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ABSTRACT 

Spectroscopic Investigation of the Interaction between 
Biomimetic Membranes and Protein Aggregates 

 
By Reem Ahmed Karaballi 

 

           

Human diseases characterized by the deposition of insoluble extracellular proteins are 
referred to as amyloidoses. Such amyloidoses include Alzheimer’s disease, Parkinson’s 
disease, Huntington disease, and prion disease.  These amyloidoses are found to have 
common cellular and molecular mechanisms including protein aggregation.  These 
aggregates usually consist of fibers containing misfolded protein with a β-sheet 
conformation, termed amyloid.  The protein aggregates associated with Alzheimer’s 
disease are amyloid-β peptides which have been linked to neuronal death through a 
poorly understood mechanism.  In this work, the interaction between a model protein 
(insulin) which forms amyloid aggregates and a biomimetic membrane was studied.  
Specifically spectroscopy was used to detect molecular level changes occurring upon this 
protein-membrane interaction.  It was found that oligomers and protofibrils had the most 
significant effect on membrane quality; significant membrane deterioration was noted in 
their presence. 
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Chapter 1:  Introduction 

1.1 Protein aggregation disorders 

1.1.1 Introduction 

Over the past several decades there has been increasing progress in our ability to 

understand and detect human disease.  Many biosensors have been developed that 

demonstrate high sensitivity, selectivity, and specificity for disease diagnosis.1 Biological 

molecules such as nucleic acids and proteins have been used as target biomarkers 

associated with various diseases.1-3 However, many diseases are still undergoing 

extensive study in order to better understand the disease pathway to ensure more effective 

diagnosis and treatment.  A disease class that is of major concern worldwide is caused by 

the presence of large amounts of accumulated proteinaceous aggregates.  Collectively, 

these diseases are called amyloidoses, and include Alzheimer’s disease, Parkinson’s 

disease, spongiform encephalopathy, and Huntington's disease.4 Even though each of 

these neurodegenerative diseases is caused by different proteins, they are all characterized 

by the formation of structurally similar protein aggregates termed amyloids.  At present 

there is no cure for these diseases due to the fact that the mechanism of protein 

aggregation and resultant cell death is poorly understood.   

Much research has focused on Alzheimer’s disease (AD) because it is the most 

common neurodegenerative disease. In Canada, more than 750,000 people are currently 

living with AD, at a cost of $33 billion per year for direct and indirect costs combined.5 It 

is estimated that the number of AD patients will increase to 1.4 million by 2031, with the 

annual cost rising to $293 billion by 2040.5 AD is characterized by the presence of 
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amyloid plaques which are extracellular deposits of amyloid-β peptide and found mostly 

in the cerebral cortex.  Also, the presence of neurofibrillary tangles (intraneuronal 

filamentous aggregates) composed of abnormally phosphorylated tau protein has been 

noted to play a role in disease progression.  

1.1.2 Amyloid hypothesis 

There have been many plausible hypotheses proposed to understand the role of 

protein aggregates in human disease.   Over the past two decades, numerous diseases have 

been linked to the progressive misfolding of specific proteins into aggregates which 

eventually result in cellular dysfunction.6 One important aspect toward curing 

amyloidoses is an improved understanding of the process by which native, soluble 

proteins misfold and aggregate.  This prevailing theory behind amyloidoses, known as the 

"amyloid protein aggregation" theory, states that natively globular proteins upon 

misfolding exhibit a hallmark cross β-sheet structure under certain biochemical conditions 

and at high concentration levels.6 These β-sheet structures have characteristic features 

such as dye-binding properties, insolubility and a characteristic X-ray diffraction 

pattern.6,7 The initiation process of misfolding may be presented as a "seeded 

polymerization" where proteins present at a certain concentration start to misfold, leading 

to different sizes of aggregates.6  It was originally hypothesized that the fully aggregated 

proteins (fibrils) were the toxic species, however recent research has confirmed that 

proteins at an intermediate aggregation stage (protofibrils) are the toxic species.8     
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1.1.3 Present therapeutic remedies / drawbacks 

The aggregation of protein results in metastable aggregate intermediate.  These 

aggregates have been strongly correlated with high levels of cytotoxicity.9 This cytotoxic 

behaviour is believed to be a result of interactions which destabilize the cell membrane.9 

Many therapeutic strategies for amyloidosis and more specifically Alzheimer's disease 

(AD) have been explored based on our current understanding of the structure of 

intermediate aggregates and their interaction with cellular membranes.10 Most of the 

treatments that are currently being explored are focused toward slowing the progression 

of the cognitive symptoms and controlling certain behaviors.11 The brains of patients with 

AD have been found to have reduced cholinergic activity which is related to cognitive 

impairment.11  This result led to the cholinergic hypothesis which suggests that a 

deficiency of acetylcholine containing neurons in the brain contributes substantially to 

decline in cognitive ability in patients diagnosed with AD.12,13  Cholinesterase inhibitors 

are a commonly used class of drugs to enhance acetylcholine levels in the brain in order 

to improve cognition.11  Four cholinesterase inhibitors; tacrine, donepezil, galantamine, 

and rivastigmine have been approved by the U.S. Food and Drug Administration 

(FDA).14  Tacrine was the first drug used for treatment of AD which showed promise for 

slowing the progression of cognitive deterioration; however, its application was 

discontinued because of an increased risk of hepatoxicity.14 The rest of the drugs are still 

in use to slow the worsening of cognitive functions, help patients perform various 

activities of daily living, and improve behaviour.14 However, these current treatments are 

unable to prevent, prohibit, or reverse the pathophysiology of AD. Therefore, different 
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strategies targeting amyloid-β plaques and neurofibrillary tangles should be targeted, and 

this starts with a better understanding of the disease mechanism of action.11,14           

Some strategies have been developed to inhibit protein aggregation.  These 

strategies include the use of peptides or small molecules, interfering with post-

translational modifications that simulate protein aggregation, upregulating molecular 

chaperones or enhancing aggregate-clearance mechanisms.15 Although these strategies 

initially showed promise, several drawbacks emerged. For example, molecular 

chaperones that were used to bind misfolded proteins and prevent them from further 

aggregation caused meningoencephalitis (brain inflammation).16 Increased levels of 

amyloid-β (Aβ) degrading enzymes such as neprilysin were able to reduce the level of Aβ 

monomers but had no effect on reducing plaque formation.14 Decreasing the amount of 

Aβ through regulation or modulation of certain secretases has been studied.  For example, 

inhibiting γ-secretase showed lower level of Aβ monomers; however, it caused 

abnormalities in the gastrointestinal tract, thymus, and spleen in mice and humans.14,17  

The goal of future AD treatments involves inhibiting the progression of the illness and 

ideally reversing its pathology, with the hope that cognitive function can be 

recovered.11,14 This can be done mainly by targeting the production, aggregation, and 

removal of existing amyloid-β aggregates.18 The difficulty in developing effective 

treatments that can target specific stages of the disease relies on the fact that the etiology 

of AD is not completely understood and it is within this area that the current thesis work 

resides.18          
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1.2 Objective of thesis 

There is a growing body of evidence indicating that amyloid protofibrils play a 

role in membrane deterioration which would cause an alteration in the homeostasis of 

cellular membranes thereby causing cell death.  However, the exact mechanism of protein 

aggregation and cell death is not clear as of yet.  The aim of this research was focused 

toward understanding the interaction between protein aggregates and cellular membranes 

at the molecular level. This was achieved by studying the interaction between a model 

amyloid-forming protein and a model bilayer lipid membrane.  This system will have the 

capability to provide information about the role of protein aggregates in cell death, and 

whether any defects or pores are formed due to the presence of these peptide aggregates.  

In this research, human insulin, an amyloid-forming peptide will be used as a 

model of Aβ in Alzheimer’s disease.  The accelerated aggregation process will be 

monitored using a variety of spectroscopic measurements including Fourier transform 

infrared spectroscopy (FTIR), Raman and turbidity measurements.  Also, microscopic 

techniques such as Transmission Electron Microscopy (TEM) and Scanning Electron 

Microscopy (SEM) will be used for imaging various stages during the aggregation 

process. The native and aggregated insulin will be introduced to a supported bilayer lipid 

membrane (s-BLM) that will be formed on a solid substrate using the Langmuir-Blodgett 

/ Langmuir-Schaefer (LB / LS) technique.  The interaction between the aggregated 

protein and the membrane will be followed using spectroscopy and electrochemistry. In 

particular, electrochemical surface-enhanced Raman spectroscopy (EC-SERS) is 

demonstrated as a useful tool for probing protein-biomembrane interactions.  
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1.3 Scope of thesis 

This thesis consists of 7 chapters.  Chapter 1 gives brief introduction to the 

research conducted in this thesis, and highlights the major goal of this work.  Chapter 2 

provides a detailed literature review of the important aspects of this project including 

protein structure and function, protein aggregation and misfolding, cell membranes, 

different models of cell membranes, and the techniques used to study protein-lipid 

interactions.  Chapter 3 provides a detailed description of the theory which underlies the 

major experimental techniques used in this work including Raman spectroscopy, 

Langmuir-Blodgett / Langmuir-Schafer deposition, SEM, TEM, and ATR-FTIR.  Chapter 

4 summarizes the experimental procedure including description of the electrochemical 

methods, preparation of Langmuir-Blodgett / Langmuir-Schafer bilayer membrane on 

AgNP, and sample preparation for SEM, TEM, and ATR-FTIR.   

 The major experimental results are presented in Chapter 5 discusses the 

characterization of DMPC, cholesterol, dAMP, and insulin using Raman spectroscopy.  

The characterization of insulin using other techniques including ATR-FTIR, SEM, TEM, 

and EC-SERS were also discussed. This chapter also discusses the EC-SERS 

measurements of the interaction between aggregated insulin (oligomer, protofibrils, 

fibrils) and supported bilayer lipid membrane (s-BLM).  The interaction between insulin 

and s-BLM were further investigated using a dAMP probe molecule.  Chapter 6 

summerizes the most important results obtained from this work, and future work for this 

project is proposed.  Chapter 7 includes the references used in this thesis.       
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Chapter 2:  Literature Review 

2.1 Introduction 

 2.1.1 Protein structure and function 

 Proteins are biological molecules that control nearly every physiological process 

in living organisms.19 The building blocks of proteins are amino acids, which are small 

organic molecules that consist of an α-carbon atom linked to an amino group, a carboxyl 

group, a hydrogen atom, and a side chain (R), as depicted in     Figure 1.19 Each protein 

consists of a large polymeric sequence of amino acids that are linked together by peptide 

bonds.  Peptide bonds are covalent bonds that occur between the carbonyl carbon atom of 

one amino acid and the nitrogen atom of the other.  Since there are 20 different naturally 

occurring amino acids (Figure 2), the total number of different proteins possible is 

enormous.19,20 The properties of a protein are dependent on the polarity and charge of the 

side chains of the amino acids.    

 

Figure 1:  General structure of an amino acid. 
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Figure 2:  Representation of all twenty essential amino acids.  Adapted from reference 
[20]. 

The linear sequence of amino acids is considered the primary structure of the 

protein, and it is the driving force for intramolecular bonding which stabilizes the protein 

structure.20 Hydrogen bonding between amino groups and carboxyl groups can cause 

folding to occur which determines the protein's three dimensional shape, known as the 

protein secondary structure.20 The two most stable secondary structure elements in 

proteins are α-helices and β-sheets.  These helices and sheets assemble and fold to give 

the tertiary structure of proteins.20,21 Protein tertiary structure is the result of hydrogen 

bonding and three other possible types of interactions: disulphide bridges, ionic bonds, 

and hydrophobic interactions.22 Disulphide bridges are strong covalent bonds that occur 
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between sulphur atoms arising from sulphur in cysteine.22  Ionic bonds occur between 

carboxyl and amino groups that are not involved in the peptide bond, such formation as 

those in asparagine and aspartic acid; these ionic bonds are weaker than disulphide bonds 

and can be destabilized by changes in pH.22  Hydrophobic Van der Waals interactions 

occur between non-polar side chains (R) in amino acids which repel water such as those 

found in tyrosine and valine.22  The most prevalent examples of tertiary structures include 

β-barrels, β-sandwiches, and β-bundles.23 The polypeptide can also fold and interact with 

other polypeptides and subunits giving rise to the quaternary structure of proteins.20 

Figure 3 shows the four different protein structural levels.  Based on the protein sequence 

and the ability to fold into unique three dimensional shapes, proteins tend to have specific 

characteristics that translate into high selectivity and diversity in function.   

 

Figure 3:  Representations of primary, secondary, tertiary, and quaternary structures of 
proteins. Reproduced with permission.20  

 Proteins have many biochemical functions in living systems such as molecular 

recognition, catalysis, operating as molecular switches, and serving as structural 

components of cells and organisms.24 Specific interaction between proteins and other 
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molecules such as other proteins, DNA, small molecules, etc. is governed by the shape 

and composition of the protein.  For example, the protein myoglobin has specific sites for 

binding oxygen molecules as it is responsible for storing oxygen for use in muscle 

tissue.24 Certain proteins act as transporters as well, for example hemoglobin carries 

oxygen and transports it from the lungs to various tissues.24 In addition, many proteins 

function as biological catalysts, termed enzymes.  An example of an enzyme is DNA 

polymerase which is responsible for catalyzing DNA replication by copying the genetic 

material and editing errors in the DNA copy.24  Protein molecules also serve as structural 

elements of living systems, for example structural proteins are found in silk, hair, keratin, 

horns, and feathers.24  These are just some examples of the variety of functions proteins 

have in living systems which are dependent on the ability of the protein to fold correctly 

into different structures.  When proteins fail to fold correctly, disastrous consequences 

such as debilitating diseases can result.  

 2.1.2 Protein misfolding and aggregation 

 A powerful example of evolutionary biology is the ability of proteins to fold 

properly which is necessary for functioning.25 The environment in the interior of a cell is 

very crowded, containing many proteins and other macromolecules.  Therefore in order 

for proteins to fold properly there are several factors that assist in the folding process.25  

These factors include folding catalysts and molecular chaperones which are responsible 

for enabling the polypeptide chains to fold efficiently in the interior of the cell. Catalysts 

can be used to accelerate the folding process; for example, peptidedylprolyl isomerases 

increase the rate of cis / trans isomerization of peptide bonds.25 Chaperones such as 
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bacterial "chaperonin", GRoEL, can bind non-specifically to hydrophobic residues in 

chains to prevent aggregation, or it can assist in later stages of folding.25   

 The correct folding of proteins is rapid, taking only milliseconds to seconds for a 

complete folded structure to be generated.26  The process is highly dependent on the 

amino acid sequence, and as the polypeptide chain folds into the native state the 

polypeptide chain becomes more restricted and highly ordered.26  Higher enthalpy is 

associated with stable native structures, and as the polypeptide chain becomes ordered, 

the entropy decreases.25  The mechanism of protein folding can be described as a 

"nucleation-condensation" process, in which a folded nucleus of a small number of 

residues forms first, and the remainder of the structure is then condensed.25-27  There are 

many intermolecular forces that have a huge influence on the folding process such as 

hydrogen bonding, hydrophobic interactions, electrostatics, and conformational forces.  If 

a balance is not achieved between these forces, protein misfolding and aggregation can 

occur.26 

 Since the protein is present in a complex environment surrounded by different co-

solutes such as salts, other proteins, carbohydrates, and lipids, the misfolding process can 

be highly influenced by the presence of these ions and molecules. Co-solutes have two 

classifications: kosmotropes and chaotropes.28 Kosmotropes are smaller ions that are 

heavily hydrated and have the ability to organize water molecules around themselves.28-30  

Kosmotropes tend to sequester water from protein molecules, which can cause salting-out 

of proteins from aqueous  solution.28-30  Some examples of kosmotropes include: F-, 

CH3COO-, Na+, and glutamate.  Kosmotropes are also known as structure stabilizers, 
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since they have the ability to stabilize folded and unfolded proteins.31 Chaotropes are 

larger ions that are less hydrated and lack the ability to organize water molecules around 

themselves.28-30  As a result, chaotropes tend to lend water molecules to proteins which 

facilitates their hydration.  Some examples of chaotropes include: Cl-, K+, Mg2+, and urea, 

and are known as structure destabilisers, where they have the ability to weaken the 

hydrophobic effect, and therefore cause misfolding.31 The process of protein misfolding 

can be defined as reaching a state that has significant amount of non-native interactions 

between residues.  The failure to fold properly can result in malfunctioning of living 

systems which can lead to various disease states.  There are many human diseases that are 

associated with the misfolding of proteins.      

2.1.3 Aggregated protein and human diseases 

 Many human diseases result from proteins that are unable to fold properly, which 

directly affects their function.25 For example, in cystic fibrosis a mutation in the gene that 

encodes the cystic fibrosis transmembrane conductance regulator (CFTR) protein occurs 

and causes CFTR to misfold.32 Other diseases (amyloidoses) are caused by the deposition 

of misfolded proteins within cells or the extracellular matrix.33 These peptides and 

proteins change their conformation based on certain conditions and undergo a change 

from a native soluble form to insoluble aggregates that can accumulate in a variety of 

organs and tissues.  There are over 20 different proteins that are known to be involved in 

the occurrence of different amyloidoses through their structurally similar amyloid 

aggregate state, even though they all have different sequences and native structures.33 
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 Some of the amyloidoses are associated with neurodegenerative disorders, 

including Alzheimer's disease, Huntington disease, Parkinson's disease, and spongiform 

encephalopathy.  These diseases are caused by the presence of amyloid-β, polyglutamine, 

α-synuclein, and prion protein, respectively, in brain tissue.27 There are also non-

neuropathic amyloid diseases such as type II diabetes mellitus which is caused by the 

build-up of Islet amyloid polypeptide aggregates in the pancreas.  Each disease outlined 

above is caused by a different peptide and the location of the deposition is generally 

different. The common characteristic feature of all of these diseases is the deposition of 

insoluble amyloid fibrils and plaques that are rich in β-sheet structure.26 These amyloid 

fibrils are the hallmark feature of the amyloid aggregation pathology.  The deposition of 

these amyloid fibrils was first observed in the spleen, liver, and kidneys of deceased 

patients in the eighteenth century.34 Since then, researchers have been characterizing 

amyloid fibrils in order to provide possible therapeutic approaches to halting, reversing, 

or avoiding these debilitating diseases.34   

 There have been many biophysical techniques used to characterize amyloid 

structures including nuclear magnetic resonance (NMR) spectroscopy, circular dichroism 

(CD) spectroscopy, X-ray diffraction, atomic force microscopy (AFM), electron 

microscopy (EM), and Fourier transform infrared spectroscopy (FTIR).26,32-35  Amyloid 

aggregates bind to the dye Congo Red and exhibit an apple green birefringence when 

examined using light microscopy, suggesting that amyloid proteins contain fibrillar 

structure.35 Electron microscopy has shown that amyloid fibrils are straight, unbranched, 

with a 50-120 Å diameter, and several micrometres in length.36,37 The first structural 
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study was conducted using X-ray diffraction in the 1930s, which showed that amyloid 

fibrils contain a cross-β structure, as shown in Figure 4.34   The X-ray diffraction studies 

reported that amyloid fibrils have two major reflection bands at 4.7 and 10 Å.35-38  The 

meridian reflection band at 4.7 Å is due to the hydrogen bonding distances between β-

strands, and the equatorial reflection band at 10 Å is due to the side chain packing 

between the sheets.35-38  This pattern explains the cross-β structure of amyloid fibrils 

where the polypeptide chain is organized in    β-sheets arranged parallel to the fibril axis 

and their constituent β-strands perpendicular to the fibril axis.35-38 Amyloid fibrils are 

composed of several protofilaments having diameters of 20-30 Å that are arranged around 

a hollow centre.38  The structure and morphology of amyloid fibrils is very important 

toward understanding many of the amyloidoses such as Alzheimer's disease.   

 

Figure 4: (a) Schematic illustration of the characteristic cross-β spacing from X-ray fibre 
diffraction from amyloid fibrils, (b) shows the meridian reflection at 4.7 Å corresponding 
to hydrogen bonding distance between β-strands, and equatorial reflection at 10 Å 
corresponding to intersheet distance, (c)  cross-β structure of amyloid-β. Reproduced with 
permission “Copyright (2005) National Academy of Sciences, U.S.A”.39 
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The most common type of amyloidosis is Alzheimer's disease (AD) which leads to 

dementia and eventually death.  More than 35 million people worldwide have Alzheimer's 

disease, with death generally occurring within 3-9 years of diagnosis.40  Some of the early 

symptoms of AD include memory loss, speech difficulty, struggle to perform certain 

motor tasks, and inability to recognize familiar people and objects.40 Amyloid-β 

aggregates are found to be deposited in the brain and more specifically in the cerebral 

cortex and hippocampus upon post-mortem examination.26  These aggregates are found in 

the extracellular space and are referred to as neuritic plaques which are derived from 

proteolytic processing of the amyloid precursor protein (APP).41  APP is a transmembrane 

protein that is expressed at high levels in the brain and plays a major role in a number of 

physiological functions such as synapse formation, neuronal survival, and neuritic 

outgrowth.42  APP can be cleaved in two ways but only one pathway produces the 

specific AD fragment.43  The amyloidogenic pathway involves the sequential cleavage of 

APP, first by β-secretase in the extracelluar matrix followed by interior membrane 

cleavage by γ-secretase.43     Another kind of protein aggregate exists intracellularly and 

leads to neurofibrillary tangles, these are derived from microtubule-associated protein 

tau.41   

 The mechanism behind protein aggregation is not well understood.  However, 

there has been much research focusing on understanding the mechanism of protein 

aggregation, and different techniques have been used to monitor the process.27,44,45  Many 

microscopic techniques have been used such as: transmission electron microscopy,46 

atomic force microscopy,47 scanning electron microscopy,48 and scanning tunnelling 
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microscopy.49 Other analytical and biophysical techniques including fluorescence 

spectroscopy, dynamic light scattering, and infrared spectroscopy have also been 

employed.50  Amyloidogenic proteins are prone to aggregation under various conditions 

including elevated temperatures, low pH, high ionic strength, and mechanical stress.51  

The process occurs via the aggregation of partially folded intermediates through a 

nucleation mechanism.52 The kinetic process of protein aggregation is often characterized 

by a sigmoidal profile, as shown in Figure 5.51  This sigmoidal graph consists of three 

regions that are used to characterize the formation of amyloid aggregates.  The first 

region is the lag phase which is assumed to be the time required for nuclei to form.  The 

lag phase consists of the protein present in its native structure; different types of 

aggregates can be present in this region including monomers, dimers, trimers, and 

tetramers.51 The second region is the growth regime which is characterized by a region of 

exponential growth; this region includes the presence of small oligomers and 

protofibrillar aggregates.51  The third region is the plateau regime which consists of fully 

aggregated fibrils that are considered the final product of the aggregation process.51    
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Figure 5: Illustration of the fibrillization process of protein and the associated phases. 
Reproduced with permission.51  

 2.1.4 Amyloid pore hypothesis 

 It is becoming increasingly clear that protein aggregation is a complex,  non-linear 

process, involving several kinds of intermediates. In the past decade there has been a 

substantial amount of research focused on identifying, characterizing, and isolating the 

different intermediates of the aggregation process.45,52,53  Most recent evidence has 

suggested that amyloid fibrils may not be the toxic species, but smaller aggregates such as 

oligomers or protofibrils are likely to blame.52,53 Oligomers (dimers, trimers, and 

tetramers) are clusters of a small number of peptides that do not exhibit any fibrillary 

characteristics.26  Protofibrils are protein aggregates of clustered spherical beads that have 

significant β-sheet structure.26   
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 Amyloid fibrils can be identified in the post-mortem brain sections of patients 

who had exhibited clinical signs of AD, and the hypothesis was originally that these 

fibrils were the toxic species.  However, this hypothesis has failed to explain many 

pathological and clinical characteristics of Alzheimer's disease.54 For example, there was 

no correlation between the amount of amyloid-β deposits and the severity of Alzheimer's 

disease.  Inhibiting the formation of amyloid-β fibrils did not reduce toxicity towards 

cultured neurons.54  Finally, transgenic animals that overproduce APP exhibit neuronal 

and behaviour abnormalities before the formation of amyloid plaques.54 These 

inconsistencies led scientists to propose that soluble prefibrillar intermediates such as 

oligomers and protofibrils are the species actually responsible for altering neuronal 

function and causing cell death.  The toxicity of protofibrils is not specific to Alzheimer's 

disease and the hypothesis proposed seems to support findings for other 

neurodegenerative diseases.54 As a result, recent research efforts have focused on these 

intermediate species, especially the protofibrils.   

 Amyloid protofibrils share morphological and toxicological properties that 

suggest the toxicity is dependent on shared structural features rather than amino acid 

sequence. Antibodies used against protofibrillar amyloid-β were reported to recognize 

protofibrillar species from other amyloidogenic proteins such as α-synuclein, 

polyglutamine, Islet amyloid polypeptide, and human insulin.54 Such a finding suggests 

that these structures may exert toxicity through a common mechanism.  A common 

feature of these protofibrils is that they are capable of self-assembling into pore-like 

structures on artificial or biological membranes and all the amyloidogenic proteins 
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mentioned previously have been shown to have channel / pore activity.54 Annular pore-

like structures with variable diameters have been observed during the in vitro aggregation 

of synthetic amyloid-β protein.55  For example, using AFM amyloid-β was found to form 

annular structures with outer diameters of 6-9 nm, and inner diameters of 1.5-2 nm.56  

Another study observed that the incorporation of amyloid-β into artificial lipid bilayers 

resulted in uniform pore-like structures with outer diameters of 8-12 nm and an inner 

diameter of 2 nm.57,58   Other researchers have also shown using AFM that α-synuclein 

forms pores with an inner diameter of 2-3 nm that are β-barrel structures composed of 20-

24 α-synuclein monomers.59 One disadvantage of these AFM investigations however is 

that it only offers a top view perspective; one cannot be sure how far the pore structures 

penetrate into the membrane. 

 In Alzheimer's disease, the production of peptides consisting of 39-42 amino acids 

(amyloid-β1-42) is produced by endoproteolytic processing of APP.60 These peptides are 

the prime constituent of amyloid deposits in the brain tissue of Alzheimer's patients.  In-

vitro experiments have demonstrated that the cytotoxicity of intermediate amyloid-β 

aggregates is related to their ability to form ion permeable channels.  An initial 

experiment conducted in 1993 demonstrated the formation of ion permeable channels in 

planar lipid bilayer membranes in the presence of amyloid-β.61 The channels observed 

consisted of several different conductance sizes which is related to the fact that oligomers 

/ aggregates of varying number and size can provide different channel structures.61 The 

channels obtained were cation selective; permeable to divalent cations such as calcium 

(Ca2+).  Also, it was observed that zinc (Zn2+) and aluminium (Al3+) can be used to block 
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these channels.61  The formation of these channels may be responsible for the cytotoxic 

properties of amyloid-β for neurons.  These channels have the ability to depolarize 

neuronal membranes which leads to an increased level of Ca2+ influx through voltage-

dependent Ca2+ channels, and subsequently to cytotoxicity.61  

A correlation between pore formation and cytotoxicity on various sizes of 

amyloid-β aggregates has been recently investigated by Prangkio et al., where the ability 

of these aggregates to form ion pores in planar lipid bilayers was examined.52 As 

indicated in Figure 6, pore formation and cytotoxicity showed nearly identical 

dependence on different size aggregates.  The amyloid-β monomers and fibrils were 

found to exhibit a negative correlation between pore formation and cytotoxicity which 

suggests that monomers and fully formed fibrils are non-toxic, and may in fact play a 

protective role.  However, the intermediate forms of amyloid-β aggregation, ranging from 

tetramers to 18-mers exhibited a positive correlation between pore formation and 

cytotoxicity suggesting that these species are indeed the toxic elements.52   
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Figure 6:  Illustration of the correlation between pore activity and cell toxicity for various 
sizes of amyloid-β aggregates. Reproduced with permission.52 

 

2.2 Cell membranes 

 2.2.1 Cell membranes:  structure and function 

 One of the most important cellular structures is the plasma membrane, the 

complex envelope that separates the interior of the cell from extracellular components.  

The thickness of the membrane varies between 5-10 nm depending on the composition of 

different proteins, lipids, lipopolysaccharides and glycopolysaccharides.62 Due to the 

ultrathin nature of cell membranes, it has historically been very difficult to establish their 

existence and study their structure and properties. Research developments in physics had 

a huge impact towards characterizing the structure and understanding the properties of 

biomembranes.   
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The development of the light microscope allowed the first observation of the cell 

structure by Robert Hooke in 1662.20,62  Further studies on cell structure were made in 

1831 when Robert Brown proved the existence of a nucleus in the interior of the cell.62  In 

1855, the existence of a cellular membrane surrounding the cell was proposed by Negeli, 

where undamaged cells were observed to change volume upon changes in the osmotic 

pressure of the surrounding environment.62  Overton was then able to show that cell 

membranes are composed of amphiphilic molecules through the observation that non-

polar molecules were able to penetrate more easily through the cell membrane than polar 

molecules.62   

 Further studies to determine the structure of membranes were conducted by Gorter 

and Grendel where they proposed that the membrane is composed of two monomolecular 

lipid layers constituting a lipid bilayer. Direct evidence of these biomembranes was only 

possible after the discovery of electron microscopy in the  1950s, which reported that the 

cell is surrounded by a membrane approximately 5-10 nm in thickness.62  The electron 

micrographs showed that the cell membrane consists of two high electron density layers 

(2 nm) separated by a thick low electron density layer (3.5 nm).62  This finding was then 

used to propose that the two high electron density layers correspond to polar head groups 

of phospholipids covered with protein, and the low electron density layer corresponds to 

hydrophobic chains of phospholipids. Further development of electron microscopy 

allowed for the observation of additional details to be determined such as the presence of 

channels within cell membranes.62   
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Based on all the results that were obtained it was finally suggested that 

biomembranes are present as a fluid-mosaic structure.63,64  The "fluid" part refers to the 

fact that the phospholipids in the cell membrane exhibit lateral and rotational 

mobility.63,64  The "mosaic" part comes from the heterogeneous composition of lipids and 

proteins.63,64  Biomembranes have an asymmetrical and inhomogeneous structure because 

different compositions of lipids, proteins, and hydrocarbons exist across the membrane, as 

shown in Figure 7.63-66  Also, biomembranes contain lipid rafts which are small (10-200 

nm) highly dynamic assemblies of proteins, sphingolipids, and cholesterol in the outer 

exoplasmic leaflet that connect to phospholipids and cholesterol in the inner cytoplasmic 

leaflet.66-69  Lipid rafts are fluid but more ordered and tightly packed than other regions of 

the lipid bilayer due to the high cholesterol content. Interest in lipid rafts arose when it 

was recognized that many membrane-associated proteins interact with the biomembrane 

through lipid rafts.67-69  It has been found that many proteins that are associated with 

amyloidogenic diseases interact with cell membranes through lipid rafts.  In Alzheimer's 

disease, both APP and β-secretase partition into lipid rafts in the cellular membrane.69 In 

addition, amyloid-β was found to contain a cholesterol binding domain.70  
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Figure 7:  Fluid-mosaic model of the biological cell membrane. Reproduced with 
permission.70  
  

Biological membranes provide a unique barrier function that allows directional 

transport of species into the cell, and also allows for transport of waste and toxic 

compounds out of the cell.  Membranes have low permeability for charged particles 

which provides a non-equilibrium ion distribution between the extracellular and 

intercellular regions.65 Maintenance of this non-equilibrium state is key to cellular 

homeostasis.  The biological membrane can fulfil a number of important functions 

including:65,71 

1)  Structural support to the cell and its associated organelles. 

2) Controlling movement of certain ions, low molecular weight compounds, and proteins 

in and out of the cell. 

3)  Cell-to-cell communication through receptor sites. 

 24 
 



4)  Signal reception using specific proteins which are incorporated in cell membranes.  

The signals from the environment may include light, mechanical deformation, specific 

molecular interaction. 

5) Providing active and passive transport function to transport ions, glucose, amino acids, 

and other compounds across the membrane. 

  

All cell membranes share these basic functions due to the similar features that 

different cell membranes share. The most common feature is that they are composed of 

lipid molecules that make up the two lipid bilayers.  Lipid molecules can be divided into 

three main classes:  phospholipids, glycolipids and sterols.71 Cell membranes are 

composed mainly of phospholipids, of which many examples exist in nature. 

Phospholipids have various polar head groups as well as various hydrophobic chains that 

differ in composition and saturation.71,72 An example of phospholipids are 

glycerophospholipids (i.e. phosphatidylcholine) which are amphiphilic molecules that 

contain a polar head group and two hydrophobic fatty acid chains connected via a 

glycerol backbone.72 A schematic representation of a typical glycerophospholipid is 

shown in Figure 8.  Phospholipid bilayers provide a barrier to passive translocation of 

ions and other species through the membrane, a favourable environment for protein 

functioning, and a fluid and flexible environment allowing components to move within 

the membrane.71,72 Generally phospholipids are permeable to small molecules such as 

oxygen, water and carbon dioxide.  Ions and large polar molecules such as sugar are not 

able to permeate across the phospholipid bilayer.71,72   
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Figure 8:  The structure of a typical glycerophospholipid; phosphatidylcholine: a) 
chemical structure b) schematic representation.  Adapted from reference [62]. 
 

   

 

Figure 9:  Schematic illustration of phase transition behaviour and molecular order of 
liquid crystals.  Adapted from reference [71].     
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 Under normal physiological conditions, the lipid bilayer is present in a smectic-

type liquid crystalline state.71 As shown in Figure 9, increasing temperature can allow the 

lipid molecules to be present in an intermediate phase between crystalline and liquid.    

The ordering of lipid molecules within the cell membrane can vary depending on the 

temperature, which can result in changes in the fluidity of the membrane. At low 

temperatures the lipid molecules are present in a gel phase where they are tightly packed, 

rigid, and highly ordered.73-75  At higher temperatures the lipid molecules are present in a 

liquid crystalline state where they are not as tightly packed, and movement between the 

acyl chains is increased which results in a higher area occupied by each lipid molecule 

and therefore the thickness of the membrane decreases.75  The temperature at which the 

lipid molecules transition from a gel phase to a liquid crystalline phase is called the main 

phase transition temperature, Tm.74,75  Variation of the Tm is dependent on the lipid chain 

length, lipid chain saturation, and type of lipid polar head.  For example, the Tm of 

dipalmitoylphoshatidylcholine (DPPC) which is composed of two saturated fatty acid 

chains each with 16 carbon atoms is approximately 41 °C.75 

Palmitoyloleylphosphatidylcholine (POPC) which differs from DPPC only by the 

presence of one double bond in one of the fatty acid chains has a Tm of -5 °C.75 This 

shows that the presence of unsaturated fatty acids lowers the Tm drastically.  Unsaturated 

fatty acids are commonly found in biological membranes in order to achieve a liquid-

crystalline state at physiological temperatures.62 Determination of Tm can be very useful 

in identifying lipid bilayer composition and fluidity of cell membranes.   
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2.2.2 Electrical properties of cell membranes  

 The electrical properties of cell membranes are key to the proper function of cells, 

especially with regards to cellular communication.  These electrical properties arise from 

the physical properties of the membrane, as well as the presence of ion channels within 

the membrane.  The thickness of a cell membrane ranges from 50-100 Å, and the 

movement of ions and certain molecules across the membrane is restricted due to the 

nature of the hydrophobic region.  The restriction of the flow of ions across the cell 

membrane allows it to act as a resistor.76,77  Typically, cell membranes have resistivity 

values in the range of 103-105 Ω cm.33 The potential difference between the intercellular 

and extracellular fluids is maintained around -60 to -90 mV due to the distribution of ions 

on either side of the cell membrane.78 The separation of these ions across the cell 

membrane allows for the existence of an electric field.  Due to the nanometer thicknesses 

of cell membranes, very large electric fields of a 107 V m-1 exist across the membrane.62,79  

The electric field plays a large role in forcing directional movements of ions across the 

insulating barrier formed by the lipid bilayer.  The insulating lipid bilayer acts as a 

capacitor, in that a charge tends to build up on the intercellular side that is opposite to the 

charge on the extracellular side of cell membrane.77 The cell membrane capacitance 

typically ranges from  0.5-1 μF cm-2 for biological cells.74   
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2.2.3 Interaction between proteins and cell membranes 

 Cell membranes contain a number of different proteins that have varied and 

important roles including as ion channels, receptors, enzymes, and transporters.  Ion 

channels are porous proteins that allow certain ions to pass through depending on size and 

/ or charge.71,72,80  Receptors are embedded proteins within the cell membrane that receive 

chemical signals from outside the cell, causing a coordinated response inside the cell.  

Protein enzymes allow reactions to occur more quickly.80 Transporter proteins exist 

permanently across the membrane and function as transporters of specific substances into 

and out of the cell.  All of these proteins are associated with the cell membrane and are 

thus referred to as membrane proteins.  Membrane proteins are divided into three 

different categories:  peripheral proteins, integral proteins, and structural proteins.80 

Peripheral proteins are localized at the membrane by electrostatic interactions or short 

hydrophobic chains that anchor the protein to the membrane.  These proteins can be 

isolated from the membrane by changes in pH or ionic strength. Integral proteins are 

translocated across the lipid bilayer where the hydrophilic regions interact with aqueous 

domains, and the hydrophobic regions interact with the hydrophobic interior of the 

membrane.80 Integral membrane proteins are more complex than peripheral proteins and 

can span the membrane either once or several times.  Isolation of these proteins for 

characterization is difficult and requires the use of organic solvents or detergents.62 

Structural proteins are responsible for forming part of the membrane cytoskeleton and are 

not strictly membrane proteins, but instead are present on the intracellular side of the cell 

and are connected to the cell membrane through integral proteins.  Structural proteins 
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protect the cell against changes in shape or volume, and maintain the regular structure of 

the cell membrane.80   

 Studying the interaction between proteins and cell membranes can be useful in 

understanding how such proteins function and their role in many diseases.   However, one 

of the major difficulties in studying membrane proteins is that the isolation process from 

cell membranes causes denaturation of the protein, resulting in complete loss of function. 

Therefore, significant research has focused on mimicking cell membranes and 

introducing transmembrane proteins to such systems in order to study membrane proteins 

in their natural environment.   

2.3 Biomimetic membranes 

 2.3.1 Current models of biomimetic membranes 

    Due to the complicated structure of biological membranes, including their 

inherent anisotropy and inhomogeneity, several models of biomembranes have been 

developed.  These models are referred to as biomimetic models, which are designed to 

model biological systems as closely as possible. These models simplify the membrane 

system in order to study a single component in a membrane, such as a protein, and these 

models can range from simple micelles to supported lipid films.  The different types of 

biomimetic models will be explained briefly in the next section. 

2.3.1.1 Early models 

 Biomimetic membranes must resemble the molecular and electrical properties of 

biological cell membranes. Table 1 presents a comparison of such properties between 

biological cell membranes and biomimetic membranes.62 
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Table 1: Comparison of physical and electrical properties between biological cell 
membranes and bilayer lipid membrane models. Adapted from reference [62]. 

Membrane Properties Biological Cell 
Membranes 

Bilayer Lipid 
Membrane Model 

Thickness (Å) 60-130 60-90 
Resistivity (Ω·cm) 102-105 106-108 
Capacitance (μF/cm2) 0.5-1.3 0.3-1.3 
Resting Potential (mV) 10-90 0-140 
Water permeability (10-4cm/sec) 0.25-58 2.3-24 
Surface tension, mN m-1 0.03-3.0 0.2-6.0 
Conductivity, Ω-1 cm-2 10-2-10-5 10-6-10-10 
Breakdown voltage, mV 100 150-300 

  

 Over the past few decades many models were proposed in order to mimic 

biological cell membranes. Initial model membranes were prepared using two different 

methods: 1) black lipid membrane fabrication, and 2) liposome formation.  Both of these 

methods are described below. 

  In 1962 the first stable bilayer lipid membranes were prepared by Mueller and 

coworkers. The bilayer was formed from a crude fraction of phospholipids in a Teflon 

cup with circular holes of a small diameter (0.8-2.5 mm) immersed in aqueous solution.80 

The addition of phospholipids to the hole resulted in the immediate formation of a thick 

film (>100 nm).  Due to changes in hydrodynamic pressure, the solvent tends to escape 

from the central part of the film to the borders.  This would result in thinning of the 

membrane, and as this process caused black spots to appear, these membranes were 

initially called "black lipid membranes".62,80  The advantage of using the black lipid 

membrane model system is that both lipid layers are in contact with aqueous solution 

which can be useful for incorporating transmembrane protein.  Disadvantages of this 

technique include difficulty in incorporating large molecules (i.e. proteins) within the 
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lipid bilayer, presence of residual organic solvents, low stability, difficulty in 

manipulating the lipid bilayers, and characterization is limited to conductivity and 

microscopic techniques.80  

  Another common model membrane is lipid vesicles, also called liposomes.   

Discovered by Bangham and coworkers in 1965, liposomes quickly became the most 

popular and widely used model system for studying physical properties of 

biomembranes.81 Liposomes are spherical lipid bilayers that are formed from water 

dispersions of lipids by various methods.  Depending on the method used, different sizes 

of multilamellar or unilamellar liposomes can be obtained.81 Advantages of using 

liposome models include the ability to incorporate various components such as peripheral 

or integral proteins due to the presence of water on both sides of the membrane, and the 

method is cost effective as no specialized instrumentation is needed.82 Disadvantages of 

multilamellar liposomes include size inhomogeneity and fast sedimentation.  

Disadvantages of unilamellar liposomes include non-uniform diameter, small size 

vesicles, and low stability.82,83 One of the major issues with using black lipid membranes 

and vesicles include the limited number of tools available for characterization, hence a 

transition to surface supported membrane models was made.      

 2.3.1.2 Solid-supported models 

 To overcome the disadvantages of black lipid membrane and liposomes, different 

models have been used to mimic biological membranes.  The formation of a lipid bilayer 

on a solid support makes it accessible for characterization using a broad range of 

biophysical methods. A major advantage of using supported membrane models is to 
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increase the robustness and stability of the phospholipid bilayer membrane.80  Also, there 

is an enhanced ability to probe interactions that occur at the membrane surface with 

various surface analytical techniques such as atomic force microscopy, surface plasmon 

resonance, surface-enhanced Raman spectroscopy (SERS), polarization-modulation 

infrared reflection absorption spectroscopy (PM-IRRAS), and vibrational sum frequency 

generation spectroscopy (SFG).80  Many different supported membrane models have been 

developed over the past several decades; some of these models are described below.  

  

(a) Hybrid bilayer lipid membrane (h-BLM) 

 The use of self-assembled monolayers (SAM) is very important for forming lipid 

bilayers due to their ability to form tightly packed and well-ordered monolayers.84 The 

most common and widely used SAMs are composed of alkanethiols which have the 

ability to form strong covalent bonds with the metal surface through the thiol group.85-87 

This led to the development of hybrid bilayer lipid membranes (h-BLMs), as shown in 

Figure 10 (image a).  In h-BLMs the upper leaflet consists of lipid components, and the 

lower leaflet consists of a self-assembled non-lipid thiolated monolayer.80,84 The physical 

properties of h-BLMs can be altered by using different alkanethiols as the lower leaflet.  

The advantages of using h-BLMs involve coupling of a phospholipid monolayer directly 

to a metallic surface, and the strong interaction between alkanethiol SAM and substrate 

offers a robust, rigid, and close-packed system.80 However, there are some drawbacks of 

h-BLMs including the inability to incorporate transmembrane proteins because the 

alkanethiol SAM is rigid and present in a more crystalline structure.80       
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(b) Supported bilayer lipid membrane (s-BLM) 

 Solid supported bilayer lipid membranes (s-BLM) are the most commonly used 

platforms for biomimetic membranes.  In this model the lipid bilayers are non-covalently 

attached to a solid support, typically a metal surface. The advantages in using a solid 

support include long term stability which allows for surface analytical techniques to be 

employed; more specifically imaging and electrochemical measurements can be easily 

integrated using this model.86  Disadvantages of this model include direct contact of the 

lipid bilayer with the solid support which creates issues for incorporating transmembrane 

proteins, and decreased fluidity due to the absence of a water reservoir between the solid 

substrate and the membrane.86  

 Modification of traditional s-BLMs has been successfully demonstrated in order to 

separate the lipid bilayer from the solid substrate. The most common method uses an 

alkanethiol SAM to form a covalent bond with the metal surface, as shown in Figure 10 

(image b).  The main advantage of using a SAM spacer is to avoid direct contact of lipid 

molecules and embedded proteins with substrate which can cause denaturation.88-89 

However, lipid bilayers that are deposited onto the SAM experience reduced fluidity 

which makes it difficult to transport biological molecules across the membrane.68  There 

is still a lack of a water reservoir between the membrane and the metal surface making it 

difficult to incorporate proteins into the bilayer without causing protein denaturation.80,90 
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(c) Floating bilayer lipid membrane (f-BLM) 

 To overcome the fluidity issue of the supported bilayer lipid membrane, floating 

bilayer lipid membranes (f-BLMs) have been developed as a model membrane, as shown 

in Figure 10 (image c).  This model does not tether the bilayer to the surface of the solid 

substrate, and therefore allows the membrane to float just above the surface.91  The 

floating lipid bilayer is separated from the solid substrate that is covered with lipid 

molecules by a 1-2 nm water-rich layer, which allows transmembrane proteins to be 

easily incorporated into the membrane.91-95  Also, the presence of a water reservoir allows 

the lipid molecules to be fully hydrated and free to fluctuate.96 Some of the drawbacks of 

f-BLM include difficulty in fabrication, stability issues, and the large distance between 

the bilayer and substrate limit its analysis using SERS.89  

   

 (d) Tethered bilayer lipid membrane (t-BLM) 

 Tethered bilayer lipid membranes (t-BLMs) have been developed to overcome 

some of the drawbacks observed with s-BLMs, most specifically the lack of a water 

reservoir on the substrate side of the membrane. These bilayers use hydrophilic spacer 

molecules, lipopeptides or a polymer layer to increase the hydrophilic region between the 

metal and the bilayer, as shown in Figure 10 (image d).79,86,90  Different lengths of these 

spacers, and also a mixture of different types of spacers have been used.  The variety of 

different hydrophilic spacers that can be used will allow for transmembrane protein 

incorporation across the bilayer lipid membrane.97  However, one of the main 

disadvantages of t-BLMs is that these spacer molecules tether the model membrane to the 
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solid substrate and therefore restrict the mobility of the bilayer components.89,93-95  Also, 

in most cases the hydrophilic spacer molecules are typically custom made, and there are 

many synthetic challenges in preparing a good quality tethered system, and hence 

preparation steps are costly and challenging.97 

 
 
Figure 10:  Illustration of the different bilayer lipid membrane systems: a) hybrid bilayer 
lipid membrane (h-BLM), b) supported bilayer lipid membrane (s-BLM), c) floating 
bilayer lipid membrane (f-BLM), and d) tethered bilayer lipid membrane (t-BLM).  
 

2.3.1.3 Characterization of bilayer lipid membranes   

 The analytical technique used to characterize a biomimetic membrane system is 

dependent on the method used to create the bilayers. One of the typical measurements 
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done on BLM models is measuring lipid mobility by photobleaching a region of the BLM 

and monitoring fluorescence over time.  This technique is referred to as fluorescence 

recovery after photobleaching (FRAP) where a fluorescent dye is added to a section of 

BLM and subjected to high intensity radiation, which causes photobleaching to occur.98,99 

This results in a dark region within the bilayer, and as the lipid components diffuse and 

migrate across the surface the fluorescence will be recovered.99    

 Spectroscopic techniques can be used to analyze model membranes and provide 

further information regarding the lipid bilayers.  Surface infrared spectroscopy such as 

PM-IRRAS is considered a powerful surface specific technique for investigating 

biomimetic membranes.86 PM-IRRAS can provide information on the molecular 

orientation and conformation of molecular components within a lipid bilayer deposited on 

a flat metallic substrate.  This technique is considered simple, provides high sensitivity, 

and in situ measurements can be obtained.100 Some drawbacks include interference from 

water absorption, limitation to atomically flat substrates and the relatively high cost.100 

Another spectroscopic technique is SFG which is a non-linear optical spectroscopic 

technique that can provide vibrational spectra of interfacial molecules with high surface 

selectivity and sensitivity. SFG can provide qualitative analysis on lipid chain 

conformation and orientation with high sensitivity.  Some drawbacks of this technique 

include its relative complexity and costly experimental setups, and it can only probe non-

centrosymmetric molecules.100 An additional technique that can be used is surface-

enhanced Raman spectroscopy (SERS) which is a vibrational spectroscopic technique 

based on Raman scattering. SERS has been used to investigate biological systems without 
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the need of labels and can provide molecular structure and chemical composition of the 

sample analyzed.101 SERS is advantageous in comparison with PM-IRRAS and SFG as it 

has extremely high sensitivity, no spectral interference from water, narrow spectral bands, 

and fast acquisition times.101  There are some drawbacks including an inability to provide 

orientational information easily, a requirement for roughened metal surfaces, sharp 

distance dependence of enhancement, and that the lipid components are usually weak 

Raman scatterers.102 

 There are many other spectroscopic methods used for structural analysis of BLMs 

including X-ray and neutron diffraction techniques. These methods can provide 

information on the composition, location, and distance between components in BLMs by 

observing the scattered X-rays and neutrons as they interact with the sample.103 In 

addition, microscopic techniques that provide high resolution images of the topography of 

lipid bilayer surfaces can be used to analyze BLMs.  One of the most common 

microscopic methods used is atomic force microscopy (AFM). In this technique, the 

surface of the bilayer is scanned to provide images with micro and nanometer scale 

resolution.104 The images obtained can be useful in confirming bilayer formation, and 

whether there are pores or defects on the membrane surface.  The interaction between 

protein and lipid molecules can also be seen in these images which can prove the 

formation of pores upon this interaction.105 AFM can also be very useful for measuring 

the thickness of BLMs on the surface.  This measurement can be done using force-

distance measurements which can provide information regarding lateral organization of 

lipids and the thickness of the bilayer.106  Although AFM provides good resolution and 

provides a three dimensional surface profile of the lipid bilayer, AFM is expensive, 
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sensitive to vibration, requires skilled operators, and non-contact modes used for delicate 

biomaterials can be challenging.105  

 2.3.2 Applications of model membranes 

     The main application of model membranes is for investigating various 

biological processes that occur within and across biological cell membranes.  These can 

include the investigation of enzymatic reactions, protein structure and function, pore 

formation, and understanding the operation of specific channels.  In addition, biomimetic 

membranes can be used as biosensor platforms for studying the interaction between lipid 

molecules and target molecules such as enzymes, antibodies, and nucleic acids.106 There 

has been continuous progress in advancing both the fabrication and applications of 

biomimetic membranes in a variety of fields including material science, geochemistry, 

biophysics and catalysis.107  One of the main applications of these biomimetic membranes 

is to study the interaction between proteins and lipid molecules.  Specifically, the use of t-

BLMs allows protein incorporation in non-denaturing conditions, which makes them very 

suitable model membranes for investigating membrane-protein interactions.86 As such, t-

BLMs can be used as models in a variety of medical applications in order to understand 

various neurodegenerative disorders that are caused due to interactions occurring between 

proteins and biological cell membranes.  The progress achieved from using such 

biomimetic membranes will involve studying more complex compositions of lipids and 

proteins which can be used to study more biological processes such as membrane fusion 

and trafficking, cell-cell recognition, and signaling.107   
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 In order to be able to use these biomimetic bilayer lipid membranes for various 

applications, the formation of lipid molecules onto the substrate should be well 

controlled.  The bilayer lipid membrane system should be stable, robust for long-term 

stability, easily prepared, provide reproducible results, and ensure no defects or pinholes 

are present.108 The formation of a bilayer lipid membrane can be easily prepared using 

vesicle fusion, however the membrane formed is fragile and unstable making them 

unsuitable for many applications such as pharmaceutical screening.108-109 In addition, 

multilayers rather than single bilayers typically form.  Other methods have been 

developed in order to increase the stability of lipid membranes on solid substrates.  One 

such method that has arisen over the last decade is Langmuir Blodgett- Langmuir 

Schaefer (LB / LS) deposition.  This method is used in the present work and is outlined 

below.   

2.4 Langmuir monolayers and films 

 2.4.1 Langmuir monolayers 

 A Langmuir monolayer refers to a monomolecular thick insoluble film formed at 

the interface of two adjoining bulk phases.110-112 In the 1900s, Irving Langmuir undertook 

a body of work studying the relationship between surface pressure and area per molecule 

on an aqueous surface.113 Langmuir's original experimental contributions focused on 

theoretical concepts and behaviour of insoluble monolayers at the air-water interface.  

Langmuir films are formed on the surface of an aqueous medium, usually pure water, 

which is referred to as the subphase.112,113  Molecules that are amphiphilic in nature such 

as lipids partition spontaneously at the air-water interface, allowing the monolayer to 
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remain as an insoluble film on the surface of the subphase.112 When lipids are dissolved in 

a non-aqueous volatile solvent and introduced onto an aqueous surface, the solvent will 

evaporate leaving the lipid molecules oriented at the liquid-gas interface. The hydrophilic 

head group of an amphiphilic molecule is in contact with the subphase while the 

hydrophobic portion is pointed away from the subphase into the air. Although molecules 

spread spontaneously at the interface without applying any external pressure, a compact 

monolayer will only be formed if these molecules are compressed at a slow and steady 

speed.  Once the compact monolayer is formed it can then be transferred onto a substrate 

of interest.112,113   

 

2.4.2 Langmuir-Blodgettry 

 A compressed monolayer at the air-water interface exhibits a particular surface 

pressure that is dependent on the amphiphilic molecule and the subphase. The 

compressed monolayer can be transferred onto a solid substrate at a constant pressure; 

this technique is referred to as Langmuir-Blodgettry. This was first demonstrated by 

Katherine Blodgett who worked with Langmuir to develop this technique for transferring 

monolayer films onto solid substrates.113 An important aspect to consider while 

transferring the compressed monolayers is the hydrophilic or hydrophobic nature of the 

solid substrate, as seen in Figure 11.  This would cause the lipid molecules to orient 

differently on the surface of the substrate. 
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Figure 11: Langmuir-Blodgett transfer of a monolayer onto a) hydrophilic substrate, b) 
hydrophobic substrate.  Adapted from reference [114].  
  

There are different methods to transfer a monolayer onto a solid substrate.  One 

method involves immersing a hydrophillic substrate in the subphase prior to monolayer 

formation.  Once the monolayer is formed, the substrate is slowly drawn vertically 

through the compressed monolayer at the air-water interface.  This allows the hydrophilic 

heads of the lipid molecules to adsorb onto the hydrophilic substrate, with the 

hydrophobic tails oriented perpendicular to the surface of the substrate.  This process can 

be repeated multiple times to achieve bilayers or multilayers.  There are different styles 

used in order to form multilayers which include a) Y-type, b) Z-type, and c) X-type, as 

shown in Figure 12.114 Y-type deposition involves the formation of a multilayer film by 

passing the solid substrate through the air-water interface in alternating up and down 

strokes.  The Z-type deposition involves passing the solid substrate in an upward stroke 

only, hence hydrophilic substrates need to be used.114  The X-type deposition involves 
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passing the solid substrate in a downward stroke only, hence hydrophobic substrates need 

to be used.114 

 

Figure 12:  a) Y-type, b) Z-type, and c) X-type Langmuir-Blodgett film deposition 
schemes.  Adapted from reference [114]. 
  

 The Langmuir-Blodgett technique is a very sensitive method and considerable 

care should be taken while transferring these monolayers onto solid substrates.  There are 

a number of factors that should be considered prior to performing any experiments in 

order to ensure successful monolayer transfer and afford reproducible results.  Some of 

these factors include the nature and dimensions of the solid substrate, the nature of the 

amphiphilic molecule, the nature of the subphase such as composition, pH, ionic strength, 

temperature, surface pressure during deposition, the rate of speed of the substrate passing 

through the interface, and number of layers deposited.114 The transfer of a poor quality 

monolayer will have an effect on the compactness and stability of the monolayer.   
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2.4.3 Langmuir Blodgett / Langmuir Schaefer deposition 

 As shown in Figure 7, biological membranes consist of two monolayers having 

their hydrophobic tails sandwiched between the hydrophilic polar heads.  In theory, this 

can be achieved using the Y-type deposition to obtain the lipid bilayer structure, however 

the solid substrate used must be hydrophilic to ensure the hydrophilic heads of the first 

monolayer are adsorbed onto the substrate.  In this research, 1-2-Dimyristoyl-sn-glycero-

3-phosphocholine (DMPC) bilayers will be deposited on modified SPEs.  However, it has 

been shown experimentally that many lipids, including DMPC bilayers cannot be 

successfully produced using the Y-type deposition.115 The removal of the DMPC 

monolayer using an upward stroke to form the second leaflet is problematic because the 

force to pull the DMPC monolayer from the air-liquid interface is not sufficient.  The 

polar head groups of DMPC interact strongly with the liquid subphase making it 

impossible to achieve a DMPC bilayer using the Y-type deposition.115  

To overcome this drawback, a Langmuir-Schaefer method is used to transfer the 

second lipid leaflet, as shown in Figure 13.113,114 The deposition of the Langmuir film 

onto the monolayer-coated solid substrate is done by horizontally lowering the substrate 

towards the air-water interface until it just touches the floating monolayer at the subphase 

surface.  The transfer of the monolayer onto the solid support is obtained via electrostatic 

interactions, Van der Waals forces, or covalent bonding depending on the nature of 

amphiphile and substrate.113 The film obtained is highly organized, and the molecules are 

well ordered.113 
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Figure 13: Langmuir-Schaefer transfer (horizontal touch technique) on a solid substrate.  
Adapted from reference [113].    

  

The formation of a bilayer lipid membrane using the Langmuir-Blodgett / 

Langmuir Schaefer (LB / LS) method has been used in literature for a decade and offers 

several advantages over the more common vesicle fusion method.116,117  For example, 

monolayers can be transferred onto the substrate at a precisely known surface pressure, 

molecular area, and physical state of the film.79 Also, LB / LS allows for a different lipid 

composition in the bottom and the top leaflet of the bilayer lipid membrane.79  A PM-

IRRAS experiment conducted by Garcia-Araez et al. showed that the LB / LS method 

allows for the formation of a stable and well-ordered bilayer lipid membrane that can be 

used for mimicking biological membranes.118  A layer-by-layer characterisation of a 

DMPC bilayer where one of the DMPC leaflets is all-hydrogenated (h-DMPC) and the 
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other DMPC leaflet is all-deuterated (d-DMPC) was completed.118  The DMPC bilayer 

membrane was produced having the h-DMPC as the lower leaflet (in contact with the 

metal substrate), and the d-DMPC as the upper leaflet (in contact with aqueous solution), 

and vice versa.  The two studies were compared by observing the C-H stretching region 

(only present in h-DMPC) using PM-IRRAS.118  This study allowed for the determination 

of tilt angles of the chains in the two leaflets separately showing that the solid substrate 

does introduce a small amount of disorder to the leaflet in closest contact with the metal. 

2.5 Characterization of biomimetic membrane-protein interactions 

 2.5.1 Spectroscopic methods 

 In literature, there has been a substantial increase toward optimizing techniques to 

characterize biomimetic membrane-protein interactions.108,117,119  One of the common 

spectroscopic methods used is PM-IRRAS because it has the ability to monitor both 

protein and peptide backbone vibrational modes and lipid vibrational modes 

simultaneously.  Casel et al. have used PM-IRRAS to study the effect of the 

polysaccharide chitosan on the adsorption of proteins onto a phospholipid monolayer, and 

its role in removing the protein from the monolayer.120 This research was conducted to 

test the action of chitosan in biological applications since it has been shown that chitosan 

has the ability to remove the protein β-lactoglobulin from whey. β-lactoglobulin was 

adsorbed onto a DMPA lipid monolayer that was prepared using the Langmuir 

technique.120  The amide bands of β-lactoglobulin were monitored using PM-IRRAS; the 

disappearance of these bands from the spectrum would indicate that β-lactoglobulin was 

no longer adsorbed on the monolayer.120 It was successfully shown that chitosan present 
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in the subphase is capable of removing β-lactoglobulin.  These results demonstrate that 

protein-protein or protein-lipid interactions can be monitored using PM-IRRAS.  

 Leitch et al. has also shown the importance of PM-IRRAS in characterizing 

structural and orientational changes of cholera toxin B (CTB) as it interacts with 

monosialotetrahexosylganglioside (GM1) that is incorporated into a DMPC / cholesterol 

bilayer lipid membrane.121  A major finding in this study was that the opening and closing 

of the CTB pore occurs via the α-helical components in the center of the pore, and the 

pore opening was found to be voltage-dependent.121  The results shown in this study can 

be very useful in explaining the mechanism of CTB translocation across the membrane.          

 Another method used to investigate lipid-protein interactions is 2D infrared 

spectroscopy. This technique is well-developed to probe molecular structure and 

dynamics.  It has been used in a variety of applications such as monitoring chemical 

exchange in small molecules, protein structure and dynamics, and solvent hydrogen 

bonding dynamics.122  However, the main application of 2D infrared spectroscopy 

involves characterizing aqueous proteins and peptides, and probing the structure of lipids 

and membrane proteins. Volkov et al., have shown that this method can be used to 

successfully characterize the incorporation of myrisoylated glycine (MrG) dipeptide into 

a PLPC bilayer.123  The results indicated that MrG is strongly associated with the 

phospholipids, and that the peptide backbone is oriented 60° with respect to the plane of 

the bilayer.123 Despite the heavy use of PM-IRRAS for such protein-lipid interaction 

studies this method has several disadvantages, as mentioned earlier, such as complicated 

set-up, long acquisition times, and background interference.  As a result, other 

spectroscopic tools are needed.  
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 Another powerful spectroscopic technique that can be used to monitor lipid-

protein interactions is surface-enhanced Raman spectroscopy (SERS).  SERS is becoming 

a popular tool for analyzing biological molecules and studying their conformational 

changes on metal substrates.124,125 There are as of yet relatively few studies that have 

shown the potential of using SERS for analyzing biomembranes deposited on metal 

surfaces.  One study has shown the ability of SERS to investigate the interaction between 

h-BLMs and human enzyme cytochrome P450 (CYP2D6).126 CYP2D6 is a peripheral 

membrane protein that is responsible for drug metabolism, making it a relevant topic in 

pharmacology and toxicology.126 This study was aimed toward understanding the 

interaction between CYP2D6 and h-BLMs using SERS.  Based on the results obtained, 

peaks that are due to the heme group in the CYP2D6 were monitored using SERS.126 

However, there were major difficulties in enhancing the Raman signal of the protein due 

to the large distance between the protein and the SERS substrate.126 This showed that 

because SERS is a distance-dependent technique, depending on the thickness of the 

bilayer lipid membrane and the size of the protein, it might be difficult to observe protein 

signal.  However, in some cases this could be advantageous, for example in probing 

membrane transport events.   

 The combination of surface spectroscopic methods with electrochemistry can 

provide more information toward analyzing biological systems.  One of the methods that 

can be readily coupled with electrochemistry is SERS (EC-SERS).  In order to use        

EC-SERS it is very important to determine the stability of the bilayer lipid membrane as a 

function of applied potential.  In most cases this should not be problematic since natural 
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biological membranes are frequently exposed to electric fields on the order of 107-108 V 

m-1.79,106 Vezvaie et al. showed that EC-SERS can be used to determine the stability of 

bilayer lipid membrane as potential is being applied.127  It was observed that the bilayer 

lipid membrane is most ordered at potentials between -0.7 and -0.9 V.128  The change in 

intensity of the acyl peaks at    2935 cm-1 and 2880 cm-1 was used to determine the quality 

of the acyl chain packing on the silver substrate.129  The results obtained from this work 

have demonstrated that EC-SERS can provide unique molecular level understanding of 

potential-dependent properties of s-BLMs.129  This is an example showing that EC-SERS 

can monitor lipid-lipid interactions, however EC-SERS has not yet been used to monitor      

protein-lipid interactions. 

 This research work will focus on developing EC-SERS as a spectroscopic tool in 

order to monitor the interaction between proteins and biomimetic membranes.  The 

results obtained will provide molecular level information and be useful in further 

exploring the amyloid pore hypothesis of Alzheimer's disease. 

  2.5.2 Electrochemical methods 

 One common electrochemical method used to study membrane integrity and 

membrane-protein interactions is cyclic voltammetry (CV). CV can be used to obtain 

information regarding membrane thickness, porosity, and extent of defects present in a 

monolayer.108  This is achieved through cycling the potential of the working electrode 

between two limits and monitoring the resultant current.108  Recently, CV was used to 

study the interaction between protein toxins and h-BLMs by the use of three different 

redox probes.124  As these redox probes interact with the surface due to defects in the       
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h-BLMs caused by the toxins, distinctive redox peaks will be apparent in the cyclic 

voltammogram.124 The results obtained have indicated that pores were indeed formed by 

the presence of these toxins.124 

 A recent study completed by Juhaniewicz et al. has highlighted the importance of 

electrochemical methods in order to evaluate the mechanisms involved in melittin 

membranolytic activity.129 Melittin is a membrane active peptide that consists of 26 

amino acids and interacts with biological and artificial membranes. Melittin is considered 

a toxin due to its ability to cause hemolysis of cells and perturbation of lipid vesicles.129 

In this study CV was used in order to verify the permeability of a DMPC bilayer lipid 

membrane in the presence and absence of melittin. The permeation was monitored using 

the ferricyanide / ferrocyanide redox couple and the peak-to-peak separation of the cyclic 

voltammogram was measured.129 It was observed that the peak-to-peak separation of the 

redox probe on a bare gold electrode is 60 mV, and in the presence of bilayer lipid 

membrane the peak-to-peak separation increases to 550 mV.129 This indicates that the 

electron transfer process is slowed by the presence of the bilayer and surface access of the 

probe is hindered.  Melittin was then introduced to the bilayer for 15 and 30 minutes and 

the peak-to-peak separation was measured to be 320 mV and 200 mV, respectively.129 

This confirmed the destabilizing effect of melittin on the DMPC bilayer membrane, 

which had caused the membrane to become less compact.  Longer exposure of melittin 

caused the surface to become more accessible for ions diffusing from bulk of the solution 

and hence a decrease in the peak-to-peak separation occured.129  
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2.5.3 Other methods 

   Some methods have been used to visually study the interaction between lipid 

molecules and proteins such as atomic force microscopy (AFM) and scanning tunneling 

microscopy (STM).  STM can be coupled with electrochemistry (EC-STM) in order to 

monitor the lipid-protein interaction.  In this study the interaction between trichogin, an 

antimicrobial peptide, and DMPC monolayer was investigated using    EC-STM.130 More 

specifically, an analog of trichogin, trichogin-OMe (TCG) was used to study the nature of 

the aggregation and the structure of the aggregates formed on the DMPC monolayer.130 

Based on the results obtained by EC-STM, the authors showed direct visualization of 

channels formed by the TCG aggregates.  The channels formed consisted of a bundle of 

six TCG molecules which provided the first direct visualization of a hexameric pore.130 

This shows that EC-STM can be very useful in imaging lipid-protein interactions. Other 

antimicrobial peptide aggregates that were also imaged using EC-STM include 

gramicidin131 and alamethicin.132 There are other microscopic techniques that have the 

ability to image the lipid-protein interaction.  Lee et al., have monitored the interaction 

between amyloid-β aggregates on brain total lipid extract-based supported lipid bilayer 

membranes (brain-BLMs) using dark-field microscopy.133  Dark-field microscopy has an 

advantage over fluorescence-based imaging methods because it does not require the use 

of dyes such as Congo red and Thioflavin T.  The amyloid-β aggregates were introduced 

to the brain-BLMs and bare glass surfaces as well in order to monitor the difference in 

interactions.133 It was observed that amyloid-β aggregates were seen on the brain-BLMs 

and not on the glass surface which suggests that there were repulsive forces between the 
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glass surface and the aggregates.133 This study showed that brain-BLMs promote fast and 

efficient formation of amyloid-β aggregates.    

 Another example showing the effect of proteins on lipid bilayers was examined 

using molecular dynamics (MD) simulations.  In this work, the effect of human islet 

amyloid polypeptide (HIAPP) on a lipid bilayer was studied.134 It was observed that the 

interaction between HIAPP is dependent on the level of cholesterol present in DPPS / 

DPPC bilayers.  The HIAPP was found to form disordered pores inside the bilayer in the 

absence of cholesterol, and amorphous aggregates located at the bilayer-water interface in 

the presence of cholesterol.  The incorporation of cholesterol was found to increase the 

thickness and improve the order of the lipid bilayers and prevent HIAPP aggregates from 

inserting into the lipid bilayer.134 
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Chapter 3:  Theory 

 3.1 Langmuir monolayers and Langmuir-Blodgettry 

 In order to transfer a compact bilayer or multilayer structure onto a solid substrate 

using the LB / LS technique some basic monolayer thermodynamics principles should be 

studied.  Molecules at an interface will tend to orient themselves to minimize their free 

energy.  In thermodynamics, free energy is referred to as the energy required for the 

system to do work. Molecules at the interface will diffuse from the bulk of the liquid to its 

surface and vice versa in order to achieve equilibrium, and hence minimize the free 

energy of the system.114 At an interface, molecules are surrounded by fewer molecules 

than the molecules in the bulk liquid as shown in Figure 14.  Molecules within the bulk 

liquid are subjected to equal forces of attraction in all directions, whereas molecules 

located at the interface are subjected to unbalanced forces resulting in a net inward 

force.135 The intermolecular forces between two or more substances can be referred to as 

cohesive and adhesive forces. Cohesive forces are intermolecular forces acting between 

molecules of the same phase (between like molecules).136  Cohesive forces tend to keep 

the phases separate by the tendency for a substance to hold itself together.136  Adhesive 

forces are intermolecular forces acting between molecules of different phases (between 

unlike molecules).  Adhesive forces tend to increase the affinity between two phases by 

the tendency for a substance to interact with the other.136 As a result of this imbalance in 

force, a surface tension (γ) results.  The surface tension can be determined by the energy 

or work required to increase the surface area of a liquid.  
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Figure 14:  Cohesive (      ) and adhesive (     ) forces acting on molecules at the gas-
liquid interface and molecules in the bulk liquid.  Adapted from reference [135]. 

 

 The force acting on molecules at the gas-liquid interface is the surface tension (γ) 

which is one of the basic physical values that characterizes liquid phases, including lipid 

monolayers.113 The surface tension is a result of short-range intermolecular forces 

including Van der Waals forces and hydrogen bonding.135   A convenient way to explain 

surface tension is by comparing it to surface pressure, Π.  This can be explained by the 

compression of a lipid monolayer using a barrier at the air-water interface on the LB 

trough.62 Surface pressure increases as molecules are compressed with a movable barrier.  

Figure 15 shows the compression of a lipid monolayer. 
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Figure 15:  Compression of a lipid monolayer at the air-water interface using a movable 
barrier.  Adapted from reference [62].  

The work done by moving the barrier can be expressed as the product of the distance 

travelled by the barrier (Δx), its length (l), and the surface pressure (Π), as shown in 

equation 1: 

                                                        w = Δx ∗ l ∗  Π                                                (1) 

As the molecules are compressed at the interface, a change in the surface energy results.  

In monolayer experiments, it is very common to refer to a measurement of surface 

pressure instead of surface tension.113,114 The difference between the surface tension of 

water (γ0) and the surface tension of the monolayer (γ) is equal to the surface pressure, as 

shown in equation 2:  

                                                       Π= γ0 −  γ                                                        (2) 

The surface tension can also be expressed as the force per length acting on the 

surface.  The SI unit of surface tension is mN m-1; for example, the surface tension of 

water at 20°C is 72.75 mN m-1.113,114 There are different methods used to obtain the 

γ0
 = Surface tension of water 

γ = Surface tension of 
monolayer 
Π = Surface pressure 
l = Length of barrier 
Δx = Distance travelled 
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surface tension as the monolayer is compressed, and the most commonly used method is 

known as the Wilhelmy plate method. 113,114 This method involves dipping a flat plate 

through the surface of a liquid and measuring the force acting on it.114 The plate can be 

made of glass, mica, platinum or filter paper and is connected to an electromicrobalance.  

An illustration of a Wilhelmy plate is shown in Figure 16. 

 

Figure 16:  The Wihelmy plate method to measure the surface tension.  Adapted from 
reference [114]. 

 

There are two forces that act on the plate which include 1) weight force Fp acting 

downward, and 2) Archimedes’ buoyancy force, Fa acting upward.110 The resulting net 

force acting on the Wilhelmy plate is shown in equation 3:      

                            F= F𝑃𝑃 + 2γw −  F𝑎𝑎                                                                    (3) 
γ = Surface tension of monolayer 
w = width of the plate 
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During the compression the plate is held constant which means Fp and Fa will be constant, 

and since the surface pressure is the change in surface tension, the surface pressure can be 

obtained as shown in equation 4:  

                                                         Π= −ΔF
2w

                                                            (4) 

These equations show how surface tension and surface pressure are related, and 

the importance of knowing the parameters of the Wilhelmy plate in order to control the 

compression of the monolayers.  In this research work, a thin filter paper was used as the 

Wilhelmy plate to measure the surface tension during the monolayer compression 

process.  

During the compression process, the Langmuir film typically exists as four 

phases: gaseous phase, liquid-expanded (L-E) phase, liquid-condensed (L-C) phase, and a 

solid phase.62,112,113 Figure 17 illustrates the different monolayer phases observed during 

compression.  The gaseous phase occurs immediately after the deposition of the 

amphiphilic molecules onto the subphase surface.  These molecules tend to spread all 

over the surface with no net force exerted between the molecules.113  Once compression 

begins, the molecules are now present in a L-E phase, where they tend to get closer to 

each other and experience a small amount of attractive interactions.  At this phase, the 

hydrophobic tails start to experience vertical alignment however the molecules are still 

randomly ordered.113  As the compression continues, the molecules reach the L-C phase 

where the area that each molecule occupies decreases and the neighbouring hydrophobic 

tails start to interact with each other.113 Further compression results in the solid phase 
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where the molecules are tightly packed and well-ordered at the subphase surface with 

their hydrophobic tails oriented into the air.  This solid phase is characterized by a steep 

increase in surface pressure, describing the linear relationship between the surface 

pressure and the molecular area.113 The compression of a monolayer beyond the solid 

phase eventually leads to monolayer collapse where the molecules are forced from the 

surface of the liquid yielding the formation of undesirable multilayers and rapid decrease 

in Π .68    

 

Figure 17: Compression isotherm of an amphiphilic molecule at the air-water interface.  
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3.2 Electrochemistry 

 Electrochemistry involves using electrical measurements to observe chemical 

effects. Electrical quantities such as current, potential, or charge can be monitored in 

order to understand chemical systems.  In order to conduct an electrochemical 

measurement two main components are required: an electrolyte and electrodes.  The 

electrolyte is an aqueous salt solution that has the ability to allow current to flow.137 The 

ideal electrolyte solution is prepared using highly purified reagents, it should have a high 

concentration ionic strength (0.01-1.0 M), and it should not react with the analyte.137 The 

presence of oxygen in the electrolyte solution can cause problems while performing 

electrochemistry.  For example, a large background current is produced as oxygen is 

reduced which can interfere with the measurement of the analyte, and the products of the 

oxygen reduction may also affect the electrochemical process under investigation.  The 

electrolyte is purged with an inert gas, such as argon or nitrogen, prior to use, to remove 

dissolved oxygen.137 

There are three different electrodes present in a typical electrochemical cell used 

for voltammetry, which include the reference electrode (RE), counter electrode (CE), and 

working electrode (WE).138 The RE has a constant potential that is not affected by the 

applied potential.  The most commonly used REs include the silver-silver chloride 

electrode (Ag / AgCl) and the saturated calomel electrode (SCE).137,138 The CE is made 

from an inert conductive material, such as a platinum or graphite, and its function is to 

complete the electrical circuit; by acting as an anode when the WE is acting as a cathode 

and vice versa.139  The WE is where the redox reaction of interest takes place.  
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Electroanalysis is highly dependent on the material of the WE, and there are some 

characteristics that need to be considered such as: reproducibility, cost, availability, 

toxicity, potential window, and electrical conductivity.137 One of the most widely used 

working electrodes in electroanalysis is carbon.  Carbon electrodes are suitable for 

various sensing and detection applications because they have a demonstrated chemical 

inertness, a broad potential window, a low background current, and are inexpensive.137     

The two distinctive types of electroanalysis techniques are potentiometric and 

potentiostatic measurements.  Both techniques measure the electrochemical process 

occurring at the electrode-solution interface.  In this research, a potentiostat is used to 

study the charge transfer processes occurring at the interface by collecting a cyclic 

voltammetry (CV).  CV consists of sweeping the potential of the working electrode 

between two limits, and measuring the resulting current.137 As a result a cyclic 

voltammogram is obtained which plots the measured current versus the applied potential.  

While applying a voltage, charged molecules will move and orient themselves depending 

on their charge.  For example, a negatively charged molecule will be attracted to the 

positively charged electrode, which can then allow for surface adsorption or electron 

transfer.140   

The electrical double layer model is used to describe the array of charged particles 

at the surface of an electrode.140  A positively charged electrode will attract a layer of 

negative ions, and vice versa. This results in the formation of an electrical double layer.  

There have been many different models proposed to explain the electrical double layer at 

an electrified interface.140 However, the model used by most researchers at present was 

 60 
 



described by Bockris / Devanthan / Mueller in 1963.135,141 This model, referred to as the 

BDM model, describes the specific adsorption of ions and the role of solvent at the 

interface.141 This model takes into consideration the interaction between the electrode and 

dipolar solvents (i.e. water).  The electrical double layer has a complex structure of 

several distinctive regions as shown in Figure 18.  The first region to consider is the inner 

layer close to the electrode surface which is called the inner Helmholtz plane; this region 

contains solvent molecules and desolvated, adsorbed ions.141 The second region is the 

outer Helmholtz plane which is an imaginary plane that passes through the center of 

solvated ions that are non-specifically adsorbed.137,141 The third region which is beyond 

the compact layers is the diffuse layer which is a three-dimensional region of diffused 

solvated ions and solvent molecules.137,141 Depending on the ionic strength, the thickness 

of the double layer may extend more than 10 nm from the surface.137,141    

By changing parameters such as the electrode potential, the charge density and 

polarity of the surface, the charge can be changed.  The potential at which the overall 

surface charge density is equal to zero is referred to as the potential of zero charge 

(pzc).142 If the electrode potential is more positive than the pzc, the surface will be 

positively charged, and hence negatively charged ions will interact preferentially with the 

surface.142 One of the simplest molecules to consider is water; when the surface is 

positively charged, water will orient itself such that the oxygen atom will interact with the 

surface.  If the electrode potential is more negative than the pzc, the surface will have 

weaker affinity for anionic species and interaction with the oxygen atom of the water 

solvent will be weaker.142 In this case, a water molecule will orient itself such that the 
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hydrogen atoms will interact with the electrode surface, and cations will have a higher 

affinity as well.     

Figure 18: Illustration of the electrical double layer according to Bockris / Devanthan / 
Mueller model.  Adapted from reference [141]. 

 

Due to the alternating charged layers, the electrical double layer resembles a 

parallel-plate capacitor.137 The capacitance of a parallel-plate capacitor is described in 

equation 5: 

                 𝐶𝐶 =  𝑘𝑘𝑘𝑘0𝐴𝐴
𝑑𝑑

                                                                    (5) 

  

C = Capacitance 
k = Relative permittivity of the material 
separating the plates 
ε0 = Permittivity of free space 
A = Area of plates 
d = Distance between plates 
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 Capacitance is defined as the amount of stored charge a species can hold at an 

applied voltage.  The charge is determined by the amount of current that flows at unit 

time.137 Therefore, the capacitance of the electrical double layer describes the amount of 

current flow based on the applied voltage depending on unit time.137 Equation 5 shows 

that capacitance is inversely proportional to the thickness between the plates.137 This is a 

useful method to determine whether compact monolayers are formed at the surface of the 

electrode. Since capacitance is inversely proportional to the distance between the plates, 

one would expect that a compact layer on the surface will result in a measured decrease in 

the capacitance.  There are certain factors that can affect the double layer capacitance 

such as the material and structure of electrodes, size and charge of ions, applied potential, 

and concentration of analyte ions in solution.140 In this research, CV will be useful 

because it can provide information on the relative quality of the biomimetic membrane 

formed since the current vs. potential data can be used to obtain the differential 

capacitance as shown in equation 6.         

                 𝐶𝐶 = 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑

=  𝑖𝑖
𝜈𝜈
                                         (6) 

3.3 Vibrational Spectroscopy 

 3.3.1 Raman spectroscopy 

 Raman spectroscopy is a form of vibrational spectroscopy based on the interaction 

between incident photons and a molecule. Specifically, Raman spectroscopy is based on 

the inelastic scattering, of incident monochromatic light.  When source radiation is 

C = Capacitance 
i = current 
ν = scan rate 
 

 63 
 



focused onto a sample, the photons can be scattered either elastically or inelastically by 

the sample.143 The source radiation has the ability to disturb the electron cloud which can 

be determined from the electron cloud polarizability.144 The electron cloud in a chemical 

bond can oscillate due to electromagnetic radiation and cause light to be emitted, and this 

is what is called scattering in this thesis.144  The energy of the incident light used to 

oscillate the electron cloud is completely given back in the emitted light.     

As seen in Figure 19, there are three different types of scattering that can occur, 

which are referred to as Rayleigh, Stokes and anti-Stokes scattering. Rayleigh scattering, 

also known as elastic scattering, does not provide any vibrational information about the 

molecule because there is no net energy gain or loss.145,146 The molecule returns to the 

vibrational energy level from which it started and the emitted photons have the same 

energy and therefore the same wavelength as the initial photon.  Stokes scattering is an 

inelastic scattering process which provides useful vibrational information about the 

analyte molecule.145,146 The molecule gains energy via the incident photons and is excited 

to a virtual energy state.  A virtual energy state is not a stationary energy state, rather it is 

simply the distortion of the electron distribution of a covalent bond.143  Once the molecule 

is excited it will relax back to a vibrational state higher than the ground state by emitting 

photons that have less energy, and therefore a longer wavelength, than the initial 

photon.146  If the molecule is initially at an excited state it will reach a virtual energy state 

and fall back to the ground state whilst emitting photons that have a higher energy, and 

therefore a shorter wavelength, than the initial photon; this is referred to as anti-Stokes 

scattering.146   
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Figure 19:  Diagram showing the energy-level diagram for: Infrared absorption, 
Rayleigh, Stokes, and anti-Stokes scattering.  Adapted from reference [143]. 

Under typical experimental conditions molecules are mostly present in the ground 

state, and therefore Stokes Raman scattering is more probable and it is commonly what is 

measured in Raman spectroscopy.  Since the intensity of the Raman scattering is not 

equivalent in all directions, a certain angle should be present between the incident source 

and the detector.  Efficient Raman scattering can be obtained at 90° (right angle 

scattering) or 180° (back-scattering).143 Each molecule will scatter light differently which 

provides a unique Raman signal for each sample component.  The data obtained can be 

displayed as a plot of Raman scattering intensity versus wavelength.  The x-axis in a 

Raman spectrum represents the difference between the excitation wavelength and the 

Raman wavelength expressed in wavenumbers (ῡ).143  Wavenumbers are the reciprocal of 
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wavelength (ῡ = 1/λ) having  units of cm-1, which can also be expressed as a unit of 

energy, E as shown in equation 7: 

                  𝐸𝐸 = ℎ𝜈𝜈 = ℎ𝑐𝑐
𝜆𝜆

= ℎ𝑐𝑐ῡ                                               (7) 

 

The peaks observed in a Raman spectrum are a result of the photon interacting 

with the electron cloud and causing changes in the polarizability of the molecule, thus 

producing an induced dipole moment.146 This is referred to as the Raman selection rule 

which determines whether certain vibrations are Raman active or inactive.146 As shown in 

Figure 20, when an incident electric field (i.e. laser beam) is in contact with a molecule 

there is a distortion such that the nuclei and electrons are attracted to opposite poles.     

 

Figure 20:  Polarization of a diatomic molecule in an electric field.  Adapted from 
reference [146]. 

 

 

E = energy 
ℎ = Planck’s constant 
𝜈𝜈 = Frequency of light 
c = Speed of light 
λ = Wavelength of light 
ῡ = Wavenumber of light 
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The induced dipole moment as a result of this charge separation can be 

represented by equation 8:   

                                𝑃𝑃 = 𝛼𝛼𝛼𝛼                                                            (8) 

This simple relationship does not hold for actual molecules because both P and E 

are vectors and consist of three components in x, y, and z directions, therefore equation 9 

can be written in a matrix form as: 

             �
𝑃𝑃𝑥𝑥 
𝑃𝑃𝑦𝑦  
𝑃𝑃𝑧𝑧 
� =  �

𝛼𝛼𝑥𝑥𝑥𝑥    𝛼𝛼𝑥𝑥𝑥𝑥   𝛼𝛼𝑥𝑥𝑥𝑥
𝛼𝛼𝑦𝑦𝑦𝑦    𝛼𝛼𝑦𝑦𝑦𝑦   𝛼𝛼𝑦𝑦𝑦𝑦
𝛼𝛼𝑧𝑧𝑧𝑧   𝛼𝛼𝑧𝑧𝑧𝑧    𝛼𝛼𝑧𝑧𝑧𝑧

� �
𝐸𝐸𝑥𝑥 
𝐸𝐸𝑦𝑦  
𝐸𝐸𝑧𝑧 

�                                           (9) 

The right side of the matrix is referred to as the polarizability tensor, and any 

changes in this tensor during the vibration will be considered Raman-active.146 The 

selection rule is not exclusive to Raman spectroscopy and can be applied to other 

spectroscopic techniques such as Infrared spectroscopy (IR).146 IR is a vibrational 

technique that measures the absorption of infrared light by the sample.  The selection rule 

of IR differs from Raman spectroscopy by the fact that vibrations are considered IR active 

if the dipole moment is changed during vibrations.146  In some cases molecules would have 

some modes that are Raman active and IR inactive, and vice versa.  This is dependent on 

the symmetry of the molecule; vibrations that are symmetric with respect to the centre of 

symmetry are Raman-active, and vibrations that are antisymmetric with respect to the 

centre of symmetry are IR-active.146 This is referred to as the rule of mutual exclusion 

which states that in centrosymmetric molecules a vibrational mode may be either IR active 

P = Induced dipole moment 
α = polarizability 
E = electric field  
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or Raman active.146  Molecules can be characterized using these two techniques in order to 

observe different vibrational modes.     

Raman spectroscopy offers many advantages compared to IR.  One of the main 

advantages is that water molecules are weak scatterers which is very useful when 

analysing biological samples that are prepared in aqueous solutions since water will not 

interfere.147 Also, carbon dioxide, glass, and alcohols are weak Raman scatters and 

therefore cause less interference with the analyte signal compared to IR.  The use of a 

small diameter laser beam (1-2 mm) allows for small sample analysis, which is a great 

advantage over IR which has typical spot sizes of mm to cm.147 Other advantages include 

the simplicity in obtaining a Raman spectrum, minimal sample preparation and 

modification required, it is non-destructive, and it offers rapid analysis time, and portable, 

hand-held instrumentation is widely available.144,147,148  Disadvantages of Raman 

spectroscopy include the use of a powerful laser source which can cause 

photodecomposition of the sample.  However, reducing the laser power can often resolve 

this issue.146  Also, some compounds fluoresce when irradiated by the energetic laser 

beam, resulting in a significant background.143  The main disadvantage of Raman 

spectroscopy is that the Raman Stokes scattering is relatively weak, and only a small 

amount of the light is scattered inelastically.149  Usually only one in a million photons 

undergo inelastic scattering.149 As a consequence only strongly scattering molecules 

present as bulk solids, liquids, or gases exhibit useful normal Raman spectra.  Some of 

these disadvantages can be overcome by using surface-enhanced Raman spectroscopy 

(SERS) which is a variation of normal Raman spectroscopy.  
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3.3.2 Surface-Enhanced Raman Spectroscopy (SERS) 

 In 1974 Fleischmann et al. showed that pyridine and other molecules exhibit an 

enhancement of their Raman signal when adsorbed onto electrochemically roughened 

silver.150  After this observation, Van Duyne and Jeanmaire examined some factors that 

would affect the intensity of the Raman signal, such as surface roughness, effect of 

applied potential, solution analyte concentration, and electrolyte composition of the 

solution.151  This analysis showed that molecules present on the surface of a 

nanostructured coinage metal surface can exhibit an extraordinary enhancement of their 

Raman signal.152 This phenomenon is referred to as surface-enhanced Raman 

spectroscopy (SERS) which is a selective and sensitive technique which can increase the 

Raman signal of an analyte by 4 to 11 orders of magnitude.153 The contribution of this 

enhancement is still under debate but it can at present be related to two mechanisms a) a 

chemical enhancement mechanism (minor contribution) and b) an electromagnetic 

enhancement mechanism (major contribution).153,154 

 Chemical enhancement is due to charge transfer between the chemisorbed 

molecule and the metal surface and contributes up to 2 orders of magnitude to the 

observed enhancement signal.153-155 The electron coupling between the analyte and the 

metal has the ability to change the polarizability of the molecule and form a surface 

species that acts as a resonant intermediate in Raman scattering.155,156 This mechanism 

varies between substrates, adsorbed molecules, and substrate adsorption sites.153 In order 

to achieve this enhancement the molecules should be directly adsorbed on the metal 

surface.    
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 Electromagnetic enhancement is a wavelength-dependent effect that contributes 

up to 4-10 orders of magnitude in terms of signal enhancement.154,157 This primarily arises 

from the collective oscillation of conduction electrons when an electric field (i.e. incident 

electromagnetic radiation of a laser) interacts with nano-structured metallic surfaces. The 

collective oscillation of free electrons in the metal is termed the localized surface plasmon 

resonance (LSPR).154,158,159  The LSPR is dependent on the size, shape, nanometric 

roughness, and the material of the nanostructured surface.155 As shown in Figure 21, 

LSPR occurs in nano-structures that are smaller in all dimensions than the wavelength of 

incident light which will cause the free electrons in the metal to collectively oscillate in 

resonance with the electric field whereas the positively charged metallic nuclei remain 

fixed.155,159 

 

Figure 21: Schematic illustration of localized surface plasmon resonance on metal 
nanospheres.  Adapted from reference [154]. 
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The electromagnetic enhancement does not require the analyte to be in direct 

contact with the surface but it does have to be within a certain sensing range.153  Studies 

have shown that the electromagnetic enhancement decreases as the distance between the 

analyte and metal surface increases; this is due to the localization of the LSPR on the 

metal surface.153,154  According to literature, the ideal distance for SERS detection is 

within 2-4 nm of the nanoscale roughness feature.153  In many cases SERS studies are 

performed on molecules containing a thiol or amine group which can allow the molecule 

to chemisorb onto the metal surface in order to achieve maximum SERS intensity.153 

Also, the intensity can vary depending on the orientation of these molecules and the 

tensor symmetry with respect to the surface. Moskovits has developed the concept of 

surface selection rules that discusses the local field polarizations of the molecule and its 

connection with increasing the observed SERS intensity.160 This concept suggests that the 

local field polarizations should be perpendicular to the metal substrate in order to achieve 

the maximum SERS intensity, whereas polarizability tensors that are parallel to the metal 

substrate will result in a weaker SERS intensity.161  In other words, the vibrational bands 

that have contribution from the Raman polarizability tensor component 𝛼𝛼𝑧𝑧𝑧𝑧, where z is 

the surface normal, will be more intense than contributions from 𝛼𝛼𝑥𝑥𝑥𝑥 and 𝛼𝛼𝑦𝑦𝑦𝑦. This is 

essentially because the electric field of the exciting light is enhanced in the direction of 

the surface normal.83,162 

 One of the most important aspects regarding SERS enhancement is choosing the 

appropriate metal substrate with the right size and shape.  Coinage metal nanoparticles 

have been increasingly used due to their unique chemical, physical, optical and electronic 
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properties, and ease of production.162  Nanoparticles (NPs) have been used in a variety of 

different fields such as chemistry, physics, biology, nanotechnology, material science, 

medicine, computer science, and engineering.163  Different metals such as aluminium, 

gold, silver, copper, palladium, and platinum have been used for different applications 

depending on their plasmonic properties.164  The most commonly used metals for SERS 

substrates are gold (Au) and silver (Ag) since they have good plasmonic properties in the 

visible region and are relatively inert.  Although AuNPs are very stable, biocompatible, 

and different shapes can be readily achieved, they are relatively expensive to make and 

provide strong plasmon resonance only for wavelengths longer than 500 nm which can 

limit their application.164 On the other hand, even though AgNPs have biocompatibility 

issues and can be prone to oxidation they have the highest plasmon resonance effect over 

the widest wavelength range (300-1200 nm).164  There are other advantages that make Ag 

a good metal candidate such as having the highest electrical and thermal conductivity of 

plasmonic metals, it is relatively cheap, and exhibits a demonstrated ease of making 

different nanostructures with controllable size and shape.164  

There are many methods used to prepare different shapes of nanoparticles such as 

spheres, cubes, triangles, rods, and hollow structures.165 Even though these methods 

provide interesting nano-structures, they might not be SERS-active.  In this research, all 

the experiments conducted were done on spherical AgNPs.  The first SERS experiment 

performed on spherical AgNPs was conducted by Creighton in 1979.165  There are many 

syntheses used to prepare these spherical AgNPs, one of the simplest procedures for 

synthesis that does not require extensive laboratory reagents or equipment is the citrate 
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reduction method by Lee and Meisel.166  This method was reported in 1982, and involves 

the use of citrate to reduce Ag+ to metallic Ag colloids.166,167  One of the disadvantages of 

this synthesis is that it provides a variety of colloidal sizes ranging between 20-600 nm 

with relatively poor shape control, therefore other synthetic strategies such as seed-

mediated growth can be used to produce more monodisperse samples.164 

Since all SERS substrates are metallic, they can also function as the working 

electrode in an electrochemical cell.  Coupling SERS with electrochemistry is referred to 

as electrochemical SERS (EC-SERS).  This technique is used to detect the signal of the 

analyte present on the metal surface at a chosen applied voltage.  Electrochemical SERS 

can be useful in detecting the signal of the analyte in relevant biological environments, 

and to observe potential-dependent changes in the conformation or orientation of an 

analyte.128 It can also be used to monitor the electrochemical stability of certain analytes 

at metal surfaces.  Changing the voltage can have an effect on the chemical and 

electromagnetic enhancement by altering the Fermi level of the metal and dielectric 

constant of interfacial electrolyte.141   

EC-SERS is considered one of the most complicated SERS systems due to the 

changes occurring on the electrode surface in the presence of applied potential.  However, 

this technique can provide a lot of useful information about the orientation, conformation, 

and the behaviour of molecules at the metal / electrolyte interface.  There have been some 

studies in literature showing the diverse application of EC-SERS in detecting and 

characterizing DNA aptamers,168 alkanethiol SAMs,169 bovine insulin,170 and bilayer lipid 
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membranes.128 The work presented here will focus on studying the interaction of proteins 

with a biomimetic membrane using EC-SERS, as well as other techniques.  

3.3.3 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

(ATR-FTIR) 

ATR-FTIR is a variation of IR spectroscopy designed to reduce water absorption 

interference and has been used since the early 1970’s to investigate biological systems, 

such as proteins.174 Some of the advantages of using ATR-FTIR for protein analysis 

includes minimal sample requirement, little to no sample preparation is required, fast 

sampling time, no probe or dye molecule is needed, and analysis can be done in an 

aqueous environment.174,175 ATR-FTIR operates by measuring the changes that occur in a 

totally internally reflected IR beam, as shown in Figure 22.  The IR beam is directed onto 

a crystal with a high refractive index such as zinc selenide, germanium, or diamond.175 

The internal reflectance creates an evanescent wave that extends beyond the crystal 

surface only a few microns (0.5-5 µm) and interacts with the sample present directly on 

the crystal surface.174-176 The sample is placed directly on the crystal, and as the sample 

absorbs energy, the evanescent wave will be attenuated (weakened) before passing to the 

detector.174-176   

In order to achieve optimal results using ATR-FTIR two requirements must be 

met.  First, the sample must be in direct contact with the ATR crystal because the 

evanescent wave will only extend a few microns through the sample.  Second, the 

refractive index of the crystal must be significantly greater than that of the sample in 
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order for internal reflectance to occur.174-176 ATR-FTIR has been widely used to analyze a 

wide variety of materials such as fiber, glass, paint, and also biological components such 

as lipid, proteins, cells, and tissues.174-176    

 

Figure 22:  Schematic diagram of a typical attenuated total reflectance (ATR) system.  
Adapted from reference [176].  
 

3.4 Electron Microscopy 

 3.4.1 Transmission Electron Microscopy (TEM) 

 Electron microscopes were developed to overcome the limited image resolution of 

light microscopes, which is imposed by the wavelength of visible light.177  In 1925, the 

first theory stating that electrons had wave-like characteristics with a wavelength 

substantially less than visible light was developed by Louis de Broglie.177  This allowed 

the development of the first electron microscope in 1932 by Knoll and Ruska.177 Later on, 

transmission electron microscopy (TEM) were commercially developed and became 

widely available.   Since the initial discovery of TEM, significant developments have led 

to major improvements such as using digital technology for high sensitivity images, use 
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of vibration isolation, high voltage stability, and electronic and mechanical stability.177 

The basic imaging arrangement of TEM involves the use of an electron gun to produce an 

electron beam that interacts with the sample. The electron beam is focused using a series 

of lenses prior to reaching the sample.177 Upon this interaction the beam is transmitted 

and then brought to a focus by an objective lens. A TEM image is then produced by 

magnifying lenses. TEM requires high vacuum in order for the electrons to interact with 

sample to obtain good quality images.  Figure 23 shows a schematic illustration of the 

TEM components.   

 

Figure 23:  Schematic diagram of transmission electron microscopy (TEM) system.  
Adapted from reference [179]. 
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The illumination system consists of the electron gun which is located in the upper 

portion of the electron column in the microscope.  The purpose of the electron gun is to 

generate a fine, focused electron beam to probe the surface.178-180 There are three different 

electron guns that are widely used to produce the electron beam which includes 

thermionic emission, field-emission, and Schottky-emission.178-180 The diameter of the 

electron beam is focused by placing a series of different lenses below the electron gun.  

Condenser lenses are present along the column and their role is demagnification of the 

electron beam.178-180 The design and operation of condenser lenses determines the 

diameter of the electron beam at the sample and the intensity level in the final TEM 

image.  The sample stage is where the sample can be held and inserted or withdrawn from 

the TEM.  The mechanical stability of the sample stage plays a role in determining the 

spatial resolution of the TEM image.179,180 The imaging system contains three lenses that 

together produce a magnified image of the sample on either a fluorescent screen, on 

photographic film, or on the monitor screen of an electronic camera system.179,180 The 

three lenses present are the objective lens, intermediate lens, and projector lens.  The 

objective lens is the most important lens in TEM because it is the closest to the sample 

which is used primarily to focus and magnify the image.179,180 The intermediate lens 

magnifies the image coming from the objective lens.  The projector lens further magnifies 

the image and projects it onto the fluorescent screen to produce an image.180 The design 

of all the imaging lenses determines the spatial resolution that can be obtained using 

TEM.180 The electron image is then converted to a visible form using a fluorescent screen.  

A fluorescent molecule is chosen so that light is emitted in the yellow-green region which 
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is sensitive to the human eye.  In order to save the image a charged-coupled diode (CCD) 

camera is used.180       

TEM has been widely used in different fields such as life sciences, 

nanotechnology, medical, biological and material research, and industry.  TEM has been 

used to examine the ultrastructure of metals, plant and animal tissues, bacteria, and 

viruses.178-181  Although TEM demonstrates exceptional resolution (i.e. 0.2 nm) one of the 

major limitations of TEM is that the sample has to be very thin in order for the electrons 

to be transmitted.181  If the sample is too thick the electrons are strongly scattered or 

absorbed and TEM images cannot be acquired.181  This constraint has provided the 

incentive to develop electron microscopes that have the ability to examine relatively thick 

samples.  This was achieved by the development of scanning electron microscopy.  

 3.4.2 Scanning Electron Microscopy (SEM) 

 Scanning electron microscopy (SEM) is a method used to characterize organic and 

inorganic materials on the nanometer to micrometer scale.  The first commercial SEM 

appeared in the early 1960s, and the design of the SEM has been constantly evolving and 

improving since then.182 One of the main advances made was the development of 

different types of electron sources such as high-brightness and field emission sources.182  

SEM is one of the most versatile instruments due to its capability in obtaining three-

dimensional images of the topography and morphology of a sample.183  One of the main 

advantages of SEM includes fast data acquisition, ease of operation, high resolution, 

minimal sample preparation, small sample requirement, rapid acquisition time, and large 
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depth of field.183 Figure 24 shows a schematic drawing of a typical SEM.  The basic 

theory of SEM involves scanning a high energy focused beam of electrons over the 

sample in order to produce an image.182-184   

 

 

Figure 24: Schematic diagram of scanning electron microscopy (SEM) system.  Adapted 
from reference [184]. 

    
 The SEM column consists of the following main components: an electron gun, 

two condenser lenses, an objective lens, beam scanning coils, large sample chamber with 

a stage, and electron detection system, all operating in vacuum.184 The chamber is kept at 

a high vacuum of about 10-3 to 10-4 Pa.184 Most of the SEM components are very similar 

to the TEM components.  SEM does not include a sample stage after the condenser 
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lenses.  The condenser lenses produce a fine electron beam that can pass through the 

aperture.181-186 There are several apertures present along the column which allow a part of 

the electron beam to reach the objective lens. The objective lens is very important in 

determining the final diameter of the electron beam and plays a major role in focusing the 

fine electron beam on the sample.186 Slightly above the objective lens, a set of double-

deflection coils are located to deflect the beam in opposite directions allowing the 

electron beam to scan across the sample.186 The scan coils ensure that the beam is always 

passing through the optic axis of the objective lens.184-186 As the fine electron beam 

interacts with the sample, it can penetrate into the sample up to 1.0 μm. The sample 

analysed using SEM must be electrically conductive, or an ultrathin coating of metal can 

be applied onto non-conducting samples.186 Upon interaction with the sample various 

types of scattered signal are generated and detected using electron detectors.181-184 The 

two main detectors used in SEM are a secondary electron detector and a back scattered 

detector.184-186 The secondary electron detectors detects small energy beam which allows 

the observation of the topography of the sample surface. Also, SEM can be equipped with 

energy-dispersive X-ray spectroscopy (EDS) that detects the beam scattered as X-ray 

radiation.184-186 EDS is used to identify the elemental composition of the sample.184-186 

The detected beam is then used to create images of the distribution of the sample using 

liquid-crystal screens.     

 SEM is a versatile tool and it has been used in different fields such as chemistry, 

biology, geology, forensic science, medical science, and material science.  SEM has been 

used widely in chemistry to analyse the shape and size of nanoparticles and also to 
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determine their composition.168,187,188 Also, SEM has been used for different application 

such as examining metal fragments,189 paint,190 soils and rocks,191 and biological samples 

such as large and small insects,192 animal tissues,193 proteins,194 bacteria and viruses.195  
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Chapter 4:  Experimental 

4.1 Reagents 

Prior to use all glassware was immersed in an acid bath of sulfuric acid (Fisher 

Scientific, 95-98% ACS grade, NJ, U.S.A.) for several hours and rinsed thoroughly with 

ultra-pure water (>18.2 MΩ cm) from a Milli-Q plus system (Millipore, California, 

U.S.A.).  Millipore water was also used to prepare all solutions. Trisodium citrate 

(>99%), 2’-Deoxyadenosine 5’-monophosphate (dAMP, 98-100%), sodium fluoride 

(>99%), 6-mercaptohexanoic acid (6-MHA, 90%), and recombinant human insulin (98-

100%) were all purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.).  Silver nitrate 

(99.9995%) was purchased from Alfa Aesar (Wardhill, MA, U.S.A.).  Cholesterol (98%) 

and 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 99%) were purchased from 

Avanti Polar Lipids (Alabaster, Alabama, U.S.A.).  Chloroform was purchased from 

Caledon, HPLC grade (Georgetown, Ontario, Canada).  Sodium chloride (>99%) and 

potassium chloride (>99%) were purchased from Chimiques ACP Chemicals (Saint-

Léonard, QC, Canada).  Ethyl alcohol (95%) was purchased from Commercial Alcohols 

(Brampton, Ontario, Canada).   

4.2 Nanoparticle synthesis and characterization 

A modified Lee and Meisel method was used to prepare citrate reduced silver 

colloids.166 First, 0.09 g of silver nitrate was added to 500.0 mL of Millipore water and 

brought to a vigorous boil in a covered beaker with stirring.  Next, 10.0 mL of a   1 % 

w/w trisodium citrate was added to reduce the silver, and the reaction mixture was left to 
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boil for exactly 30 minutes.  The reaction mixture was then removed from heat and 

allowed to cool at room temperature.  After cooling, a 1.0 mL aliquot of the colloidal 

nanoparticle sol was placed in Eppendorf tubes and centrifuged for 15 minutes at 3600 

rpm (VWR Galaxy Analog Microcentrifuge, VWR International, Ontario, Canada) to 

concentrate and aggregate the colloids. After each round the supernatant was carefully 

removed, and a fresh aliquot of the colloidal sol was added.  This procedure was repeated 

10 times. After the tenth cycle, the supernatant was discarded and the resulting pellet, 

consisting of a nanoparticle paste, was applied to the working electrode surface of a 

carbon screen printed electrode (SPE) (Pine Research Instrumentation, CA, U.S.A.). The 

produced silver colloids have a peak absorption wavelength of ~420 nm and a full width 

at half maximum of ~100 nm.  This reaction is photosensitive therefore the nanoparticle 

synthesis is conducted in the dark. 

4.3 Construction of silver nanoparticle electrodes 

Carbon screen printed electrodes (SPEs) (15 x 61 x 0.36 mm) were purchased 

from Pine Research Instrumentation (Durham, NC, U.S.A.).  These SPEs consist of a 

silver/silver chloride (Ag / AgCl) reference electrode, a carbon counter electrode, and 

carbon working electrode.  The SPEs were functionalized by depositing three 5.0 µL 

layers of the concentrated silver nanoparticle (AgNP) paste onto the carbon working 

electrode (5 x 4 mm) using a micropipette as described above.  The electrodes were left to 

dry completely in air between deposition of the AgNP layers, and the final layer was 

allowed to dry completely before the electrode was used. 
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4.4 Preparation of alkanethiol, dAMP, lipid, and insulin solution 

The 6-MHA was used as a self-assembled monolayer to avoid direct contact 

between the lipid molecules and substrate.   The 6-MHA was stored in the freezer at -20 

°C; prior to any experiments the 6-MHA was taken out of the freezer and left to thaw for 

several minutes.  After the solution had thawed, 14.0 µL was added to a 100.0 mL 

volumetric flask and made up to the mark with ethanol (Commercial Alcohols, 95%, 

Brampton, Ontario, Canada) to make a 1.0 mM solution of 6-MHA.  The solution was 

then stored at room temperature in the fumehood prior to use. 

A DNA nucleotide, 2’-deoxyadenosine 5’-monophosphate (dAMP) was used as 

the probe molecule throughout these experiments.  1.0 mM dAMP prepared in      0.1 M 

NaF was used as the supporting electrolyte for the majority of the EC-SERS studies. The 

solution was stored at room temperature and was purged with argon gas for 10 minutes 

prior to use.   

The membrane components chosen for this research were 1,2-Dimyristoyl-sn-

glycero-3-phosphocholine (DMPC) and cholesterol.  A concentration of 2.0 mg / mL of 

70:30 molar ratio of DMPC: cholesterol was prepared in chloroform.106,196  The solution 

was stored in the freezer at -20 °C and allowed to come to room temperature prior to use.  

Recombinant human insulin powder was stored in the freezer at -20 °C.  Insulin 

was prepared as an aqueous solution containing both 0.58 g of 0.1 M NaCl and 205.0 µL 

of 12 M HCl.  The solution was prepared in water, and the pH was adjusted to 1.6 using 

10 mM NaOH.197-199 The solution was always prepared fresh and stored in the fridge.  
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Insulin solution was prepared with the above aqueous solution to make up a concentration 

of 2.0 mg / mL.   

4.5 Preparation of the alkanethiol self-assembled monolayer 

In order to form a compact self-assembled monolayer on the electrode surface, the 

AgNP SPEs were immersed in a 1.0 mM ethanolic solution of 6-mercaptohexanoic acid 

for 2 hours.  The electrodes were then rinsed gently with ethanol to remove any excess of 

6-MHA that was not adsorbed on the surface. The electrodes were then left to air dry for 

several minutes prior to conducting experiments. 

4.6 Aggregation of insulin protein and capturing protofibrils for BLM studies 

The human insulin solution was aggregated under accelerated conditions at a pH 

of 1.6 and an elevated temperature of 65 °C using a water bath.  The insulin solution was 

added to a vial and immersed in a water bath for 5 hours.  As the insulin aggregated, the 

solution changed from a clear transparent solution to very cloudy (turbid) solution.  At 

different stages of the aggregation (oligomers and protofibrils) the solution was taken out 

of the water bath and placed briefly in the freezer to cool and then it was used for 

membrane incubation studies.  The SPE containing the deposited lipid bilayer was 

immersed in the insulin solution for 1 hour with slow stirring.  The SPE was then taken 

out of the insulin solution and left to air dry prior to performing EC-SERS measurements. 
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4.7 Langmuir-Blodgett / Langmuir-Schaefer (LB / LS) deposition 

 4.7.1 Instrumentation                                                            

The formation of lipid monolayers at the air-water interface was accomplished 

using a KSV NIMA Langmuir-Blodgett Trough and its accompanying software (Biolin 

Scientific, Finland).  This instrument is positioned on top of a 6.50 cm thick marble slab 

in order to reduce vibrations and to improve the quality of measurements.  Surface 

pressure measurements were obtained by hanging a 10 mm wide  (20.6 mm perimeter) 

Whatman #1 filter paper functioning as the Wilhelmy plate from the microbalance, and 

subphase temperatures were controlled by a Lauda K-2/R circulating water bath 

(Brinkmann Instruments, NJ, U.S.A.) attached to the trough.  The subphase temperature 

was measured using a temperature probe that was immersed in the water during the 

experiment.  In order to have precise control over immersion of the solid substrate, a 

dipping arm is used that can be automatically controlled.  Figure 25 shows a 

representation of the Langmuir Blodgett system and its main components. 
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Figure 25: The Langmuir trough and its main components. 

4.7.2 Formation of bilayer lipid membranes 

 The Teflon® trough and Delrin® hydrophilic barriers were cleaned with ethanol 

and rinsed thoroughly with Millipore water.  The trough was then filled with Millipore 

water (~750 mL), the Wilhelmy plate was hung, and the temperature probe was immersed 

in the water while avoiding contact with the trough.  After the trough was filled with the 

subphase, the surface was cleaned by gentle vacuum suction. 40 μL of lipid solution was 

carefully deposited dropwise via a Hamilton syringe over the water surface.  After 30 

minutes (allotted time for chloroform evaporation) the lipid components were compressed 

at the air-water interface at a rate of 5 mm / min until a surface pressure of 40 mN / m 

was attained.106,196 This surface pressure value was selected as the pressure to ensure a 
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condensed phase as was derived from the predetermined collapse pressure (50 mN / m) of 

the DMPC / cholesterol 70:30 mixture from a compression isotherm (Figure 17).  The 

transfer of lipid molecules onto a AgNP modified SPE was done at a subphase 

temperature of 30 °C.  The temperature was controlled through use of a circulating water 

bath.  Also, all transfers were conducted at relatively high humidity (90% RH); this was 

done by placing a 250 mL beaker containing boiled Millipore water inside the Langmuir 

enclosure after depositing the lipid monolayers.196 The humidity was measured using a 

hygrometer (Bios Weather, Markham, Canada). The first monolayer leaflet was added to 

the AgNP modified SPE using the LB technique, where the SPE was immersed in the 

water prior to adding any lipid molecules.  The compressed lipid molecules were 

transferred onto the AgNP substrate by the Langmuir Blodgett technique. The second 

monolayer leaflet was then transferred by the LS horizontal touch method to the AgNP 

modified SPE containing the LB lipid monolayer leaflet.  The SPE was then left to dry 

overnight in a closed glass chamber containing 50 mL of boiled water.  This humid 

environment allowed for a slow drying of the monolayer in order to reduce defects.184    

The deposition of the lipid bilayer on the AgNP modified SPE was completed in 

two consecutive days.  This was done to ensure slow and complete drying of each layer. 

Analysis of EC-SERS and CV measurements for the lipid bilayer was completed the day 

after the formation of the second monolayer leaflet. In the case of the addition of human 

insulin to the lipid bilayers, the day after the formation of the second leaflet the SPEs 

were incubated in insulin solution and EC-SERS and CV measurements were conducted 

on the same day. 
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4.8 Raman Spectroscopy 

 All Raman experiments in this research were conducted using a DXR Smart 

Raman Spectrometer (Thermo Fisher Scientific, Mississauga, ON, Canada).  This 

spectrometer is equipped with two different laser excitation wavelengths (532 nm and 780 

nm).  This spectrometer can be fitted with two different gratings, a full range, low 

resolution (5 cm-1) grating, and a shorter range, high resolution (3 cm-1) grating.  The 

spectrometer has a 10 µm diameter laser spot size, and is equipped with a (25-50 µm) 

aperture slit and an air-cooled CCD detector.  In this research, 532 nm was used for all 

the experiments and in order to reduce the possible degradation of biological components, 

the laser power was kept below 5 mW.  The collection exposure time was adjusted to 30 

seconds, where a final spectrum represented the average of 30 spectra.  For spectral 

processing and data analysis, the software program Origin 8.1 (OriginLab Corporation, 

Northampton, MA, U.S.A.) was used on a standard PC.  All data measured were 

corrected for acquisition time and laser power, and also smoothed using the adjacent-

averaging smoothing method of 10 points.  

4.9 Electrochemistry  

A Pine Research Instrumentation portable USB Wavenow potentiostat / 

galvanostat (Durham, NC, U.S.A.) was used for conducting electrochemical 

measurements.  The electrochemical software was Aftermath Data Organizer (version 

1.2.4843) produced by Pine Research Instrumentation. 
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4.9.1 Electrochemical surface-enhanced Raman spectroscopy 

For spectroelectrochemistry (EC-SERS), the applied potential ranged from    0.0 

V to -1.0 V in increments of 0.1 V for a time interval of 60 seconds.  Positive voltages 

were avoided in order to prevent oxidation of the silver surface.  The voltage was stepped 

first in the cathodic direction (0.0 V to -1.0 V) in 100 mV increments, and then returned 

in the anodic direction (-1.0 V to 0.0 V).168 At each potential step the SERS spectrum was 

recorded.  The voltammetry cell, also from Pine Research Instrumentation, was used as 

the spectroelectrochemical cell.  The cell design consists of a modified glass vial (2 x 4.5 

x 0.6 cm) and a special mini USB adapter that is made to fit the SPEs.  A photograph of 

the electrochemical set-up is shown in Figure 26.  All potentials are reported versus the 

Ag / AgCl reference electrode, unless otherwise indicated.   
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Figure 26:  The EC-SERS set-up. 

For most of the experiments, the analyte of interest was immobilized on the AgNP 

electrode, and 0.1 M NaF solution was used as the electrolyte. For EC-SERS, these 

electrodes were placed in the special adapter for the cell vial that connects to the USB 

potentiostat. The electrodes were then analysed in air using the Raman spectrometer to 

ensure that they were at the focal point of the laser before the electrolyte was added.  

Once focused, the Raman spectral analysis and the potentials were applied concurrently, 

acquiring the spectrum for one minute at each applied potential. 
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4.9.2 Cyclic voltammetry 

Cyclic Voltammetry (CV) was conducted at the end of each experiment to assess 

film quality and probe redox behaviour.  The CV parameters used were the same for all 

experiments; the initial and upper potential was set to 0.0 V, the sweep rate was set to 50 

mV / s, a lower potential limit of -1.0 V was used, and the number of segments was set to 

10. 

4.10 Turbidity measurements 

 A turbidity sensor from Vernier (Vernier Software & Technology, Beaverton, 

Oregon, U.S.A.) was used to monitor insulin aggregation. This sensor has the capability 

to measure turbidity from 0 to 200 nephelometric turbidity units (NTU) with a resolution 

of 0.25 NTU.  The accuracy for readings that are less than 25 NTU is 2 NTU, and above 

25 NTU is 5 NTU.  It is equipped with a LED wavelength of  890 nm, and the standard 

solution used for calibration is stableCal formazin standard 100 NTU.  This solution 

contains (1.0-10.0%) of hexamethylenetetramine, (90.0-100.0%) demineralized water, 

and (<0.1%) formazin polymer.  The turbidity sensor is connected to a HP laptop by a Go 

Link interface, and Logger ProTM software was used to collect data.    

 Recombinant human insulin solution (pH 1.6) was added to a clean vial with a 

small stir bar, and added to the water bath (65 °C).  Every 15 minutes the vial was taken 

out of the water bath, wiped well with Kimwipes® and placed in the turbidity sensor with 

stirring.  Once the value of the turbidity was stable, the data was collected using Logger 

ProTM. 

 92 
 



4.11 Transmission and scanning electron microscopy  

 Transmission electron microscopy (TEM) images were acquired using a FEI 

TechaniTM 12 electron microscope (Hillsboro, Oregon, U.S.A.).  The TEM images were 

conducted using 80 kV and magnification up to 60 kX.  It is equipped with a Gatan 832 

SC1000 11M pixels (4008 x 2672) CCD camera. 

 TEM images were obtained at different stages during the aggregation process of 

recombinant human insulin protein.  The times chosen were 0, 45, 60, 75, 135, and 240 

minutes.  At the allotted time, a small amount (~ 50 μL) of the sample was removed from 

the reaction vial and deposited onto a 200 mesh copper grid coated with a carbon film 

(Electron Microscopy Sciences, Hatfield, PA, U.S.A.). The copper grids containing the 

deposited samples were left to air dry for one day at room temperature.  A negative 

staining process was performed using 2% uranyl acetate which is commonly used for 

staining proteins.198  A drop of 2% uranyl acetate was deposited on a wax sheet, and then 

the copper grids were placed face down for 5 minutes on top of the drop.  The copper 

grids were immersed in a 250 mL beaker containing ultra-pure water and rinsed 15 times.  

Using a wicking procedure, the grids were taken out of the beaker and dried using a 

Kimwipe® without touching the surface of the grid.  The samples were left to dry 

completely at room temperature and images were obtained the next day. 

 Scanning electron microscopy (SEM) images were acquired using Tescan MIRA3 

LMU Field Emission SEM (Warrendale, PA, U.S.A.).  The SEM is equipped with a high 

brightness Schottky emitter electron gun, and a secondary electron detector.  Images were 

acquired using resolution mode (1.2-2.5 nm), a high vacuum mode at 10 kV, and at a 
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scanning speed of 32.00 µs / pixel. This SEM is coupled to an INCA X-max 80 mm 2 

EDS system to detect elements present in a selected SEM area, providing qualitative and 

semi-quantitative information.  The EDS system uses a silicon drift detector (SDD).   

 SEM analysis was completed at different stages during the aggregation process of 

recombinant human insulin.  The times chosen were 0, 45, 60, 75, 90, 135, and 225 

minutes.  At the allotted time, one drop of insulin solution was deposited on a  5 x 5 mm 

silicon wafer, (Ted Pella, Inc., Redding, CA, U.S.A.).  The samples were left to dry at 

room temperature and images were obtained. 

4.12 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR) 

 A bench top ATR-FTIR spectrometer (22w x 31d x 14h) was used (Bruker Optik 

GmbH). It is designed to have sealed and desiccated optics housing. The  ATR-FTIR 

contains a diamond crystal (2 x 2 nm) which provides a spectral range between             

50-50000 cm-1, and analysis can be done on samples with pH 1-14. The ATR-FTIR is 

equipped with an air cooled, low voltage (12 V, 20 W) IR source, a high resolution 

deuterated triglycine sulphate (DTGS) detector, and a class I diode laser (850 nm). The 

spectral resolution obtained using ATR-FTIR is between 0.8-2.0 cm-1.   

 ATR-FTIR was completed on both powder and solution recombinant human 

insulin.  For the powder human insulin experiment, a small amount of the powder was 

placed on the diamond window and a standard tip anvil was pressed against the powder 

sample in order to have a compact powder layer covering the crystal. Using OPUS 7.0, 
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the parameters were set for scanning the background for 64 scans and the sample for 64 

scans.  For the human insulin solution experiment, a small drop of the human insulin 

solution was placed on the diamond window without any further modification, and the 

same parameters were used to collect the spectra.  The data was then plotted using Origin 

8.1 (Northampton, MA, U.S.A.). 
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Chapter 5:  Results and Discussion 

5.1 Self-assembled monolayer studies 

 The AgNPs were prepared using a modified Lee and Meisel method which is a 

citrate reduction reaction that leaves residual citrate and its oxidation products on the 

surface of the metal.166  In the synthesis, citrate reduces Ag+ to Ag0 and in the process is 

oxidized into an intermediate molecule, acetonedicarboxylate, which decomposes further 

into acetoacetate.164 As a result of this reaction carbon dioxide and / or formate are 

released as byproducts.164  Citrate is Raman active and has strong peaks around 935 and 

1404 cm-1 which are assigned to v(C-COO) and vs(COO),  respectively.200  Also, peaks at 

810 cm-1 and 840 cm-1 are due to vs(CCCC-O), and a peak at 1033 cm-1 corresponds to 

vs(C-O).200 As a result, citrate can be a major interference for both the adsorption and 

detection of analytes via SERS.  In order to reduce the citrate signal, a displacement 

reaction is performed using potassium chloride (KCl).  Studies have shown that Cl- has a 

strong specific adsorption on Ag and is able to displace adsorbed citrate.196 The citrate 

removal is done by immersing the AgNP electrode in 0.5 M KCl for 30 minutes followed 

by careful rinsing. Figure 27 shows the EC-SERS signal of the AgNP substrate in air with 

and without KCl treatment.  After 30 minutes the citrate molecules were displaced by Cl- 

and the interfering signal was mostly gone.  There is only one strong peak present at 240 

cm-1 which is due to the v(Ag-Cl) vibration.201 Citrate removal was completed for all 

experiments conducted in this research work prior to performing any further studies.  Not 

only did this reduce the interfering background but it also reduced electrostatic repulsion 

during monolayer deposition.     
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Figure 27:  Comparison between a) normal citrate-reduced silver colloid, b) citrate-
reduced silver colloid treated with 0.5 M KCl for 30 minutes.  Spectra were measured at 2 
mW for a time interval of 30 seconds using 532 nm excitation.   

 

 Prior to conducting any supported bilayer lipid membrane (s-BLM) studies it was 

important to choose the right self-assembled monolayer (SAM) molecule that would be 

able to provide a compact monolayer between the BLM and the electrode surface.  This 

was necessary in order to increase the distance between the electrode surface and the 

biomembrane such that any species beyond the membrane would not be within the 2-4 

nm enhancement region.  Alkanethiols are the most commonly used SAMs and consist of 

an alkyl chain that has a thiol group at one end and various functional groups at the other 

end; SH(CH2)nX.202-205 Significant previous research has been conducted in our 
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laboratory in order to choose the optimal alkanethiol for this purpose.196 For example 12-

mercaptohexanoic acid and 1-octadecanethiol were investigated.196  Both thiols were able 

to form a compact monolayer on the AgNP surface; however, the lengths of these thiols 

were too long to observe either the probe molecule or the first leaflet.196  This is due to 

the sharp decay of the SERS enhancement from the metal surface noted previously.        

6-mercaptohexanoic acid (6-MHA) was found to be the optimal thiol, and therefore was 

used throughout all the s-BLM studies reported in this thesis work.  This SAM molecule 

consists of a six carbon chain, with a carboxylic acid on one end, and a thiol (–SH) on the 

other end.  The –SH allows for formation of a strong metal-sulfur bond, while the –

COOH group provides electrostatic interaction with the choline lipid head group.  In 

literature, it has been shown that alkanethiols adsorb spontaneously onto noble metal 

surfaces.196  Alkanethiols are usually dissolved in ethanol, and the concentration can vary 

from μM to mM.206  Researchers have shown that thiols can adsorb on Au and Ag 

substrates within minutes; however to obtain a compact and uniform monolayer it is 

recommended to incubate the metal substrates in the thiol solution for several hours.202-206 

Figure 28 shows a representation of 6-MHA adsorption on the silver nanoparticle 

substrate.  Ideally a compact 6-MHA monolayer would have an upright conformation; 

however in some cases the 6-MHA might be bent which introduces disorder to the 

monolayer (Figure 28).  
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Figure 28:  The two surface orientations of 6-mercaptohexanoic acid on AgNP 
substrates: a) trans conformation, or b) gauche conformation  

The surface orientation of 6-MHA can be determined by looking at the peaks that 

are due to the vibrational modes of the C-C-S moiety.  When the C-C-S moiety is present 

perpendicular to the metal substrate the 6-MHA is said to be present in a trans             

(v(C-S)trans) conformation, and can be observed by a peak around  690 cm-1.  When the 

v(C-S) moiety is bent and parallel to the metal substrate, the 6-MHA is said to be present 

in a gauche (v(C-S)gauche) conformation, and can be observed by a peak around              

630 cm-1.63,206-208  Figure 29 shows the EC-SERS cathodic scan of a AgNP substrate that 

has been incubated in 1.0 mM 6-MHA for two hours. Open circuit potential (OCP) is the 

resting potential for the metal and is measured without application of a voltage.209 At 

OCP, both the v(C-S)trans and v(C-S)gauche  peaks were present, suggesting that the 6-MHA 

has a mixed orientation on the AgNP surface.  As an increasingly negative potential was 

applied the peaks increased in intensity and the gauche conformation became more 

predominant, suggesting that increasing disorder is being introduced into the monolayer.  

There are other peaks that are also present which are due to the 6-MHA.  For example, a 
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peak around 2921 cm-1 is due to vas(CH2) stretching of 6-MHA which indicate that a 

disordered monolayer is formed.208  Other characteristic SAM peaks include C-H 

deformation (1434 cm-1), CH2 wagging (1297 cm-1), and C-C stretching (1058 cm-1, 1157 

cm-1).210  The disorder of the monolayer can be explained by the SERS surface selection 

rules which dictates that polarizability tensors that are parallel to the AgNP surface will 

have a weakened SERS signal.  On the other hand, vibrational modes that are 

perpendicular to the AgNP surface will exhibit higher SERS intensities.157-159,211 The 

application of potential can cause molecules to change orientation which causes different 

vibrational modes to be observed.  The conformation of the 6-MHA molecules on the 

AgNP surface can be determined by the orientation of the v(C-S) peak observed.  The 

SERS surface selection rule is also used to explain v(CH2) vibrations of the 6-MHA.  As a 

negative potential was applied the v(CH2) peak intensity increased which suggests that the 

v(C-H) mode is present perpendicular to the surface.  This behaviour occurs due to 

disorder introduced in the 6-MHA chain as potential is applied.    
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Figure 29:  EC-SERS cathodic signal of 6-MHA SAM on a AgNP electrode in 0.1 M 
NaF solution.  The spectra were measured at 4 mW for a time interval of 30 seconds 
using 532 nm excitation.  
 

 After applying a negative voltage up to -1.0 V, the voltage was then stepped in the 

anodic direction to 0.0 V to determine whether or not this monolayer would be stable. It 

would also show if there would be any change of conformation of the 6-MHA by 

applying a more positive voltage.  As the potential was made less negative, the 6-MHA 

signal was stable and only a minor change in signal was observed, as is shown in Figure 

30.  This observation indicates that as the potential is stepped positively the 6-MHA SAM 

is still strongly adsorbed on the AgNP surface. However, as more positive potential is 

applied it is clear that the 6-MHA is becoming more ordered as the 630 am-1 and 2920 

cm-1 peaks are decreasing in intensity.208 Other peaks that appeared at positive potential 

include v(C-C) skeletal stretch (1062 cm-1), CH2 wagging (1270 cm-1), CH2 twisting 

(1336 cm-1), CH2 scissoring (1435 cm-1).144,210    
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Figure 30:  EC-SERS anodic signal of 6-MHA SAM on a AgNP electrode in 0.1 M NaF 
solution.  The spectra were measured at 4 mW for a time interval of 30 seconds using 532 
nm excitation. 
  

Based on the results shown it was concluded that 6-MHA is mostly stable within 

the applied voltage range.  Some disorder occurs as a negative potential is applied.  This 

behaviour has been observed by other researchers where the tilt angles of the SAM 

molecules can be measured using methods such as neutron reflectivity and PM-IRAAS 

which can determine the extent of the disorder as potential is applied.117,212  Even though 

there is some disorder observed for the 6-MHA SAM, it is clear that that the SAM is still 

strongly adsorbed on the AgNP surface, and little to no reductive desorption has taken 

place.  Therefore, 6-MHA was used for the lipid bilayer studies. 
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5.2 Normal Raman of DMPC and cholesterol  

In order to begin studies using a DMPC / cholesterol mixture for forming a 

biomimetic membrane, initial studies investigated the normal Raman signal for the pure 

powder of each substance.  This was completed by placing a small amount of the powder 

in a capillary tube and placing it into the Raman spectrometer.  As shown in Figure 31, a 

Raman spectrum for DMPC was successfully obtained and different vibrational modes 

were observed.  The strongest peaks present were due to the alkyl chain stretching modes 

which are located at 2930 cm-1, 2880 cm-1, and 2848 cm-1.213,214  Other peaks present were 

mostly due to the polar head group of DMPC.  Some of these peaks appeared at 719 cm-1, 

1062 cm-1, 1090 cm-1, 1438 cm-1 and 3035 cm-1 which were due to vs(C-N+(CH3),         

v(C-CO-PO2
-), vs(PO2

-), δ(CH2) and vas(CH3)3N+, respectively.213,214  Please refer to the 

appendix section, Table A-1, for a full peak assignment for DMPC.    
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Figure 31: Raman spectrum of solid 1,2-Dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC) collected for 30 seconds at a laser power of 4 mW at 532 nm excitation. 

 

DMPC is a synthetic lipid that has been widely reported in literature to form 

biomimetic membranes on solid supports.  In order to increase the fluidity of the DMPC 

bilayer lipid membrane, cholesterol was introduced.  Cholesterol is a member of the sterol 

family and is present in biological cell membranes at various concentrations.215  

Cholesterol consists of a small hydrophilic region (OH group), and a large, extended 

hydrophobic region (sterol moiety and alkyl chain unit).216  In general, cholesterol 

functions as a modulator of membrane fluidity, as the planar steroid ring structure 

increases the fluidity of the gel-state and reduces the fluidity of the liquid crystalline 

state.94,216  Since cholesterol is mostly hydrophobic it tends to orient itself at the 

interfacial region of the membrane.217-219  The normal Raman spectrum of cholesterol 
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powder was collected as shown in Figure 32.  The strongest peaks present in the 

cholesterol spectrum were also due to alkyl chain stretching which occur at 2932 cm-1, 

and 2867 cm-1.  Other peaks around 426 cm-1, 699 cm-1, 1439 cm-1, 1672 cm-1 were also 

present which are due to cholesterol, δr(CH2), δd(CH2), and ν(C=C) vibrational modes. 

144,218   Please refer to the appendix section, Table A-2, for a full peak assignment for 

cholesterol.    

 
Figure 32: Raman spectrum of solid cholesterol collected for 30 seconds at a laser power 
of 4 mW at 532 nm excitation. 
 

5.3 Supported bilayer lipid membrane (s-BLM) studies 

 An isotherm of DMPC / cholesterol (70:30) was performed to identify the collapse 

pressure, suitable transfer pressure, and the mean molecular area.  As seen in Figure 33, 
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the collapse pressure was around 48 mN / m which suggested that the transfer onto the 

AgNP substrate must be completed below this pressure.  The compact monolayer was 

transferred onto the AgNP substrate at a selected transfer pressure of 40 mN / m.  The 

area per molecule for the DMPC / cholesterol (70:30) monolayer at the collapse pressure 

was found to be 37.0 Å2 / molecule, which is consistent with literature values.76  The 

efficiency of the film transfer can be measured by the transfer ratio.  The transfer ratio is 

defined as the decrease in the area occupied by the monolayer on the water surface, 

divided by the coated area of the solid substrate.220 An ideal transfer ratio of 1.0 

represents a successful monolayer transfer onto the substrate.  Transfer ratios less than 0.9 

represent an insufficient monolayer transfer while greater than 1.1 suggest multilayer 

deposition.114  An acceptable transfer ratio can be obtained by choosing an appropriate 

transfer speed at which the substrate is brought through the monolayer.  It is 

recommended that the substrate is allowed to completely dry before depositing the second 

leaflet in order to improve the deposition process.  In order to deposit the second leaflet 

using the LS method and ensure complete transfer, a dip in the surface pressure is 

observed after the electrode is withdrawn from the water surface which indicates that 

fewer molecules are present at the air-water interface.  
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Figure 33:  Isotherm of DMPC / cholesterol (70:30) at a subphase temperature of 30 °C 
and 90% relative humidity using the Langmuir trough.  Compression was competed at a 
rate of 5.0 mm / min. 

  
Previously in our research laboratory significant work was conducted toward 

obtaining optimal conditions for forming a good quality biomimetic membrane using the 

Langmuir trough.196 This was an important preliminary step to ensure that there were no 

defects already present prior to the introduction of a probe molecule and application of a 

voltage.  In this research, these experiments were repeated in order to show 

reproducibility of the results between different researchers.  Figure 34 shows the cathodic 

scan of the s-BLM consisting of DMPC / cholesterol (70:30) deposited on 6-MHA SAM 

using the LB / LS technique.  It is clear that the signal is very similar to the signal 

obtained from the 6-MHA SAM (refer to Figure 29); this is due to the fact that both lipid 
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molecules and 6-MHA consist mostly of alkyl groups.  However, there are some 

signature peaks specific to DMPC that are distinguishable from 6-MHA.  As the potential 

was stepped negative, the intensity of several peaks increased and also new peaks 

appeared which were indicative of DMPC, such as 953 cm-1 and 893 cm-1, which are due 

to vas(CH3)3N+, and δr(CH2), respectively. 213-218 Other peaks due to     C-C symmetric 

stretch / CH2 wagging (1058 cm-1), and CH2 bend (1439 cm-1) were present.144 At -1.0 V 

the intensity at 2921 cm-1 is much stronger than the spectrum obtained for the 6-MHA 

SAM, which indicates that more CH2 moieties are present on the surface due to the 

DMPC and cholesterol molecules.    
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Figure 34:  EC-SERS cathodic signal of DMPC / cholesterol (70:30) bilayer on a AgNP 
electrode modified with a 6-MHA SAM in 0.1 M NaF solution.  The spectra were 
measured at 4 mW for a time interval of 30 seconds using 532 nm excitation.  
  

As the potential was stepped anodically it is clear that the peak intensity 

decreased, shown in Figure 35, an indication that the system is mostly reversible.  The 

signal observed indicates that the bilayer lipid membrane is not desorbed from the 

electrode surface after applying positive voltage.  This is consistent with previous work 

done in our laboratory where the s-BLMs are still intact after application of a voltage.  As 

a result of these observations, only the cathodic data will be focused on in this research 

work.     
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Figure 35:  EC-SERS anodic signal of DMPC / cholesterol (70:30) bilayer on a AgNP 
electrode modified with a 6-MHA SAM in 0.1 M NaF solution.  The spectra were 
measured at 4 mW for a time interval of 30 seconds using 532 nm excitation. 
  

A comparison between the 6-MHA monolayer and s-BLM on a modified 6-MHA 

electrode was necessary to observe any spectral changes due to the presence of the 

bilayer.  Figure 36 represents a comparison of 6-MHA SAM and s-BLM on a modified 6-

MHA electrode at -1.0 V cathodic.  It can be seen that the signal is similar, yet there are 

some differences to note.  For example, it is very clear that the alkyl chain CH2 region at 

2920 cm-1 is stronger in the presence of lipid molecules, suggesting that the lipid 

molecules are indeed present on the AgNP surface.  The region between 400-500 cm-1 

shows two peaks at 415 cm-1 and 495 m-1 which are characteristic of the ν(C-C) stretch in 
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cholesterol, and COO rocking of glycerol group of DMPC.221-223  Other peaks that are 

present only when the s-BLM are  578 cm-1 and 959 cm-1 which are due to the 

phosphatidyl group, and CH2 rocking vibration in cholesterol, respectively.224,225 Other 

peaks in the region between 1100-1500 cm-1 are 1167 cm-1 and 1470 cm-1 which are due 

to ν(C=C) and δ(OH) in lipid, and CH2 scissoring vibrations, respecively.199,226  Based on 

this comparison it is clear that the DMPC / cholesterol bilayer lipid membrane is formed 

on AgNP substrates using the LB / LS technique.   

 
Figure 36:  Comparison at -1.0 V between a) 6-MHA + s-BLM and b) 6-MHA SAM on a 
AgNP electrode in 0.1 M NaF solution.  The spectra were measured at 4 mW for a time 
interval of 30 seconds using 532 nm excitation.    
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After each experiment, cyclic voltammetry (CV) was performed in order to 

determine if the electrode was working properly and whether there was a compact layer 

formed on the AgNP surface.  As seen in Figure 37, a comparison between a bare AgNP 

electrode and another 6-MHA modified AgNP electrode with a supported lipid bilayer 

were measured in 0.1 M NaF electrolyte.  As mentioned earlier, CV is used as a 

qualitative method to determine whether a compact monolayer is formed on an electrode 

surface.137 This can be shown by the different resultant current measured for each 

experiment.  It was clear that the electrode with the adsorbed lipid bilayer showed a large 

decrease in the current, reflective of a decrease in the capacitance (equation 6) as the 

thickness of bilayer increases.  This result indicates that the lipid bilayer is forming a 

compact layer on the surface of the AgNP.  
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Figure 37:  Comparison between bare AgNP electrode in 0.1 M NaF electrolyte (solid 
line), s-BLM on a 6-MHA modified AgNP electrode in 0.1 M NaF electrolyte (dashed 
line).  The sweep rate: 50 mV / s.  
 

5.4 s-BLM with dAMP studies 

 In order to study the quality of the s-BLM, a probe molecule was introduced.  In 

these experiments a DNA nucleotide, dAMP which consists of a sugar base, a phosphate 

group, and adenine base was used.221  dAMP was chosen as a probe for these studies 

because it is a model of the neurotransmitter adenosine and has an excellent Raman 

signal.176  The normal Raman spectrum of dAMP powder is shown in Figure 38 

(spectrum a).  Many peaks observed such as 813 cm-1, 1037 cm-1,      1506 cm-1, 1406 cm-

1, which are due to vs(O-P-O), vs(N-sugar), vs(C=N), and δd(N-H), respectively.127  The 

two characteristic SERS peaks that are specifically due to dAMP are at 730 cm-1 and 
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1328 cm-1 which are indicative of the ring breathing vibrational modes of adenine.127  By 

comparing the dAMP powder spectrum to the EC-SERS of 1.0 mM dAMP solution at -

1.0 V (spectrum b) it is clearly shown that the most intense peaks are those at 730 cm-1 

and 1333 cm-1.  Therefore for further studies these two peaks will be used as marker 

bands for dAMP.   

 

Figure 38:  Raman spectra of (a) dAMP powder, (b) 1.0 mM dAMP solution at  -1.0 V.  
The spectra were measured at 4 mW for a time interval of 30 seconds using 532 nm 
excitation.  
 
 The presence of dAMP peaks (730 cm-1, 1328 cm-1) in the EC-SERS spectra 

would suggest permeation of the dAMP molecule through the lipid bilayer.  This would 

indicate whether a good quality bilayer lipid membrane is being formed.  If peaks due to 
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adenine are observed then dAMP is accessing the surface via membrane defects.  In 

addition, it would indicate if there are any defects being formed in the presence of protein 

aggregates.  Since SERS is highly distance-dependent, an increase in the dAMP intensity 

would suggest the molecule is moving closer to the AgNP surface.    

 The dAMP was prepared as a 1.0 mM solution in 0.1 M NaF supporting 

electrolyte and introduced to the s-BLM system to conduct EC-SERS.  As seen in Figure 

39, the signal at OCP is relatively weak and mostly consists of the 6-MHA / DMPC / 

cholesterol peaks and no peaks of dAMP were present.  As potential was stepped 

negatively, more specifically at -0.1 V, dAMP peaks started to appear.  The appearance of 

dAMP peaks at 730 cm-1 and 1328 cm-1 at negative potentials can be explained by 

electroporation. Electroporation occurs in biological cells in the presence of high electric 

fields.70 Since potential is being applied across the s-BLM system it is highly expected 

that electroporation would occur, resulting in membrane defects and allowing molecules 

to permeate across the membrane and to the electrode surface. As the potential is stepped 

negatively, the dAMP peaks increased in intensity which suggests that the molecule is 

moving closer to the AgNP surface and the surface concentration of dAMP is increasing.  

Also, peak broadening, an increase in the alkyl chain peak intensity, and the strong 

intensity of the (C-S)gauche peak suggest deformation of the lipid bilayer / monolayer has 

occurred.  The strongest signal at  -1.0 V consisted of peaks indicative of 6-MHA (630 

cm-1, 690 cm-1), dAMP (730 cm-1, 1328 cm-1), and DMPC (572, cm-1, 1073 cm-1, 1430 

cm-1).127,214  A comparison of the EC-SERS signal at OCP and -1.0 V is provided in 

Figure 40.  Based on these results it was concluded that the s-BLM on the modified 
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AgNP electrode is defect free, and by applying a negative potential, defects and pores are 

formed which allows permeation of probe molecules.  Thus, the 6-MHA / DMPC / 

cholesterol / dAMP system should function as an excellent model for evaluating amyloid 

pore formation at the molecular level.  A comparison of s-BLM in the absence and 

presence of dAMP is shown in Figure A-1 in the appendix section.   

 

Figure 39:  EC-SERS cathodic signal of DMPC / cholesterol (70:30) bilayer on a 6-MHA 
modified AgNP electrode in 1.0 mM dAMP / 0.1 M NaF solution.  The spectra were 
measured at 4 mW for a time interval of 30 seconds using 532 nm excitation.  dAMP 
peaks are indicated by arrows.  
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Figure 40:  Comparison between DMPC / cholesterol (70:30) bilayer on a 6-MHA 
modified AgNP electrode in 1.0 mM dAMP / 0.1 M NaF solution at a) OCP, and b) -1.0 
V.  The spectra were measured at 4 mW for a time interval of 30 seconds using 532 nm 
excitation.  dAMP peak is shown by arrow.  

 

5.5 Spectroscopic characterization of native insulin protein  

 This research work was focused toward characterising the interaction between the 

s-BLM and aggregated protein to better understand the mechanism of protein aggregation 

disorders such as Alzheimer’s disease.  Recombinant human insulin was chosen as a 

model of amyloid-β for this purpose. Insulin is a polypeptide hormone composed of 51 

amino acids; a 21-residue A-chain and a 30-residue B-chain that are linked together 

through two disulfide bonds.225-227  In literature, insulin is used as a model protein for 
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various amyloid diseases because it forms amyloid fibrillar structures under certain 

conditions.225-227 Insulin has the ability to aggregate both in vivo and in vitro conditions 

which makes it an effective model for protein aggregation studies.228 Therefore, the 

studies presented in this thesis will focus on aggregating insulin protein and introducing it 

to a s-BLM.  Prior to studying this interaction, characterization of the aggregation process 

for recombinant human insulin was done using various techniques as outlined below. 

 5.5.1 Raman Spectroscopy 

 Raman spectroscopy is a useful tool in analyzing biological molecules, such as 

protein.  The most important peaks to consider when analyzing proteins are the amide 

peaks which are at 1220-1250 cm-1, 1530-1550 cm-1, and 1630-1650 cm-1 and correspond 

to the amide III, amide II, and amide I respectively.219-221  The amide III band is due to 

the N-H bending and C-N stretching, and shifts in amide III vibrational modes can 

indicate changes in the secondary structure of protein.228  If the protein is  exhibiting 

predominantly β-sheet structure this band will be shifted toward  1225-1240 cm-1.228  The 

amide II band is due to predominantly N-H bending vibrations; this band is typically 

weak in Raman and therefore is mostly monitored by IR.228 The amide I band is due 

predominantly to the C=O stretching and is considered the most important vibrational 

mode for monitoring protein secondary structure.229 Shifts in the amide I band are useful 

in identifying secondary structures of protein; in particular, the amide I mode is very 

useful for following protein aggregation and amyloid formation.  As the protein structure 

changes from primarily α-helix to primarily β-sheet, the amide I peak shifts from 1649-

1658 cm-1 to 1620-1635 cm-1, respectively.230 As seen in Figure 41, the observed normal 
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Raman spectrum of pure human insulin powder showed a rich spectrum which indicates 

that human insulin is Raman active.  In the Raman signal it is evident that amide III   

(1267 cm-1), and   amide I (1656 cm-1) are present and amide II is not Raman active.  The 

position of amide I suggests that native human insulin is present in an α-helix 

conformation.  Other peaks that are present are due to side chains of certain amino acids.  

Not all the amino acids are considered Raman active; the three amino acids that 

commonly contribute to the Raman signal of proteins are phenylalanine, tryptophan, and 

tyrosine (refer to Figure 2).  These amino acids are Raman active due to the conjugated 

ring moiety containing delocalized electrons which have the ability to scatter light well.  

Other amino acids that provide some Raman signal are valine, glycine, and proline.  Peak 

assignments for the Raman spectrum of human insulin powder is provided in Appendix 

section (Table A-3).  
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Figure 41:  Raman spectrum of solid recombinant human insulin collected for 30 seconds 
at a laser power of 4 mW at 532 nm excitation. 

 

 In most cases it is difficult to obtain a Raman spectrum of a protein solution 

because it is more dilute and less concentrated than the solid sample.  Based on  Figure 

42, a Raman spectrum of 2 mg / mL human insulin solution was successfully obtained.  

Many of the peaks that were seen in the Raman spectrum of human insulin powder 

sample were also observed in the solution spectrum.  This showed that human insulin can 

be characterized in the form of a powder or concentrated solution using Raman 

spectroscopy.  There were some slight changes in the spectrum obtained for the aqueous 

sample, for example a peak around 3306 cm-1 was present in the solution which is due to 
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the vs(O-H) of water.  There were other peaks that were not observed in the solution 

spectrum including phenylalanine bands (1002 cm-1, 1029 cm-1, 1609 cm-1), CH2 wagging 

of proline (1206 cm-1), and (C-C) twisting and stretching (642 cm-1, 892 cm-1).  Also, 

some shifts in peaks occurred; the amide I band has shifted to lower wavenumbers     

(1645 cm-1) which still suggest the presence of α-helical conformation, and also the CH2 

stretching vibrations were shifted to 2910 cm-1.230  There were some peaks that were 

observed in the human insulin solution only such as 766 cm-1 (ring deformation of 

tryptophan), 1068 cm-1 (proline), 1307 cm-1 (δ(CH2) twisting), 2150 cm-1 (v(CH3-CH)), 

2743 cm-1 (v(CH)), 2881 cm-1 (vas (CH2)),  and 3247 cm-1 (O-H and N-H stretching).230  
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Figure 42:  Raman spectrum of 2 mg / mL recombinant human insulin solution collected 
for 30 seconds at a laser power of 4 mW at 532 nm excitation. 

  

5.5.2 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 
(ATR-FTIR)  

 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) is another 

vibrational spectroscopy technique used to characterize human insulin.  As seen in Figure 

43, the ATR-FTIR spectrum of human insulin powder was characterized and all three 

amide peaks were detected.  Amide I (1648 cm-1), amide II (1530 cm-1), and amide III 

(1238 cm-1) were all strongly observed.  Other peaks observed include O-H, N-H 

stretching vibrations (3300 cm-1), CH3 asymmetric stretch (2956 cm-1), CH2 bending 
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(1446 cm-1), CH2 deformation (1396 cm-1), C-H bending of tyrosine (1175 cm-1), and 

vs(C-C, C-N) (1124 cm-1).127 The ATR-FTIR spectrum obtained clearly suggests that 

protein bands can be easily monitored through ATR-FTIR. This indicates that ATR-FTIR 

can be useful in monitoring the aggregation pathway of proteins by looking at peak shifts 

of the amide peaks which can indicate changes in the secondary structure of protein.  

 

Figure 43:  ATR-FTIR of human insulin powder collected on diamond crystal for 190 
scans.  

One of the important aspects to consider when using ATR-FTIR is the pH of the 

sample.  The ATR crystal can be damaged if the pH of the sample is not within the 

working range (zinc selenide has a range of pH within 5-9).231 The ATR-FTIR used in 

this research consisted of a diamond crystal which has the capability to analyze samples 
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with pH ranging from 1-10.  This was very important since the aggregation process of 

insulin was done under very acidic conditions (pH 1.6).  As seen in Figure 44, the human 

insulin solution was successfully analyzed using the ATR-FTIR as well.  The results 

obtained are very similar to the human insulin powder which indicates that ATR-FTIR 

can analyze protein samples at lower concentration.  The three amide peaks were all 

present, as well as other peaks that are due to the side chains of the amino acids.  

 

Figure 44:  ATR-FTIR of 2 mg / mL human insulin solution prepared in 0.1 M NaCl and 
12M HCl solution at a pH of 1.6.  The spectrum was collected using a diamond window 
for 190 scans.  
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5.5.3 Electrochemical Surface-Enhanced Raman Spectroscopy (EC-SERS) 

 Native human insulin was characterized using EC-SERS to observe any structural 

changes occurring as potential was varied.  A bare AgNP electrode was incubated in 

human insulin solution for 24 hours, rinsed and transferred to 0.1 M NaF and the         

EC-SERS data was recorded, as seen in Figure 45.  At OCP there were several protein 

peaks present in the range 400-500 cm-1 such as 423 cm-1 and 493 cm-1 which are due to 

(S-S) stretch and ring deformation of phenylalanine, respectively.232  Peaks were also 

present in the range of 1000-1300 cm-1 such as 1023 cm-1, 1083 cm-1, 1192 cm-1 which 

are due to phenylalanine δ(CH), (C-N) stretch, and v(CCN) of phenylalanine / tyrosine, 

respectively.232,233  In the range of 1300-1650 cm-1 peaks at 1302 cm-1, 1365 cm-1,       

1444 cm-1, 1593 cm-1, and 1616 cm-1 were present which are due to CH2 bending, 

tryptophan CH2 bending, phenylalanine / hydroxyproline, and (C=C) stretch of tyrosine / 

tryptophan.233  Based on the OCP spectrum it is clear that human insulin was able to 

adsorb onto the AgNP surface.   

As the potential was stepped negatively the signal increased drastically and more 

peaks appeared.  The maximum SERS signal of human insulin was obtained at   -0.9 V.  

Some of the peaks that were present include peaks for cysteine, methionine, 

phenylalanine, and glutamic acid at 542 cm-1, 633 cm-1, 1100 cm-1, and 1590 cm-1, 

respectively. Other peaks include C-N asymmetric stretching (1303 cm-1), CH2 bending 

and stretching (1454 cm-1 and 2933 cm-1, respectively), phenylalanine ring breathing 

(1080 cm-1), and CH2 wagging vibration from proline side chain (1202 cm-1).127,234  Other 

peak assignments are shown in the appendix section in Table A-4.  The EC-SERS signal 
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obtained was very useful in providing a spectral profile of native human insulin on the 

AgNP electrode.  In the majority of cases SERS analysis of proteins is typically difficult 

due to their large molecular area, weak scattering of the majority of the amino acids and 

their weak physisorption on metallic surfaces.235 However, applying a potential can help 

in analyzing protein by changing the surface charge which can influence surface 

adsorption for proteins depending on their charge.  These results show for the first time 

that EC-SERS can be used for analyzing non-heme protein adsorption at electrified 

interfaces.  

 

Figure 45:  EC-SERS cathodic signal of native human insulin in 0.1 M NaF solution.  
The spectra were measured at 4 mW for a time interval of 30 seconds using 532 nm 
excitation. 
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5.6 Characterization of aggregated insulin  

 Aggregation of human insulin is a crucial step in this research work. Conditions 

were chosen for the aggregation pathway based on reports in the literature.  The 

conditions that have been reported to cause accelerated protein aggregation are low pH, 

high temperature, mechanical stress, and agitation.236-239 The conditions used in this 

research involved preparing human insulin in an acidic 12 M HCl / 0.1 M NaCl solution 

at pH 1.6, and heating the resulting solution at 65 °C for several hours until the 

aggregation process was fully complete.  These parameters have been used in literature by 

many researchers to aggregate different types of amyloid-forming proteins.237-239 Once 

insulin was aggregated under these conditions, it was further characterized using various 

techniques in order to confirm that the aggregation process was successful.   

5.6.1 Raman spectroscopy 

 Once human insulin was fully aggregated, the Raman spectrum of the solution 

was obtained.  As seen in Figure 46, it is clear that the signal obtained was very similar to 

the Raman signal of native human insulin solution (refer to Figure 42).  Most of the peaks 

that were observed in the aggregated human insulin spectrum are found in either the 

powder or solution spectra of native human insulin (Figure 41 and 42).  Some of the 

peaks that were present in the aggregated human insulin solution spectrum are 1303 cm-1 

(CH3 and CH2 twisting), and 1374 cm-1 (tryptophan).233 The amide I band was observed 

at lower wavenumber (1636 cm-1) which indicates that human insulin is present in a        

β-sheet conformation.233 This result showed that Raman spectroscopy is able to 
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characterize a concentrated solution of aggregated human insulin.  Also, it has the ability 

to monitor structural conformation based on shifts in the amide I band.     

 

Figure 46: Raman spectrum of aggregated recombinant human insulin solution collected 
for 30 seconds at a laser power of 4 mW at 532 nm excitation. 

  

5.6.2 ATR-FTIR  

 ATR-FTIR was able to monitor changes during the aggregation pathway, and all 

the amide peaks were observed for the native and aggregated insulin.  Amide III and 

Amide II were observed at 1220 cm-1 and 1540 cm-1, respectively and they did not shift 

position upon aggregation.  As seen in Figure 47, the amide I clearly showed a shift in 
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wavenumber as insulin was aggregated.  In the native state (spectrum a) the amide I was 

observed at 1652 cm-1 which suggests that insulin is present as primarily α-helical 

structure, consistent with literature.  In the oligomer state (spectrum b) the amide I is still 

in the same position suggesting that insulin has not undergone structural changes yet.  In 

the protofibrillar state (spectrum c) the amide I peak has shifted to lower wavenumber 

(1639 cm-1) indicating that insulin is present in a β-sheet conformation.  As insulin further 

aggregates and reaches the fibrillar state (spectrum d) it is evident that the amide I has 

shifted further to lower wavenumbers (1631 cm-1) which is indicative that insulin has 

fully aggregated and exhibits a β-sheet conformation. This indicates that the aggregation 

process of human insulin was successfully conducted under the conditions chosen.  ATR-

FTIR was able to confirm the aggregation process through monitoring the shifts in the 

amide I band.   
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Figure 47: Comparison of ATR-FTIR spectra of (a) native human insulin, (b) oligomer, 
(c) protofibrillar, and (d) fibrillar insulin under conditions of pH 1.6 and temperature of 
65 °C.  

5.6.3 EC-SERS 

 The EC-SERS of the aggregated human insulin was obtained as seen in Figure 48.  

At OCP there were only a few peaks that arise due to the presence of protein.  For 

example, peaks at 1176 cm-1, 1284 cm-1, 1459 cm-1, 1597 cm-1, and 1641 cm-1 are due to 

νas(CCN) stretch of tyrosine, histidine ring breathing, tyrosine ring stretching, C=O 

stretching of glutamic acid, and amide I, respectively.234,240  As the potential was stepped 

negatively more peaks appeared and the signal was maximal at -0.5 V.  This observation 

was similar to the EC-SERS obtained for the native insulin where the signal started to 
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increase at -0.5 V.  This showed that the aggregated protein has a stronger affinity for the 

AgNP surface when the surface charge is slightly positive which is around the potential of 

zero charge (pzc) of silver (-0.95 V vs. Ag / AgCl).  Some of the protein peaks observed 

included tyrosine ring deformation (622 cm-1), cysteine (C-S) stretch (676  cm-1), 

symmetric vibration of tryptophan (743 cm-1),  (C-C) / (C-N) stretch of protein           

(1153 cm-1), amide III (1233 cm-1, 1273 cm-1), tyrosine ring stretch (1338 cm-1), and 

(N=H) bending (1506 cm-1),  respectively.234,240,241  

 

Figure 48:  EC-SERS cathodic signal of aggregated human insulin in 0.1 M NaF 
solution.  The spectra were measured at 4 mW for a time interval of 30 seconds using 532 
nm excitation.  
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5.6.4 Turbidity measurements 

 One of the common methods used to monitor protein aggregation is using 

turbidity measurements.  As protein aggregates, the solution becomes turbid and more 

light will be scattered indicating the presence of particles in the solution.242,243 Some of 

the advantages of using turbidity include ease of operation, no sample modification, 

minimal sample preparation, fast results, and non-destructive nature. As shown earlier in 

Figure 5, a sigmoidal behaviour can be observed through these measurements. Based on 

the results obtained in this experiment (Figure 49) it was very clear that the aggregation 

pathway followed the same pattern as reported in literature.52,244,245  It was observed that 

the lag phase lasted almost 50 minutes before the growth regime began. After 50 minutes, 

human insulin was present in the oligomeric state where it further aggregated to reach the 

protofibril state.237 The time at which the rate of formation of protofibrils is maximal can 

be obtained by taking the first derivative of this sigmoidal function.  By doing this, it was 

concluded that the maximum rate of formation of protofibrils occurs at approximately 87 

minutes.  Further aggregation resulted in the formation of fully formed fibrils where the 

sigmoidal graph reaches a plateau region.237 This experiment was a preliminary step to 

determine the length of time required to form the various aggregates.    
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Figure 49:  A sigmodal graph showing the aggregation process of recombinant human 
insulin at a concentration of 2 mg / mL.  Circled points indicate times at which TEM was 
collected.  

 5.6.5 Transmission electron microscopy (TEM) 

 One of the common techniques used to provide evidence of the aggregate 

structure of amyloidogenic proteins is TEM.36-38,246,247 TEM has the capability of 

rendering images of the distinctive fibrillary nature of these proteins.  TEM is used for 

visualization of proteins because it provides high resolution images and sample 

preparation is fairly simple.247 In literature, it has been shown that TEM has the ability to 

image objects on the order of a few Angstroms (1 Å= 10-10 m) by using an electron beam 

that is transmitted through the specimen of interest.246,247 In this research TEM was used 
 133 

 



to monitor the aggregation process and provide detailed information about the structure of 

these aggregate species.  Native and aggregated insulin was placed on a copper grid and 

negatively stained using 2% uranyl acetate.247 Uranyl acetate is widely used in literature 

to stain protein, lipids, and DNA in order to enhance the contrast in electron 

microscopy.248,249    

The times chosen were at 0, 45, 60, 70, 135, 240 minutes as denoted in Figure 45.  

As seen in Figure 50, the TEM images obtained showed that at different times the protein 

exhibited a fibrillar nature however there were variations in the structures.  At zero 

minutes (image a) the protein should be present in its native state, by looking at the TEM 

small and thin fibrils were observed.  At 45 minutes the protein had started to aggregate 

but had not yet reached the growth phase.  This explains the small amount of fibrils 

observed in the TEM image (image b).  In addition, the fibrils were short in length and 

thin in diameter. At 60 minutes, there were more fibrils formed and they were longer in 

length and thicker in diameter (image c).  At 70 minutes, the fibrils started to accumulate 

together and form longer and thicker fibrils (image d).  At 135 minutes, the fibrils were 

accumulated together such that it became hard to see the diameter of these fibrils but they 

get larger in size as the protein is fully aggregated (image e).  At 240 minutes, the surface 

of the grid was covered with fibrils with varying sizes and lengths (image f).  Clumps of 

fibrils were formed and connected to each other by small branches.  It is evident that the 

length and thickness of these fibrils increased drastically as the protein was aggregated.   

The native protein (image a) had a length and thickness that were measured to be          

280 ± 102 nm and 11 ± 1 nm, respectively.  The aggregated protein (image f) had a 
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length and thickness that were measured to be 5043 ± 736 nm and 311 ± 101 nm, 

respectively.  These images proved that human insulin aggregates form fibrillary amyloid 

structures under the conditions used in this study which is consistent with studies found in 

literature.247       
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Figure 50:  Transmission electron microscopy of 2 mg / mL recombinant human insulin 
at a) 0, b) 45, c) 60, d) 70, e) 135, and f) 240 minutes.  Human insulin solution prepared 
in NaCl and HCl at pH of 1.6 and heated to 65 °C.   
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5.6.6 Scanning electron microscopy (SEM) 

 SEM is another microscopic technique that was also used to provide images of the 

human insulin aggregates. SEM does not provide as high resolution images as TEM does; 

however, it can provide more information such as morphology, topography, crystalline 

structure and orientation of minerals in samples.250 In addition, when paired with EDS, 

chemical composition can be ascertained.250 In this research, SEM images were obtained 

at different times during the aggregation process in order to observe the morphology of 

these aggregates.  One of the major issues faced while imaging the samples was the 

presence of large amounts of salt, mostly NaCl.  As seen in Figure 51, the images shown 

represent salt crystals forming on top of the SEM substrate which made it difficult to 

image the protein.  To overcome this problem, human insulin was prepared in a solution 

containing only HCl without the presence of NaCl.  However, when the turbidity 

measurements were done on this solution, a sigmodal graph was not obtained which 

indicated that the salt is necessary for the aggregation process.  

 

Figure 51:  Scanning electron microscopy (SEM) of NaCl salt crystals.  SEM images 
were conducted using Tescan MIRA3 LMU Field Emission under high vacuum mode at 
10 kV, and at a scanning speed of 32.00 µs / pixel. 
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 Significant work has been completed on rinsing the SEM substrates after the 

deposition of protein to remove the presence of salt.  Even though this method showed 

success in removing salt, it was found that images of protein can be obtained without this 

rinsing procedure.  In order to obtain good quality SEM images of the insulin aggregates, 

it was essential to image locations that did not have any salt interference.  Initial studies 

involved looking at native human insulin, as seen in Figure 52.  In this case the native 

insulin had a spherical shape with diameters ranging between 2 and 5 μm.  It was 

interesting to observe that the human insulin spheres are joined together through a salt 

layer appearing as bright spots in SEM.  This indicated that salt may play an important 

role in the nucleation step of amyloid aggregation.  Also, this may explain why the 

aggregation process did not work in the absence of NaCl.  These results show for the first 

time that SEM is capable of imaging spherical native insulin.     
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Figure 52:  SEM image of native human insulin.  SEM images were conducted using 
Tescan MIRA3 LMU Field Emission under high vacuum mode at 10 kV, and at a 
scanning speed of 32.00 µs / pixel. 

 Prior to performing any SEM imaging on aggregated human insulin it was 

interesting to image human insulin in its native state over time.  The human insulin 

solution was prepared using the usual protocol (0.1 M NaCl / 12 M HCl solution, pH 1.6) 

and stored at room temperature for several weeks without any heating.  By looking at the 

SEM image obtained in Figure 53, it was clearly evident that native human insulin does 

aggregate slowly at room temperature.  The spheres were starting to aggregate together 

and eventually form a more fibrillar structure.  This showed that human insulin does 

aggregate without the use of elevated temperatures; however, it would take months to 

years to reach fully aggregated structures under these conditions.  
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Figure 53:  SEM image illustrating a 2 mg / mL native human insulin solution of pH 1.6 
stored at room temperature for one month.  SEM images were conducted using Tescan 
MIRA3 LMU Field Emission under high vacuum mode at 10 kV, and at a scanning speed 
of 32.00 µs / pixel. 

In order to determine that the structures in these SEM images are in fact due to 

insulin aggregation, energy dispersive X-ray spectroscopy (EDS) was used.  SEM can be 

coupled with EDS which is beneficial for elemental analysis and semi-quantitative 

analysis.250 An example of the X-ray spectra obtained is presented in Figure 54.  The EDS 

spectra for the insulin aggregates showed carbon, nitrogen, oxygen, and sulfur which are 

common elements in proteins.  Also, chlorine peaks were always present due to the 

presence of salt.  
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Figure 54:  X-ray dispersive energy spectrum used for elemental analysis of human 
insulin. 

 Since the SEM was able to provide information on the native human insulin by 

avoiding spots that contained a lot of salt, the next step was to proceed with the 

aggregated form of insulin.  The aggregation process of human insulin was imaged using 

the SEM, as shown in Figure 55.  Image (a) shows that native insulin exhibits a hollow 

spherical shape which is commonly referred to in literature as a spheroidal,251 or toroidal 

shape.252  The size of these spheroids varies between 2.0 and 5.0 μm.  After aggregating 

insulin for 45 minutes (image b) it was observed that many more spheres are formed all 

over the surface.  This indicates that human insulin has started to aggregate and the 

spheres are close to each other with sizes varying between 0.5 to   1.0 μm.  At 75 minutes 

(image c) further aggregation has resulted in major structural differences where the 

aggregates have increased in size dramatically.  It was clear that the small spherical 

structures have accumulated together to form larger clumps that do not have a distinct 

structure and vary in size between 15.0 and 20.0 μm.  At 90 minutes (image d) it was 

evident that the aggregates continued to grow in size and also branches between the 
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aggregates started to appear.  These branches were more dominant at 120 minutes (image 

e).  Protein branches seem to extend from the middle of aggregates and move away to 

connect with other aggregate clumps.  It was observed that the size of the protein 

aggregates does not increase significantly but the presence of the branches allows it to 

cover more surface area.  Once the protein was completely aggregated at 225 minutes 

(image f) more protein clumps and branches were present, and the size of the aggregate 

clumps varied between 50 and 100 μm.      
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Figure 55:  SEM images of human insulin aggregates at a) 0 b) 45 c) 75 d) 90 e) 135 and 
f) 225 minutes.  SEM images were conducted using Tescan MIRA3 LMU Field Emission 
under high vacuum mode at 10 kV, and at a scanning speed of 32.00           µs / pixel. 
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The formation of protofibrils occurs rapidly during the aggregation process.  One 

of the important aspects of this project was the ability to capture protofibrils and 

introduce them to the s-BLM.  Once the protofibrils were formed the solution was kept at 

room temperature for several weeks in order to observe if the solution was stable over 

time.  It was observed that the solution changed to a gel-like consistency after being 

stored at room temperature for a period of six weeks.  An SEM image was obtained for 

this protofibril gel, as seen in Figure 56.  The gel exhibited fibrillar morphology, with 

these fibrils having various lengths and thickness, all of which are connected to each 

other.  This SEM image of the protofibril gel was similar to the fibrillar structure 

observed in the TEM images.  Analysis on the diameter and length of these fibrils was 

difficult since the protein fibrils form a     web-like system.  It is important to note that 

once the protofibrils are prepared they are stable for one month when stored at low 

temperature (4 °C).       
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Figure 56:  SEM image of 2 mg / mL protofibrillar human insulin gel stored at room 
temperature for weeks.  SEM images were conducted using Tescan MIRA3 LMU Field 
Emission under high vacuum mode at 10 kV, and at a scanning speed of 32.00 µs / pixel. 

5.7 Characterization of s-BLM + native insulin  

 5.7.1 s-BLM with native insulin  

 The amyloid pore hypothesis states that amyloid aggregates assemble themselves 

on cellular membranes and form defects and/or pores.  Prior to studying the interaction 

between aggregated human insulin and a s-BLM, it was first necessary to complete a 

control study using human insulin in its native state to evaluate whether or not native 

insulin has any specific interaction with lipid bilayers.  Figure 57 shows the EC-SERS 

signal obtained after a 6-MHA modified AgNP electrode containing a s-BLM was 

incubated in native human insulin for one hour.  The OCP signal was similar to the s-
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BLM in the absence of insulin (refer to Figure 34), which indicates that there is not much 

interaction between the membrane and the native protein.  As the potential was stepped 

negatively some peaks appeared included C-C stretching and CH2 wagging of DMPC 

(811 cm-1, 1290 cm-1), vas(C-O-C) of glycerol ester group in DMPC (1184 cm-1), νas(P=O) 

of DMPC (1260 cm-1), asymmetric bending modes of methyl group in DMPC                

(C-N+(CH3) (1480 cm-1), and CH2 bending (1446 cm-1).127,207  There was no significant 

change in the signal in the spectrum indicating the interaction between native insulin and 

the s-BLM.  Therefore it can be concluded that native insulin does not cause any 

structural changes in the s-BLM.  However, to fully prove this conclusion dAMP was 

introduced as a probe molecule.   
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Figure 57:  EC-SERS cathodic signal of 6-MHA modified s-BLM + native human 
insulin in 0.1 M NaF solution.  The spectra were measured at 4 mW for a time interval of 
30 seconds using 532 nm excitation.  
 

 5.7.2 s-BLM studies with dAMP in the presence of native insulin 

 The dAMP probe molecule is used to signal defects or pores in the membrane 

caused by native insulin.  If there are any defects present, dAMP will make its way to the 

surface and peaks at 730 cm-1 and 1328 cm-1 will appear.  Based on the signal obtained in 

Figure 58, at OCP there were no peaks indicative of dAMP.  As the voltage was stepped 

negatively, more peaks appeared and the intensity of existing peaks were increasing as 

well.  However, there were still no peaks indicative of dAMP, even at -1.0 V.  This 

suggests that even under high electric field conditions, the dAMP was not able to 
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permeate through the lipid bilayer. This observation showed that in the presence of native 

insulin, electroporation is suppressed which suggests that insulin in its native state may 

play a protective role.  In literature, it has been reported that some peptides can interact 

with the surface of a membrane without forming pores.  This mechanism is referred to as 

the “carpet model” where the protein is spread on top of the membrane, and the positively 

charged amino acids are in contact with the polar head of the lipid molecules.253-254 After 

reaching a certain concentration of peptide, disruption of the membrane can occur.  This 

model could explain why dAMP was not able to penetrate through the s-BLM, even 

under high electric field conditions.  It is important to note that the 3223 cm-1 peak that is 

due to water O-H stretching is significantly higher than the alkyl chain peak which could 

indicate membrane permeation of water molecules.207 Some other peaks that were present 

at -1.0 V included DMPC (508 cm-1, 571 cm-1, 967 cm-1, 1431 cm-1, 2850 cm-1), C-C 

stretching (822 cm-1), CH2 twisting (1282 cm-1), and CH2 rocking  (1171 cm-1).127,207  A 

comparison of s-BLM + native insulin  in the presence and absence of dAMP is shown in 

Figure A-2 in the appendix section.   
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Figure 58:  EC-SERS cathodic signal of 6-MHA modified s-BLM + native human 
insulin in 1.0 mM dAMP / 0.1 M NaF solution.  The spectra were measured at 4 mW for 
a time interval of 30 seconds using 532 nm excitation.  
 

5.8 Characterization of s-BLM + oligomeric insulin  

 5.8.1 s-BLM studies with oligomeric insulin  

 As mentioned earlier in section 4.6, at different times during the aggregation 

process human insulin was taken out of the reaction vial and introduced to the s-BLM.  

Oligomeric species are found prior to onset of the growth regime (refer to the sigmoidal 

curve in Figure 49).  In literature, studies have shown that these oligomeric species can 

have toxic properties and their formation is considered an initiation step for the 

aggregation process.40,255,256  Based on the sigmoidal graph obtained it was clear that the 
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oligomers would form slightly below 50 minutes.   For this case, a time of 45 minutes 

was chosen to capture the oligomers.  Figure 59 shows the EC-SERS of a 6-MHA 

modified s-BLM in the presence of the human insulin oligomers.  At OCP the EC-SERS 

was similar to the previous results, however some peaks such as       1100 cm-1, and 1470 

cm-1 which are due to CH deformation and C-C stretching of lipids, respectively, are 

more pronounced.127,257  As the potential was stepped negatively more peaks appeared.  

Further potential stepping resulted in a decrease in signal intensity which can be 

explained by degradation of the s-BLM.  It is useful to study each region of the EC-SERS 

spectrum in order to gain full understanding of the interaction between the protein 

oligomers and lipid molecules.   

 The first region to consider is between 3500 cm-1 and 2500 cm-1 which consists 

mostly of the alkyl chains.  The peak around 3226 cm-1 which is due to O-H and N-H 

stretching vibration is much larger in intensity than the 2913 cm-1 peak which is due to 

the CH stretch of lipid / proteins.127,207 The peak around 3226 cm-1 could be indicative of 

the presence of water molecules which may indicate that the membrane was being 

disrupted.127 The second region to consider is between 2000 cm-1 and 1000 cm-1.  The 

polar head groups of the lipid molecules, and also the amino acid side chains from the 

protein are present within this region. Some of the peaks that were strongly present in this 

region are due to aromatic amino acids such as tyrosine (832 cm-1, 861 cm-1, 1212 cm-1), 

proline (915 cm-1), phenylalanine (1002 cm-1, 1034 cm-1, 1107 cm-1), and tryptophan 

(1626 cm-1).  The presence of these peaks suggests that these amino acids are interacting 

with the substrate through electrostatic interactions.  The amide III (1257 cm-1) peak is 

 150 
 



also observed, which suggests that the protein is present in a random conformation.258  

The last region is between 1000 cm-1 and 500 cm-1 which is mostly due to the C-S 

stretching as shown earlier, however there are some peaks that were present such as      

442 cm-1, 483 cm-1, and 566 cm-1 which are due to δ(CCO) of 6-MHA, v(C-C-C) of        

6-MHA and tryptophan, respectively.205,259 The EC-SERS of the s-BLM in the presence 

of oligomers provided different spectral features than the EC-SERS of the s-BLM in the 

presence of native insulin which suggests that oligomers might be interacting with the 

lipid molecules and causing disruption of the membrane.       

 

Figure 59:  EC-SERS cathodic signal of 6-MHA modified s-BLM + human insulin 
oligomer in 0.1 M NaF solution.  The spectra were measured at 4 mW for a time interval 
of 30 seconds using 532 nm excitation.  
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 5.8.2 s-BLM studies with dAMP in the presence of oligomeric insulin 

 In order to further investigate whether oligomers cause defects in the s-BLM, 

dAMP was introduced.  As seen in Figure 60, at OCP the dAMP peak at 730 cm-1 was 

strongly present which shows that dAMP was able to permeate through the s-BLM 

without an applied voltage. As the potential was stepped negatively, the dAMP peak was 

increasing in intensity as well as other peaks.  The region between 2000 cm-1 and 1000 

cm-1 showed some protein peaks such as phenylalanine (1105 cm-1, 1219 cm-1), and      

v(C-N) stretching (1051 cm-1, 1153 cm-1, 1254 cm-1).127,207  The region between 1000 cm-

1 and 500 cm-1 showed the same peaks as shown in Figure 55 except for the presence of 

the dAMP peaks and the appearance of a peak around 573 cm-1 which is due to 

tryptophan / tyrosine.127  These studies indicate that oligomeric human insulin has the 

ability to form defects in the lipid bilayers without applying a voltage which allowed for 

permeation of molecules, in this case dAMP.  A comparison of s-BLM + insulin oligomer 

in the presence and absence of dAMP is shown in Figure A-3 in the appendix section.     
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Figure 60:  EC-SERS cathodic signal of 6-MHA modified s-BLM + human insulin 
oligomer in 1.0 mM dAMP / 0.1 M NaF solution.  The spectra were measured at 4 mW 
for a time interval of 30 seconds using 532 nm excitation. dAMP peaks are indicated by 
arrows. 
 

5.9 Characterization of s-BLM + protofibrillar insulin 

 5.9.1 s-BLM studies with protofibrillar insulin  

 Protofibrils have been known as the toxic species resulting from the aggregation 

process of amyloid proteins.53,54  The growth region on the sigmoidal curve consists of 

mostly protofibril species; the time chosen to capture protofibrils for this study was        

75 minutes.  The EC-SERS data showing the interaction between insulin protofibrils and 

the s-BLM is shown in Figure 61.  At OCP there were some peaks present that were due 

to 6-MHA, DMPC and amino acids.  As the potential was stepped in the cathodic 
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direction more peaks appeared and significant variation in signal at the different 

potentials occurred which suggests that the protofibrils are interacting with the lipid 

molecules. The strongest signal obtained was at -0.5 V which provides information about 

the lipid molecules and also the protofibrils.  Many spectral features appeared between 

2000 cm-1 and 350 cm-1.  For example, DMPC (592 cm-1, 965 cm-1, 1124  cm-1,          

1377 cm-1), tryptophan (759 cm-1), tyrosine (858 cm-1, 1206 cm-1), proline (942 cm-1), 

cysteine (547 cm-1), and amide III (1234 cm-1).127,207 The position of the amide III 

indicates that insulin is present in its β-sheet conformation.260 This showed that the 

protofibrils do indeed interact with the lipid molecules and different spectral features 

appeared as a result.  The protein peaks were present at stronger intensity which could 

indicate that the protein in this case is getting closer to the electrode surface.  This 

suggests that it may be forming a pore, and that some of the hydrophobic amino acids are 

interacting with the hydrophobic region of the lipid molecules.  
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Figure 61:  EC-SERS cathodic signal of a modified 6-MHA s-BLM + protofibrillar 
human insulin in 0.1 M NaF solution.  The spectra were measured at 4 mW for a time 
interval of 30 seconds using 532 nm excitation.  
 

 5.9.2 s-BLM studies with dAMP in the presence of protofibrillar insulin 

 dAMP was used to signal the interaction between the protofibrils and the lipid 

molecules.  In the OCP spectrum in Figure 62, the 730 cm-1 peak is strongly present 

which is similar to what was observed in the spectrum for the oligomers.  As the potential 

was stepped negatively, the intensity of the peaks increased but there was not a lot of 

variation in signal. The strongest signal was obtained at -0.7 V where several peaks were 

observed, including peaks due to cysteine (531 cm-1), phenylalanine (1006 cm-1), 

tryptophan (1546 cm-1, 1618 cm-1), CH2 deformation (1438 cm-1), and amide III        
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(1256 cm-1).127,207 This study has also shown that the presence of protofibrils causes 

defects to occur within the lipid bilayer which allows dAMP molecules to permeate and 

reach the surface.  This finding is consistent with the suggestion that amyloid protofibrils 

perturb cellular membrane structures.  A comparison of s-BLM + protofibrillar insulin in 

the presence and absence of dAMP is shown in Figure A-4 in the appendix section.       

 

Figure 62:  EC-SERS cathodic signal of a 6-MHA modified s-BLM + protofibrillar 
human insulin in 1.0 mM dAMP / 0.1 M NaF solution.  The spectra were measured at 4 
mW for a time interval of 30 seconds using 532 nm excitation. dAMP peaks are indicated 
by arrows. 
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In order to further understand the interaction between protofibrils and a lipid 

bilayer, cyclic voltammetry was conducted after the experiment.  CV was always 

measured after EC-SERS analysis so as to not perturb the bilayer lipid membrane through 

electrochemical cycling.  Figure 63 compares the cyclic voltammogram obtained for s-

BLM in the presence and absence of protofibrils. The cyclic voltammogram of the 6-

MHA modified s-BLM in the absence of protofibrils showed a low current which is 

indicative of the formation of a compact layer on the electrode surface.  In the presence of 

protofibrils the current flow increases drastically, suggesting that the thickness of the s-

BLM has decreased or defects have now formed.  Also, redox peaks between -0.6 and -

0.8 E / V of dAMP were observed.196 This result could indicate that the protofibrils 

interact with the lipid bilayer causing defects to occur which can allow electrolyte ions 

and dAMP to penetrate through the s-BLM, and hence an increase in the current flow is 

measured.  The redox features are consistent with dAMP.     
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Figure 63:  Comparison between s-BLM on AgNP electrode (solid line), s-BLM in the 
presence of protofibrils (dashed line).  All comparisons are done in 1.0 mM dAMP / 0.1 
M NaF solution.  Scan rate:  50 mW / s.  
 

5.10 Characterization of s-BLM + fibrillar insulin 

 5.10.1 s-BLM studies with fibrillar insulin  

 The literature indicates that fibrils do not play a toxic role in amyloidgenic 

diseases.  Amyloid fibrils are found to have a negative correlation between pore 

formation and cytotoxicity and may therefore act as inert sinks that scavenge toxic 

oligomers and protofibrils.53,54 Figure 64 illustrates that as the potential was stepped 

negatively the peaks increased in intensity, without any variation in signal.  This 

suggested that the fibrils do not interact with the lipid molecules to the same extent as the 

oligomers and protofibrils.  Also, the EC-SERS spectrum collected for the s-BLM in the 
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presence of fibrils look very similar to the   EC-SERS spectrum obtained for the s-BLM 

in the absence of native insulin.  Most of the peaks present are similar to previous studies; 

this includes peaks due to tyrosine (833 cm-1), proline (919 cm-1),   C-C / C-N stretching 

(1154 cm-1), and amide III (1260 cm-1).127   

 

Figure 64:  EC-SERS cathodic signal of a 6-MHA modified s-BLM + fibrillar human 
insulin in 0.1 M NaF solution.  The spectra were measured at 4 mW for a time interval of 
30 seconds using 532 nm excitation.  
 

 5.10.2 s-BLM studies with dAMP in the presence of fibrillar insulin 

 It is important to investigate whether the fibrils would have the same effect as the 

oligomers or protofibrils on the s-BLM.  In Figure 65, the dAMP signal at OCP is not as 

strong as it was in the spectra for the oligomers and protofibrils (refer to Figure 60 and 
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Figure 62).  As the potential was stepped negatively the peaks started to appear, and the 

730 cm-1 peak was present.  This suggested that dAMP was able to permeate through the 

lipid molecules but the peak intensity was not as strong as the oligomer or protofibrils.  

This could be due to the fact that fibrils do not cause as large of defects in the s-BLM as 

do the oligomers and protofibrils or that the dAMP molecules were not able to permeate 

fully through the s-BLM.  The EC-SERS spectrum for insulin fibrils provided a different 

spectral profile than for the oligomers and protofibrils which indicates that each species 

interacts with the lipid molecules differently depending on their secondary structures. The 

peaks between 2000 cm-1 and 1000 cm-1 are due to tyrosine (834 cm-1, 1163 cm-1), 

tryptophan (1558 cm-1), CH2 bending of proteins (1447 cm-1), amide III (1230 cm-1), and 

CH2 symmetric stretch of lipids / asymmetric stretch of proteins (2853 cm-1).127,207 Also, 

the 2921 cm-1 peak is stronger in intensity than the 3226 cm-1 as the potential was stepped 

negative; this was completely reversed in the case of the previous studies involving the 

oligomer and protofibril.  A comparison of s-BLM + fibrillar insulin in the presence and 

absence of dAMP is shown in Figure A-5 in the appendix section. 
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Figure 65:  EC-SERS cathodic signal of a modified 6-MHA s-BLM + fibrillar human 
insulin in 1.0 mM dAMP / 0.1 M NaF solution.  The spectra were measured at 4 mW for 
a time interval of 30 seconds using 532 nm excitation. dAMP peaks are indicated by 
arrows. 

 

A CV comparison between the s-BLM in the absence of protein and the different 

protein aggregates (oligomers, protofibrils, and fibrils) in the presence of the s-BLM is 

shown in Figure 66.  The s-BLM (short dotted line) shows desorption peaks between -1.0 

and -0.8 V which suggest that the lipid bilayer is desorbing and adsorbing on the surface.  

The oligomers (solid line) exhibited the largest current which could indicate that the 

oligomers caused the most disruption of the lipid bilayer.  The protofibrils (dashed line) 

showed very similar behaviour to the oligomers; the current was nearly the same.  The 
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fibrils (dotted line) showed a very small current which indicates the persistence of a 

compact layer on the surface.  This indicates that fibrillar insulin does not cause 

significant defects in the lipid bilayer, which was also observed in the EC-SERS data.  It 

is important to note that in the presence of oligomers and protofibrils there was peak 

shifts to more positive potential.    

 
Figure 66:  CV of s-BLM (short dotted line), s-BLM in the presence of oligomers (solid 
line), s-BLM in the presence of protofibrils (dashed line), and s-BLM in the presence of 
fibrils (dotted line).  All completed in 0.1 M NaF solution. Scan rate:  50 mV / s.  
  

Based on these results it was noted that different insulin structures along the 

aggregation pathway provided different spectral features.  The addition of dAMP was 

helpful in studying the interaction between insulin and lipid molecules and whether large 

pores or defects were forming.  An EC-SERS comparison at OCP between all the data 
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obtained in the presence of dAMP is shown in Figure 67.   The dAMP peak at 730 cm-1 

was observed at OCP in the presence of oligomers, protofibrils, and fibrils.  This indicates 

that dAMP was able to permeate the s-BLM due to the presence of oligomers and 

protofibrils and not due to the application of voltage.  The dAMP peak intensity was 

strongest in the presence of oligomers, and weakest in the presence of fibrils.  This result 

showed that oligomers and protofibrils caused the most membrane perturbation.  The 

dAMP peak was not observed in the presence of native insulin which indicates that 

dAMP was not able to permeate through the s-BLM suggesting that a good quality 

biomimetic membrane was developed.       
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Figure 67:  EC-SERS cathodic signal at OCP of a) s-BLM, b) s-BLM + native human 
insulin, c) s-BLM + oligomer human insulin, d) s-BLM + protofibril human insulin, e) s-
BLM + fibril human insulin in 1.0 mM dAMP / 0.1 M NaF solution.  The spectra were 
measured at 4 mW for a time interval of 30 seconds using 532 nm excitation. dAMP peak 
at 730 cm-1 is indicated by the arrow. 

 

An EC-SERS comparison at -1.0 V between all the data obtained in the presence 

of dAMP is shown in Figure 68.  The oligomer and protofibril are the membrane-

perturbing species since they had a major effect on the EC-SERS signal of the s-BLM.  

As seen in spectra c and d the dAMP peaks at 730 cm-1 and 1328 cm-1 were present, 

confirming the presence of defects in the bilayer membrane.  Native insulin did not show 
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any major spectral changes and dAMP was unable to permeate through the s-BLM in its 

presence.  As seen in spectrum b, even after application of a high electric field, dAMP 

peaks were not present.   In the case of the fibrils, the results were not significantly 

different than the EC-SERS of s-BLM in the absence of protein.  By comparing spectra a 

and e it can be seen that the spectra are somewhat similar which indicates not a lot of 

membrane damage has occurred due to the presence of fibrils.  Even though dAMP was 

observed in the presence of fibrils, the dAMP peak was not as intense as the peak 

observed in the presence of oligomers and protofibrils.   
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Figure 68:  EC-SERS cathodic signal at -1.0 V of a) s-BLM, b) s-BLM + native human 
insulin, c) s-BLM + oligomer human insulin, d) s-BLM + protofibril human insulin, e) s-
BLM + fibril human insulin in 1.0 mM dAMP / 0.1 M NaF solution.  The spectra were 
measured at 4 mW for a time interval of 30 seconds using 532 nm excitation. dAMP peak 
at 730 cm-1 is indicated by the arrow. 
 
 In summary, the interaction between human insulin and s-BLM was investigated 

using EC-SERS.  The most membrane-perturbing aggregates were the oligomers and 

protofibrils whereas the fibrillar insulin did not have significant impact on the s-BLM.  

The native insulin did not cause any perturbation which suggests that native insulin plays 

a protective role.  These results showed for the first time that     EC-SERS can be used as 

a useful spectroscopic tool in order to investigate the protein-lipid interactions. 
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Chapter 6:  Conclusions and Future Work 

 The interaction between lipid molecules of a cell membrane and protein at various 

stages of aggregation can be useful in understanding amyloidogenic disorders.  These 

amyloidogenic diseases are due to the accumulation of protein within various tissues 

which leads to cell death.  This research was aimed towards using recombinant human 

insulin as a model amyloid to help better understand the “amyloid pore hypothesis” of 

Alzheimer's disease, however, this hypothesis can also be used for other amyloidogenic 

disorders such as Parkinson’s and Huntington disease.  A supported bilayer lipid 

membrane (s-BLM) was formed using the Langmuir-Blodgett / Langmuir Schaefer 

method in order to mimic biological cell membranes.  Various spectroscopic and 

electrochemical methods were employed to understand this interaction at the molecular 

level.  In particular, electrochemical SERS (EC-SERS) was used for the first time to 

investigate membrane-protein interactions.    

This research involved aggregating recombinant human insulin under various 

conditions and allowing these aggregates to interact with the s-BLM.  Prior to aggregating 

insulin, techniques were used to characterize it while present in its native state such as 

Raman spectroscopy and attenuated total reflectance-Fourier transform infrared 

spectroscopy (ATR-FTIR).  Human insulin powder and concentrated solution were 

successfully characterized using both Raman and ATR-FTIR, and the amide bands were 

monitored.  The next step of this project was to accelerate the aggregation process for 

human insulin using elevated temperature and low pH.  Aggregated human insulin was 

achieved by preparing the solution in a pH of 1.6 (12 M HCl / 0.1 M NaCl) and heating it 
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for several hours at 65 °C.  The aggregated insulin was successfully characterized using 

ATR-FTIR and the aggregation process was monitored using turbidity measurements.  

The aggregation process followed a sigmoidal behaviour that was consistent with 

literature.  At selected times along the sigmoidal curve, transmission electron microscopy 

(TEM) and scanning electron microscopy (SEM) were used to image the aggregates.  In 

both techniques changes in the morphology and assembly of insulin was noted during the 

aggregation process. 

Once the aggregation process was successfully characterized, insulin aggregate 

structures were introduced to a s-BLM supported on a modified SPE and changes in 

signal were observed using EC-SERS. The insulin structures investigated were native 

insulin, oligomer, protofibril, and fibril.  It was observed in the EC-SERS spectra that 

oligomer and protofibrillar insulin in the presence of the s-BLM caused significant 

structural changes.  The native insulin did not show a significant variation in signal 

compared to the signal obtained from the s-BLM in the absence of insulin.  The fibrillar 

insulin caused some minor changes but they were not as significant as the changes 

observed for the oligomers and protofibrils.   

In order to test whether insulin forms defects in the s-BLM, a probe molecule was 

introduced.  The probe molecule chosen was dAMP which has characteristic EC-SERS 

peaks at 730 cm-1 and 1328 cm-1; the presence of these peaks indicated the formation of 

defects.  Due to the sharp distance dependence of SERS, dAMP peaks were observed 

only when dAMP accessed the surface, for example through defects.  Based on the EC-

SERS obtained for the s-BLM in the absence of insulin, dAMP penetrated through the 
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lipid bilayer at potentials more negative than -0.1 V, which indicates that electroporation 

was occurring due to the high electric field applied.  In the presence of native insulin, 

dAMP did not penetrate through the lipid bilayer even at -1.0 V, which showed that 

electroporation did not play a role in this case.  The native insulin is thought to have a 

protective role, preventing the dAMP molecules from penetrating through the lipid 

bilayer through formation of a “carpet-like” layer on the membrane surface. The 

oligomers and protofibrils have previously been identified as toxic species, and the EC-

SERS measurements indicated that the dAMP permeated through the s-BLM in the 

presence of these species, even without the application of voltage.  The fibrils also 

allowed the dAMP to permeate through the     s-BLM; however, the dAMP peak intensity 

in the EC-SERS spectrum was not significantly strong.  This could indicate that fibrillar 

insulin does not cause as many defects as the prefibrillar toxic species.  The results 

obtained were consistent with cell toxicity and pore activity measurements obtained for 

amyloid-β mentioned earlier.  

This research work has highlighted the ability to characterize recombinant human 

insulin in its native and aggregated state using various techniques.  For the first time SEM 

showed the ability to monitor protein aggregation with high resolution images.  One of 

the major aspects of this project was to monitor the formation of pores and defects caused 

by the presence of protein on s-BLM.  This was achieved by using dAMP as a probe 

molecule to observe pores and / or defects introduced by different insulin aggregates.  

The EC-SERS data obtained for the different insulin aggregates have helped in 

understanding the extent of interaction between the protein aggregates, the bilayer and 
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lipids.  This thesis has demonstrated the first use of electrochemical SERS towards 

obtaining a truly molecular level view of the nature of protein-membrane interactions.  

The use of dAMP as a probe molecule confirmed the presence of defects.  

However, the pore hypothesis of Alzheimer’s disease should be further investigated using 

Ca2+.  Calcium ion influx is found to increase through the cell membrane due to the 

defects formed.  Therefore, the detection of Ca2+ ions is important in order to further 

validate the pore hypothesis.  A major challenge going forward will be to develop ways to 

monitor Ca2+ using EC-SERS.  

This system has used a supported bilayer lipid membrane (s-BLM) which 

consisted of an alkanethiol self-assembled monolayer.  This self-assembled monolayer is 

considered a hydrophobic support which would not allow for a transmembrane protein to 

be properly incorporated into the lipid bilayer.  In order to overcome this problem a 

tethered bilayer lipid membrane (t-BLM) can be utilized.  In a t-BLM the self-assembled 

monolayer can provide a hydrophilic region where a transmembrane protein could be 

easily translocated. This would be a more realistic model for biological cell membranes 

than having the bottom leaflet interacting with a hydrophobic alkanethiol. 

In this research recombinant human insulin was used as a model for amyloid-β 

because it aggregates in the same way as amyloid-β and is much more affordable than 

amyloid-β. A future goal of this research would be to study the interaction between 

amyloid-β and the lipid bilayer in order to fully understand the mechanism of Alzheimer's 

disease.  
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Appendix  

Table A-1:  Peak assignment for DMPC powder. 

Peak / (cm-1) Assignment 220, 224 
719 (C-N+(CH3) .  Symmetric choline group stretch vibration.  

883  

1062 υ(C-O-PO2
-), C-C.  Phosphate ester stretch. Skeletal stretch vibration. 

1090 υs(CO-O-C)PO2. Ester C-O symmetric stretch. Stretch in the phosphate 

group. 

1125 C-C. Skeletal transformation stretch of lipids. 

1294 CH2. Wagging and twisting methylene vibration. 

1438 CH2. Methylene deformation. 

1734 υ(C=O). Ester carbonyl stretch. 

2724 C-H. Stretch vibration. 

2848 υs(CH2). Symmetric stretch 

2880 υas(CH2). Asymmetric stretch. 

2930 υas(CH2). Asymmetric stretch. 

3035 υas(CH3)3 N+. CH3 asymmetric stretch in the choline group 

 

Table A-2:  Peak assignment for cholesterol powder. 

Peak / (cm-1) Assignment 220, 224 
426 Raman deformation 

699 δr(-CH2). Rocking vibration 

1439 δd(-CH2). Deformation 

1671 υ(C=C). Stretch vibration of the alkene 

2716 Stretching vibrations of CH and OH 

2867 υsym (-CH3). Symmetric stretch vibration  

2932 υas (-CH2). Asymmetric stretch vibration 

3037  
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Table A-3:  Peak assignment for the recombinant human insulin powder 

Peak / (cm-1) Assignment 220,224 
642 C-C twisting mode of phenylalanine 

849 Single bond stretching vibrations for valine 

892 C-C stretching 

951 υ(CH3) of protein (α-helix) 

1002 phenylalanine 

1029 phenylalanine 

1125 (C-N), protein  

1206 CH2 wagging vibrations from glycine backbone and proline side 

chains, tyrosine 

1267 Amide III (of proteins α-helix conformation), tryptophan 

1338 CH2 wagging vibrations from glycine backbone and proline side 

chains 

1447 CH2 bending mode of proteins 

1609 Tyrosine, phenylalanine ring vibration 

1656 Amide I (α-helical conformation) 

2438  

2930 Symmetric CH3 stretches due to protein, CH2 asymmetric stretch 

3058  
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Table A-4:  Peak assignment for native human insulin on AgNP surface. 

Peak / (cm-1) Assignment 224 
398  

490 ring deformation of phenylalanine 

530 cysteine 

609 phenylalanine ring twist 

634 Ν(C-S)G methionine, C-S stretching, C-C twisting of tyrosine 

677 Ν(C-S) cysteine 

774 tryptophan 

822 Protein band 

874 Hydroxyproline, tryptophan 

1018 phenylalanine δ(CH) 

1080 phenylalanine ring breathing, (C-N) stretch 

1132 palmitic acid 

1178 C-H bending of tyrosine  

1202 CH2 wagging vibration from glycine backbone and proline side chain 

1303 C-N asymmetric stretching, CH2 bending 

1393 C-N stretching 

1495 C=C stretching 

1590 (C=O) stretching of glutamic acid / aspartic acid  

2167  

2933 CH2 bending and stretching 

3228 OH and NH stretching vibration  
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Figure A-1:  EC-SERS comparison at -1.0 V between a) s-BLM without dAMP, b) s-
BLM with dAMP.  dAMP peaks indicated by arrows.  

 

Figure A-2:  EC-SERS comparison at -1.0 V between s-BLM + native insulin a) without 
dAMP, b) with dAMP.  dAMP peaks indicated by arrows.  No dAMP peaks were 
observed.  
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Figure A-3:  EC-SERS comparison at -1.0 V between s-BLM + oligomers insulin a) 
without dAMP, b) with dAMP.  dAMP peaks indicated by arrows.   

 

Figure A-4:  EC-SERS comparison at -1.0 V between s-BLM + protofibrillar insulin a) 
without dAMP, b) with dAMP.  dAMP peaks indicated by arrows.   
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Figure A-5:  EC-SERS comparison at -1.0 V between s-BLM + fibrillar insulin a) 
without dAMP, b) with dAMP.  dAMP peaks indicated by arrows.   
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