTSDDL linked-streptavidin-biotinylated gA monomers. Interspersed in this tBLM 

architecture are cRGD linked-streptavidin-biotinylated full-membrane spanning lipids. 

(A) When the reactive site of the freely mobile MTSDDL-streptavidin-biotinylated 

gramicidin monomers and cRGD linked-streptavidin-biotinylated tethered membrane 

spanner are coupled, the ionic current is switched off; (B) In the presence of MTSDDL 

dimer, competition with the previously attached MTSDDL peptide occurs, then the 

mobile channel within the outer leaflet of the membrane are released as MSLa is 

interbond with the dimer and, as a result, the ionic current is switched on (Drawing is not 

to scale). 

3.6  Aims of this research study 

The overall aim of this study was to investigate the feasibility of developing nano-

biosensor for cell detection using the gA-biosensor.  

As such, this chapter will: 
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• Attempt to identify streptavidin coverage in the architecture and characterize the ion-

channel switched tBLM utilizing electrical impedance spectroscopy and neutron 

reflectometry methods. 

• Assess the feasibility of cell detection using the direct gramicidin biosensor system 

and enhance sensor efficiency using streptavidin, concanavalin A and RGD binding 

motifs.   

• Investigate the development of an RGD competitive assays of the ion channel nano-

biosensor switch to enable cell detection. 
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3.7  Materials and Methods 

3.7.1  Chemicals  

All chemicals used in experiments, unless mentioned otherwise, were of analytical grade 

and used as advised. 100% pure ethanol, chloroform, phosphate buffer saline (PBS), 

perdeuterated 1‐Palmitoyl‐2‐oleoyl‐sn‐glycero‐3‐phosphocholine (d82-POPC), 

concanavalin-A-biotin conjugate, streptavidin Alexa Fluor 488 and streptavidin were 

purchased from Sigma- Aldrich (Sydney, Australia). Cyclo [Arg-Gly-Asp-D-Phe-

Lys(Biotin-PEG-PEG)] or c(RGDfK(Biotin-PEG-PEG)); where PEG = 8-Amino-3,6-

Dioxaoctanoic acid were obtained from Peptides International (Louisville, USA).  

Benzyldisulfide-TEG-OH, tethered gramicidin (gAYYSSBn), biotinylated tethered 

membrane-spanning lipid (MSLa), (AM215) includes mobile lipids mixture of 3:7 molar 

ratio of glycerodiphytanylether (GDPE): diphytanyl ether phosphatidylcholine (DPEPC)  

and biotinylated gramicidin (gA5XB) monomers, full-membrane-spanning lipids (MSL) 

and double-length reservoir half-membrane-spanning phytanyl lipids (DLP) were a kind 

contribution from Surgical Diagnostics (SDx Tethered Membranes Pty Ltd, Australia).  

16% paraformaldehyde (PFA), Triton x 100, Dulbecco's modified eagle's medium 

(DMEM), Roswell Park Memorial Institute medium (RPMI-1640 medium), Dulbecco's 

phosphate buffer saline (DPBS), nutrient mixture F-12, PBS, fetal bovine serum (FBS), 

TryPLE, 0.5 M Ethylenediaminetetraacetic acid (EDTA), Penicillin/ Streptomycin 

solution 4′,6-diamidino-2-phenylindole (DAPI) Alexa Fluor 568 Phalloidin and Alexa 

Fluor 647 Phalloidin were obtained from Invitrogen (Sydney, Australia).  
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Synthesized chemical peptides: Biotin- NNENMTSDDL peptide (10 amino acid) 

(Purity: >90%), short dimer MTSDDLNNENMTSDDL Peptide (16 amino acid) (Purity: 

>90%) and more extended dimer MTSDDLNNENNNNENNNNENNNMTSDDL 

Peptide (28 amino acid) (Purity: >90%) were purchased from GeneScript (Central, Hong 

Kong). 

3.7.2  Electrodes 

The electrode formation and setup are detailed in Section 2.5.6.   

3.7.3  Streptavidin coverage examination on biotinylated gA tBLMs 

ICS sensor 

3.7.3.1  Streptavidin-ICS-tBLM electrical impedance spectroscopy 

measurements 

ICS sensor is illustrated in Figure 3.2. Following the formation of the lipid layer using 

AM215 lipids, four concentrations (1 nM, 10 nM, 50 nM, and 100 nM) of streptavidin 

were introduced to the liquid phase above the membrane. 0 nM represents the introduction 

of an equivalent amount of buffer (PBS). 

3.7.3.2  Neutron reflectometry measurements 

Neutron reflectometry measurements were performed using a fully tethered tBLM 

comprising a hydrogenated inner leaflet and a deuterated outer leaflet at the Australian 

Nuclear Science and Technology Organization (ANSTO), Lucas Heights, Australia. The 

PLATYPUS, time-of-flight reflectometer instrument at the 20 MW OPAL research 
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reactor was used to collect neutron reflectometry data. In this regards, neutron bandwidth 

ranging between 2.5 and 18 Å were used, as well as measurements collected at two 

incident angles, namely 0.85 ° and 3.8 °, in order to give a Q-range from 0.006 to 0.25 Åˉ1.  

Fully tBLMs were formed (as mentioned previously in Section 2.5.6) on gold-coated 50 

mm diameter, 7 mm thick, conductive silicon disks (Melbourne Centre for 

Nanotechnology). DLP, the half-membrane spanning lipid anchors, was hydrogenated, 

while a mixture of a 3 mM of perdeuterated DOPC and ~ 150 pM of biotinylated gA 

monomer comprised the outer monolayer. The hydrogenated and deuterated lipid tails 

were used to provide sufficient neutron contrast between the two leaflets. Further contrast 

was created by bathing solutions of PBS in either D2O or H2O. Variable streptavidin 

concentrations were injected into the aqueous phase above the tBLM membrane, namely 

1 nM, 10 nM, 100 nM. 

The reflection of neutron reflectometry experiments is often described in terms of a 

momentum scattering vector (Q) that describes the ratio of the reflected beam and incident 

beam after reflection from a thin film.  

𝑄𝑄 =
4π sin𝜃𝜃

𝜆𝜆  

Here; θ is the scattering angle and 𝛌𝛌 is the wavelength of incident radiation. 

Data fitting was accomplished using the RasCAL software within the MATLAB 

environment [436]. Scattering length density was modeled assuming that the tBLM-gA-

streptavidin surface was comprised of a series of parallel layers. 
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3.7.4 Cell culture procedures 

3.7.4.1  Cell lines 

Adherently growing cell lines CHO-K1 (Chinese Hamster Ovary) epithelial cells as well 

as nonadherent cell lines U937 (human leukemic monocyte lymphoma) were utilized in 

this work. 

3.7.4.2  Cells sub-culture  

CHO-K1cells were seeded in DMEM-F12 culture media complemented with 5% fetal 

bovine serum as discussed in more detail in Section 2.5.3.2.  

Cell subculture of non-adherent cells (U-937) was done using the same technique as 

adherent cell seeding, excluding the wash and cells detachment steps. U-937 cells were 

cultivated to confluence using RPMI-1640 (Life Technologies, Australia) culture medium 

in addition to 10% of heat-inactivated FBS (Life Technologies, Australia).  

Cells, prior to addition to the ICS sensor, were washed at least 3 times with 15 ml of PBS 

and between each wash, cells were centrifuged for 5 minutes at 1200 rpm with the 

supernatants discarded in order to eliminate the interference of FBS protein residues. 

3.7.4.3  Visualizing cell-epitope-ligand binding 

Determination of cell-epitope-ligand binding was undertaken by staining cells with 

streptavidin Alexa Fluor 488 dye.  
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3.7.4.3.1 Visualizing surface-attached cell-epitope-ligand binding 

CHO-K1 cells were cultured on glass coverslips at 1 x 105 cells/ml in the suitable culture 

medium conditions. Labelling of the cells was accomplished by incubating them with 

binding motifs: 10 µM (≈ 10 µg/ml) of cRGD-Biotin conjugate, 10 µg/ml of streptavidin 

or 10 µg/ml of Con-A-Biotin conjugate in PBS for 30 minutes at 37 °C and under 

5% CO2, followed by washing three times with buffer. 10 µg/ml of streptavidin Alexa 

Fluor 488 was added and incubated for 30-90 minutes at 37 °C then viewed under the 

fluorescence microscope to confirm the cells were labeled. Negative controls included 

the incubation of binding motif conjugates with the cells in the absence of streptavidin 

Alexa Fluor 488. More information about cell fixation and staining has been presented in 

Section 2.5.3.3. 

3.7.4.3.2 Visualizing floating washed cell-epitope-ligand binding 

Visualization of detached and pre-washed cells was carried as follows: after washing the 

cells three times with PBS; cells were counted and diluted to final concentration 10’000 

cell/ml. CHO-K1 cells or U-937 cells were employed over glass coverslip inside 6-well 

plate. Later, 50µl of 10 µM cRGD-Biotin in 1ml PBS or 1ml of 10μg/ml concanavalin A-

Biotin conjugate was added and the cells incubated for 30 minutes in the 37˚C incubator. 

Then, cells, were washed three times with PBS, was added to each well in order to rinse 

the unbound molecules. Next, of 100µl of 10 µg/ml, Streptavidin Alexa Fluor 488 in PBS 

was added and incubated for 30-90 minutes at 37˚C. Then the surface was rinsed three 

times with PBS. Mounting media was placed over the coverslip and cells were imaged 

utilizing fluorescence microscope. 
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3.7.4.3.3  Relative fluorescence images intensity analysis  

Cells were studied using an upright fluorescence phase-contrast microscope (Nikon, 

Tokyo, Japan). Slides were imaged using a 40x objective and a 488 nm laser wavelength. 

At least three samples were prepared for each experiment, and each treatment was imaged 

in at least three separate areas. The obtained images were processed using ImageJ (1.46r) 

analysis software with appropriate plugins for diameters and fluorescence intensity 

measurements [437]. 

3.7.5 Two-site sandwich assay for preparation ICS biosensor 

experiments 

The different modifications employed for the sandwich assays used in this study are 

illustrated in Figure 3.3, 3.4 and 3.5. The tethered ion channel, tethered membrane-

spanning lipids, spacer chemistries and DLP, were coupled over the gold substrate to form 

the first layer. Lipid bilayer formation was by the solvent exchange technique previously 

mentioned in Section 2.5.6. 

3.7.6  RGD two-site sandwich assay for preparation ICS biosensor 

experiments 

RGD-ICS sensor is illustrated in Figure 3.3. To create this, 50 µl of 100 nM streptavidin 

molecules were introduced to the liquid phase above the membrane and incubated for 15-

20 minutes and followed by three rinses with 200 µl of PBS. Next, 200 μl of 10 μM 

Biotinylated-cRGD was incubated with the tBLM for at least 30 minutes; then the 
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unbound biotinylated-RGD was rinsed three times with 200 µl of PBS. To this,  a volume 

of 10,000 cells/ml was added. 

3.7.7  Streptavidin two-site sandwich assay for preparation ICS 

biosensor experiments 

Streptavidin-ICS sensor is illustrated in Figure 3.4. Following the formation lipid layer 

using AM215 lipids (refer to Section 3.7.1), 50 µl of 100 nM streptavidin molecules were 

introduced to the liquid phase above the membrane and incubated for 15-20 minutes and 

followed by three rinses with 200 µl of PBS. To this,  a volume of 10,000 cells/ml was 

added.  

3.7.8  Concanavalin A two-site sandwich assay for preparation ICS 

biosensor experiments 

The Con-A-ICS sensor is illustrated in Figure 3.5. To create this, 50 µl of 100 nM 

streptavidin molecules were introduced to the liquid phase above the membrane and 

incubated for 15-20 minutes and followed by three rinses with 200 µl of PBS. Next, 200 

μl of 1μM Biotinylated-Con-A conjugate was incubated with the tBLM for at least 30 

minutes; then the unbound biotinylated-Con-A was rinsed three times with 200 µl of PBS. 

To this,  a volume of 10,000 cells/ml was added. 
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3.7.9 The RGD competitive assay for preparation ICS biosensor 

experiments  

The RGD-competitive ICS biosensor modification employed in this study is illustrated in 

Figure 3.6. To create this, the first layer formation technique was similar to previously 

mentioned in Section 2.5.6. Second layers were formed as previously mentioned without 

mobile biotinylated gramicidin monomers. 

The membranes were left for 10-15 minutes until they displayed stable Gm values. Later, 

50 µl of 1nM streptavidin molecules were introduced to the lipid bilayer membrane and 

incubated for 15-20 minutes so that they can conjugate to the MSLa biotinylated full-

membrane spanning tether molecules. This was followed by three times rinsing with 100 

µl of PBS. Next, 200 μl of 50 nM Biotinylated-cRGD was incubated with the streptavidin-

conjugated tBLM for at least 30 minutes; then the unbound biotinylated-cRGD was 

washed three times with 100 µl of PBS.  

Finally, 2µl of 7.5 nM gA5XB (refer to Section 3.7.1) was introduced directly to the 100µl 

liquid phase over the lipid membrane in order to have nearly ~ 150 pM gA5XB mobile 

monomer final concentration. Later, each well in the cartridge was washed at least three 

times with 100 µl of PBS. Then, as before, 50 µl of 1nM streptavidin molecules were 

introduced and incubated for 15-20 minutes. The surface was rinsed three times with 100 

µl of PBS. As illustrated in Figure 3.6 (B) 50 µl of 50nM of the NNENMTSDDL-Biotin 

peptide was then applied. This was washed 3 times with 100 µl of PBS and 50 µl of the 

short dimer MTSDDLNNENMTSDDL peptide (16 amino acid) or 

MTSDDLNNENNNNENNNNENNNMTSDDL peptide (28 amino acid) 50 nM as a 

dimer, was added to be the competition epitope, as shown in Figure 3.6 (B). 
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3.8 Results 

3.8.1 Study streptavidin coverage on biotinylated gA tBLMs ICS sensor 

3.8.1.1 Study of the interaction of streptavidin with biotinylated 

gramicidin in tBLMs  

In order to study the interaction of streptavidin with biotinylated lipids and biotinylated 

gramicidin monomer components within lipid bilayers, as well as to assess the efficiency 

of streptavidin coverage across the lipid membranes, electrical impedance spectroscopy 

was employed to measure gA ion channel dimer conductivity. In particular, various 

streptavidin concentrations were applied over the liquid phase of the lipid bilayer, namely 

1 nM, 10 nM, 50 nM and 100 nM. The membrane conduction values were normalized to 

the corresponding value of membranes prior to the addition of streptavidin. 

The tBLMs and impedance spectroscopy results demonstrate that the conductance of gA 

is highly sensitive to the streptavidin across the membranes with as little as 1 nM inducing 

a dramatic drop in membrane conduction as seen in Figure 3.7 below. 

The variations in conductance for the different streptavidin concentrations investigated in 

this study were not significant. Though marginal, the 100 nM streptavidin concentration 

gave the largest switching activity compared to streptavidin free membranes. For this 

reason all subsequent experiments, the 100 nM streptavidin concentration was employed. 

It should be noted that this addition of streptavidin immobilises a proportion of gramicidin 

ion channel switches (~70% of membrane conduction drop upon streptavidin 

introduction, while ~30% of membrane ion channels are still conducting and allow ion 
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passage), but this still leaves a significant population of freely mobile switches to act as 

sensor moieties [79].  

Figure 3.7: Interaction of streptavidin with biotinylated gramicidin incorporated 

into tBLM-ICS. The addition of streptavidin (at the time pointed arrow) prevents the 

formation of gramicidin channel dimers that, in turn, leads to a reduction in Gm. The 

membrane conduction values were normalized to the corresponding value of membranes 

before the introduction of streptavidin. The error bars demonstrate the standard error of 

three independent replicated samples measurements (n = 3). 

3.8.1.2   Study the interaction of streptavidin with biotinylated 

gramicidin lipid bilayers by employing neutron reflectometry  

To further examine streptavidin coverage and the architecture characterization of ion-

channel switch tBLMs, neutron reflectometry was employed. In this regards, we can 

investigate the streptavidin and biotin gramicidin monomers interface and attachment 
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over a range of streptavidin concentrations. The neutron reflectometry results are 

presented for each introduced streptavidin concentration, as shown in Figure 3.8. 

Figure 3.8: Comparison of neutron reflectometry profiles describing the interaction 

between streptavidin with biotinylated gramicidin monomers inserted within the 

fully tBLM. Profiles for different streptavidin concentrations, namely: 1 nM, 10 nM and 

100 nM streptavidin and D2O buffer negative control. 

The comparison of the scattering length density of streptavidin-coated versus non-coated 

tBLMs revealed no distinguishable difference, indicating a low binding population of 

streptavidin. In addition, neutron reflectometry data shows that the introduction of various 

streptavidin concentrations over biotinylated gA monomers within fully tBLM results in 

an insignificant variance in neutron reflectometry profiles. This could be due to the 

shortage of sufficient contrast between the different streptavidin concentrations. It was 

concluded that it was not possible to elucidate the structural changes of the tBLM 
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membrane phospholipids thickness nor the effect of the streptavidin-gA interface using 

this neutron reflectometry technique. 

3.8.2 Fluorescence imaging of cell epitope – ligand binding  

In order to establish that the different proposed functionalizations used in this study, 

namely RGD, streptavidin and Con-A, are binding efficiently to the cell surface, a 

fluorescence microscopy investigation was employed to visualize cell labeling. 

Therefore, the first part of this fluorescence imaging study was aimed at investigating the 

possible binding sites of the employed binding motifs, as illustrated in Figure 3.9. 

Figure 3.9: Fluorescence visualization of streptavidin, RGD and Con-A labeling. 

CHO-K1 cells incubated with the binding motif, followed by another incubation with 

Alexa Fluor 488 streptavidin with equivalent concentration (10µg/ml). (A) Light 

microscope image (Right image) fluorescence image (Left image) of untreated CHO-K1 

cells which were used as a control; (B) Fluorescence image of CHO-K1 cells tagged with 

streptavidin Alexa Fluor 488; (C) Fluorescence image of CHO-K1 cells preincubated 
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with cRGD-Biotin and labeled with streptavidin Alexa Fluor 488; (D) Fluorescence 

image of CHO-K1 cells pre-incubated with Con-A-Biotin and labeled with streptavidin 

Alexa Fluor 488. 

Green fluorescent staining from Alexa Fluor 488 labeling on the streptavidin was 

observed at the surface of the attached CHO-K1 cells, indicating that the RYD binding 

sites within streptavidin, cRGD and Con-A recognized the corresponding binding sites 

over the cell membrane surface. 

3.8.3  A fluorescence imaging study of RGD labelling 

Following labelling of Cho-K1 and U-937 cells using the techniques described in Section 

3.7.4. cRGD-PEG-Biotin labeling was employed in order to confirm the presence of the 

corresponding binding sites for RGD motif over the cells membrane surface. Negative 

control staining was carried out using BPS buffer with cells as well as the incubation of 

cells with biotinylated RGD binding motif conjugate in the absence of streptavidin Alexa 

Fluor 488, as illustrated in Figure 3.10 below. 

Green fluorescent staining from Alexa Fluor 488 labeling on the streptavidin was 

observed at the surface of the CHO-K1 cells and U-937 cells, indicating that the cRGD-

PEG-Biotin recognized with the corresponding integrin over cell membrane as well as 

attached selectively to the streptavidin.    



 

 
149 

Figure 3.10: Fluorescence visualization of 10 µg/ml RGD labeling. (A) Light 

microscope image (Right image) fluorescence image (Left image) of CHO-k1 cells over 

glass surface in the absence of cRGD-Biotin and streptavidin Alexa Fluor 488; (B) Light 

microscope image (Right image) fluorescence image (Left image) of CHO-k1 cells 

treated with cRGD-Biotin conjugates over glass surface in the absence of streptavidin 

Alexa Fluor 488; (C) Fluorescence image of CHO-K1 cells tagging with streptavidin 

Alexa Fluor 488 and cRGD-Biotin over glass substrate; (D) Fluorescence image of U-

937 cells tagging with streptavidin Alexa Fluor 488 and cRGD-Biotin over a glass 

substrate. 
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3.8.4  A fluorescence imaging study of streptavidin labeling  

Streptavidin Alexa Fluor 488 labeling was employed in order to confirm the presence of 

the corresponding binding sites for RYD motif over the cells membrane surface. Negative 

control staining was carried out using BPS buffer only as well as the addition of 

fluorescence free streptavidin, as illustrated in Figure 3.11 below. Green fluorescent 

staining from Alexa Fluor 488 on the streptavidin was observed at the surface of the CHO-

K1 cells and U-937 cells, indicating that the streptavidin recognized with cell membrane 

receptors. 
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Figure 3.11: Fluorescence visualization of 10 µg/ml streptavidin labeling. (A) Light 

microscope image (Right image) fluorescence image (Left image) of CHO-k1 cells 

fluorescence image over glass surface in the absence of streptavidin Alexa Fluor 488; (B) 

Light microscope image (Right image) fluorescence image (Left image) of CHO-k1 cells- 

streptavidin (florescence-free) conjugates fluorescence image over glass surface in the 

absence of streptavidin Alexa Fluor 488; (C) Fluorescence image of CHO-K1 cells 

tagging with streptavidin Alexa Fluor 488 over glass substrate; (D) Fluorescence image 

of U-937 cells tagging with streptavidin Alexa Fluor 488 over a glass substrate. 
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3.8.5  A fluorescence imaging study of Con-A labeling  

Following the introduction of biotinylated Con-A over washed cells, streptavidin Alexa 

Fluor 488 labeling was then applied in order to confirm the presence of the corresponding 

binding sites for Con-A over the cells membrane surface. Negative control staining was 

carried out using BPS buffer as well as incubated cells with Con-A binding motif 

conjugate in the absence of streptavidin Alexa Fluor 488, as illustrated in Figure 3.12 

below. Green fluorescent staining from Alexa Fluor 488 on the streptavidin was observed 

at the surface of the CHO-K1 cells and U-937 cells, indicating that the Con-A recognized 

cell membrane receptors. 
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Figure 3.12: Fluorescence visualization of 10 µg/ml Con-A labeling. (A) Light 

microscope image (Right image) fluorescence image (Left image) of CHO-k1 cells 

fluorescence image over glass surface in the absence of streptavidin Alexa Fluor 488 and 

biotinylated Con-A; (B) Light microscope image (Right image) fluorescence image (Left 

image) of CHO-k1 cells- biotinylated Con-A conjugates fluorescence image over glass 

surface in the absence of streptavidin Alexa Fluor 488; (C) Fluorescence image of CHO-

K1 cells tagging with streptavidin Alexa Fluor 488 and biotinylated Con-A over glass 

substrate; (D) Fluorescence image of U-937 cells tagging with streptavidin Alexa Fluor 

488 and biotinylated Con-A over glass substrate. 
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3.8.6  Relative fluorescence intensity imaging of cell epitope – ligand 

binding  

Overall, fluorescence imaging revealed cell labeling and adherence to the RGD peptide, 

RYD binding sites of streptavidin and concanavalin A. The relative fluorescence intensity 

levels were determined from the corresponding fluorescence microscopic images for the 

Alexa Fluro labelled streptavidin-conjugated on the treated cells with binding motifs 

under 40x magnification and compared with the untreated cells. It can be seen that 

significant Con-A binding motif binding was observed at the surface of both CHO-K1 

cells and U-937 cells in comparison to the other binding motifs (RGD and streptavidin) 

and negative controls, as shown in Figure 3.13 below.  

 Figure 3.13: The relative level of fluorescence intensity of streptavidin Alexa Fluor 

488-labelled. (A) The relative fluorescence intensity of CHO-K1 cells that treated with 

the different binding motifs (Con-A, cRGD and streptavidin) and untreated cells; (B) The 

relative fluorescence intensity of U-937 cells that treated with the different binding motifs 

(Con-A, cRGD and streptavidin) and untreated cells. The error bars indicate the average 

standard error of three independent images intensity measurements (n = 3). 
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3.8.7 Cell detection by measuring conductance Gm using variable 

functionalization of direct-ICS sensor 

In the aim of examining the feasibility of cell detection using direct gramicidin biosensor 

system, we have employed different functionalizations of biotinylated mobile gA 

monomers and a biotinylated spanner in order to enhance sensitivity to cells.   

3.8.7.1  Cell detection using a dual RGD peptide-functionalized 

ICS sensor 

Here, a small number of adherent cells (10’000 cell/ml, CHO-K1) were introduced to the 

functionalized biosensor. The addition of streptavidin displayed a 60% reduction of 

membrane conduction as a result of some gA-Biotin-Streptavidin-MSLa-biotin cross-

linking, as expected (Figure 3.14 A). It is expected then that residual mobile gA-SA-RGD 

molecules, when bound to cells, would cause a further significant decrease in membrane 

conduction [79]. However, as seen in Figure 3.14 (B), there was only a very slight drop 

in membrane conduction upon addition of the cells. 
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Figure 3.14: Direct cell detection using RGD-ICS biosensor. (A) Addition of 

streptavidin molecules demonstrated a significant decrease in Gm; (B) Introduction of 

10’000 cell/ml of washed CHO-k1 cells showed slightly diminished Gm. The error bars 

indicate the average standard error of three independent impedance spectroscopy 

conductance measurements (n = 3). 

We attempted to further investigate RGD-nanosensor efficiency using lymphoma cells 

that are smaller in size in comparison to CHO-K1 cells. It is known that the RGD binding 

motif binds specifically to the U-937 monocytic cells line [438]. In place of selective 

RGD epitopes such as α5β1 and αIIbβ3 integrins are abundant on the surface of these 

cells. As shown in Figure 3.15, there was only a slight decrease in membrane conduction 

upon introduction of these cells to overall gA channel gating. 
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 Figure 3.15: Direct non-adherent U-937 cell detection using RGD direct-ICS 

biosensor. Introduction of 10’000 cell/ml of washed U-937 cells was showed an 

insignificant variation in Gm when using the RGD-ICS biosensor. The error bars indicate 

the average standard error of three independent impedance spectroscopy conductance 

measurements (n = 3). Arrow indicates cells introduction. 

3.8.7.2  Cell detection using a dual streptavidin functionalized ICS 

sensor 

Upon an unsuccessful trial to improve the efficiency of the RGD-nanosensor, streptavidin 

was employed as a ligand for cell attraction. The selection of streptavidin as biosensor 

modification relates to its RYD motif that mimics the RGD motif binding sites [423]. The 

membrane conduction real-time measurements demonstrated a very slight variation upon 

the introduction of the CHO-K1 cells, as seen in Figure 3.16. This behavior is in the same 

line with the RGD binding results and can be considered to be insignificant. 
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Figure 3.16: Direct cell detection using direct streptavidin-ICS biosensor. Addition 

of streptavidin molecules demonstrated a significant decrease in Gm, while the 

introduction of 10’000 cell/ml of washed CHO-k1 cells showed slightly diminished Gm. 

The error bars indicate the average standard error of three independent impedance 

spectroscopy conductance measurements (n = 3). The second arrow indicates the washed 

cells introduction. 

3.8.7.3  Cell detection by measuring conductance Gm using dual 

Con-A functionalized direct-ICS biosensor 

After the unexpected failed trials in improvement nanosensor efficiency, another cell-

binding site was used to functionalize the direct-ICS sensor, namely Con-A. Results using 

a Con-A incorporated biosensor architecture with U-937 and CHO-K1 cells are shown in 

Figure 3.17.  
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Figure 3.17: Direct cell detection using ConA-ICS biosensor. (A) Addition of 

streptavidin molecules demonstrated a significant decrease in Gm; (B) Introduction of 

10’000 cell/ml of washed CHO-k1 cells showed slightly diminished Gm; (C) Introduction 

of 10’000 cell/ml of washed U-937 cells also exhibited a slight transient reduction in Gm.  

The error bars indicate the average standard error of three independent impedance 

spectroscopy conductance measurements (n = 3). 

The results revealed a minor drop in the recorded normalized membrane conduction when 

the adherent CHO-K1 cells or U-937 cells were introduced. As with the RGD and 

streptavidin alone binding motifs, this small decline in Gm is considered insignificant. 
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3.8.7.4  MTSDDL dimer detection using a dual RGD peptide-

functionalized ICS sensor 

After unsuccessful detection of different cell types using the dual RGD sandwich assay, 

we aimed to investigate the improvement in the biosensor detection by using the 

MTSDDL dimer (which represents integrin-binding sites of RGD motif)  when coupled 

to anchored cRGD and the diffusing cRGD. This would provide the opportunity to create 

a competitive dual RGD – hexapeptide dimer assay in order to simulate cell binding to 

dual RGD peptide-functionalized ICS sensor. 

Firstly, we examined the designed MTSDDL dimers (18 amino acid and 28 amino acid 

long, including linker) binding affinity to cRGD using same designed biosensor as 

illustrated previously in Figure 3.3. The binding of MTSDDL dimers to cRGD binding 

motifs is assumed to prevent gA dimerization and thus drop the overall amplitude 

membrane conduction. The introduction of our designed dimers demonstrated 

insignificant variation in membrane conduction, as shown in Figure 3.18. Unfortunately 

the MTSDDL dimer- dual cRGD ICS sensor did not work efficiently, which prevented 

us from continuing the planned experiment to introduce cells that would compete with 

the previously added MTSDDL dimer, and subsequently release the mobile gA monomer 

and increase the overall membrane conduction. This can be explained either due to the 

designed dimer configuration that prevents the simultaneous attachment of anchored 

cRGD and mobile cRGD binding motifs, or could be due to the low binding affinity 

between the RGD and MTSDDL peptides. 
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Figure 3.18: MTSDDL dimer-cRGD binding over direct ICS biosensor. Addition of 

100 nM of the short-chain linked MTSDDL dimer (18 amino acid) or longer-chain linked 

MTSDDL dimer (28 amino acid) displayed insignificant variation in membrane 

conduction in comparison to the negative control (PBS buffer). The error bars indicate 

the average standard error of three independent impedance spectroscopy conductance 

measurements (n = 3). 

3.8.8 Small peptide detection using RGD functionalized competitive-

ICS biosensor 

After the unsuccessful trials using our developed gA sensor to detect cells, MTSDDL 

hexapeptide monomers were employed instead of cells represented, by functionalization 

of the competitive ICS biosensor with RGD, as illustrated in Figure 3.19 (A), using the 

techniques described in Section 3.7.9.  

To create a competitive sensor, we designed a biotinylated-NNEN-linked-MTSDDL 

monomer that, when bound to streptavidin bound-biotinylated mobile gAs, can directly 

attach to the tethered cRGD peptide. Then, we aimed to study subsequent non-
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biotinylated MTSDDL molecule (using the designed dimers) competitive binding to 

cRGD peptide.  

Our results showed a very slight drop in Gm after the introduction of the biotinylated-

NNEN-linked-MTSDDL compound, as shown in Figure 3.19 (B). Though the decline was 

very minimal, it was concentration-dependent, and the experiments revealed that we need 

to introduce at least 5 nM of the biotinylated MTSDDL to observe the slight gating, as 

seen in Figure 3.19 (C).   

For interest’s sake, we then tested if the long-chain dimer would compete with the 

previously added MTSDDL monomer. The addition of the MTSDDL dimer peptide 

competes with the biotinylated MTSDDL for the anchored RGD motif, showing a very 

slight increase in the recorded Gm as seen in Figure 3.19 (D).  
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Figure 3.19: Competitive RGD-ICS biosensor. (A) The introduction of mobile gA 

monomer showed a dramatic increase in Gm that was followed by a significant decrease 

in Gm due to the addition of streptavidin; (B) Addition of biotinylated-NNEN-linked-

MTSDDL molecules showed a very slight reduction in Gm; (C) The slight reduction in 
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Gm demonstrated a concentration dependency of biotinylated-NNEN-linked-MTSDDL 

molecules; (D) The subsequent addition of long-chain MTSDDL dimer demonstrated a 

small increase in Gm. The error bars indicate the average standard error of three 

independent impedance spectroscopy conductance measurements (n = 3). 
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3.9 Discussion 

The ion channel gA switch nano-biosensor described by Cornell et al. (1997) provided an 

innovative biosensor architecture that can deliver rapid and precise detection of analytes 

using antibody binding motifs Figure 3.2 [79, 96, 439]. The detection mechanism of 

molecules of interest depends on the trapping of these molecules to the previously 

designed antibody fragments over the transient gramicidin fragments and tethered 

membrane-spanning molecules. Here, instead of antibodies, we attempted to utilize 

ligands for universal recognition sites extant in the cell membrane; namely RGD peptide, 

streptavidin and Con-A, in order to attempt to identify cells at low concentrations. 

3.9.1 Investigation of Streptavidin and gA-ICS sensor interaction  

The introduction of streptavidin as an intermediate coupling component displayed a 

significant reduction in membrane conduction. In other words, the decrease in membrane 

conduction in the gA-ICS sensor ought to have resulted from switching some of the gA 

ion channel off. This is due to streptavidin protein coupling to the biotinylated mobile gA 

monomers and tethered biotinylated membrane-spanner that prevent gA dimerisation 

with the immobilized gA monomer within the lower tBLMs leaflet [79].  

How many streptavidin in fact bind to the surface of the sensor is unknown, so for this 

reason, we aimed to investigate the streptavidin interface and coverage across the gA-ICS 

sensor utilizing various techniques including impedance spectroscopy and neutron 

reflectometry. For this purpose, a range of streptavidin concentrations, namely: 1 nM, 

10 nM, 50 nM and 100 nM were introduced to the liquid phase over the designed sensor. 
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The results were used to estimate the average streptavidin coverage and, in turn, reflect 

the number of the gA ion channels turning off that lead to a reduction in the overall 

membrane conduction. The coupling efficiencies of the attachment of streptavidin to the 

biotinylated molecules of the gA-ICS sensor were approximated from membrane 

conduction values to be between 50% to 80%, as seen in Figure 3.1. The results revealed 

slight variation among the different streptavidin coverage.  

The neutron reflectometry profiles of streptavidin interactions with biotinylated 

gramicidin monomers (Figure 3.8) did not show any notable change in the deuterated 

POPC lipid layer of the fully tBLM membrane.  

A possible explanation for our impedance and neutron reflectometry results is that 

increasing the amount of streptavidin affected the kinetic of the biosensor, and thus 

affected the rate of crosslinking streptavidin to biotinylated gramicidin-A and the 

biotinylated membrane spanner. Streptavidin used in the range of  1 to 100 nM would be 

1000 times more than the number of biotinylated molecules at the biosensor surface and 

each individual streptavidin can be coupled to two biotin molecules. 

3.9.2 Investigation of fluorescence imaging of cell epitope-ligand 

binding  

The fluorescence imaging investigation of various cell epitope-ligands binding confirmed 

that RGD peptide, RYD binding sites of streptavidin and the concanavalin A motifs can 

be recognized by cell adhesion recognition sites (Figure 3.9, 3.10 and 3.11). The results 

suggest that Con-A has a higher binding affinity and/or more binding sites in CHO-K1 

cells and U-937 cells over streptavidin and RGD (Figure 3.12). This is supported by other 
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research works that demonstrated that CHO-K1 cells express large amounts of 

glycoproteins on their surfaces [440]. On the other hand, other studies showed some 

epitopes for RGD over CHO-K1 cells such as αvβ6 [441], however, their surface lack 

other epitopes for RGD binding sites such as αvβ8 and αvβ3 integrins [442]. U-937 cells 

showed similar results to CHO-K1 cells, which express more significant amounts of 

glycoproteins on their surfaces compared to epitopes for RGD [443-446]. 

This would suggest that, of all the motifs, Con-A should have worked best for the sensors 

described here. However, this proved not to be the case and could be due to the fact that 

the cells are overly large with too many binding sites, preventing the lateral diffusion of 

any mobile gAs in a direct ICS sandwich assay architecture, which prevents the 

movement of mobile gA monomers. In this regards, using the direct gA ICS sensor, it 

was assumed that binding the analyte to functionalized gA mobile monomer and tethered 

functionalized spanning molecules at the same time, would release the mobile gA 

monomers, thus prevent the dimerisation of tethered gA monomer and mobile gA 

monomer, which can be detected by the drop of Gm. However, a population of mobile gA 

monomers would also be rendered immobile in the dimerised form with tethered gA 

monomers. Thus, there would be unnoticeable variation in the Gm before or after the 

introduction of the analyte. This is supported by Ryu et al. (2015), who revealed that the 

lifetime of gAs dimer increases when introducing different ionic liquids [447]. This could 

be the case here when we introduced cells that include different ionic liquids that are used 

in cell homeostasis, which might prolong the gA channel dimer lifetime and, 

consequently, account for any slight variation in the overall membrane amplitude 

conductance. 
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3.9.3 Direct functionalized-gA-ICS sensor functionalization 

RGD, streptavidin and Con-A were attached to gA-ICS nanosensor in order to provide 

adhesive points for variable cell membrane-incorporated receptors, subsequently for 

development cell surface recognition, label-free and real-time biosensor. Though, there 

is a risk of reduction of the binding affinity between the binding motifs such as RGD and 

cells integrins in comparison to the extraordinary binding affinity of specific antibodies 

to cell membrane surface [422].  

The hypothesized developed modified gA-ICS direct sensor was aimed to provide a 

gating in the gA ion channel of at least more than 5%. However, the EIS measurements 

failed to demonstrate cell detection, in contrast to the fluorescence microscopy 

investigation that confirmed RGD, streptavidin and Con-A motifs could be identified by 

cell adhesion recognition sites. The real-time measurements of membrane conduction 

were revealed a very slight reduction in normalized Gm. Thus, the functionalization of the 

direct gA nano-biosensor with the various employed binding motifs showed insignificant 

variation in amplitude membrane conductance upon the addition of low concentration of 

different cell types. 

These unexpected results of RGD-ICS direct biosensor (Figure 3.14) may be due to the 

incidence of some non-attached RGD motifs that are still floating in the liquid above the 

tBLMs that are well known to prevent cell binding [294, 444, 448]. Also, the streptavidin-

ICS biosensor, as shown in Figure 3.16, displayed similar insignificant results to RGD-

ICS biosensor that could be mainly due to the low binding affinity between RYD binding 

motif within streptavidin molecules and introduced cells. As the previous mentioned 

developed biosensors, Con-A ICS direct biosensor (Figure 3.17) presented a minor 
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reduction in membrane conduction recordings, this insignificant drop in the overall 

membrane conduction measurements of tBLM compared to streptavidin coupling can be 

due to the low binding affinity of Con-A motif and cells (CHO-K1 and U-937 cells). In 

addition, a possible impediment employing carbohydrate-binding motif to detect cells is 

the lack of specificity to target specific types of cells amongst heterogeneous cells 

population. 

Cell detection was hoped to be improved by using a competitive binding assay. An 

MTSDDL hexapeptide dimer was then used to simulate cell-binding and compete for the 

RGD binding sites (Figure 3.18). Unfortunately, the differently designed dimers (the short 

and the longer amino acid linker) demonstrated an insignificant change in membrane 

conduction, which revealed that the dimer could not couple to multiple RGD binding 

motifs, resulting in low detection signals. 

The results suggest that cRGD and the MTSDDL hexapeptide dimers did not bind, 

efficiently. This is supported by Gersthagen et al., who displayed that there is different 

parameter affect binding affinity between artificial RGD receptors and RGD peptide, for 

instance, the distance between arginine and aspartate recognition amino acid is a critical 

factor in achieving a higher binding affinity [449].  

Furthermore, the configuration of the dimers could be one of the causes that prevent the 

coupling of more than one cRGD peptide to switch off the gA-ICS sensor. The purity of 

used dimers (>90%) also might affect the binding affinity between the hexapeptide and 

the RGD motif, as usually the higher the purity of the peptide the more efficiently it 

interacts [450-452]. 
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3.9.4 Indirect RGD-gA-ICS sensor functionalization 

Using the competitive ICS version, as illustrated in Section 3.7.9, we were able to 

streptavidinise the biotinylated membrane spanner before forming the second membrane 

layer. However, streptavidinising the freely diffusing biotinylated gA monomer before 

forming the outer membrane leaflet would be challenging because of the difficulties in 

obtaining a monomeric gA - streptavidin complex. The tetrameric streptavidin could bind 

to multiple biotins monomers causing target aggregation and thus affect the gA monomer 

function to dimerize with the tethered gA monomer of the biosensor. This procedure 

would also add multiple purification steps [453].  

The MTSDDL monomer binding to cRGD binding motif demonstrated a minor drop in 

membrane conduction (Figure 3.19 B). This is most likely due to the monomer having a 

different configuration to the previously tested dimers. This consequently confirms the 

conclusion that MTSDDL peptide has a low binding affinity towards RGD ligand, which 

could have resulted from various factors. Lee et al. (1995) demonstrated the significance 

of divalent cations on diverse motifs’ binding affinity, for instance, there is metal ion-

dependent adhesion site within integrin domains that affect their interaction to other 

molecules [454]. Cierniewski et al. (1999) showed that the RGD peptide binding to 

artificial integrin receptors is promoted at 0.1 mM Ca2+, but not at higher amounts such 

as 1 mM Ca2+. This suggests that the Ca2+ amount within the solutions should be 

optimized in the future [455]. This is supported by Rensing et al. (2001) that revealed the 

binding affinities of RGD-artificial receptors is small in aqueous solutions due to a 

reduction in the hydrogen bonds and electrostatic interactions [456].  
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Pasqualini et al. (1995) revealed that the cyclic motif conformation of RGD demonstrated 

a higher binding affinity to cyclic DDL binding sites in comparison to linear DDL 

synthetic motifs, which could be another factor that reduces the binding affinity between 

our cRGD and the MTSDDL hexapeptide [434].  

A review by Gersthagen et al. (2010) displayed the challenges in developing an artificial 

receptor for RGD binding motif with high binding affinity [449]. For instance, the 

distance between arginine and aspartate amino acid needs to be optimized by including 

spacer in between in order to minimize self-association of the complementary binding 

epitopes. This suggests that the different artificial peptide receptor configuration could be 

further investigated in the future in order to improve the binding affinity that directly 

affects the sensitivity and efficiency of a biosensor. 

3.10 Conclusion 

This study provides an overview of the different attempts to develop ligand-ICS 

biosensor. The use of gA ion biosensor switches as cell detectors is a greater challenge 

than assumed. The limitation is mainly thought to be associated with the reduction of 

binding affinity between the artificial binding motifs and cells in comparison to natural 

cell-binding microenvironments and epitopes.  

In the future, further investigation is needed about the configuration and distance between 

different motifs binding sites, as well as divalent cation concentration for improvement 

of ligand-based biosensors. 
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Chapter 4 

Real-time monitoring of heat transfer between gold nanoparticles and 

tethered bilayer lipid membranes 

4.1 Introduction 

Irradiated gold nanoparticles (GNPs) are increasingly being explored for use in 

biomedical applications due to their unique optical resonance absorption properties [457, 

458]. Gold nanomaterials have been integrated into a broad range of biomedical 

applications, mainly for imaging and therapeutic purposes [459]. The therapeutic 

applications include targeted treatment of infections and tumors, as well as for the 

controlled release of drugs in situ [460]. In particular, irradiated GNPs have shown great 

potential as a means whereby laser-induced targeted hyperthermia treatments can be 

achieved [461]. 

However, assessment and understanding of the molecular interaction between GNPs and 

bio-membranes as well as the direct consequences of the laser-induced heating 

phenomena of embedded GNPs in biological tissues are yet to be fully elucidated. This is 

in large due to the complexity of native cell membranes. Therefore, a thorough 

understanding of the hyperthermia process of irradiated GNPs remains a challenge. As 

such, development of a nanomaterial-electrode interface that mimics the natural 

surroundings of cells with a precise composition could provide means by which to 

undertake an in-depth investigation of the heat transfer characteristics of irradiated gold 

nanoparticles within biological systems. Using artificial membranes represented by 
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tBLMs offers such a possibility, thus reducing the experimental challenges via their 

stability, sensitivity and defined parameters.  

This chapter describes the employment of lipid membrane-coated electrodes as a sensor 

for assessing gold nanoparticle and lipid membrane interactions. This is critical for 

refinement of emerging photo-thermal therapies, as well as offering valuable information 

for detailed mechanisms of heat transfer within biological systems. In addition, this 

chapter reviews biomedical applications of GNPs.  

The experimental setup was designed and created to allow simultaneous laser-irradiation 

of gold nanoparticles in the solution above or bound to the tethered membrane while 

monitoring changes in the membrane’s properties via electrochemical impedance 

spectroscopy (EIS) recordings. The effect of various irradiated GNPs was examined over 

different tBLM architectures. During these experiments, EIS was used to evaluate the 

heating effects on the tBLMs via a thermally induced change in basal membrane ionic 

conduction.  

Likewise, this chapter studies the efficiency of using the direct attachment of GNPs to 

adjacent tissue in enhancing heat transfer phenomena. Along with the assessment of the 

various tBLM architectures that can differentially induce the attachment of gold 

nanoparticles to the membrane surface. Furthermore, this chapter outlines the thermal 

predictive mathematical models to demonstrate the utility of the technique for measuring 

heat transfer characteristic. 
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4.2 Properties of gold nanoparticles 

Gold is one of the main inert noble metals used in the biomedical and electronics sector 

due to its low toxicity and its significant thermal and electrical conductivity [462, 463]. 

Generally, the inert characteristic of bulk gold prevents any catalytic performance of this 

metal [463]. However, within the nanoscale gold size range, gold can perform as a catalyst 

in specific circumstances [464]. 

Gold in the nanoparticle scale has different physical and optical characteristics to larger 

gold aggregates. Moreover, the small size of GNPs offers a high surface area to volume 

ratio, allowing for subsequent functionalization [465, 466]. The usefulness of GNPs in 

therapeutic fields and imaging techniques mainly arises from their distinctive surface 

plasmon resonance [467, 468]. In this regards, each GNP can be excited by an 

electromagnetic fields at specific resonance wavelengths which produces an intense 

absorption, as illustrated in Figure 4.1. A consequence of this is a collective oscillation of 

electrons occurring on the surface of the nanoparticles which leads to a distinct elevation 

of temperature [469]. 

There are variable incident energies that can be used to excite the nanoparticles from 

sources such as near-infrared lasers  [470], induced radio waves [471] or induced 

magnetic fields [472].  
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Figure 4.1: Schematic illustration of particular surface plasmon resonance. (A) 

White light excited electron cloud around the nanomaterial, then absorbed energy display 

color depending on particle size and shape; (B) Incident energy such as near-infrared laser 

light, radio waves and magnetic fields leads to excitation of nanomaterials in their 

plasmon resonance wavelength lead to an excitation of electrons, which in resonance with 

the frequency of visible light. Consequently, dipole band electrons conducted with 

particular to the positively charged metallic core; (C) Electrons cloud starts to oscillate; 

thus plasmon resonance force arises. As a consequence of electron oscillation, the 

temperature elevation occurred. Modified Figure was based on [473]. 

The light-scattering properties or surface plasmon resonance of nanomaterial suspensions 

are coupled to their size, shape and composition [474]. For nanoparticles sized more than 

20nm, the plasmon resonance relies on the particle size, where the plasmon bandwidth 

and the size of the particles are directly proportional to each other [475]. On the other 

hand, for nanoparticles less than 20nm, the plasmon bandwidth and the size of particles 

are inversely related, this is related to surface electron scattering [476]. 
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The selection of the laser wavelength was according to the absorption peak of each 

nanoparticle in order to yield the most efficient excitation, which consequently leads to 

heating. For example, the visible ruby red colour of spherical 30 nm GNPs indicates their 

ability to absorb light efficiently in the ~530 nm spectrum (blue-green light), while 

reflecting the red light, as seen in Figure 4.2. Thus, optical excitation of spherical, 30 nm 

gold particles at a frequency close to their surface plasmon resonance results in the 

hyperthermia phenomena. On the other hand, spherical 100 nm GNPs have a peak 

absorption at  ~600 nm and thus have a pale blue color. They therefore would not generate 

significant levels of heating when exposed to the lower wavelength laser. 

Figure 4.2: Optical absorption spectra of variable gold nanoparticles size and shape. 

Spectra of different size gold nanoparticles (GNPs) 30nm, 50nm and 100nm in diameter.  

Also, spectra of 100nm gold nano urchins (GNUs). Modified Figure was based on [475, 

477]. 
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4.3 Gold nanoparticles in biomedical applications 

GNPs have been used in many diagnostic biological applications due to their unique 

optical resonance absorption in the so-called therapeutic window, simplicity of synthesis 

and to that can be added also the straightforwardly ability to modify them with various 

biomolecules [457, 458, 478]. The hyperthermia performance of irradiated gold 

nanomaterials also offers a new class of minimally invasive, selective, targeted treatment 

for infection and tumors.  

Likewise, irradiated gold nanomaterials can combine in visualizing the structural 

characteristics of cellular and subcellular structures [461, 479, 480]. The main 

contribution of gold nanomaterials in bioimaging techniques is to perform as a robust 

contrast agent that enhances the detection quality of the target area, for instance, in 

cancerous cell detection [481].  

GNP based biomedical therapeutic treatments rely on their ability to be easily modified 

and thus targeted to a specific antigenic site. Unlike many drug-based therapies that suffer 

from a lack of specific targeting and are instead distributed to several locations within the 

body.  In addition, irradiated GNPs are considered minimally invasive and selective 

treatment [461, 479, 480]. Therefore, the employment of nanoparticles heated by a laser 

has been used in selectively heating and destroying diseased cells as well as selective drug 

delivery [482, 483]. Numerous other applications have used the plasmonic heating of 

particles in photo-thermal therapy, for example, in the stimulation the action potentials in 

nerve cells in order to control neuronal functions [484-486], kill cancerous cells [461], 

gene transfection [487] and the controlled release of drugs in situ [488]. A consequence 

of the photothermolysis phenomena of these heated plasmonic nanoparticles is damage 
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of cell membranes. The fluid lipid bilayer membrane is considered a particularly 

vulnerable site within a cell by such treatments, as well as denaturation of proteins within 

cells, which can lead to cell destruction [489]. 

Significantly, the permeability of ions across cell membranes is crucial to control cell 

function. Various investigations have aimed to understand the mechanisms of the heat 

effect on bilayer lipid membranes [490-493]. Phospholipids movements in the presence 

of heat are one mechanism that causes phase transitions within the bilayer membranes 

[494]. Though this mentioned transition has a dependency on the composition of the lipid 

layers [495]. Moreover, nanopore formation has been demonstrated as a consequence of 

adequate plasmonic heating of nanorod or nanoparticle aggregates that exceed the 

physiological tolerance of cell membranes [491]. 

However, assessing the direct consequences of the laser-induced heating phenomena of 

embedded GNPs in biological tissues is still problematic. There is a necessity to discuss 

the fundamental mechanism of how heat transfer occurs between GNPs and adjoining 

cells, as well as to understand the fundamental effects of the heating on membrane 

structure and electrical properties, as well as ion channels. An innovative nanomaterial-

electrode interface that mimics the natural surroundings of cells could provide a better 

understanding of the heat transfer characteristics of irradiated GNPs within biological 

systems. 

In this work, we have developed a real-time dynamic non-invasive approach to investigate 

the nanoscale heat stability of artificial bilayer lipid membranes due to irradiated GNPs. 

The immediate objective of this study was to establish a method by which laser-induced 

gold nanomaterials in conjunction with real-time EIS recordings could be performed 
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simultaneously over an artificial lipid membrane model represented by tBLM. Our study 

has resulted in the establishment of such a system that allows us to achieve the 

aforementioned objective, by using transversal focusing of a laser beam light.  

Significantly, this approach is unique in that tethered membranes can withstand 

substantial damage, unlike other systems (such as membranes formed by patch-clamp or 

liposomes) in which only a small amount of damage results in a catastrophic failure of 

the membrane which prevents further investigation. 

Accordingly, this chapter will examine: 

• Development of a novel platform by which laser-irradiation of gold nanoparticles 

could coincide with electrochemical impedance spectroscopy recordings. 

• Investigation of real-time measurements of localized heating from GNPs 

irradiated by lasers across the tBLM membrane model. 

• Evaluation of the consequences of direct GNPs attachment on the membrane 

permeability. 

• Assessment of diverse architectures that can differentially induce the attachment 

of gold nanoparticles to the membrane surface. 

• Outlining of thermal predictive mathematical models to demonstrate the utility of 

the technique for measuring heat transfer characteristics. 
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4.4  Materials and Methods 

4.4.1 Chemicals  

All chemicals implemented to perform the experiments, unless mentioned otherwise, 

were of analytical grade and used as advised. 100% pure ethanol, phosphate buffer saline 

(PBS), cholesterol, streptavidin and spherical bare gold nanoparticles with 30 nm 

diameter were purchased from Sigma- Aldrich (Sydney, Australia).  

30 nm diameter streptavidin-conjugated gold nanoparticles, and 100nm diameter 

Streptavidin conjugated gold nano-urchins were obtained from Cytodiagnostics, Canada. 

Cholesterol-PEG-Biotin (MW1000) were purchased from NANOCS, USA. Standard 

mobile lipids [70% zwitterionic C20 Diphytanyl-Glycero-Phosphatidylcholine lipid: 30% 

C20 Diphytanyl-diglyceride-OH ether] were kindly provided from SDx Tethered 

Membranes Pty. Ltd., Australia.  

Laser light sources irradiation from a HeNe laser or a solid-state diode laser functional at 

λ = 530 nm was from (Melles Griot 05-LGR-151). Laser light sources λ = 650 nm was 

from (M-16A648-150-LZ) MTO Laser, Inc., China.  

4.4.2 Electrodes 

Direct exposure of laser beam lights towards the tBLM experimental concepts required 

to work in the absence of solid 6-well defined polyethylene cartridges (Chapter 2, 

Figure 2.4). As a consequence, for combining GNPs irradiation with EIS measurements, 

unique electrode arrays (SDx Tethered Membranes Pty Ltd, Australia) (Figure 4.3) were 

used that have been further modified for this purpose.  
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Coplanar gold electrodes are made from 25 mm x 75 mm x 1 mm polycarbonate base 

substrate with patterned gold arrays layout. A transparent adhesive layer defines the six 

individual measuring chambers. The coplanar gold electrode allows the direct exposure 

of the laser beam light to the tBLM membrane. Each well of the electrode array contains 

a circle-shaped working electrode (area: 0.707 cm2) and half-circle shaped counter 

electrode or coplanar electrode (area: ~ 0.725 cm2), which were separated by a gap of 

~2 mm. The transparent adhesive layer insulates the rest of the deposited gold from the 

bulk electrolyte, while the underlying gold layout connects the working electrodes to 

contact areas outside the measuring chambers in order to provide the electrical connection 

to the tethaPodTM reader for EIS measurements. 

Figure 4.3: SDx coplanar electrode. Six wells defined by the transparent adhesive layer. 

 

4.4.3 Tethered lipid bilayer membranes (tBLMs) formation 

Solvent exchange methodology has been employed to form tBLMs as described 

previously in detail in Section 2.5.6. 

The lipid mixture for all demonstrated experiments, unless otherwise stated, was 3 mM 

mobile phase lipids, that were themselves comprised of 70% zwitterionic C20 diphytanyl-
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ether-glycero-phosphatidylcholine and 30% C20 diphytanyldiglyceride ether lipids  (a 

mixture referred to as AM199) mixed with 3 mM cholesterol-PEG-Biotin in a 50:1 ratio.  

4.4.4 Preparation of the tBLM with variable cholesterol composition 

3 mM cholesterol was dissolved in pure ethanol. Mobile lipids were prepared by mixing 

different percentage (30:70; 1:10; 1:100; 1:1000) of non-functionalized cholesterol with 

the first mixture of standard mobile lipids and cholesterol-PEG-Biotin (50:1). 

4.4.5 Electrical impedance spectroscopy (EIS) measurements 

Measurements were carried out using the impedance analyzer SDx tethaPod™ equipment 

controlled by SDx tethaQuick™ software (SDx Tethered Membranes Pty Ltd) for data 

acquisition and analysis. Using a 25 mV peak-to-peak AC excitation at frequencies 

between 0.1 and 10,000 Hz with two steps per decade. Membrane conduction (Gm) and 

membrane capacitance (Cm) variation were assessed using EIS swept-frequency electrical 

equivalent circuit that mirrored ionic permeability over the membranes. 

4.4.6 Laser irradiation 

Two types of lasers, green and red, were used in this study depending on the size (30 nm, 

100 nm) and shape (sphere or urchins) of gold nanoparticles, as explained below. 

4.4.6.1 Green Laser 

A 532 nm green laser (OBIS LS/OBIS CORE LS, China) was used to study the heat 

transfer of 30 nm spherical GNPs. The power of the laser was ~135 mW  (which 
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equivalent 350.8 mW/cm² irradiance). Laser burn paper (Lastex) was used to assess the 

ability of laser power to burn the paper.  

4.4.6.2 Red laser 

100nm GNUs plasmon absorption at a wavelength around 650 to 700 nm; therefore, a red 

laser at a wavelength of ~ 650 nm (150 mW red laser, 648 nm, M-16A648-150-LZ, China) 

was used for this nanomaterial. The power of the laser was 150 mW (which equivalent 

389.8 mW/cm² irradiance) and operating current 210 mA. 

4.4.7 Alignment of laser and gold electrodes 

Initial experiments were performed using a vertical laser beam light focusing set-up. 

Custom made a holder for the laser (λ = 530 nm and λ = 650 nm, Laser Quantum) was 

built. A 10× immersion objective was used for focusing the laser in order to focus the 

beam on the formed tBLM using the vertical alignment only, illustrated in Figure 4.4 (A). 

Subsequent experiments were performed using horizontal laser beam light focusing set-

up. The laser beam and the angle of electrode were adjusted such that a uniform track of 

light from laser passing through the liquid above the electrode was just visible evenly at 

the gold surface. The alignment process was performed manually, using a very substantial 

metal support with gearing from microscope in order to achieve the appropriate precision. 

The impedance reader, electrodes as well as laser beam source were settled on separated 

XYZ stage, allowing positioning of the setup relative to the laser beam light, illustrated 

in Figure 4.4 (B).  
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Figure 4.4: Schematic of tBLMs and heated gold nanoparticle (GNP) interface 

system. The tBLMs were formed directly on a gold electrode. Functionalized gold 

nanoparticles were added to the liquid phase surrounding the bilayer membrane. The laser 

light was aligned with the lipid-buffer interface. (A) vertical laser alignment; (B) 

horizontal laser alignment. 

Functionalized or bare gold nanoparticles were added to the liquid phase sitting above the 

bilayer membrane. The laser beam light was aligned within the lipid-buffer interface 

using the following steps: the laser beam light was focused horizontally. The tBLM 

position relative to the laser was adjusted for each experiment by raising or lowering the 

slide while observing changes in membrane conductance. Correct alignment of the laser 

beam with respect to the tBLM was set when no conductance changes were arising from 

the laser interacting with the underlying bulk gold. GNPs were added to the buffer above 

the tBLM and the laser beam switched ON and OFF manually. Each experiment consisted 

of turning the laser ON for exactly 105 seconds, followed by 105 seconds OFF. This was 

then repeated for a further two rounds. 

Nanoscale heating was manipulated by irradiating gold nanoparticles in solution located 

above and/or directly attached to the t-BLMs, with a laser beam of set wavelength coupled 
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to the GNPs plasmon resonance frequency. Electrical impedance spectroscopy was 

utilized to assess the heating effects on the tBLMs via measuring membrane conductance. 

4.4.8 Statistical analysis 

The statistical examination was carried out utilizing GraphPad Prism software (GraphPad 

Software, Inc.). The error bars indicate the average standard error of three independent 

impedance spectroscopy conductance measurements, both repeats and replicates. Each 

experiment was performed at least three times. For various groups comparison, P-value 

was calculated according to the one-way ANOVA test. 
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4.5 Results  

4.5.1 Developing a platform by which an irradiated nanomaterial-

electrode interface could be investigated in real-time 

4.5.1.1 Vertical laser alignment combined with electrochemical 

impedance spectroscopy recordings 

As described in material and method Section 4.4.7, two methods were used for laser beam 

alignment. A series of experiments were trialled to observe the effect of irradiating tBLMs 

with and without gold nanoparticles under vertical laser light focusing (Figure 4.4 A). 

Using a corresponding laser wavelength of 530 nm and streptavidin-coated spherical 30 

nm GNPs, the following membrane conductance recordings were observed, shown in 

Figure 4.5. When the laser was turned ON, there was an almost 2-2.5 fold increase in 

membrane conductance both in the absence and following the addition of GNPs.   

Various combinations and concentrations of GNPs were trialled; however, there was no 

observable, nor significant difference between samples with or without GNPs.  It was 

clear that exposure of the membranes to laser alone led to a significant increase in 

membrane conductance, which either masked any effect that may come from the addition 

of GNPs or there was no discernible heating effect from the irradiated GNPs. 
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Figure 4.5: Irradiated GNPs investigation on the tBLM gold modified surface using 

vertical laser irradiation. (A) The period when the laser was turned ON is indicated in 

red. Streptavidin conjugated 30 nm spherical GNPs introduced. The membrane 

conduction values were normalized to the initial value of membranes conduction. Results 

are representative of at least three independent experiments. (B) The peaks of membrane 

conduction variation while the laser beam light is ON, with and without the introduction 

of 30 nm SA-GNPs, compared to conductance values in the absence of laser illuminating. 

The error bars indicate the standard error of three independent impedance spectroscopy 

conductance measurements. 

4.5.1.2 Developing horizontal laser alignment combined with 

electrochemical impedance spectroscopy recordings 

Given the tBLMs are formed by attachment to a substrate layer of bulk gold, it seemed 

likely that the effects seen above were as a result of heating coming from interactions of 

the laser with nanostructures within the sputtered bulk gold layer.  Therefore, it was 

decided to adopt a new approach, using a horizontal light beam focusing to eliminate 

interaction between the laser light and the bulk gold substrate found below the tBLMs.  
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As outlined in Section 4.4.7, the laser was positioned and aligned in a manner where it 

was interacting with the tBLMs and liquid buffer above, but not with the gold substrate 

below.  This was easily determined via vertical raising and lowering of the laser until the 

correct position was established, just at the point when no changes in membrane 

conductance could be observed.   

In the current experiments, continuous-wave radiation from a green HeNe laser at a 

wavelength of 530 nm with a laser output power value of ~ 135 nW/µm2, was applied for 

105 seconds. The tBLMs were comprised of the standard mobile phase lipids (AM199), 

as well as incorporating 3mM biotinylated cholesterol. 

A schematic of the experimental setup is presented in (Figures 4.6 A, B and C). Baseline 

recordings were first established, then the sample was added.  Addition of buffer revealed 

negligible variation to the membrane conductance recordings during both periods of laser 

ON and laser OFF (Figure 4.6 D). Using the same tBLMs that contained biotinylated 

cholesterol, 30nm spherical bare gold nanoparticles were added. This resulted in minimal 

changes to the membrane conductance between the laser ON and laser OFF phases 

(Figure 4.6 E). In contrast, when streptavidin-conjugated 30 nm gold nanoparticles were 

added (Figure 4.6 F), there was a clear difference between the laser ON and OFF periods, 

with distinct increases in conductance amplitude during the laser ON phase. 

This result indicated that in order for photothermal heating of the gold nanoparticles to 

result in membrane perturbations, close contact with the adjoining membrane was 

necessary.  
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Figure 4.6: (A-C) Illustration of the assay set-up for measuring membrane 

conductance changes across tBLMs arising from 30nm spherical GNPs and laser 

illumination (λ = 530 nm).  Samples were added above the tBLMs: (A) PBS buffer 

control; (B) Bare 30nm spherical GNPs; (C) Streptavidin-coated GNPs; Panels (D- F) 

Normalised conductance recordings over time. The period when the laser was turned ON 

is indicated in red: (D) Reference measurement of tBLM conductance in the absence of 

GNPs;  (E) Non-functionalized bare 30nm spherical gold nanoparticles; (F) Streptavidin 

conjugated 30nm spherical GNPs. Results are demonstrative of at least three independent 

experiments. 

The membrane capacitance was also examined for all the formed tBLMs in order to 

confirm the stability and thickness of the membrane bilayer [79] (Figure 4.7).  

Overall, the obtained membrane capacitance measurements revealed a negligible 

variation in membrane capacitance.  The membrane capacitance values are consistent 

with values characteristic of an intact 10% tethered tBLM membrane capacitance, which 

is 10.5 ± 0.7 nF [496]. 



 
 

 
191 

Figure 4.7: Capacitance changes across tBLMs arising from 30nm spherical GNPs 

and laser illumination (λ = 530 nm).  GNPs samples were added above the tBLMs. 

Measurement of tBLM capacitance during both periods of the laser ON and laser OFF is 

indicated in green. Measurement of tBLM conductance during both periods of the laser 

ON and laser OFF is shown in black.  Results are demonstrative of at least three 

independent experiments. 

4.5.2 Effect of gold nanoparticle concentration on thermal disruption 

over lipid membrane 

After achieving a definite increase in membrane conduction as a consequence of laser 

irradiated streptavidin-coated gold nanomaterials, we then have investigated the effect of 

hyperthermia phenomena delivered by laser irradiation at different concentrations of gold 

nanoparticles. Four concentrations (~2.6X109/ ml, 5.3X109/ ml, 2.6X1010/ ml, and 

2.6X1011/ ml GNPs/ml) of 30nm GNPs streptavidin-conjugated, using the same tBLMs 

that incorporated biotinylated cholesterol. 0% represents the unconjugated  30nm GNPs 

that were also exposed to laser light under the same conditions. 

The same laser dosage of ~ 135 nW/mm2 was applied and was also aligned to laser light 

under the same conditions using 530nm laser beam light. After laser irradiation, 



 
 

 
192 

normalized membrane conduction values in each treatment were analysed. Figure 4.8 

displayed the increase of normalized membrane conduction measurements in each 

condition during the laser ON phase. The membrane conduction of highest GNPs 

concentration (2.6X1011 GNPs/ml) after laser exposure had the highest conductance in 

comparison to the other employed GNP concentrations. Conversely, unconjugated 

spherical GNPs at the highest concentration (2.6X1011 GNPs/ml) showed no significant 

increase in the membrane amplitude conductance. At the low concentration of 

streptavidin-coated 30nm GNPs, it seemed there were less amount of GNPs conjugates 

to bind on the surface of biotinylated tBLM as a result of a less increase in membrane 

amplitude conduction values in comparison to a higher concentration of GNPs 

conjugates. These results indicated that the amount of generated heat depended on the 

concentration of bound nanoparticles onto the interface.  
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Figure 4.8: Normalized membrane conduction response for various streptavidin-

conjugated GNP concentrations. The variable GNP concentrations: 2.6x109/ ml, 

5.3x109/ ml, 2.6x1010/ ml, and 2.6X1011/ ml (diluted with PBS buffer) compared to 

conductance values in the absence of GNPs. The error bars indicate the standard error of 

three independent impedance spectroscopy conductance measurements. 

4.5.3 Effect of irradiated GNPs on tBLMs with variable membrane-

binding motif 

The tBLM membrane model is known for providing a close mimic to different types of 

natural lipid membranes. Likewise, various studies have demonstrated that cholesterol in 

biological membranes improve membranes stabilization and provides variable transition 

phases [497]. In this regards, we have studied various combinations of mobile lipids and 

biotinylated cholesterol binding motif, as well as a mixture of biotinylated gramicidin 

monomers binding motif and the mobile lipids, in addition to pure mobile lipids without 
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any membrane-binding motif, as described in the schematic representative of the 

experimental setup, Figure 4.9 (A, B and C). Streptavidin-coated 30nm GNPs combined 

with the horizontal laser continuous-wave radiation alignment from a green HeNe laser 

at a wavelength 530 nm with a laser output power value of ~ 135 nW/mm2, was applied 

for 105 seconds. Following the addition of streptavidin-coated 30nm GNPs a distinct 

variation in membrane conductance amplitude between the laser ON and OFF phases, 

with a definite increase in membrane conductance amplitude during the laser ON periods 

was obtained, as seen in Figure 4.9 (E and F). While using the tBLMs in the absence of 

biotinylated molecules, resulted in minimal changes to the membrane conductance 

between the laser ON and laser OFF phases (Figure 4.9 D). 

As seen in Figure 4.9 (F), tBLMs designed with biotinylated gramicidin monomers in the 

absence of cholesterol, membrane conductance amplitude recordings revealed a distinct 

increase during the laser ON phase. This result indicated that cholesterol insertion within 

membrane bilayer is not essential for membrane perturbations as a result of photothermal 

heating events of the irradiated gold nanoparticles. Rather it confirms that the close 

contact of the GNPs to the membrane is critical. 
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Figure 4.9: (A-C) Illustration of the assay set-up for measuring membrane 
conductance changes across tBLMs arising from streptavidin-conjugated 30nm 
GNPs and laser illumination (λ = 530 nm).  Samples were added above the tBLMs: (A) 
tBLMs constituted of mobile lipids without any functionalizations;  (B) tBLMs 
functionalized with biotinylated polyethylene-glycol cholesterol; (C) tBLMs 
functionalized with biotinylated gramicidin monomers; Panels (D-E) Normalised 
conductance recordings over time. The period when the laser was turned ON is indicated 
in red. Streptavidin conjugated 30nm spherical GNPs. Amplified ion membrane 
conduction recordings of tBLM were distance and laser dependent over time. Results are 
demonstrative of at least three independent experiments. 

4.5.4 Effect of varying cholesterol concentration within the lipid 

membrane composition  

Of the well-known functions of cholesterol in biological membranes is its role in 

membranes stabilization and variable transition phases [497]. For this reason, we have 

investigated the effect of cholesterol incorporation within tBLMs on the thermal heat 

distribution over the bilayer lipid membrane.  
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To undertake this study, different percentage of cholesterol molecules of 32%, 12%, 3%, 

2% and 0% were chosen and incorporated within mobile lipids in order to form the bilayer 

lipid membrane.  For cross-comparability, all conduction recordings were normalized to 

the GNPs response during the initial laser OFF phase.  

Based on the normalized membrane conduction results during the laser On phase, 

discernible changes in membrane electrical properties were revealed. As seen in Figure 

4.10, comparing the different percentage of cholesterol in the tBLMs while using the same 

amount of introduced streptavidin-coated-GNPs, it is evident that the lowest percentage 

of cholesterol (0%) showed the highest increase in membrane conduction, which indicates 

a greater heat sensitivity in comparison to other cholesterol percentages.  

Figure 4.10: Normalized membrane conduction response for various cholesterol 

percentage. tBLMs had variable cholesterol concentrations of 32%, 12%, 3%, 2.5 %, and 

2%. The error bars indicate the standard error of three independent impedance 

spectroscopy conductance measurements. 
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4.5.5 Studying interactions of irradiated GNUs-tBLMs interface and 

laser light specificity 

The plasmon resonance wavelength is directly influenced by the absorption and scattering 

characteristics of GNPs. Thus, in this experiment, the streptavidin-conjugated 30 nm 

GNPs was substituted with streptavidin-conjugated 100nm GNUs, in order to compare 

the membrane electrical properties using different gold nanomaterials geometries (Figure 

4.11 A). 

Membrane amplitude conductance variation examined the extent to which membrane 

conductance could be affected by laser irradiation using a laser beam of wavelength (λ) 

= 650 nm. The application of laser irradiation alone does not show variation in membrane 

conductance. In contrast, membranes that had GNUs streptavidin conjugates specifically 

bound to the biotinylated membranes were found to be strongly affected by laser 

irradiation. As demonstrated in Figure 4.11 (C), an incredible variance between the laser 

On and OFF phases, with distinct increases in conductance amplitude during the laser ON 

phase was revealed. 

In contrast, a control sample of a 30 nm GNPs streptavidin conjugate was employed over 

a biotinylated tBLM membrane that had been irradiated by laser beam light λ = 650 nm. 

As Figure 4.11 (D) indicates, no significant changes occur in irradiated streptavidin-

conjugated 30nm GNPs with infrared laser irradiation wavelength λ = 650nm. The 

membrane amplitude conductance variations were comparable to the biotinylated 

membranes that had not been irradiated at all (OFF phase). These results are consistent 

with the known properties of different sized gold nanoparticles tuned to different light 
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wavelengths [475], thus demonstrating the plasmon resonance wavelength specificity 

based on gold nanomaterial dimensions.  

Figure 4.11: (A, B) Illustration of the assay set-up for real-time observation of tBLM 

conduction measurements whereupon irradiation of introduced nanoparticles. 

Samples were added above the tBLMs: (A) Streptavidin-coated 100nm GNUs added and 

irradiated with a laser beam light (λ = 650 nm); (B) Streptavidin functionalized 30nm 

GNPs introduced and irradiated with a laser (λ = 650 nm); Panels (C, D) Normalised 

conductance recordings over time. The period when the laser was turned ON is indicated 

in red: (C) Streptavidin-functionalized 100nm GNUs; (D) Streptavidin conjugated 30nm 

spherical GNPs. Results are demonstrative of at least three independent experiments. 
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4.5.6 Observation of tBLMs different design model effect on the 

thermal impact of irradiated GNPs  

Another confirmation that the variation in membrane amplitude conductance was related 

to the attachment of streptavidin-coated gold nanomaterials to membranes that mimic 

natural lipid membranes were obtained by using a range of tBLM models that represent 

different types of membranes. In the previous experiments mentioned in this study, we 

have employed the tBLM model with 10% of tethering chemistry that provides the close 

mimic to natural lipid membranes of having water surrounding the two sides of membrane 

as well as providing phospholipid mobility [134, 379, 410]. 

Here we employed two different tBLM models in order to study the thermal activity of 

irradiated GNPs. Figure 4.12 (A) shows fully tethered lipid membrane model with 

gramicidin monomers that initiate ion channel. This model design was illustrated in 

details in Section 3.4. In contrast, another tBLM model of the fully tethered percentage 

constituted biotinylated gramicidin monomer in the upper membrane leaflet only, is 

illustrated in schematic Figure 4.12 (B). 

Following the coupling of 30nm GNPs streptavidin conjugates with biotinylated 

gramicidin monomers within the upper leaflet of the bilayer lipid membrane. The laser 

irradiation of these GNPs showed an increase of ion membrane conduction during the 

laser ON phase in the gramicidin ion channel biosensor tBLM model, as indicated in 

Figure 4.12 (C). However, in the case of the other tBLM model of the fully tethered 

percentage constituted biotinylated gramicidin monomer only in the upper membrane 

leaflet, there was little to no noticeable change in membrane conduction measurements 
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as a result of laser irradiation between the laser ON and laser OFF phases, as seen in 

Figure 4.12 (D). 

These results implied that the increase of membrane amplitude conductance was most 

likely due to the formation of gA ion channel that enable ions passages, while in the tBLM 

model that has no fully gA ion channel (absence of tethered gA monomer within the lower 

leaflet of the membrane) there were steady membrane amplitude conductance 

measurements. 

Figure 4.12: (A, B) Schematic representation of a fully tethered tBLMs model, with 

and without tethered gramicidin monomers. Samples were added above the tBLMs: 

(A) Gramicidin nano-switch biosensor; (B) Fully tethered tBLMs with the absence of 

tethered gramicidin-A monomers; Panels (C, D) Normalised conductance recordings over 
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time. The period when the laser was turned ON is indicated in red. Streptavidin 

conjugated 30nm spherical GNPs introduced. Results are demonstrative of at least three 

independent experiments. 
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4.6 Discussion 

4.6.1 Development of nanomaterial-electrode interface  

Thermal transfer plays an essential role in many biological processes. With a particular 

emphasis on bio-heat transfer, the use of gold nanomaterials heated by a laser has been 

considered as a powerful biomedical tool in selectively heating and destroying diseased 

cells [498]. It has been demonstrated that thermal cell destruction can be achieved by 

targeting  (via active or passive methods) GNPs with antibodies directed against diseased 

cells, increasing laser light absorption and heat generation within the targeted cell [460]. 

Accordingly, investigating laser-induced heating phenomena of embedded nanoparticles 

in biological tissues could significantly enhance the understanding of heating effects of 

irradiated nanoparticles on the destruction of biological tissues. In this instance, we have 

demonstrated the role of heat transfer between GNPs and tBLMs. Our approach has the 

distinct advantage of the real-time recording of ion current changes across the membrane 

that corresponds to the heat generated by the coupled laser and gold nanoparticle 

interaction.  

The choice to use the tBLM model to represent artificial lipid membrane is related to the 

distinct electrical sealing possessions of tBLM that mimic the natural lipid membranes 

characteristics [79]. tBLMs also can provide an aqueous ionic reservoir region amid the 

gold substrate and the subsequently formed membrane that offers sufficient space to 

incorporate membrane proteins, ion channel or other specific functionalization molecules 

[74, 134].  
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The surface irradiated gold nanomaterial and tBLM interface was examined for second 

pulses, across a range of parameters such as different lipid composition, wavelength, size 

and shape, various GNPs concentration and cholesterol percentage. In this context, 

membrane conduction is examined in terms of each of these parameters. 

Our earlier experiments were performed using the upright laser alignment method in order 

to irradiate embedded GNPs across tBLM, as illustrated in Figure 4.4 (A). The elevation 

of membrane conduction peaks at the laser ON phase revealed insignificant variation in 

irradiation periods prior to and after GNPs addition (Figure 4.5). This is proposed to be 

as a result of bulk gold surface nanostructures that interact with the laser, thus masking 

heat production phenomena following the addition of the GNPs, thus indicating a 

combination of interactions at tBLM electrode surfaces [499]. 

Therefore, we have developed a novel approach that allows real-time recording of tBLM 

membrane conduction while at same time irradiated adjoining GNPs without illuminating 

the bulk gold surface by using horizontal laser beam alignment across the lipid-buffer 

interface, illustrated in Figure 4.3 (B). 

4.6.2 Ion membrane conduction measurements of gold nanoparticles 

heated by laser irradiation 

This study was conducted using two GNP functionalizations: 30nm bare GNPs and 

streptavidin-coated 30nm GNPs. Based on our obtained results it becomes clear that the 

streptavidin-coated GNPs that attached to adjoining biotinylated membrane demonstrate 

a discernible variation in membrane conduction (Figure 4.6 F), in comparison with their 

non-coated GNPs (Figure 4.6 E). This effect was due to the ability of the streptavidin-
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coated particles to bind tightly to the available biotin moieties exposed on the surface of 

the tBLMs. This, therefore, suggests that intimate contact between the irradiated GNPs 

and the bilayer lipid membrane is critical in order to achieve a noticeable increase in the 

ion membrane permeability. Furthermore, this provides evidence that at this 

concentration of GNPs and ratio of biotin moieties, the distance between the irradiated 

GNPs and the adjacent membrane must be less than a certain distance in order to enable 

sufficient payload of heat from the particle to the membrane resulting in thermal 

disruption to the membrane architecture. This disturbance was transient and not usually 

potent enough to cause permanent membrane damage given that there was a trend of the 

conduction level returning to baseline in the ensuing laser OFF phase, which was also 

repeated in the subsequent rounds of laser ON / OFF.  

Accordingly, as seen in Figure 4.5 (D), when a drop of the plain buffer of volume 

equivalent to introduced drop include GNPs, the results demonstrated no influence of 

volume variation or bulk gold interaction. Thus, from this, we can suggest that the only 

possible reason for this increase in membrane conduction is attributable to streptavidin-

coated GNPs irradiation. 

Capacitance parameter of EIS measurements is one of the valuable consideration in 

investigating the membrane lipid distribution and the consequence of biological events 

that are carried out across tBLMs. The capacitance of the membrane provides significant 

data of membrane thickness; for instance, protein insertion into the tBLM lead to 

membrane thinning that can be identified from an increase in membrane capacitance 

values [347]. Therefore, for each experiment, membrane capacitance was examined in 

order to confirm the thickness of the membrane bilayer within the reasonable ranges of 

intact membranes, which is 10.5 ± 0.7 nF, as shown in Figure 4.7 and see Appendix Figure 
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S1, Figure S2, Figure S3 and Figure S4 [496]. These capacitance ranges confirm the intact 

and well-formed tBLMs, also, indicate the formed tBLMs provide a stable and well-

characterized system for subsequent examination. In addition, it has been shown that 

slight alterations in membrane capacitance were observed when the various type of GNPs 

were introduced. A possible explanation for the variation in membrane conduction, with 

slight change in membrane capacitance, would be the formation of pores or ion channels 

within the membrane, which would disrupt the packing of adjacent lipids, with minimum 

influence on packing structure of the membrane [134]. 

4.6.3 Studying the effect of gold nanoparticle concentration on thermal 

disruption over lipid membrane 

Several studies have been carried out to examine the behavior of irradiated gold 

nanomaterials across bilayer lipid membrane using different approaches [490, 491]. For 

instance, the study of lipid membrane ion permeability by inducing local heating across 

the membrane using diverse laser intensities has indicated the ability to control lipid 

membrane ion permeability without the existence of ion channel. However, the too high 

laser power intensities damaged membrane by generating ruptures across the lipid 

membrane [490]. 

In this regards, the ion permeability across tBLM membrane mode was determined at 

different concentrations of 30nm streptavidin-coated GNPs, as seen in Figure 4.8. Based 

on our membrane conduction study, by comparing these irradiated GNPs-tBLM 

interfaces, it becomes evident that the increase of GNPs density demonstrated a growth 

in normalized membrane conduction values, which reflected the proliferation of 

membrane ion permeability that interpreted as heat consequence. This means that the 
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amount of generated heat proliferation was dependent on the concentration of introduced 

nanoparticles into the interface. This dependence demonstrated that temperature intensity 

would be higher in the presence of more plasmonic conjugated GNPs into the tBLMs. 

Moreover, a linear relationship between the number of GNPs and heat production could 

be identified. 

4.6.4 Studying interactions of irradiated GNPs with a variable 

membrane-binding motif 

Biological cell membranes are constituted of a variety of phospholipids, sterols, 

transmembrane proteins and membrane binding motifs [500]. Different compositions and 

concentration of these mentioned constituents can interact differently with introduced 

analytes. Using artificial lipid membrane model represented by tBLM, provide close 

mimic to the natural lipid membrane and at same time reduce their complexity by 

controlling the number of parameter across designed artificial lipid membrane model. 

Therefore, in this chapter, it was of interest to determine if the different tethering 

chemistries would affect hyperthermia phenomena of irradiated GNPs. Thus, the tBLM 

model designed by incorporation of purely mobile lipids without any membrane binding 

motifs (Figure 4.9 A). Besides, tBLM form by a combination of mobile lipids and 

biotinylated cholesterol membrane-binding motif, as well as a mixture of biotinylated 

gramicidin monomers membrane-binding motif and the mobile lipids, as described in 

Figure 4.9 (B, C). 

As it was realized from the results (Figure 4.9 D-F), tBLM model without biotinylated 

membrane binding motifs, demonstrated a nonsignificant variance in membrane 
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conductance amplitude during the laser ON phase.  On the other hand, both tBLM-

biotinylated membrane binding motifs models with and without cholesterol components 

demonstrated a distinct increase in membrane conductance amplitude during the laser ON 

phase in the presence of laser-tuned, membrane-bound GNPs.  

Therefore, these findings displayed here further strengthen the proposal that direct 

attachment of GNPs to adjacent membranes is very efficient in heat transfer phenomena. 

Furthermore, these findings demonstrated that GNPs induced hyperthermia is not 

dependant on a specific membrane-binding motif. 

4.6.5 Cholesterol different concentration affect membrane conduction 

of tBLM 

In biological systems, membrane sterols are an essential parameter that affects membrane 

function and micro-fluidity [501]. Cholesterol existence across lipid membranes are also 

well known to provide improved membrane stabilization and variable transition phases 

[497].  

In view of that, the effect of different concentration of cholesterol on membrane ion 

permeability using irradiated 30 nm streptavidin-coated GNPs was examined. Overall, 

our real-time EIS measurements of tBLMs made from zwitterionic lipids either with or 

without cholesterol showed a distinct increase of membrane conductance. There were 

some slight variations identified between different concentrations that indicated 

membranes containing less amount of cholesterol increase the ion permeability across the 

lipid membrane. 
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In that regards, for instance, several studies have investigated the impact of cholesterol 

moieties on membrane stability, revealed that the stability of the bilayer lipid membrane 

would be improved when the concentration of the cholesterol component across lipid 

membranes is increased, besides it would minimize the membrane permeability towards 

ions [502, 503].  Likewise, these studies revealed the impact of increasing cholesterol 

amounts to provide high packing of a phospholipid bilayer, in turn, would reducing ion 

passage through a membrane.  

Accordingly, based on the obtained results, as shown in Figure 4.10, when the 

concentration of cholesterol was decreased in the membrane composition, the rate of 

membrane conduction was increased. This reflects the less amount of cholesterol was 

offered an increase of lipid membrane permeability due to local heating of irradiated 

adjoined GNPs. Our results are thus consistent with the aforementioned studies indicating 

that an increase in the cholesterol concentration within the lipid membrane pack 

phospholipids more tightly, thereby making the membrane less permeable to ions. 

4.6.6 Studying heat transfer characteristics of functionalized tBLM 

with variable streptavidin-coated nanomaterials dimensions using laser 

beam 𝜆𝜆 =650nm 

There are a variety of size and shapes of gold nanomaterials that can be excited at specific 

plasmon resonance wavelength. Numerous studies have shown that the plasmon 

resonance of nanomaterials is strongly dependent on the size and shape of the nanoparticle 

[473, 474, 504, 505]. 
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In view of that, the absorption and scattering characteristics of gold nanomaterials were 

examined using various geometries. Thus, we examined streptavidin-coated 100nm 

GNUs, as described in Figure 4.11 (A). These type of gold nanomaterials were excited 

by laser and induced at laser beam light 𝜆𝜆=650nm. From results as shown in Figure 4.11 

(C) there was highly significant variation between the laser ON and OFF phases, with 

distinct increases in membrane conductance amplitude during the laser ON phase, when 

streptavidin conjugated 100 nm GNUs were introduced. Consequently, these finding 

proposes that direct contact between the irradiated GNUs and the bilayer lipid membrane 

is critical in order to achieve an evident increase in the ion membrane permeability.  

Moreover, it has been shown that an irradiating 30 nm streptavidin-coated GNPs with 

laser beam light 𝜆𝜆=650nm has not the ability to undergo the excitation of nanomaterials 

to induce hyperthermia (Figure 4.11 D). In contrast, irradiated 100nm GNUs at the same 

wavelength, which can absorb light significantly at the 650nm wavelength Figure 4.11 

(C) showed a definite variance.  

Accordingly, this study of heat production detection has confirmed the dependency of 

plasmon resonance wavelength on both the shape and the size of the gold nanomaterials. 

Indeed, this was further suggested that the increase in membrane conduction 

measurements was only resulted from irradiating specific gold nanomaterials with the 

equivalent plasmon resonance wavelength. These results are in correlation with other 

studies that proved the dependent relation between scattering properties of GNPs and their 

various size, shape and composition [506, 507]. 
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4.6.7 Studying heat transfer characteristics of diverse tBLM model 

design  

As part of the initial development to establish the use of the tBLM and impedance 

spectroscopy system for studying heat production of irradiated gold nanomaterials, we 

used the tBLM model with 10% tethering chemistry. This membrane model is well known 

for mimicking natural biological cell membranes due to the water content occurrence at 

both sides of the membrane bilayer. Further, this enables phospholipids to be mobile 

freely [76].  

On the other hand, the fully tethered membranes (100%) model characterize with 

outstanding stability, as illustrated in Figure 4.12 (B). Though the integral component of 

this system prevents lateral membrane mobility. Consequently, phospholipids are usually 

not sufficiently mobile that interfere with ion permeability [64, 65].  

However, insertion of ion channel across bilayer lipid membrane with 100% tethering 

chemistry such as gramicidin A, allows the ion passage through the embedded channel. 

A unique design of the gramicidin ion channel tBLMs sensor presented in Figure 4.12 

(A) [79]. Briefly, the gramicidin A monomers in the lower leaflet of the bilayer membrane 

are tethered to the gold electrode while the biotinylated gramicidin A monomer in the 

upper layer is freely mobile. The gramicidin-A ion channel form when the mobile and 

fixed monomer is coupled; this is illustrated in details in Section 3.4.  

Our results using these two diverse model demonstrated an increase of ion membrane 

conduction during the laser ON phase when streptavidin-coated 30nm GNPs were 

introduced to the nano-biosensor, as shown in Figure 4.12 (C). Whereas, unlike the gA 
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biosensor the membrane conduction recordings of the irradiated 30nm streptavidin-

coated GNPs revealed slight discernible variance between the laser ON and laser OFF 

phases when the streptavidin-coated 30nm GNPs were added, as seen in Figure 4.12 (D). 

Thus, the obtained result from gA biosensor is in correlation with the increase of 

membrane conduction due to the formation of ion channel across the bilayer lipid 

membrane, which was proposed that allows ion passages. However, the obtained result 

from fully tBLM, with the absence of fixed gramicidin monomer in the lower leaflet of 

lipid membrane bilayer and presence of biotinylated gramicidin monomer in the upper 

leaflet, as seen in Figure 4.12 (D). These real-time membrane conduction recordings were 

in correlation with the non-change in membrane conduction as a response to the lack of 

ability to initiate ion channel across the bilayer lipid membrane, which was proposed that 

prevented ion passages.  

As a consequence, the evidence from this work suggests that the GNPs induced 

hyperthermia in membranes that have rigid non-diffusing lipids require the presence of 

ion channel to detect any change in membrane conductance. Incidence of gA dimer (ion 

channel) across the bilayer lipid membrane is critical in order to achieve an observable 

increase in the ion membrane permeability within the fully tBLM model. Additionally, 

this provides evidence that at this high percentage of tethering chemistry, which in turn, 

lead to immobilization of the membrane phospholipids, could diminish the ion 

permeability of the lipid membranes and result in eliminating thermal disruption to the 

membrane architecture.  
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4.7 Thermal predictive mathematical models 

Whilst the effects of radiative heating on tethered membranes in real-time were 

investigated experimentally, thermal predictive mathematical models could provide 

crucial theoretical explanations of the experimental findings of the heat transfer 

phenomena. This combination of experimental and numerical studies allow the 

quantification of measures of membrane damage via determination of critical thresholds 

of heating required to disrupt cell membranes and kill targeted tissue [508, 509]. This can 

further provide useful data that can be directly utilised in designing strategies for thermal 

therapies permitting optimisation of the laser parameters and of the particle size and 

composition. 

The use of numerical discretisation and marching techniques allows the extension of the 

numerical model to accommodate multi-dimensional analysis of the heat transfer 

characteristics of complex biological systems as well as to allow the prediction of heat 

transfer characteristics in biological materials. For example, a modified hyperbolic 

Fourier equation along with the consideration of the absorption and scattering properties 

of GNPs via a radiation sub-model has been used for this purpose [510, 511]. 

4.8 Conclusion 

We have developed an in situ irradiated GNPs hyperthermia detection biosensor which 

can be utilized to study interactions of irradiated GNPs with lipid membrane entities of 

interest. This will provide a significant tool for the prediction of the level of cell 

membrane destruction that can be experienced by these heated nanoparticles. 
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Using real-time conductance amplitude recordings, including various controls, we were 

able to determine that the direct attachment of GNPs to adjacent tissue is very efficient in 

heat transfer phenomena. In addition, our results showed that the distance of GNPs to the 

cell membrane is a significant factor-governing uptake of heat by the membrane. 

Furthermore, this proves there is an insignificant influence on the irradiated GNPs that 

float freely in the solution above the living membranes. This definite the high specificity 

of irradiated GNPs a towards the binding sites on the membrane that related to variable 

GNPs functionalization. 

Likewise, the method presented here provides a novel approach for a better understanding 

of laser-induced heating phenomena on ionic transport through biological membranes. 

Further, this application demonstrates a direct measurement of the effects of radiatively 

heated gold nanoparticles on adjacent lipid membranes. In particular, the impact of 

radiative heating on tethered membranes in real-time are investigated.  

Generally, the combination of short-time pulsed laser irradiated GNPs and tBLMs 

provide useful data that can be directly utilized in designing strategies for thermal 

therapies permitting optimization of the laser parameters and the particle size and 

composition. They can also improve the thermophysical properties of semi-transparent 

materials, including the development of advanced thermo-polymers and thermally-setting 

ceramics. The techniques presented here provide a novel approach for future refining of 

GNP-laser-induced hyperthermia for clinical treatments as well as for optimization of the 

laser parameters and the particle size and composition. 
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Chapter 5 

Conclusions and future directions 

5.1  Introduction   

Artificial bilayer lipid membranes are of substantial interest on account of their potential 

applications in chemical, biological or medical detection of relevant analytes and for their 

promising applications in various types of implantable electrodes. These artificial lipid 

membranes can be engineered to mimic natural lipid membranes and they can also be 

functionalized with a variety of target receptors. The sparsely tBLMs are mechanically 

stabilised bilayer lipid membranes, fabricated on a solid supporting surface from which 

they are separated by only a few nanometres of a hydrated gel. These constructs provide 

the closest equivalents yet devised of natural biological membranes that enable a wide 

range of functional and structural membrane investigations [79, 134, 512].  

 

The primary aim of engineered lipid membrane models has been to mimic the natural 

function of biological lipid membranes in vitro in order to improve our understanding of 

molecular interactions among the lipid membrane components through exploring the 

electrical properties of these membranes. Numerous research studies have been based on 

this technology such as pharmaceutical screening [90, 106, 108], antimicrobial peptide-

membrane interfacing [109, 347, 513], membrane modeling [439, 514, 515], protein-

membrane interactions [99, 516-518] and for biosensor development [79, 519-521].  
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Current electrode designs fall well short of their potential for an in vivo medical device. 

The core issues relate to their failure to meet the critical requirement of nanometre-scale 

intimacy between the electrode and its target cell. This nanoscale close contact is essential 

to achieve maximum efficiency of reading and stimulating active cells with minimal ion 

fluxes. Large distances beyond the nanoscale result in a dissipation of the ionic cloud 

targeting a cell or being produced by a cell firing and a loss of sensitivity. A further virtue 

of close contact is the maintenance of signal resolution. At present, the inefficient poorly 

resolved tissue stimulation caused by inadequate electrode design is compensated by 

increasing the stimulation signal magnitude, and by using electrode redundancies in order 

that at least a small number of electrodes can appropriately read or stimulate a target cell. 

Increasing the excitation level until a stimulus is achieved, has the undesirable effect of 

loss of resolution as well as potentially causing cell damage.  

The core focus of this dissertation was to investigate ion fluxes arising from ionic to the 

electronic interface at the nanometer scale by using the detectable electrical signals. 

Membrane modification and feasibility for each study were examined in vitro using 

electrical impedance spectroscopy and fluorescence microscopy. 

Summary  

The main accomplishments of this research are:  

1. The literature review in Chapter 1, which delivered a comprehensive understanding 

of different artificial lipid membrane models and the impedance spectroscopy, along 

with the main current applications of lipid membrane models used in research.  
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2. The design and creation of a functionalized RGD-tBLM used to form a new coating 

for bio-implantable electrodes in order to improve electrical signal transmission. The 

small distance attachment between the RGD functionalizing group and gold surfaces 

demonstrate the potential application in enhancing both cell adhesion and cellular 

growth in comparison to other employed surface modifications. The small radius-

working electrode was more sensitive and had a higher magnitude of impedance 

values in order to better monitor cell adhesion and growth. Non-functionalized lipid 

membranes coated on gold surface electrodes, had cell-repellent characteristics. RGD 

functionalized tBLMs enhanced cell attachment at the electrode interface as indicated 

by improved impedance values. However, it was realised that there remained the 

challenge of too many leaks between cells, even using tBLM technology to enable the 

formation of a highly sealed, capacitively coupled, electrode implant.  

3. An understanding of the challenges of developing gramicidin-A switch nano-

biosensors for direct cell detection, as described in Chapter 3. Cell detection using 

both direct and competitive assay nano-biosensor designs were attempted, which also 

incorporated non-immunoglobulin binding motifs. A further study of streptavidin-

biotinylated gA monomer interfaces demonstrated that 1nM streptavidin 

concentration displayed the highest gA ion channel gating using EIS measurements. 

While using neutron reflectometry demonstrated a non-significant change in 

membrane roughness before and after the introduction of streptavidin. 

4. In Chapter 4, the merging of laser irradiation techniques with real-time electrical 

impedance spectroscopy measurements for gold nanoparticle irradiation 

hyperthermia monitoring was demonstrated. The use of horizontal laser alignment 

enabled the heat produced from irradiated GNPs to be detected by their subsequent 
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influence on the conduction of ions across adjacent tBLMs. This project broadens the 

application of tBLM architectures to GNPs hyperthermia assay evaluation. It 

demonstrated that the size of the GNPs, the wavelength of the irradiated light and the 

distance of GNPs to the cell membrane is are all significant factors governing the 

production of highly-localised thermal fluctuations, as expected, but more 

significantly, there is now a mechanism for by which these fluctuations can be 

measured and assessed in vitro 

5.2  Perspectives and future direction  

5.2.1  Experimental testing  

5.2.1.1 Improving implantable medical devices   

In Chapter 2, the use of the tBLM model, with some membrane modifications, attempted 

to create a highly sealed electrode coating for highly specific cell-electrode contact. Two 

factors impeded progress with this endeavor. The first was that cells are not naturally 

attracted to growing on a tBLM surface. In this study we investigated a variety of 

membrane functionalizations, such as RGD ligands, fibronectin, laminin, different 

phospholipids types such as negative charged phospholipids (PS) and positively charged 

phospholipids (DOTAP), as well as different rigidities of the bilayer lipid membrane by 

using 10% of tethering molecules and fully tethering chemistries (100%), in order to 

improve the cell attachment and growth over tBLM coating. Our trials using the RGD 

functionalized fluid tBLM (T10) showed some limited success in attaching and growing 

cells. On the other hand, our trials to grow and attach cells over the rigid membrane 
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(T100) were unsuccessful, even though a highly adherent cell line such as CHO-K1 cells 

were used. 

The other factor impeding progress was the number of leakage pathways between the 

tBLM and the cells were too large or too numerous to be able to effectively restrict the 

flow of ions and significantly alter the overall resistance of the membrane. The aim of 

this study was to develop a highly sealed coting using the lipid membrane coated 

electrode that is able to promote cell adhesion and growth in order to minimize leakage 

pathways between the implanted electrode and adjoining cells, as well as to control the 

passage of ions by inserting specific ion channel across the bilayer lipid membrane 

coating [159].  

The results achieved in this study are still promising and can be further improved by more 

research. For instance, a more detailed investigation on the membrane fluidity could offer 

new insights on the bilayer membrane behavior, that can then be used to optimize the cell 

adhesion and growth to achieve improved sealing layer and coating performances. Other 

studies revealed that membrane fluidity and architecture has a significant role in cell 

adhesion [40, 64, 65]. For instance, membrane fluidity has a crucial role in cells 

differentiation and maintenance, such as the formation of adhesion complexes is 

dependent on their lateral membrane diffusion [522, 523]. For example, extremely fluid 

lipid bilayers mostly block cell adhesion [40]. 

Moreover, a detailed study of spacing between binding motifs could serve to improve and 

promote cell adhesion and growth. It has been revealed that spacing of binding motifs 

over a surface, influence cell coverage and sealing, providing close mimic to natural 
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binding site distribution within integrins, which would enhance cell adhesion efficiently 

[329, 524-526]. 

5.2.1.2 Developing ion-channel switch biosensors for direct cell 

detection 

A further study to extend the uses of the tBLM platform for diagnostic applications such 

as a direct cell detector with the aim of detecting a specific type of cell within the 

heterogeneous population was described in Chapter 3.  

The resulting variation in membrane conduction was insignificant, probably due to the 

low binding affinity between the examined binding motifs and cells or artificial receptors. 

The reason for the weak changes in membrane conduction upon cell binding is likely due 

to the introduction of streptavidin that immobilises most of the mobile biotinylated gA 

monomers in the outer leaflet of the tBLM (preventing the formation of gA ion channel) 

and leaving only a small number of free mobile gA monomers. Attempts to investigate 

cells that previously functionalized with biotinylated binding motif then streptavidin 

could not rule out effects induced by leftover streptavidin in residual supernatant 

surrounding the cells. Thus, in future, the attempt to develop the ICS biosensor might 

exclude streptavidin as a linker and use different conjugation methods such as click-

chemistry or a direct linker approach.  

As a result of this study, it was concluded that the gA ICS biosensor architecture is 

probably not suited for detecting the presence of large objects like cells. 
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5.2.1.3 Heat transfer characteristics of nanoparticles measured 

with tethered bilayer lipid membranes  

Achieving a deeper understanding of the mechanisms behind the gold nanoparticle-

induced hyperthermia phenomena will aid in developing more effective therapies. Most 

of the current laser irradiation therapies target a specific type of cell to trigger cell death 

responses. It was found in this research study that the direct attachment of GNPs to 

adjacent tissue is critical in heat transfer phenomena. In addition, we have confirmed that 

the distance of GNPs to the cell membrane is a significant factor-governing uptake of heat 

(Chapter 4).  

It was shown in this project and the literature [457, 458] that laser irradiation of gold 

nanomaterials induces hyperthermia in surrounding tissues. The developed setup using 

tBLM and electrical impedance spectroscopy can be used to answer questions on the heat 

transfer phenomena. Achieving a deeper understanding of the pathways behind the heat 

transfer phenomena would assist in developing more efficient therapies. 

In future experiments, different lipid membrane compositions can be used to mimic 

various natural cells types. For instance, harvesting natural cell membranes can be 

included to form tBLM before the addition of GNPs to determine the impact of localised 

GNP induced radiation on specific cell types. This could also have significance in the use 

of hypothermia in targeting bacterial biofilm formation in infected patients [527].  

Subsequently, other types of modified gold nanomaterials such as specific antibody 

modified gold nanomaterials that bind precisely to particular kinds of cell membranes can 

be used to examine the role of laser irradiation in response to heat production [528, 529]. 
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This amalgamation of high-frequency pulsed laser irradiated gold nanomaterials and 

tBLMs and other potential candidates can be used to attain a better understanding of the 

mechanism of behind the effects of hyperthermia phenomena on cells. This approach 

provides useful data that can be directly utilized in designing strategies for thermal 

therapies, permitting optimization of the laser parameters and the particle size and 

composition. 

5.2.2 Future outlooks employing tBLMs membrane model 

There are still various unanswered questions regarding lipid membrane-targeting 

compounds, cell-cell interactions, pharmaceutical, toxicity testing and other functional 

biochemical components, where solutions for each could be reached by applying the 

tBLM membrane model.   

The tBLM nano-biosensor has the potential for the reduction of animal involvement in 

experimental studies, such as examining the effects of newly-developed compounds and 

various stimuli cell membrane model in vitro [307, 530-532]. Cells naturally have an 

extremely complicated sensing system where their receptors and ion channel detect a 

broad range of drugs, toxins, or other test compounds. A functionalized-membrane 

electrode designed to mimic the natural environment of living cells that can detect even 

the slightest signal responses from introduced analytes is highly desirable. In addition, 

the tBLM model offers the ability to construct powerful synthetic machinery, for instance, 

specific ligand-tBLMs could be included as a coating for nanodevices such as artificial 

cells or nanoscale factory development [533-535].  
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Surfaces coated with lipid membranes could be micropatterned to control and direct cell 

adhesion and growth. Micropatterned membrane coatings could be made by the 

incorporation of a combination of zwitterionic non-toxic phospholipids that have cell-

repellent characteristics amongst phospholipid moieties as well as having bespoke 

phospholipids that bear adhesion binding motifs such as RGD and IKVAV peptides [37, 

536, 537]. 

Further development of specific binding motifs functionalized on the surface of tBLMs 

has the potential to be used as smart nano-electrodes. For instance, the development of 

gold nanomaterials functionalized with tBLMs could be used in targeting specific 

malignant cells as well as developing a new tBLM architecture that can resist air-drying, 

such as polymer-coated membrane-like structures [538, 539] and cholesteryl-tethered 

bilayers structures [540]. 

The ultimate aim of this dissertation was to explore the designs and applications of the 

tBLM platform. This thesis demonstrated the limits of using the tBLM architectures for 

implanted electrode-coatings or as a cell detection biosensor. However,  the tBLMs 

platform was successfully employed to investigate highly localised gold-nanoparticle 

induced hyperthermia. In the future, the tBLM membrane model will continue to perform 

a crucial role in the improvement of our understanding in many biological and 

pharmaceuticals fields as well as in the development of biosensors.  

To conclude, these ideas pose a series of challenging goals which, although technically 

very difficult, appear almost inevitable given the progress now made on tBLMs. At its 

most ambitious, it takes the open-loop diagnostic treatment of contemporary medicine 

and recreates an autonomous health process that closely parallels that which very likely 
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evolved in nature. Accessing and participating in the intercellular conversations between 

active cells is likely to permit access to patterns that match the successful function of 

complex multicellular organisms that evolved by genetic reinforcement. A further 

possible outcome is that insights will be gained on ways of tailoring the activities of 

multicellular organisms to perform tasks more suited to our needs that their original 

evolved functions. 
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Appendix 

Figure S1: Figure 4.6 supplementary data: Capacitance changes across tBLMs 
arising from laser illumination (𝛌𝛌= 530 nm). (A) PBS buffer control; (B) Bare 30nm 
spherical GNPs; (C) Streptavidin-coated 30nmGNPs.  

Figure S2: Figure 4.9 supplementary data: Capacitance changes across tBLMs 
arising from laser illumination (𝛌𝛌 = 530 nm). (A) tBLMs constituted of mobile lipids 
without any functionalizations;  (B) tBLMs functionalized with biotinylated 
polyethylene-glycol cholesterol; (C) tBLMs functionalized with biotinylated gramicidin 
monomers.  

Figure S3: Figure 4.11 supplementary data: Capacitance changes across tBLMs 
arising from laser illumination (𝛌𝛌 = 650 nm). (A) Gramicidin nano-switch biosensor; 
(B) Fully tethered tBLMs with the absence of tethered gramicidin-A monomers  

Figure S4: Figure 4.12 supplementary data: Capacitance changes across tBLMs 
arising from laser illumination (𝛌𝛌 = 530 nm). (A) Gramicidin nano-switch biosensor; 
(B) Fully tethered tBLMs with the absence of tethered gramicidin-A monomers  
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