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Abstract  

This thesis reports on the formation of functional nanostructures using self-organising 

building blocks. Specifically, the formation and characterisation of thin-film nanostructures 

directly targeted toward the development of either magnetic or electric devices are presented.  

Using the Langmuir-Blodgett (LB) technique, aligned assembly in a 2-D gel of a water-

soluble peptide (Ac-IKHLSVN-NH2) was investigated. In the presence of an appropriate 

electrolyte as the sub-phase, stable and ordered 2-D monolayers of a water-soluble peptide 

could be formed and transferred as thin films onto a solid support.  The strong effects of the 

electrolyte and surface-pressure cycling as an “annealing” technique on the assembly and 

quality of the LB films were explored. Well-structured films comprising aligned self-

assembled rods were obtained. Furthermore, as a follow-on study, the effect of sidechain 

modifications on the formation of cross-fibre linkages was explored.  

The templated self-assembly approach to organising magnetic particles was explored. This is 

an approach targeted toward assembling magnetic particles into a regular 2-D array that can 

support magnetic spin waves in magnonic devices – one of the currently preferred routes to 

reducing the power consumption of computation.  Specifically, the use of the core of a redox-

active protein peroxiredoxin (Prx) ring, and cationic surfactant for magnetic particle synthesis 

and assembly as 2-D LB films were explored. An unusual packing arrangement was noted in 

the surfactant-assisted assembly, which is interpreted in terms of geometrical frustration – the 

occurrence of packing arrangements of very similar energy when spheres are confined within 

a space of thickness comparable to the sphere diameter. The ‘annealing’ effect by surface-

pressure oscillation was again demonstrated. 

Lastly, the electrical conductivity in networks of nanofibres formed from a semiconducting 

dye (Thiophene-diketopyrrolopyrrole, TDPP-dye) that is attached to a self-assembling 

peptide (HEFISTAH) was explored. Although similar systems have been proposed as organic 

semiconductors, in this case, no electronic conductivity was observed. Instead, the fibres 

behaved as ionic (probably proton) conductors as a consequence of adsorbed water. A strong 

dependence of electrical conductivity on relative humidity was demonstrated. The system of 

nanofibers bridging gold electrodes behaved as an electrolytic cell, with oxygen reduction as 

a limiting electrode reaction.  
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1.0. Introduction  

1.1 Self-assembly – Generating functional nanostructures  

Self-assembly remains a very powerful concept in modern-day material science. In the early 

1990s, the self-assembly process was associated with synthetic strategies for the preparation 

of nanostructures [1-4]. In recent times, material scientists have extended their interest in 

generating a wider range of structures by atoms up - a chemical approach rather than the 

traditional top-down approach. Self-assembling is considered one of the most important 

factors for the successful design of nanostructured materials [5-9].  

Self-assembly refers to any phenomenon which allows for the autonomous organization of 

individual components into well-defined patterns and structures through non-covalent 

interaction. To self-assemble molecules into well-organized architectures, it’s important to 

have control over their shapes, size, and surface properties. Thus, the prime goal of self-

assembly is to synthesise molecules with specified forms as well as having control over the 

attractive and repulsive forces that allows them to self-assemble into various functional 

structures. This can be achieved through chemical control of their surface properties such as 

charge, solubility, and functionality[10]. Self-assembling has over the years been effectively 

utilized to design complex, functional nanostructures and their applications have been well 

explored in the field of nanotechnology [11, 12]. 

This thesis is concerned with the exploration of self-assembly as a means for forming 

functional nanostructures. Specifically, the formation of thin-film nanostructures directed 

ultimately at either magnonic or electronic components has been explored. Primarily, the 

formation of thin films of self-assembling peptides has been studied, guided by the 

hypothesis that the ordering imposed by the self-assembly would lead to enhancement of the 

desired magnetic or electrical properties. To give context to the work, this chapter first briefly 

reviews studies of self-assembly of peptides and proteins and presents concepts in which such 

structures are then used as templates on which to assemble the required function (magnetic or 

electrical). Studies of electrical conductivity in self-assembled peptides are then reviewed. 

Finally, the principal technique used in the thesis for the study of films assembled at an 

interface, the Langmuir-Blodgett method, is described. 
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1.2. Self-assembly in Peptides and Proteins 

Amino acids are the basic building units of peptides and proteins. Two or more amino acids 

linked by a peptide bond form a peptide molecule. Large numbers of peptide molecules 

assemble to form different kind of proteins which then makes up complex molecules such as 

enzymes, antibodies, and hormones required for the proper functioning of living organisms. 

This phenomenon is an example of how nature has built complex molecules through the self-

assembly of peptides and proteins, therefore, making peptides and proteins the fundamental 

building blocks of all living things. 

Peptides in nature can self-assemble into different structures such as nanofibers [13-15], 

ribbons [16, 17], nanospheres [18-20] and nanotubes, Figure 1.1 (a) [21-25]. Like peptides, 

proteins can also assemble into a wide variety of structures of different sizes and symmetries 

such as tubes, globules, nanofibers, and cages, Figure 1.1 (b-d) [26, 27].  These structures are 

usually composed of predominantly α-helical, β-sheets, and β-turns and are sometimes 

composed of all 3 forms [28-30]. Their ability to form diverse nanostructures is intriguing 

and researchers have conducted numerous studies to understand the structural characteristics 

and environmental conditions that may affect their self-assembly process. It has been 

extensively reported that position and choice of amino acid sequence in peptides, solution 

temperature, pH, and ionic strength as well as the choice of solvent, and concentrations can 

greatly influence peptide and protein assembly [31-40]. For example, Huang et al  [41] 

reported that diphenylalanine peptides assembled into tubular structures in methanol and 

aqueous solvents and into fibril structures in chloroform and toluene. They also observed a 

transition from an amorphous state to a well-aligned nanowire structure upon aniline vapour 

ageing at 150 0C.  Similarly, Manuguri et al. [42] reported the change in the nanostructure of 

human peroxiredoxin 3 (HsPrx3) protein from ring-like structure to rod-like structure upon a 

change in pH from 8 to 6. Other works in the literature have also reported how peptides and 

proteins can assemble into different structures just by changing pH, concentration, and 

sequence [43-45]. This property makes the self-assembly process of peptides and proteins 

more interesting and versatile and as a consequence of this, self-assembling peptides and 

proteins have been well exploited for different applications [25, 46-53]. Figure 1.1 shows 

some common examples of nanostructures formed from peptide and protein assembly. 
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Figure 1.1: Schematic Illustration of self-assembly of peptides into different nanostructures, 

reproduced with permission from [54]. Copyright©2014, Polymer Chemistry, and examples 

of the self-assembly of proteins into (b) cages – Ferritins reproduced with permission from 

[55]. Copyright ©, The Royal Society of Chemistry (c) rings – peroxiredoxin, reproduced 

with permission from [56]. Copyright ©, Elsevier and (d) rods – Tobacco Mosaic, 

reproduced with permission from [57]. Copyright ©, The Royal Society of Chemistry.  

 

1.3. Templated Self-assembly 

The idea of templated self-assembly is that a molecule that self-assembles into an ordered 

nanostructure can be used as a template to grow an ordered array of something else that then 

provides the functionality required. This ‘something else’ would typically be a nanoparticle. 

This thesis work has explored two such methods, for organising magnetic nanoparticles: 

templating using proteins, and using surfactant encapsulation. These methods including 

literature examples are reviewed in the following sections. 

1.3.1. Protein Templating – A route to nanoparticle synthesis and assembly 

Templating remains one of the most effective methods for the synthesis of nanostructured 

materials with controlled sizes and well-defined shapes [58]. With the ever-increasing 

applications of nanoparticles, the need for the synthesis of nanoparticles with well-controlled 

size and shape is necessary and tremendous efforts have been channelled towards these 

developments [59-62]. While a large number of strategies have been employed for this 

 

(b) (d) 

(c) 

(a) 
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development, particularly we are interested in strategies relying on biologically compatible 

materials or nature-inspired molecules:  such strategies have been well-rehearsed in several 

reviews [63-71].  These molecules have been found to play an active role in nanoparticle 

synthesis and capping and in comparison, to the common synthetic procedures involving 

chemical reagents and harsh conditions, procedures using biological molecules are often 

carried out in water and considered environmentally friendly. Another attractive use of 

biological molecules in NPs synthesis is the possibility of rendering NPs biocompatible. 

Proteins are examples of biological molecules in nature that exist in different architectures. 

They are referred to as nature’s chemical motors whose versatile functionality is a result of 

their structural and molecular recognition capabilities[72]. They exist in diverse forms such 

as cages [73, 74], rods [75-77], toroids [78] and barrels [79]. Some nature-developed protein 

cages are designed to encapsulate guest molecules and shield them from external 

environments. For example, ferritins that sequester iron as iron oxide particles and viral 

capsids that encapsulate their nucleic acid genome. Getting inspiration from the natural 

functions of these protein cages, scientists have exploited them as templates for the synthesis, 

encapsulation, and assembly of a wide range of nanomaterials [80-82].  

Cage-like structured proteins have been extensively characterized and well-reported as 

templates for the synthesis and organization of nanoparticles owing to their homogenous size 

and interior cavity that can provide a confined environment for the synthesis or encapsulation 

of guest molecules. For example, Uchida et al. [83] reported the successful synthesis of 

magnetite nanoparticles in human ferritin and Kramer et al. [84] also reported the use of 

human L subunit ferritin for the synthesis of silver nanoparticles. 

Similarly, rod and ring-shaped proteins have also been well exploited for the synthesis and 

organization of nanoparticles. For example, the central pore of a ring-shaped archaeal-derived 

Lsmα protein has been used as a template to bind nanoparticles, and stable protein 1 (SP1) 

has been used to bind gold nanoparticles directing the nanoparticle assembly [85-87]. 

Tobacco mosaic (TMV) and Bacteriophage M13 are examples of rod-like structured proteins 

that have been well exploited for similar purposes [77, 88-92]. Figure 1.2 is an example of a 

cage-like virus encapsulating a gold nanoparticle. 
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Figure 1.2:  Example of a successful nanoparticle encapsulation using protein as templates. 

Schematic representation of the encapsulation of gold nanoparticles by cowpea chlorotic 

mottle virus cage.  Reproduced with permission from [93]Copyright© 2016, American 

Chemical Society.  

 

The reaction behind the successful use of these biomolecules for the synthesis and assembly 

of nanoparticles is a complex combination of both physiochemical and biological processes 

and it is generally referred to as bio-mineralization. Bio-mineralisation is defined as the 

process of forming materials within living organisms such as proteins, cells, and tissues [94, 

95]. Examples of a successful bio-mineralization process in nature are the formation of 

materials such as silicates in algae and diatoms, carbonates in the shells of insects, and 

calcium phosphates and carbonates in bone and teeth [95]. Towards advancement in the 

assembly of nanoparticles, scientists have successfully mimicked the process for the synthesis 

and assembly of nanoparticles into diverse architectures with well-defined spatial 

arrangements [96, 97]. In the early 1990s, Mann et al. [98], reported the successful in-situ 

reduction of iron oxide cores of ferritin in an aqueous buffer containing Na2S and H2S, and 

the successful synthesis of manganese hydroxide in a reconstituted Apo-ferritin cavity.  

Another synthetic approach exploits the electrostatic interaction between the protein and 

metal ions. In this process, the interior of the protein cage is modified with an amino acid 

residue that can drive an electrostatic binding with the metal ions. Klem et al. [99] and Rajesh 

et al. [84] have reported the successful use of such an approach. Klem et al. reported that by a 

careful modification of Methanococcus jannaschi (protein cage) with a specific peptide 
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sequence, CoPt nanoparticles can be synthesized. Similarly, Rajesh et al. showed that by 

modifying the interior of the ferritin cage with a silver reducing peptide, silver nanoparticles 

can be synthesised. This approach has been well-rehearsed and several interesting 

nanoparticles such as Fe, CoPt, CdS, FePt and Co have been synthesised, Figure 1.3 [99-

104].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Examples of successful bio-mineralization process. (a) Schematic representation 

of ferritin cage for the template synthesis of nanoparticles through the 

disassemble/reassembly route, followed by filtration to remove excess metal ions and finally 

reduction of metal ions inside the ferritin cage resulting in the formation of an inorganic 

material. Reproduced with permission from [105] Copyright© 2011, Elsevier. (b) 

Representation of a successful synthesis of FePt nanoparticle within a Pyrococcus furiosus 

ferritin and a TEM image showing the layer-by-layer assembly. Reproduced with permission 

from [100] Copyright© 2011, Royal Society of Chemistry. 

 

 

(a) 

(b) 
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1.3.2. Surfactant-assisted nanoparticle assembly  

The intrinsic ability of surfactants to self-assemble into complex structures such as micelles, 

vesicles, and emulsions has made them increasingly important in material science 

particularly, in their ability to control the growth of nanoparticles, direct nanoparticle 

assemblies, and also serve as nanoparticle carriers [106]. NPs with controllable size, 

composition, and shape serve as very important building blocks for various nanotechnology 

applications [107-110]. Organising them into ordered arrays as “metamaterials” is also very 

crucial due to their ability to exhibit collective magnetic, electronic, and optical behaviours 

enabling their potential for advanced nanotechnology applications [111-116].  Tremendous 

efforts have been made toward organizing uniformly sized NPs into ordered arrays, 

particularly through solvent evaporation, Langmuir Blodgett methods, and layer-by-layer 

assembly. In these methods, NPs are stabilized through surface functionalization with organic 

ligands, making the NPs hydrophobic and able to dissolve in organic solvents.  Then, ordered 

arrays of the NP can be formed through Langmuir Blodgett, solution growth, and solvent 

evaporation methods [113, 115, 117-120].  The assembly into ordered superstructures is 

facilitated through electrostatic interactions, repulsion and dipolar interactions, and balanced 

inter-particle interactions. Solvent evaporation and solution growth methods often lead to 3D 

NPs superstructures while the Langmuir Blodgett technique yields 2D NPs monolayers [110].  

Alkane chain-based surfactants are the most common examples that have been explored for 

this purpose. Using the Langmuir Blodgett technique highly ordered 2D assemblies of 

various types of nanoparticles have been fabricated and their applications in nanotechnology 

have been well explored [121-123]. 

The surfactant-assisted assembly through electrostatic interactions between NPs and organic 

ligands has also been a successful approach and as a result, has been extended to creating an 

ordered assembly of various low-dimensional superstructures of materials such as 

polyoxometalates.  

Polyoxometalates (POM) are a group of anionic inorganic clusters mostly made up of two or 

more transition metals in their highest oxidation states linked together by sharing oxygen 

atoms. The general synthetic approach typically involves the condensation of the small 

oxometalate precursors such as VO3
-, MoO4

2- or WO4
2- in the presence of anions such as 

SO4
2−, PO4

3- or SiO4
4-. Varying reaction conditions such as pH, pressure, temperature, 

solvent, redox agents, or counterions during the self-assembly process can allow for the 
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adjustment of the resultant cluster structure [124]. POMs are generally represented with the 

formula [XxMmOy]-n where X is the hetero atom, (main group elements such as P, Si, Ge, and 

As), M is the addenda atom (usually a d-block element with a high oxidation state such as 

VV, MoVI, or WVI [125]. 

POM chemistry is exceptionally interesting. This is largely due to the versatile topological 

and electronic properties exhibited. They are also highly soluble with high thermal stability 

and as a consequence have been well explored for a wide range of applications including 

catalysis, medicine, drug delivery and, electronics [126-132]. POM chemistry continues to 

receive attention. As a result, thousands of POM clusters with different shapes, sizes, and 

intrinsic properties have been prepared and many more are evolving.  

Despite the intriguing and unparalleled success in the applications of POM, they suffer a 

major setback in integrating them into functional devices as ordered arrays. Their high 

solubility is an obvious problem. A progressive step to tackle this setback is the ability to 

control the surface chemistry. Modifying the surface chemistry of the POMs manipulates 

their solubility and opens up ways to engineer their assembly. [129, 133]. The surfactant-

assisted approach is a versatile and easy method for modifying the surface chemistry of 

POM. As a result of the hydrophilic nature of POM anions, oppositely charged surfactants 

can easily modify the surface of the POM through electrostatic interaction between the 

cationic head groups of surfactants and the anionic POM cluster resulting in a hydrophobic 

surfactant encapsulated POM (SEP) [134, 135]. SEPs are usually almost spherical with the 

POM surrounded by the cationic head of the surfactant with an external hydrocarbon chain. 

This approach has been explored in the literature for several interesting POMs.  Due to the 

hydrophobic nature of the resultant SEPs, integration into thin films and ordered 

superstructures has been successful using the Langmuir Blodgett technique [133, 136-140]. 

Figure 1.4 describes schematically the formation of hydrophobic surfactant encapsulated 

polyoxometalates. 
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Figure 1.4:  Schematic representation of the electrostatic interaction between an anionic 

POM [K20[48]12(VO)30(SO4)(H2O)63]18- Ξ [V30W72]18- and a cationic organic surfactant 

(CH3)2(C18H37)2N+ Br-, DODA.Br leading to the formation of a hydrophobic surfactant 

encapsulated POM, DODA18 [V30W72]. Reproduced with permission from [141]Copyright© 

2009, Chemical Communications. 

 

1.4. Organic Semiconductors 

Organic semiconductors have become increasingly popular due to their potential for use in 

optoelectronic devices. They are -conjugated molecules whose semiconducting properties 

have been well exploited in the development of devices with applications in field-effect 

transistors (FETs) [142-147], light-emitting diodes [148-153], photovoltaic and solar cells 

[154-157].  The extended -conjugation allows for the inter and intramolecular charge 

transport within the materials and the charge transport can be enhanced by effective 

overlapping of -conjugated molecular orbitals between the neighbouring molecules [158]. 

While there are numerous examples of organic semiconducting molecules, acenes, 

tetrathiafulvalenes, polythiophenes, diketopyrrolopyrroles (DPPs) and perylene dyes are the 

most common examples, Figure 1.5 [159-166]. Organic semiconductors offer many 

advantages over inorganic semiconductors particularly, their ease of synthesis and high 

solubility making them easy to be incorporated into thin films and fabricated onto flexible 

N
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materials such as fabric, paper, and plastic [161, 167-169]. They are also lightweight and can 

be easily synthesised at low temperatures (< 100 0C) compared to inorganic semiconductors 

such as silicon which require high temperature, and vacuum for synthesis and incorporation 

into thin films for the fabrication of electronic devices [161, 167, 168]. Organic 

semiconductors' physical and chemical functionality can be easily tuned by chemical 

modification. Some of the developed organic semiconductor-based electronic devices have 

been used as sensors [170], electronic skins [171], and flexible devices [168, 172], and as a 

consequence of their low-cost synthesis and ease of fabrication and processing, they may be 

an ideal alternative for the development of next-generation electronics [173]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Structure of some common examples of organic semiconducting molecules. 

 

While there are numerous intriguing properties of organic semiconductors, forming high-

quality films remains a challenge. To tackle this, there has been continuous attention towards 

introducing self-assembling properties into organic semiconductors.  One strategy has been 

conjugation with a molecule that itself has intrinsic self-assembling properties. With this 

effort, it is hoped that the molecule can introduce self-assembling properties to the organic 

semiconductor enabling the formation of quality films and that long-range conductivity can 

be possible through extended self-assembly.  The next section discusses one such possible 

method of designing organic semiconductors with self-assembling properties. 
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1.4.1. Self-assembling peptide-based organic semiconductors  

Semiconductors are materials whose electrical conductivity value falls between that of an 

insulator and a conductor. When thinking of semiconductors, people often think of 

semiconductors as inorganic or organic materials such as doped silicon, aromatic organic 

molecules, and small molecules, however such conventional semiconductors, particularly 

inorganic semiconductors have certain limitations mostly with toxicity, fabrication methods, 

and biocompatibility. [174-177].  Organic semiconductors have been able to solve some of 

these shortcomings, but issues such as weak oxidation stability, demand for heavy metal 

doping, and difficult synthetic procedures remain a challenge. For example, organic 

phthalocyanines have been reported to be a potential alternative, but their non-

biocompatibility presents an obstacle to applications in the development of bio-based 

electronic devices that may be used in tissue engineering and drug delivery [178-182].  With 

semiconductive materials being the foundation of modern electronics, there is an increasing 

demand for the design of semiconductive materials that are biocompatible and can be easily 

fabricated. The intrinsic properties of self-assembling peptides enabling them to assemble 

into differently ordered nanostructures have inspired scientists to design self-assembling 

peptide-based nanostructures as semiconductors. Directional interactions and 

hydrogen-bonding networks in self-assembling peptides may allow for the formation of 

quantum confined structures within the peptide self-assemblies [183]. This approach is of 

great interest for both scientific and engineering development and may serve as an alternative 

for the design of semiconductors that are biocompatible, environmentally friendly, and with 

flexible functionality and morphology that may bridge the gap between the conventional 

semiconductors and the biological world [184, 185].  

Semiconductivity is strongly dependent on material morphology [186]. Since peptides 

assemble into nanostructures as diverse as nanofibers, nanotubes, and nanospheres, diverse 

semiconducting properties might, speculatively, arise. The resulting peptide morphology 

could be determined by chemical modification, solution pH, ionic strength, co-assembly, 

temperature, and concentration [41, 187-193]. For example, diphenylalanine peptide (FF) is a 

short peptide whose semiconductivity has been well investigated as a consequence of its self-

assembly into different architectures under different conditions [194-202].  

As a consequence of their ease of functionalization, integration of self-assembling peptides 

with external organic semiconductive units is also an approach that has been explored for the 



 
 

12 
 

design of bio-based semiconductors [203-207]. In this method, the resultant semiconducting 

material bears the intrinsic self-assembling property of the peptide giving it a defined and 

tuneable morphology; a property that is necessary to ensure long-range charge transport and 

provide direction within the material. The choice of a semiconductive unit with an ideal 

molecular alignment is necessary for charge transport in this approach [205, 208, 209]. For 

example, Klok et al. [210] 2014 reported for the first time the successful conjugation of an 

oligothiophene, a common class of organic semiconductor, with a five amino acid peptide 

sequence (Gly-Ala-Gly-Ala-Gly) inspired by silkworm (Bombyx mori) and they reported that 

the resultant conjugate retained the peptide’s ability to assemble into antiparallel β sheets, 

Figure 1.6. While this method is still in its infancy, efforts have been channelled toward the 

design of such bio-based semiconductors [208, 211-217].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Examples of successful conjugation of peptides with organic semiconductive 

units. (a) Structure of self-assembling peptide (GAGAG - tetra(3-hexylthiophene) conjugate, 

reproduced with permission from [210] Copyright©2004, Organic & Bimolecular Chemistry 

(b) Structure of self-assembling peptide (GAGAG - oligo(p-phenylenevinylene), reproduced 

with permission from [218] Copyright©2008, American Chemical Society. 

(a) 

(b) 

Self-assembling peptide 

Semiconductive unit: Tetra (3-hexathiophene) 

Semiconductive unit: Oligo(p-phenylenevinylene) Self-assembling peptide 
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1.4.2. Conduction mechanisms in self-assembling peptides 

Understanding the electronic conductivity mechanism in peptides is crucial for exploring 

their applications in the development of electronic devices such as piezoelectric devices, 

field-effect transistors, and optoelectrical components. Conductivity in peptides can either be 

through electron tunnelling, electron transfer, and proton transfer. Peptides as building blocks 

of proteins perform numerous functions in living organisms and they achieve this by 

facilitating redox reactions between themselves by joining electron acceptors and donors with 

each other. This section summarizes 4 different possible mechanisms that might be 

considered as models for artificial self-assembled systems.  

1.4.2.1. Electron tunnelling and electron hopping mechanism  

Electrons travel long distances naturally in biological systems. The electron tunnelling 

mechanism follows the Marcus theory [219-221]. In this mechanism, the electron transfer 

process is strongly dependent on the distance between the electron donor and electron 

acceptor, and it decays exponentially with distance [222, 223]. The electron transfer comes to 

a halt over a restricted range and as a consequence of this restricted distance, the electron 

tunnelling mechanism cannot be used to explain theoretically the long-distance electron 

transfer observed in many biological systems [224]. Electron hopping was then proposed as a 

mechanism for long-range electron transfer [225-228]. Electron hopping is a multistep 

process that allows electrons to transfer stepwise through bridge sites. A bridge site is the 

connection between an electron donor and acceptor and these bridges are coupled 

electronically, allowing the full redox process to occur [229, 230]. For example, Giese and 

co-workers [227, 231] developed a series of models to observe the radical cation 

intermediates during electron hopping in an oligopeptide. In the model system, an electron 

donor, intermediate electron carrier, and electron acceptor were synthesized and a XeCl 

excimer laser was used to confirm the formation of a radical cation by observing the transient 

absorption at different wavelengths. They observed an electron hop between the side chains 

of the amino acids and they described the electron transfer process between the donor and 

acceptor as a series of continuous short electron transfer steps. Electron hopping is not 

dependent on the donor-acceptor distance in contrast to electron tunnelling. In another 

example, Malak and co-workers [232] also used a combination of electron pulse radiolysis 

and flash photolysis to study the transition of the electron transfer mechanism from electron 

tunnelling to electron hopping across long-range peptide bridges as the spacer was increased 
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from 8.7 to 32 Å. The electron transfer rate from pulse radiolysis (K1) and electron transfer 

rate from flash photolysis (k2) was obtained.  In both cases, they observed a strong 

dependence of the electron transfer rate on the donor-acceptor distance. For shorter peptides 

(0-4), the strong dependence of distance on k1 is consistent with an electron tunnelling 

mechanism while for long-range peptides (5-9), the weak dependence of k1 on distance is 

consistent with an electron hopping mechanism. By fitting k2 values for short chain peptides 

(n=0-3; 8.7 to 16.3 Å), a rate attenuation constant β = 1.4 Å-1 was obtained.  Fitting of k2 

value for long-chain peptides (n=5-9; 21.1 to 32 Å), gave a β value of 0.8 Å-1 indicating that 

the transition from electron tunnelling to electron hoping mechanism within this system was 

between (n=3-4; 16 Å – 18.2 Å), Figure 1.7. 

 

 

 

 

 

 

 

 

 

Figure 1.7: (a) Result of electron transfer rate constant (k1) obtained from pulse radiolysis 

and electron transfer rate constant (k2) obtained from flash photolysis (b) Schematic 

representation of the transition between electron transfer through tunnelling and hopping 

mechanism, reproduced with permission from [232]Copyright© 2004, American Chemical 

Society. 

 

1.4.2.2. Proton transfer and proton-electron coupled transfer mechanism  

Proton transfer and proton-coupled electron transfer are other major conduction mechanisms 

usually observed naturally in biological system functions such as photosynthesis and 

respiration. They have both received increased attention in recent times, particularly in the 

development of devices that greatly depend on energy transfer [233-241]. 

(a) 

(b) 
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In the early 1800s, Grotthuss and co-workers [242] proposed a mechanism for the transport 

of protons along the hydrogen-bonded chains of water molecules, thus indicating a 

connection between proton transfer and hydrogen bonding. Ordinario and co-workers [238], 

further studied the dependence of the bulk conductivity of refectins on humidity using a 

combination of cyclic voltammetry and electrochemical impedance spectroscopy. They 

observed a high conductivity at a humidity of 90% compared to the conductivity at ambient 

humidity (<50%) indicating a proton conduction mechanism in this system, Figure 1.8. 

 

 

Figure 1.8: According to Grotthuss's proposed mechanism - Schematic representation of 

proton transfer along a chain of hydrogen-bonded water molecules. Red: the mobile proton 

that is moving along the hydrogen-bonded chain, reproduced with permission from [238] 

Copyright©2014, Springer Nature. 

 

Similar work was also reported by Ashkenasy and co-workers [243, 244]. They went further 

to highlight the significance of peptide conductivity when an amino acid with an acid 

sidechain is introduced in a peptide sequence. They replaced a lysine with glutamic acid in a 

peptide sequence and they observed a significant increase in the conductivity of the peptide. 

They attribute the increase to the deprotonation of the carboxylic side chain of the glutamic 

acid contributing to the proton in the proton-transfer system. Their work also highlights the 

flexibility in tuning peptide conductivity through peptide mutation, thus expanding the 

research toolbox for designing peptides that may have applications in the fabrication of 

proton-conducting materials.  
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Researchers have also observed that in some systems, protons and electrons can 

simultaneously be transferred within a system. This mechanism is referred to as proton-

coupled electron transfer (PCET)  An example of such a mechanism was observed by Luke 

and co-workers  [245]. They combined experimental techniques and molecular dynamics 

(MD) simulations to study the mechanism of conductivity in [HG3W+Ag]+ (H-Histidine, G – 

Glycine, and W – Tryptophan). They found a radical peptide [HG3W]. + is formed upon 

photoexcitation and in the radical peptide formed, the charge is first localized in the 

tryptophan. The transfer of a proton from the tryptophan to the histidine then follows in 

Figure 1.9.  

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Schematic representation of the proton-coupled electron transfer process within 

the [HG3W+Ag]+ complex. Electron transfer from tryptophan to Ag+ is initiated upon 

irradiation at 226 nm resulting in the loss of Ag and is followed by a sequential transfer of 

proton-proton from tryptophan to histidine. Reproduced with permission from [245] 

Copyright©2016, American Chemical Society. 

 

1.4.3. Experimental techniques for conductivity measurements  

Three major experimental techniques for studying and understanding conductivity in self-

assembling peptides and other biological molecules have been developed based on the theory 

underlying the conductivity mechanism [208, 230, 244, 246]. Conductivity in peptides can be 

measured through the (i) formation of electrode-peptide-electrode junctions (single peptides 
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or a network of peptides), (ii) electrochemical interaction of molecules with the electrode, 

and (iii) functionalization of molecules to form donor bridge-acceptor molecules.  

1.4.3.1. Electrochemical measurements through electrode-molecule-electrode 

junctions 

Peptides are capable of adsorbing as a single molecule or as a network on a surface, forming 

a junction between two electrodes. As as result, a variety of techniques such as conductive-

probe atomic force microscopy (CP-AFM) [244, 247], and single-molecule scanning 

tunnelling microscopy (STM) break-junction [248, 249] can be used to measure conductivity 

along a single peptide molecule or along with a network of peptides. 

Atomic force microscopy is a well-known scanning technique that can be used to provide 

morphological information about a material. An AFM generates images by scanning a small 

tip over the surface of a sample and when the tip is replaced with a conductive material, the 

AFM can then be used to measure the electrical conductivity of a sample. CP-AFM can give 

topographic and conductivity details of material simultaneously and independently. In this 

technique, the conductive tip, sample, and substrate form an electric loop and when a bias 

voltage is applied between the conductive tip and the sample holder, the resulting current is 

measured[250], Figure 1.10 (a).CP-AFM is a versatile technique and its uniqueness has been 

well explored for simultaneously imaging and measuring conductivity in a variety of 

molecules [251-254].  

The scanning tunnelling microscopy (STM) break-junction technique, Figure 1.10 (b) is 

similar to the CP-AFM, however, in this technique, the electric circuit loop is made up of two 

gold electrodes, one of which is the gold substrate on which the peptide is adsorbed and the 

second of which is a gold tip that scans across the peptide molecules[255]. Tao and co-

workers have extensively used this technique for measuring the conductance of a variety of 

molecules [256-261]. In one of their works, they measured the conductance of a single 

peptide molecule by covalently bonding the peptide ends to the two gold electrodes forming a 

reproducible Au-S bond. Interestingly, they also varied the peptide length and observed an 

exponential decrease in conductance as the peptide length increased which also indicates that 

electron tunneling is the mechanism of conductance in these peptides [248]. Liverpool and 

co-workers [262-267] have also extensively used this method for measuring the electrical 

conductivity of single molecules including expanding the application scope of the STM-break 

junction method for the in-situ formation of H-bonding imidazole chains in a break-junction 

experiment [268].  
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In the STM-break junction method, the conductive tip is repeatedly brought into contact with 

the substrate and withdrawn creating a tip-substrate gap that is narrow enough to be bridged 

by a molecule.  With a constant bias voltage applied, the molecule in the break-junction can 

give rise to a non-zero current that is displayed as a plateau or series of plateaux in the current 

vs tip displacement curves. The current magnitude in the plateau is related to the conductance 

and the number of plateaux relates to the number of molecules [269-271]. With this, the 

conductance of a single molecule can be determined.  The ability to form the “break-

junction” to achieve a non-zero current, makes the STM-break junction more advanced than 

the standard STM method and the CP-AFM. 

In the CP-AFM measurements, the conductive tip physically taps the surface of the substrate 

and the surface information is obtained based on the defection feedback during contact with 

the surface, while during STM measurements, the conducting tip does not touch the surface 

but approaches the surface generating a voltage difference that allows electrons to tunnel 

between the tip and surface. The surface information is then obtained based on the tip 

position and applied voltage [272]. The CP-AFM can simultaneously and individually 

generate topographic and electrical conductivity information of a surface, while the STM 

methods can only simultaneously give topographic and electrical conductivity information 

but cannot do the same independently.  

 

  

Figure 1.10: Schematic representation of the working principle in an (a) conductive probe-

atomic force microscopy (CP-AFM), reproduced with permission from [250] 

Copyright©2020, Advanced Energy Materials, and (b) scanning tunnelling microscopy 

break-junction technique (STM), reproduced with permission from [273]Copyright©2019, 

National Academy of Sciences. 
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1.4.3.2. Electrical measurements of molecules adsorbed onto the electrode 

While STM and CP-AFM techniques have been widely used for electronic measurements, 

they can only be used to investigate very small areas, therefore limiting their use. Electrical 

measurements of molecules forming a network bridging electrode can provide an alternative 

approach for investigating the conductivity of molecules over larger areas [274-278]. In this 

technique, the electrical conductivity of the molecule adsorbed on the electrode can be 

measured by applying a DC voltage between two electrodes and the current-voltage plot can 

be obtained. Also, the conductance can be measured using electrical impedance spectroscopy 

(EIS) under AC conditions. Hochbaum and co-workers have extensively used this approach 

to obtain electrical conductivity information of peptides and proteins [274, 279-281]. In one 

of their recent studies, they designed a new class of conducting peptide fibre gel consisting of 

coiled-coil hexamer building units. They deposited the dry gel on an interdigitated gold 

electrode and the electrical conductivity of the gels was calculated both from the current-

voltage (I-V) curves obtained when a DC voltage was applied between the electrode bands 

and also from EIS measurement. In their work, they highlighted the dependence of 

conductivity on ordering in the peptide assembly as they obtained higher conductivity for 

highly ordered peptide fibres, Figure 1.11 [274].  

 

 

 

 

 

 

 

Figure 1.11: Result of electrical conductivity measurements of coiled-coil hexamer 

nanofibers. (a) Conductance (G) as a function of peptide solution concentration deposited on 

the interdigitated electrodes (inset: schematic representation of peptide fibres aligning on the 

electrodes) (b) conductance (G) obtained from EIS (c) Scanning electron micrographs of the 

nanofibers at different peptide concentration; (left to right represents low to high 

concentration reproduced with permission from [274] Copyright©2018, American Chemical 

Society. 

 (a) (b) (c) 
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1.4.3.3. Electrochemical measurements of molecules through functionalization to 

form donor-bridge-acceptor molecules. 

This approach is mostly used when the electron is transferred as a result of photo-induction.  

For example, in a biological process such as photosynthesis, electrons are transferred through 

proteins upon exposure to sunlight. As such, photo-induction can be used to initiate electron 

transfer through a donor-bridge-acceptor molecule allowing for the charge transfer to be 

investigated [229, 232, 282-284]. For example, Venanzi and co-workers [285] reported their 

work on photoinduced electron transfer experiments on a peptide that had been chemically 

adsorbed on a gold substrate. In their work, they functionalized the peptide with a pyrene 

chromophore at the C-terminus to facilitate photon capture and with a lipoic group at the N-

terminus to attach to the gold substrate forming the Au-S bond. Using a combination of 

photocurrent, time-resolved fluorescence, and cyclic voltammetry experiments, they were 

able to investigate the source of electron transfer from the pyrene chromophore across the 

peptide to gold and also from gold through the peptide to the pyrene, Figure 1.12. 

 

 

 

 

 

 

 

 

 

Figure 1.12: Schematic representation of electron transfer from the (a) pyrene chromophore 

across the peptide to gold and also (b) from gold through the peptide to the pyrene 

chromophore, reproduced with permission from [285] Copyright©2014, American Chemical 

Society. 

 

1.5. The Langmuir-Blodgett Technique 

The principal technique used in this thesis for the study of films assembled at an interface has 

been the Langmuir-Blodgett technique. This section discusses the history of the Langmuir 
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Blodgett technique, the formation, and characterization of Langmuir monolayers and 

Langmuir Blodgett (LB) films. 

1.5.1. Historical overview of the Langmuir-Blodgett (LB) technique 

The history of the LB technique started in 1774 when Benjamin Franklin reported to the 

British Royal Society that he dropped a little oil on water, and he saw it spread itself upon the 

surface. More than 100 years later, Irving Langmuir received a Nobel Prize for his studies on 

floating fatty acid monolayers in water subsequently called Langmuir films [286]. Several 

years later, Katherine Blodgett who was a research assistant of Irving Langmuir reported the 

successful transfer of this floating monolayer onto glass support [287]. Such monolayers on a 

solid support, are now referred to as Langmuir-Blodgett films. It was almost half a century 

later that scientists from different research fields all around the world started to exploit this 

very unique technique and now, the technique remains one of the most effective methods for 

ultrathin film formation. 

1.5.2. Langmuir–Blodgett assembly: A bottom-up approach to building 

mesostructures over large areas 

Nature makes surface patterning a fascinating phenomenon. For example, the regular stripes 

of a zebra and patterns on butterfly wings [288]. Surface assembling has become increasingly 

important in modern science and technology, particularly in the design of devices that may 

have applications in sensing, electronics, information storage, and processing [289, 290]. 

Fabrication of functional surfaces is an active area of research in chemistry, materials 

science, biology, and physics. Fabrication methods can be either a top-down or bottom-up 

method. An example of the top-down method includes e –beam and optical lithography [291, 

292] where the features are written directly on the substrate, and the microscopic features are 

engraved through etching and deposition processes. Fabricating small features requires 

focusing on a smaller surface area in the top-down method, a limit that can be overcome 

using the bottom-up approach [293-295]. The bottom-up approach uses the concept of self-

assembly, which relies on the interactions between the building blocks that spontaneously 

assemble into nano or microstructures [296]. This approach thus provides an alternative 

pathway to fabricating small features over large surface areas. The Langmuir Blodgett (LB) 

technique is an example of such a method that provides a sophisticated and effective 

approach toward achieving a controllable self-assembly process over large-scale areas.  
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The LB technique has become increasingly popular in recent times as the need to achieve a 

controllable interfacial molecular orientation and packing of functional molecules increases 

[297-300]. The Langmuir Blodgett technique is a low-cost, simple, yet effective method of 

arranging molecules into highly compact and ordered nanostructured thin films. It enables a 

continuous variation of particle density and arrangement by either compressing or expanding 

the films, thus creating a possibility of preparing reproducible monolayers/multilayers and 

assembling molecules with different sizes and shapes. It applies to a wider variety of systems 

compared to other techniques, such as vapour deposition, drop/spin-cast, or self-assembled 

monolayers. The use of the LB technique has been well-rehearsed in several reviews for the 

preparation of functional material thin films that may have possible applications in optics, 

electronic devices, coatings, sensing, and signal processing [301-306]. The use of the LB 

technique also extends into the investigation of molecular interaction and binding at air-water 

interphase. Research has shown that the LB technique is an effective tool to study and acquire 

information on the interaction between molecules [307].  For example, Paul et al. [308], 

reported the adsorption characteristics of the cc / DNA complex at air-water interphase. 

Przykaza et al. [309] described the binding properties of cholesterol and cyclosporine 

monolayers at air-water interphase using the LB technique. Several similar studies have been 

well explored [310-329]. 

1.5.3. Langmuir monolayer 

Langmuir monolayers are insoluble monolayers formed on the surface of a liquid, usually one 

with high surface tension e.g., water. The instrument used for the formation of Langmuir 

monolayers and/or LB films is called a Langmuir trough, Figure 1.13. The trough consists of 

a container that holds the liquid on which the monolayer is formed, referred to as “the 

subphase”. Included in the LB trough are a set of barriers that enable compression and 

expansion, and a surface pressure sensor, Figure 1.13. The container and barriers are made of 

inert material to prevent contamination of the subphase, in our case Teflon. 
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Figure 1.13:  The Langmuir Trough and its components [330]. 

The monolayer is formed by spreading the substance onto the surface of the subphase. The 

substance before spreading is dissolved in a volatile solvent or a solvent that is miscible with 

the sub-phase liquid such that the spreading solvent evaporates or mixes with the subphase 

allowing the dissolved material to spread on the surface. The Langmuir monolayer is then 

formed by compressing the molecules at the surface using the 2 sets of barriers attached to 

the trough surface. The molecules align and interact together upon compression forming an 

insoluble and stable monolayer.    
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Figure 1.14: Schematic representation of the fabrication of a Langmuir monolayer and a 

Langmuir Blodgett film. 

1.5.3.1. Langmuir monolayer forming materials  

Amphipathic or amphiphilic materials such as fatty acids, long-chain alkanoic acids, and their 

derivatives [331-336] are molecules that can easily form a film at the air-water interface. 

These molecules comprise a highly polar group that is attracted to water and a sufficiently 

large non-polar part that prevents the film from dissolving into water. When the material is 

spread on water, the polar part which is usually at one end of the molecule enables the 

molecules to align parallel to each other while the hydrophobic part protrudes from the water 

surface [332, 337]. Apart from long-chain fatty acids that have been well explored [311, 338-

343], biological systems and inorganic particles such as proteins, peptides, DNA, 

nanoparticles, and nanotubes that are amphiphilic have also been well explored as LB films, 

as noted in several reviews, Figure1.15 [300, 344-351]. While these works have been 

numerous, very little work has been done with non-amphiphilic materials due to the absence 

of a non-polar group or short non-polar part making them water-soluble and unable to align at 

the air-water interphase to form an insoluble monolayer. To expand the scope of LB film 

applications it is important to open avenues for creating LB films of non-amphiphilic 

materials through material modification or subphase modification.  
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Figure 1.15: Examples of some amphiphilic molecules that can form Langmuir monolayers 

(a) a typical surfactant with a hydrophobic tail and hydrophilic head group (b) an 

amphiphilic peptide containing aromatic amino acid side chain (c) a peptide conjugated with 

a hydrophobic alkane chain (d) extended conjugated organic phthalocyanine. Reproduced 

with permission from [352] Copyright©2017, Applied Surface. 

1.5.3.2. Characterization of Langmuir monolayers  

Characterization of floating monolayers has itself become an interesting and broad area of 

research because of the possibility of investigating the electrical, optical, spectroscopic, 

rheological, and thermodynamic properties of the monolayer using a wide range of 

experimental techniques [138, 299, 311, 339, 353-368].  Among the techniques that can be 

used to characterize Langmuir monolayers on the liquid surface are the surface pressure and 

surface potential methods. Both methods are widely used for understanding monolayer 

behaviour.  

Surface pressure is a very important factor in understanding the behaviour of Langmuir 

monolayers at the air-liquid interphase. To determine the surface pressure of a Langmuir 

monolayer, the material is spread on a pure liquid subphase, and the surface pressure is 

measured by detecting the variation in the pure liquid surface tension as the monolayer is 

being formed equation 1.1. 
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                                                                                                                        (1.1) 

Where denotes the surface tension of the pure liquid (subphase) and  is the surface 

tension of the monolayer covered liquid subphase. 

Surface tension is the measurement of the cohesive energy present at an air-liquid interface 

[369]. Cohesive energy refers to the attractive energy between molecules of the same kind. 

Surface tension is dependent on the strength of attraction between molecules. For example, 

pure water has the highest surface tension of 72.8 mN/m for all liquids apart from mercury 

which has a surface tension of 500 mN/m and this is due to the very strong interaction 

between the water molecules through hydrogen bonding. The molecules in the bulk of water 

have similar neighbouring molecules in all directions and attract each other in all directions 

creating a net zero force on the molecule.  However, at the air-liquid interface, the molecule 

has only similar neighbours at the side and below with little or no interaction above, therefore 

creating an imbalance of forces on the molecule at the surface which then causes excess 

cohesive energy at the surface as the water molecules have to form stronger interactions with 

the neighbouring water molecule, hence higher cohesive energy, consequently, a high surface 

tension [370-373]. The presence of surface-active molecules such as surfactants that are 

insoluble and sit at the air-water interface can reduce the surface tension of water. These 

surface-active molecules interact with the water molecule, leading to separation between 

water molecules, hence a reduction in the cohesive force between the water molecules which 

then reduces the surface tension [374]. The change in the surface tension of water due to the 

presence of the surface-active molecule is the surface pressure of the surface-active molecule, 

equation 1.1. 

The Wilhelmy plate measures the surface tension, and the resultant output plot is the surface 

pressure as a function of the area between the compression barriers, ( isotherm. The 

surface pressure area ( isotherm is the most commonly used characteristic description 

of a Langmuir monolayer. Figure 1.16 shows an example of a typical ( isotherm 

obtained during the compression of a monolayer. 
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Figure 1.16: Pressure–area ( characteristic for a monolayer of an amphiphilic 

molecule on water and molecular configuration in the three regions marked as gaseous 

phase, liquid phase, and condensed phase.   

 

The surface pressure measurement can give insight into the role of inter-particle interactions, 

conformational changes at the interphase, and interaction between adsorbed particles. When 

the area between the two barriers is large, the interactions between the adjacent particles or 

molecules are weak, here the particles have little or no effect on the surface tension of the 

liquid subphase. This state is referred to as a two-dimensional gas phase. Upon reduction of 

the surface area (compression), the particles begin to exert a repulsive effect on one another 

thus leading to a reduction in surface tension, hence an increase in surface pressure. This 

phase is referred to as a two-dimensional liquid phase, which further proceeds to the two-

dimensional solid phase where a more compact monolayer is formed at higher surface 

pressure. 

1.5.4. Langmuir-Blodgett films 

LB films are formed by immersing or withdrawing a clean substrate across the monolayer to 

allow for the transfer of the monolayer onto the substrates.  Mica, TEM grids, glass slides, 

and semiconductor wafers can be employed in LB film deposition and the nature of the 
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substrate sometimes influences the film deposition [375-380]. The substrate can be immersed 

or withdrawn from the monolayer multiple times resulting in multilayers [358, 381-390]. A 

good and stable monolayer film depends not only on the nature of the spreading molecule but 

also on other conditions including subphase pH, ionic strength, temperature, and transfer 

speed (substrate dipping and withdrawal speed), Figure 1.17 [391-402]. For example, 

Partridge et al. [403] reported the influence of incorporating subphase additives on LB films 

of Calix [4] resorcinarene transferred onto optical fibres. Also, Kalachev et al. [404] 

described the influence of subphase conditions (ionic strength, pH, organic impurities, and 

temperature) on the properties of phthalocyanito-polysiloxane (PCPS) monolayer. 

 

 

 

 

 

 

 

 

Figure 1.17: Example of the effect of subphase pH on Langmuir film formation; AFM image 

of LB film of a trans-4,5,didodecyloxycarbonyl-trans-2-morpholinocyclohexanol lipid 

deposited on mica from a  pH 5 subphase, reproduced with permission from [402] 

Copyright©2017, Colloid and Surfaces. 

LB films are categorized based on their mode of deposition. A film deposited such that the 

molecules in the monolayer adopt either a head-to-head or tail to a tail arrangement is 

referred to as a Y-type. When a hydrophilic substrate is used in this type of film, the 

monolayer is not deposited during the first immersion of the substrate but deposited during 

withdrawal. Subsequent monolayers can then be transferred during insertion (downward 

stroke) or withdrawal (upward stroke) of the substrates leading to the formation of a 

multilayer. X and Z types are the other two types, where deposition only occurs during 
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downward strokes and upward strokes respectively. Figure 1.19 shows the schematic 

representation of X, Y, and Z types of film deposition. Apart from the traditional upward and 

downward stroke mode of film deposition, LB films can also be deposited through surface 

contact. This method is called the Langmuir Schaefer method, Figure 1.18. Here the substrate 

is pushed through the floating monolayer and made to make contact with the monolayer. Any 

solid substrate can be used in this method. However, glass slides and silicon wafers are the 

most widely used substrates [405-410]. 

 

 

 

 

 

 

 

 

Figure 1.18: Schematic illustration of the Langmuir Schaefer and Langmuir Blodgett 

methods of deposition, reproduced with permission from [411] Copyright©2019, Advanced 

Materials. 

Before the preparation of an LB monolayer, it is important to follow stringent cleaning 

procedures. The trough and its accessories should be free of any impurities including greases, 

dust, or any surface-active materials. High purity solvents and ultra-pure water must be used, 

and all glassware must be washed and cleaned with ultra-pure water. Surface tension has 

been proven to be sensitive to minor impurities and can be used to ensure that the liquid used 

as a subphase is of high purity. It is also important to ensure that the LB trough is housed or 

enclosed in a dust-free environment [332]. 
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Figure 1.19: Schematic illustration of the X, Y, and Z types of the deposition process of 

Langmuir Blodgett films, reproduced with permission from [412] Copyright©2015, Springer 

Nature. 

1.5.4.1. Characterization of Langmuir-Blodgett films  

Several characterization techniques can be used to investigate the properties of a Langmuir 

film, particularly to establish the successful transfer of the monolayer on a solid support and 

also to be able to understand the orientation and morphology of the deposited film. The 

thickness of the LB film and the intermolecular distance may be examined by ellipsometry, 

surface plasmon resonance, and electron diffraction. Synchrotron x-ray can be used to 

determine the thickness to a 1 Å accuracy.  The orientational order of the molecules in the LB 

film can be investigated by Raman scattering, X-ray photoelectron spectroscopy, and Fourier-
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transform infrared spectroscopy (FT-IR). Circular dichroism (CD) spectroscopy can be used 

to investigate the secondary structure of the molecules in the film and the film morphology 

can be investigated using a series of microscopic techniques such as scanning electron 

microscopy, transmission electron microscopy, atomic force microscopy, and optical 

microscopy. LB films have been well characterized by using a combination of techniques 

with new emerging techniques depending on the proposed LB film applications, Figure 1.20. 

 

 

 

 

 

 

 

 

Figure 1.20: (a) Raman analysis (b) Circular 

Dichroism analysis and (c) AFM image of the 

Langmuir Blodgett film of a tyrosine-rich peptide 

sequence (YYACAYY), reproduced with 

permission from [413] Copyright©2018, 

American Chemical Society. 
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1.6. Thesis Objectives 

This thesis aims at the development of ‘functional nanostructures’ assembled from self-

organising building blocks. The chapters of this thesis explore the self-assembling properties 

of the building blocks- peptides, proteins, and surfactants followed by exploring their 

templating ability through self-assembly, towards the development of magnonic devices. 

Finally, their ability to introduce self-assembling properties into external semiconductive 

molecules was explored in the development of bio-electronic devices. Chapter 2 describes a 

variety of characterization techniques used throughout this thesis. 

Chapter 3 and Chapter 5 build on the work of Dr Kyle Webster, from Prof Juliet Gerrard’s 

Group at the School of Biological Sciences. He established the ability of the 7- amino acid 

sequence peptide obtained from the β-β interface of human peroxiredoxin 3 (HsPrx3) to 

assemble into sheets and also the ability of the peptide sheets to template the organisation of 

HsPrx3 protein rings [414] Following this, Dr Sesha Manuguri from Dr Jenny Malmstrom’s 

group at the Department of Chemical and Materials Engineering established the ability of the 

HsPrx3 ring to act as a template for the synthesis and assembly of the iron-oxide magnetic 

particle [42, 415]. This effort was directly targeted at creating a spatial assembly of magnetic 

particles that can support magnetic spin waves in magnonic devices. Combining the self-

assembly properties of the 7-amino acid sequence peptide, the ability of the Prx ring to act as 

a template for the in-situ synthesis and assembly of iron oxide nanoparticles, and the ability 

of the peptide sheets to template the assembly of Prx rings, this thesis was aimed at creating 

long-range order of this construct using the Langmuir Blodgett technique such that long-

range 2-D assembly of magnetic particles can be achieved, an effort that is necessary to 

support long-range spin-wave propagation. 

Firstly, the objective of Chapter 3 was to explore the conditions required to persuade the 

peptides to organise at an air-aqueous interface in a regular 2-D film and then to transfer this 

film to a solid substrate. This chapter also demonstrates the effect of surface pressure cycling 

of the surface layer as an annealing technique on the resultant 2-D film of the peptides. To 

follow up on Chapter 3, the objective of Chapter 4 was to study the peptide from Chapter 3 

but with a side-chain modification, demonstrating the importance of sidechain modifications 

for the formation of cross-fibre linkages. 

The objective of Chapter 5 and Chapter 6 was to explore templating process for the 

synthesis and organisation of magnetic particles. The objective of  Chapter 5 was to build on 



 
 

33 
 

Manuguri’s work [415]. This chapter explores conditions for creating a spatial 2-D assembly 

of the iron-oxide nanoparticle using the Prx ring as a template, using the already established 

protocols for the use of Prx as a template for the in-situ synthesis of the iron-oxide 

nanoparticle. The objective of Chapter 6 is similar to Chapter 5. Chapter 6 aims at using 

the surfactant templating approach to obtain a 2-D ordering of magnetic polyoxometalates. It 

also demonstrates the effect of surface pressure cycling of the 2-D film as an annealing 

technique on the size of ordering domains. 

The objective of Chapter 7 was to study the electrical conductivity in networks of nanofibers 

formed from a semiconducting dye that is attached to a self-assembling peptide. It explores 

the self-assembling properties in solution and as 2-D films. From the application front, 

electrical measurement techniques were used to understand the conducting properties and the 

mechanism of conduction. Lastly, Chapter 8 provides the results summary and conclusions 

of each chapter and also provides an overview of possible future works. 

In summary, this thesis explores the possibilities for self-assembly and templated self-

assembly in designing future magnonic and electronic devices. The thesis presents two 

different themes in relation to this overall objective: the first is the use of self-assembling 

peptides as structure-directing agents, both in Langmuir-Blodgett films and in spontaneously-

assembled nanofibres; the second is the use of surface pressure oscillation with Langmuir-

Blodgett films as a means of “annealing” to produce ordered structures.  
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2.0. Characterisation Techniques  

This chapter provides an overview of the techniques and instruments used in this thesis. 

Detailed procedures and materials used for each study are provided in relevant thesis 

chapters.   

2.1. Small-angle X-ray Scattering (SAXS) 

X-rays have a wavelength between 10-2 to 102 Å. Specific X-rays with wavelengths around 

1Å have almost equal magnitude as most inter-atomic distances. As a consequence of this, X-

ray-based characterization techniques are very powerful and versatile techniques for 

investigating the structure, morphology, and arrangement of atoms within a material at the 

nanometric scales [416, 417]. Materials ranging from liquid, gel, powder, and films can be 

investigated.  

In these techniques, a beam of X-rays is passed through the material and upon interaction 

with the material through photon-electron interaction, the material produces a scattered X-

ray. The scattered X-ray intensity varies with the scattering angle. The scattering intensity is 

also a function that is directly dependent on the electron density function of a material. The 

electron density function of material contains all the information such as structure, 

morphology, and arrangement needed to describe in detail the intrinsic properties of the 

material [418]. 

When the scattered X-rays are confined to small-angle ranges between 0.1 to 10o, it is 

referred to as small-angle X-ray scattering. Relevant structural information can only be 

obtained in this range provided the average radius of the cluster or inter-cluster distance is 

about 5-500 times the wavelength used in the experiment (λ=1.5 Å): usually, size ranges 

between ∼0.5 and ∼100 nm. However, if the radius is larger than the wavelength (> 1µm), 

the scattering intensity is concentrated within a very small angle, very close to the direct X-

ray beam. Small-angle X-ray scattering does not provide information about the long-range 

order of the structure: to obtain such information, a wide-angle scattering measurement is 

necessary [418]. 

Biological systems such as peptides and proteins are typically within 1-100 nm size scales; a 

size scale that correlates well with SAXS’s acceptable size scales, and as such makes SAXS 

an excellent tool to investigate peptide structures, morphology, and molecular interaction.  
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A typical SAXS experiment is conducted in transmission mode. Here, a monochromatic X-

ray beam is focused on a sample directly. The X-ray interacts with the sample and an X-ray 

beam is scattered from the sample. The scattered X-ray beam is collected on a 2D detector 

and analysed. SAXS patterns are usually represented as scattered intensity as a function of 

the magnitude of the scattering vector q = 4πsin (  λ). Figure 2.1 shows the basic setup of a 

SAXS experiment where 2  is the angle between the incident beam and the detector and λ is 

the wavelength of the radiation. SAXS has been used to probe structures and interactions of a 

variety of samples where there are variations in electron density and most of the SAXS 

experiments have been performed using X-ray wavelengths between 0.7 to 1.7Å. [419-427]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: A Typical Small-angle X-ray experimental setup (SDD – sample to detector 

distance and q is the scattering angle range, reproduced with permission from [417] 

Copyright © 2018, Springer Nature. 

 

While the SAXS data requires fitting to a model to be analysed and interpreted, sometimes 

the SAXS pattern has some physical features that information such as shapes, characteristics 

intrinsic building block distance, and lengths can be obtained. For example, an additional 

diffraction peak in the lower q region can be used to obtain a characteristic d spacing value 

that can give information on the length, thickness, or intrinsic distance between building 

block units. Rani et al., [427] observed such a peak in their SAXS study of a peptide-dye 

conjugated system, and using the equation d = 2π/q, they obtained a value that corresponds to 
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the theoretical length of the peptide-dye conjugate, Figure 2.2 (a). Similarly, the shape of the 

molecule can sometimes be deduced from the SAXS pattern, Figure 2.2 (b). 

 

 

 

Figure 2.2: Example of some SAXS data (a) example of an additional diffraction peak 

observable at low q region, reproduced with permission from [427]Copyright©2020, Soft 

Matter, (b) some SAXS pattern describing the shape of a molecule, reproduced with 

permission from [428] Copyright © 2013, Springer Nature. 

 

2.2. X-ray Diffraction (XRD) 

XRD is a very powerful and useful technique for obtaining information on material 

properties. It is a non-destructive technique and is used specifically for crystalline materials. 

Material information such as structures, crystal orientations, and other parameters such as 

crystallinity, average grain size, and crystal defects can be obtained using XRD [429].  

In an XRD experiment, a monochromatic beam of X-ray is focussed on the sample, 

interacting with the sample producing a constructive interference resulting in a diffracted ray 

that is scattered at specific angles correlating to each set of planes in the crystalline sample, 

Figure 2.3. The diffracted ray generates diffraction peaks whose intensities are determined by 

the distribution of atoms within the crystal lattice [429]. As a result, the X-ray diffraction 

peaks generated represent the periodic arrangements of atoms in a given crystalline material. 

XRD principle follows Bragg’s law (nλ = 2dsin , where n is an integer, λ is the wavelength 

of the incident X-rays, d is the interplanar spacing, and  is the diffraction angle. XRD 

experiment generates a plot profile of the diffraction intensity as a function 2  angles and 

(a) (b) 
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using the Braggs’ law, the diffraction peaks can be converted to d spacing. “d-spacing” can 

be used to obtain detailed structural information of a material, because each material has a 

unique characteristic sets of d-spacing values [429]. XRD techniques have been well 

explored for a wide range of applications such as in geological applications [430-432], 

forensic sciences [433, 434], corrosion analysis [435, 436], and are now being used for 

analysing crystal structures of proteins and peptide fibres.  For example, Wang and co-

workers [437], successfully used the XRD technique to identify the intrinsic arrangement of β 

strands in an amyloid polypeptide β-sheet peptide. They converted the diffraction pattern 

obtained to d-spacing and obtained values that correspond to the spacing between H-bonded 

β strands (4.7 Å) and also values that corresponds to short and long-range antiparallel 

intersheet distances (11.1 Å, 9 Å, and 18.2 Å). With the obtained information, they confirmed 

the presence of an antiparallel intersheet arrangement of the β strands in the peptide. The use 

of XRD for similar purposes has been well reported in the literature [438-442]. 

 

 

Figure 2.3: (a) An X-ray diffraction experimental setup showing the incident X-rays 

focussing on the crystalline sample and the diffracted X-rays from the sample at an angle 

[443],(b) A typical X-ray Diffraction pattern, reproduced with permission from [444] 

Copyright©2019, RSC Advances. 

 

2.3. Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR Spectroscopy is one of the most powerful, fast, and easy to use spectroscopic 

techniques that can be used to probe molecular vibrations in small molecules or molecular 

complexes. The FT-IR spectrometer measures light absorption across the mid-infrared region 

(a) (b) 
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(wavenumber range of 4000 to 400 cm-1).  For a molecule to absorb at a particular band 

region, it must have a bond within the molecule structure with a dipole moment. A single 

atom cannot absorb light because it has no bond, resulting in a zero-dipole moment. Each 

bond and the functional group has a characteristic absorption band and as such bonds and 

functional groups within a molecule can be identified from FT-IR spectra [445, 446]. As a 

consequence of the high sensitivity of peptides amide bonds to their secondary structures, FT-

IR spectroscopy has been extensively used to study the secondary structures and interactions 

of peptides in solution [447-452]. 

2.4. Circular Dichroism (CD) Spectroscopy  

CD Spectroscopy is a powerful and sensitive absorbance spectroscopic technique that is 

commonly used for investigating structural orientations and the interaction of optically active 

chiral molecules such as peptides, proteins, and nucleic acids.  CD uses a circularly polarized 

light to investigate these features. CD measures the difference in absorption of the left and 

right circularly polarized light. The difference is measured as a function of the wavelength, 

usually in the ultra-violet range, 190-250 nm [453]. The absorbance at a particular 

wavelength is correlated with the secondary structure of a molecule. For example, the 

position (either positive or negative) of the absorbance at 220 nm and 190 nm gives 

information on the molecular secondary structure of the molecule, Figure 2.4. CD 

spectroscopy has been well explored by the scientific community for understanding the 

structural conformations and interaction of biological systems under varying conditions [453-

460].   
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Figure 2.4: A typical CD spectra illustrating the effect of the 3 main secondary structures of 

a peptide chain. Reproduced with permission from [453]Copyright©2014, Elsevier. 

2.5. Atomic Force Microscopy (AFM) 

Atomic force microscopy is a type of scanning microscope that is used for investigating 

material morphology. AFM was invented in the late 1980s to investigate non-conductive 

materials, a function that is lacking in the scanning tunnelling microscopy that was invented 

earlier. The STM was designed for strictly conductive surfaces or materials, while AFM can 

be used to image all types of materials. AFM has since then become one of the most powerful 

and versatile techniques for investigating material properties at an atomic scale [461].   

AFM instruments consist of a sharp tip integrated into the end of a spring cantilever that 

periodically scans across the surface to obtain its morphological information. In principle, the 

cantilever is very sensitive to the force between the tip and the sample such that during the 

scanning process, the cantilever gets deflected as a result of the force generated during the 

interaction between the tip and the sample. The force generated can either be attractive or 

repulsive forces and it also provides topological information about the sample. When the tip 

and sample are close to each other, an attractive force is generated deflecting the cantilever 

towards the sample and when they are brought in contact with each other, a repulsive force is 

generated deflecting the cantilever away from the sample. Because of this phenomenon, 

feedback circuits are used to adjust the sample stage either up or down to ensure a constant 

cantilever deflection during the scanning [461], Figure 2.5. 
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The operation mode in an AFM experiment can mainly be either in tapping or contact modes. 

In the contact mode, as the name implies, the tip and sample are brought in contact with each 

other, interacting directly while scanning, and the sample morphology is constructed as it 

scans along.  In the tapping mode, the tip and sample are brought close to each other, not 

interacting directly but the cantilever is made to oscillate close to the resonance frequency of 

the cantilever, enabling the tip to intermittently tap through the surface. The sample 

morphology is built up from the contact of the tip with the surface [461]. 

Tapping mode AFM is more gentle on the sample because the scanning is intermittent 

compared to contact mode which requires constant physical contact with the sample 

throughout the scan. Thus, the tapping mode is more suitable for soft materials or materials 

that can be easily deformed.  AFM has been extensively used to characterize a wide variety 

of samples in air or liquid conditions and in particular, has been used to investigate the 

morphology of Langmuir Blodgett films [461]. In the context of this thesis, AFM has been 

extensively used to obtain morphological information of all Langmuir Blodgett films 

prepared. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: (a)Schematic representation of an AFM experimental setup and illustration of the 

scanning through Contact and Tapping modes [462] (b) AFM image of Langmuir Blodgett 

film of a protein (dystrophin) adsorbed on (1:1) dioleoylphosphatidylcholine (DOPC) and 

dioleoylphosphatidylserine (DOPS) lipid monolayer. Reproduced with permission from [463] 

under creative commons attribution license (CC BY). 
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2.6. Transmission Electron Microscope and Scanning Electron Microscope  

Transmission electron microscopy (TEM) is a very powerful and versatile tool for material 

science. TEM has similar basic principles to an optical microscope.  However, instead of 

light, TEM uses electrons. Electrons have smaller wavelengths compared to light and as a 

result of this, the highest resolution images attainable by TEM are by many orders of 

magnitude greater than the images from a light microscope, making TEM capable of 

revealing the finest details of material [464]. 

In a typical TEM experiment, a high-energy beam of electrons from the electron gun is 

passed through an ultra-thin specimen, interacting with the atoms in the specimen. A part of 

the electron beam is transmitted and focused by the objective lens into a real magnified image 

on an imaging device such as a charge-coupled device camera (CCD).  The dark areas of the 

image seen are the areas of the specimen that few electrons are transmitted through while the 

brighter parts are the areas that more electrons have been transmitted through, Figure 2.6 (a) 

[464, 465].  

 

 

 

 

 

 

 

Figure 2.6: (a) Transmission electron micrograph of a Langmuir Blodgett film of Au-

nanoparticles (scale bar = 60 nm), reproduced with permission from [301] Copyright©2003, 

American Chemical Society, (b) Scanning electron micrograph of a Langmuir Blodgett film 

of VO2 nanowire (scale bar = 2 µm), reproduced with permission from [466] 

Copyright©2009, American Chemical Society. 

 

Like TEM, Scanning electron microscopy (SEM) is also a powerful technique for imaging, 

but SEM produces an image by scanning across the specimen surface with a high energy 

electron beam. Like TEM, electrons interact with the atoms in the sample but in SEM 

b 

a 
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scattered electrons and characteristic x-rays are produced as a result of the interaction. These 

scattered signals are collected by the detectors to form images of scattered electron intensity 

as a function of beam position that is displayed on the computer screen, Figure 2.6 (b). TEM 

requires ultra-thin films, while in SEM, the sample can be of any thickness. TEM has a 

higher resolution compared to SEM, however, SEM can image large sample areas at a time 

while TEM can only image small areas at a time.  Sample preparation is a very important 

aspect of TEM imaging because a specimen much be thin enough to transmit electrons [464]. 

Both TEM and SEM techniques have been well used for obtaining detailed structural 

information on nanostructured materials and remain one of the most popular and versatile 

techniques in soft matter and supramolecular chemistry [467-476].  

2.7. Electrochemical Impedance Spectroscopy 

EIS is an electrochemical characterisation technique otherwise known as AC impedance or 

impedance spectroscopy.  It is a versatile electrochemical technique that has been well used 

to characterize processes occurring in an electrochemical cell.  EIS data is generated by 

measuring the output alternating current (AC), and recording the phase shift and amplitude 

changes in an electrochemical cell after a small sinusoidal perturbation AC potential is 

applied to the cell [477]. The AC potential is applied over a range of applied frequencies and 

the impedance is determined using the equation below, equation 2.0. 

 

Z  =  = Z0  = Z' + j Z''                                 (2.0) 

 

Where  is the amplitude of the applied alternating voltage,  is the resultant current,   = 

2 , the radial frequency of the AC voltage (f is the frequency),  is the phase shift between 

the input AC voltage and the output AC, Z0  is the amplitude of the impedance and Z'', Z' is 

the imaginary and real components of the impedance respectively. The frequency dependence 

of impedance can reveal information about the underlying chemical processes and internal 

dynamics within the system [477-479]. 
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Figure 2.7: Example of impedance data of dodecane doped with sorbitan trioleate 

represented as (a) Nyquist plot and (b) Bode plot, reproduced from [480] Copyright © 2016, 

Elsevier.  

 

EIS data can either be represented as a Nyquist plot or a Bode plot, Figure 2.7. The Nyquist 

spectra is a plot of the imaginary part of the impedance against the real part, measured over a 

range of frequency. This plot does not give any information on the frequencies. To 

compensate for this, another representation shows the frequency response of a system by 

plotting the impedance magnitude and phase angle against frequency. This spectrum is 

referred to as the Bode plot.  

Nyquist plots give information such as charge transfer resistance, solution resistance, and 

capacitance while Bode plots give information on the capacitive nature of the material. 

However, for the Nyquist plot, this information can only be obtained by fitting the spectra to 

an equivalent electrical circuit that theoretically describes or models the actual physical and 

electrochemical process occurring in the system. The equivalent circuit is usually made up of 

two or more circuit elements such as a capacitor, resistor, inductance, and Warburg element 

(w - models the diffusion process from the electrolyte to the electrode surface) depending on 

the experimental data and the electrochemical process to be mimicked. Figure 2.8 shows 

some examples of Nyquist plots and their equivalent circuit models. 

(a) (b) 
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Figure 2.8: Examples of some Nyquist plots (LHS) with their corresponding equivalent 

circuit models (RHS), reproduced from [481] under the Creative Commons Attribution-

Noncommercial 4.0 International license. 

 

Lastly, the connection of the different circuit elements to form an equivalent circuit model 

must follow the first and second Kirchhoff law [482]. EIS is a powerful and versatile 

technique with a quick and easy data acquisition process.  Its application in studying the 

physical, and chemical properties of an electrode/electrolyte interface as well as to investigate 

the electrical properties of a wide variety of materials have been well explored [483-492]. 

 

2.8. The Langmuir trough cleaning protocol  

The Langmuir trough used in this thesis was obtained from Kibron MicrotroughX and 

firmware software from Kibron Inc., Finland. The initial area was 106.2 cm2, and the volume 

of the subphase was approximately 125 mL in all experiments. The trough prior to all 

experiments was thoroughly cleaned using ethanol and Milli-Q water and dried before every 
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use. Before spreading the samples, the interface was vacuum cleaned by moving a tip 

attached to a vacuum setup across the surface. The surface pressure−area (Π−A) isotherms 

were taken upon compression after each cleaning until a surface pressure change of less than 

0.2 mN/m was achieved, indicating an uncontaminated interface. In cases where a 0.2 mN/m 

surface pressure change was not achieved, the trough was emptied and thoroughly cleaned 

again following the same procedure. The LB technique is very sensitive to impurities, the 

concentration of samples, noise, and vibrations, and as such data obtained from 

measurements are reproducible only provided all experimental conditions remain the same 

and extreme care is taken to avoid the introduction of unintended variables. Measurements 

were made at room temperature (20 °C) and the ultrapure water was acquired from a Milli-Q 

water purification system (resistivity of 18.2 MΩ·cm) unless otherwise stated. 
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3.0. Aligned Assembly in a 2-D Gel of a Water-Soluble Peptide  

 

This chapter was adapted from: 

Zainab Makinde et al. (2020). “Aligned Assembly in a 2-D Gel of a Water-Soluble Peptide, 
Langmuir 2020, 36 (38),11292-11302. 

 

3.1. Introduction  

Self-assembling peptides have been identified as candidates that can serve as building 

blocks in the fabrication of molecular devices: potential applications, based on their 

ease of synthesis, ease, and range of accessible chemical modification, and 

geometrical precision, that have been well-rehearsed in several reviews [493-499]. 

Recently, for example, advances have been made in the exploration of self-assembling 

peptides for applications such as drug delivery [500], organic semiconductor devices 

[183], and sensing [501]. There has been significant progress in creating functional 

supramolecular structures using the Langmuir-Blodgett (LB) technique. Peptides such 

as cyclic peptides [502, 503], amphiphilic peptides [504, 505], peptide-lipids [506, 

507], antimicrobial peptides [508], polypeptides [509] and aromatic peptides [413] 

have been explored.  If the peptide sequence is such that by bond rotation hydrophobic 

groups can be found along one face of the peptide and hydrophilic groups on the other, 

then through the hydrophobic effect in the water, the molecules can assemble into 

elementary cylindrical rods. These rods can then assemble into a helix with one face 

hydrophobic and the other hydrophilic. The helices then can assemble into tapes, 

ribbons, fibrils, and fibres [510]. 

The structural requirements and mechanism for the ordered assembly of peptides at an 

air-water interface have been studied both through theory and through the 

experimental exploration of different structural modifications.  Peptide-lipid 

conjugates have been studied because of the known involvement of natural peptide 

amphiphiles in the formation of amyloid plaques [511-514]. Here, the importance of 

lipid packing has been deduced. Other studies have indicated the importance of 

charged residues complementary to one another in the β-strands [515], the formation 

of crystalline β-sheets from a highly-charged peptide [516], the significance of 

alternating hydrophobic and hydrophilic groups along the peptide chain [517], the 
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importance of hydrogen bonding, and non-covalent hydrophobic interactions [499], 

and the importance of α-helices in forming rigid rods at the interface to obtain a 

homogeneous coating over a large area [518].   

Most of the previous studies of assembly at the air-water interface have, however, 

been on water-insoluble peptides. There have been very few studies into the use of 

water-soluble peptides, despite the many interesting self-assembling structural 

modifications that these offers. Specifically, peptides deduced from natural protein 

interfaces have been shown to retain some of the intrinsic properties of their parent 

protein, making them interesting candidates for study. Their high solubility in water is 

an obvious problem for the formation of well-ordered films deposited onto a substrate. 

The self-assembling peptide used in the present work is a 7-amino acid sequence (Ac-

IKHLSVN-NH2 where Ac denotes acetamide capping the C-terminus, Figure 3.1) 

inspired by the beta-interface of human peroxiredoxin 3 (HsPrx3).  Figure 3.1. (e and 

f) shows that the peptide assembles at low concentration in pure water into short fibrils 

assembled at nodes. In this respect the peptide behaves slightly differently from the 

model developed by Aggeli et al. [20], possibly illustrating for this system the 

importance of assembly through the end groups of the peptide: in this case, 

presumably hydrogen-bonding interactions via the terminal asparagine. With 

increasing concentration of peptide, the fibres extended and assembled into an 

interlocking mesh of fibres which also broadened into tapes.  As noted by Medini et al. 

[30], the peptide did not form a hydrogel with water, so presumably, the interactions 

between the fibres were weak.  Those authors noted that substitution of aromatic 

groups at the C-terminus or as pendant groups on the main chain led to strong 

hydrogel formation, which we assume reflects the importance of hydrophobic 

interactions for the extension, strengthening, and interaction of the fibres.  

The natural self-assembling properties shown by this peptide have led to proposals 

relating to a wide range of applications. [38, 205, 519-521].  Medini et al. [38] showed 

that, although the parent peptide did not form a hydrogel, small modifications to the 

sequence (one side chain or an N-terminus modification) led to hydrogels with 

properties (e.g. gelation time and rheology) that could be tuned by these small 

alterations.  While the peptide behaviour in solution has been reported, its behavior at 

air-aqueous interphase has never been reported. By analogy with the well-known 

‘salting out’ effect [522-525], it was reasoned that an appropriate choice of electrolyte 
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would decrease the solubility of the peptide and lead to surface segregation.  This 

chapter demonstrates that, with alteration of the electrolyte composition of the sub-

phase, the surface segregation can be altered over a wide range, from nothing to large, 

and the surface assembly can be altered between random fibrillar networks and 

organized short rods. With an appropriate choice of electrolyte in the sub-phase, good-

quality LB films can be deposited onto a substrate. It also demonstrates the effect of 

surface pressure cycling causing shear-stiffening and ‘annealing’ of the interfacial 

film. These observations were connected to models for the Hofmeister effect [526, 

527] and to theories describing gel formation and mechanical relaxation (strain 

stiffening or rheopacty) in a network of interacting, elastic rods [528-536]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: (a) Crystal structure of HsPrx3 (1ZYE) with the (b) IKHLSVN sequence 

highlighted in black and (c) peptide sequence structure. Atomic Force Microscopy of Ac-

IKHLSVN-NH2 dried onto mica from solution in water at 0.1 wt % (d) (scale bar=1 µm) and 

4 wt % (e) (scale bar=400nm).  

 

Scale bar – 1 µm IKHLSVN 

Prx3 - interface 

Scale bar – 400 nm Ac-IKHLSVN-NH2 

(a) 
(b) 

(d) 

(c) (e) 
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3.2. Experimental 

3.2.1. Materials 

The water-soluble Ac-IKHLSVN-NH2 peptide (851 g/mol) used in this work was purchased 

from Mimotopes, Australia, and was used without further purification. Appendix 1 shows the 

HPLC and mass spectrometry data of the peptide. The ultra-pure water was acquired from a 

Milli-Q water purification system (resistivity of 18.2 MΩ.cm), NH4NO3, and NH4Cl were 

obtained from ECP limited, (NH4)2SO4 was obtained from Scharlau, NaCl, Na2CO3, 

NaHCO3, K2HPO4, and KH2PO4 were obtained from Sigma Aldrich.  

3.2.2. Preparation of Langmuir monolayer and Langmuir-Blodgett film 

The Langmuir-Blodgett film of the water-soluble peptide was formed by spreading 20 µL of a 

0.2 mg/ml peptide solution dissolved in Milli-Q water onto the sub-phase solution using a 

microsyringe. The system was allowed to equilibrate for approx. 15 mins and the surface 

pressure–area (П-A) isotherm was recorded upon compression and expansion of barriers at a 

constant speed of 41 mm/min: 8.3 Å2/molecule/s.  

3.2.3. Preparation of Langmuir-Blodgett film 

The LB film formed at the air-water interphase was transferred onto a freshly cleaved mica 

that has been previously inserted into the sub-phase before film transfer and each LB film 

was achieved through upward removal of the substrate (upward stroke) at a constant speed of 

5 mm/min while keeping the pressure constant.  

3.2.4. Atomic force microscopy 

The morphology of the Langmuir Blodgett films transferred onto mica was investigated in 

the air using Atomic force microscopy (AFM).  The AFM measurements were taken using the 

Cypher ES AFM in tapping mode using a silicon probe with a resonance frequency of 150 Hz 

(Tap150, k ~ 5 N/m, Budget Sensors, Sofia, Bulgaria).  

 

 

 

 

1 Conversion of mm/min to Å2/molecule/s :  Å2/molecule/s = w(dL/dt)/no of molecules, where w = 
width of trough (mm), dL/dt = barrier speed; no of molecules spread on the subphase = spread volume 
× concentration × Avogadro number.  
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3.2.5. ATIR-FTIR  

ATIR-FTIR data were collected using a PerkinElmer 100 FTIR spectrometer. Each spectrum 

reported in this chapter is an average of 128 scans over the range of 4000-400 cm-1. For the 

measurements, 0.5 wt % and 4 wt % of the peptide were prepared in water and different salt 

solutions. At 0.5 wt %, the peptide appears soluble and the ATIR-FTIR of the solution was 

investigated. At 4 wt %, a visible peptide gel was observed when in (NH4)2SO4, while for 

water and other salts no gel was seen on the surface. ATIR-FTIR was conducted on the gel 

sample for (NH4)2SO4 and the solution sample for water and NH4NO3, NH4Cl, and NaCl.   

3.2.6. Circular dichroism (CD) 

The secondary structure of the peptide gel was analyzed on a Chirascan Circular Dichroism 

spectrometer at 20 °C by spreading the gel on a 1 mm path quartz cuvette. The CD spectrum 

measurement was acquired with 1s integration and a step size of 1 nm over a wavelength 

range of 200 nm to 280 nm. Baseline spectra were collected with the cuvette alone and then 

subtracted from the peptide spectral data.  

3.2.7. XRD 

Wide-angle X-ray scattering from the gel sample was performed on a PANalytical Empyrean 

Theta-Theta diffractometer system operated in a Bragg-Brentano geometry. The system was 

equipped with a Cu X-ray tube and a PIXcel1D detector fitted with a monochromator. XRD 

analysis was conducted at room temperature over the 2θ range of 5-35° using 

monochromated Cu Kα1 radiation (λ = 1.5418 Å). The peptide gel sample (4 wt % in 0.15 M 

(NH4)2SO4) was spread on a glass substrate and to minimize preferred orientation, the sample 

was analyzed on a rotating stage (60 RPM). The background scattering due to the glass 

substrate was subtracted.  

3.2.8. Small-angle X-ray Scattering (SAXS) 

Small-angle X-ray scattering (SAXS) experiments were performed on the SAXS/WAXS 

beamline at Australian Synchrotron, Melbourne. The peptide was dissolved in 0.15 M of 

(NH4)2SO4, NH4NO3, NH4Cl, NaCl, and water to a concentration of 0.5 wt %, 0.25 wt %, and 

0.1 wt %. 100 µL of each sample concentration was loaded into a sealed 96-well PCR plate 

and was transferred into an autosampler for direct injection into a quartz capillary with a 1.5 

mm internal diameter for X-ray exposure [537]. The sample was flowing continuously 

through the focal point of the beam (~250 μm horizontal x 600 μm vertical) at 5 µL s-1 with 
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the 1 s X-ray exposure being recorded in real-time using a Pilatus 1 M detector [538]. For 

each setup, the background was recorded by loading each salt solution that the peptide 

solution was prepared with. The collected raw data were reduced using ScatterBrain (version 

2.82) and the reduced data were analyzed with the ATSAS package (3.0.1) and NCNR SANS 

Reduction Macros using IGOR Pro 7 [539]. 

3.3. Results and Discussion 

3.3.1. Surface pressure-area isotherm and AFM analysis of LB peptide film 

dependence on subphase composition 

The peptide did not show any increase in surface pressure during compression when spread 

directly on a pure water sub-phase and on NaCl aqueous solution, thus indicating no surface 

activity, Figure 3.2. This phenomenon can be related to its high solubility. However, with 

0.15 M NH4Cl, (NH4)2SO4, NH4NO3, and variously buffered solutions used as sub-phase, the 

isotherm showed an increase in surface pressure when compressed therefore confirming the 

formation of a Langmuir film. The change in slope observed during compression is indicative 

of a phase transition from the 2-D gaseous phase to the 2-D condensed phase, with high 

compressibility more characteristic of a gel, as discussed below.  The details were, however, 

dependent on the electrolyte. There was a very strong dependence on the nature of the 

electrolyte forming the sub-phase. With NH4NO3 and variously phosphate- and carbonate-

buffered solutions used as sub-phase, the area/molecule corresponding to the increase in 

surface pressure for these sub-phases was significantly larger than the theoretical area of 

90.7Å2 for a linear 7-amino acid peptide sequence calculated using 3.6 Å2 as the average area 

of amino acid [540], indicating the irreversible formation of large, surface-active aggregates. 

Indeed, Langmuir-Blodgett films deposited from these sub-phases showed large, disordered 

aggregates, Figure 3.3. With NH4Cl as a sub-phase, the area/molecule was significantly less 

than that corresponding to the theoretical peptide. The AFM image of the deposited LB film, 

Figure 3.3 showed the deposition of very small globules.  For (NH4)2SO4 as sub-phase, the 

extrapolation of the linear part to zero surface pressure gives a limiting area (A0) of about 89 

Å2 per molecule. This value closely agrees with the theoretical area calculated as 90.7Å2 for a 

7-amino acid peptide sequence using 3.6 Å2 as the average area of amino acid [540]. This 

value suggests that, with this electrolyte as a sub-phase, the peptide in the 2-D condensed 

phase is lying flat at the interface.  
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Figure 3.2:  Surface pressure-area isotherms for 20 µL of 0.2 mg/ml Ac-IKHLSVN-NH2 

spread on different aqueous electrolytes as sub-phase. Water, 0.15 M NaCl, 0.15 M 

(NH4)2SO4, 0.15 M NH4NO3, 0.15M NH4Cl, PPB: potassium-phosphate buffer 0.15 M pH 5.8 

(8.7 mM K2HPO4, 0.14 M KH2PO4), 0.15 M pH 8.1 (9.75 mM K2HPO4, 0.14 M KH2PO4). 

SCB: sodium-carbonate buffer 0.15 M pH11 (NaHCO3 0.02 M, Na2CO3 0.13M). Surface 

pressure is shown as the change from a base of 73 mN m−1. Area/molecule is the apparent 

area assuming that all of the added peptides is adsorbed at the interface. 
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Figure 3.3: AFM images of Langmuir 

film of Ac-IKHLSVN-NH2 transferred in 

the solid phase when 20 µL of 0.2 mg/ml 

Ac-IKHLSVN-NH2 peptide solution was 

spread on 0.15 M aqueous solution of (a) 

NH4NO3 (b) NH4Cl (c) PPB pH 5.8 (d) 

PPB pH 8.1 (e) SCB pH 11.0. 
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3.3.2. Secondary structure of peptide dependence on solution composition 

The results of studies of the secondary structures and of the molecular aggregates formed in 

solution correlated with the observations of different LB film structures, as described below.  

3.3.2.1. Fourier Transform IR (FTIR) spectroscopy 

The amide IR band profile of peptides in the solution is sensitive to the secondary structure 

[541]. FTIR spectra of the peptide at 0.5 wt% and 4 wt% in different electrolytes are shown 

in Figure 3.4. The broad amide band between 1600 cm-1 and 1700 cm-1 indicates the presence 

of a mixture of secondary structures that is different in (NH4)2SO4 from that in NaCl, NH4Cl, 

and NH4NO3. The increase in absorption at 1620 cm-1 relative to that at 1670 cm-1 indicates a 

significantly greater fraction of β-sheet formed in (NH4)2SO4 compared to that in NaCl, 

NH4Cl, and NH4NO3. As noted in the experimental section, at 4 wt% peptides in (NH4)2SO4, 

a small fraction of peptide gel was visible at the solution surface, an effect that was not seen 

for the other electrolytes studied.  The FTIR spectrum of the surface gel showed an intense 

amide peak at 1620 cm-1 confirming the presence of β-sheet structures.  
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Figure 3.4:  ATR-FTIR spectra of (a) 0.5 wt % and (b) 4 wt % of Ac-IKHLSVN-NH2 peptide 

in water and 0.15 M aqueous solutions of NaCl, NH4Cl, and NH4NO3, and the gel separated 

from 4 wt %  peptide in 0.15 M aqueous (NH4)2SO4. 

 

3.3.2.2. Circular dichroism (CD) 

Circular Dichroism of the peptide gel, when smeared on quartz glass, showed a negative 

signal at 220 nm, which is characteristic of a β-sheet structure thus confirming the presence 

of β-sheet structures: Figure 3.5.  

 

 

 

 

 

 

 

Figure 3.5: Circular dichroism spectrum of the peptide gel spread across a 1 mm path quartz 

cuvette. 

(b) 
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3.3.2.3. X-ray Diffraction  

The wide-angle X-ray scattering pattern, Figure 3.6 of the surface gel formed with 4 wt% 

peptides in 0.15 M (NH4)2SO4 showed a clear diffraction pattern with reflections at 3.8 Å, 4.7 

Å  and 13.2 Å, which are assigned to Cα-C spacing, β-strand spacing, and inter-sheet 

distances respectively. These values are in close agreement with previously reported data 

[542-546]  for β-sheet structures, thus further confirming that (NH4)2SO4 promotes the 

formation of β-sheet structures of this peptide. 

Figure 3.6: XRD diffraction pattern of 4 wt % in 0.15 M (NH4)2SO4, gel sample, and 

crystalline ammonium sulphate. #ICSD-Collcode #266693 [547-549]. 

 

3.3.2.4. Small-angle x-ray scattering (SAXS) 

SAXS is sensitive to the size scale and structure of aggregates formed in the solution. Figure 

3.7 shows SAXS scattering curves for the peptide at (a) 0.5 wt%, (b) 0.1 wt%, and,  (c) 0.25 

wt% in water and different electrolyte solutions. The scattering curve for the peptide in water 

and 0.15 M aqueous solutions of NH4NO3, NH4Cl, and NaCl follow a similar pattern, a 

simple Guinier-Porod scattering curve, which is different from the curve seen for the peptide 

in 0.15 M (NH4)2SO4, where there is an additional diffraction peak observable at high q.  A 

radius of gyration, Rg, of 8 nm was obtained by fitting the SAXS profile of the peptide in 

water solution to a shape-independent Guinier-Porod model [53], Figure 3.7 (c: inset). Each 

basic unit is thus an aggregate of several peptide molecules. In the low-q region, the increase 
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in scattering can be associated with the formation of large-scale structures, which vary 

between dominantly rod-like (expected slope -1) [550, 551] and dominantly globular 

(expected slope -4) depending on the electrolyte and peptide concentration. Figure 3.7 (d) 

shows the difference between the scattering in water and 0.15 M (NH4)2SO4. It is a Gaussian 

diffraction peak with a maximum at 0.43 Å-1 and FWHM 0.33 Å-1, that corresponds to 

ordered structures with a lattice spacing of d = 2π/qmax =14.6 Å and size scale τ ≈ 6/Δqfwhm 

= 18 Å. The lattice spacing agrees with the inter-sheet distance in a β-sheet structure, and the 

size scale is similar to that expected for the length of the peptide, given a length per amino 

acid of approximately 4 Å [552] thus confirming the presence of a β-sheet internal structure, 

of peptide molecules stacked side-by-side into rods.  This structuring is specifically promoted 

by (NH4)2SO4 in the solution.  
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Figure 3.7:  Small-angle X-ray scattering curve for (a) 0.5 wt % (b) 0.1 wt % (c) 0.25 wt % 

peptide concentration in water and 0.15 M aqueous solutions of NaCl, NH4Cl, NH4NO3, and 

(NH4)2SO4 . Inset: fit of data in water to a Guinea-Porod model with rg = 8 nm. (d) 

Difference between the scatterings observed for 0.25 wt % peptide in water and in 0.15 

(NH4)2SO4. FWHM is ∆q = 0.33 Å-1. 
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3.3.3. Characterization of Langmuir-Blodgett (LB) peptide film formed at the 

air- 0.15 M (NH4)2SO4 interface 

3.3.3.1. Surface pressure-area (П-A) isotherm and AFM  

With (NH4)2SO4 as a sub-phase, the LB film formed upon surface compression could 

be transferred to a substrate as isolated rods or as sheets, as detailed below. Figure 

3.8(b-d) shows the AFM images of the LB films transferred from (NH4)2SO4 as sub-

phase at different surface pressures. In particular, the film morphology at surface 

pressures of (b) 0 mN/m; (c) 5 mN/m; and (d) 15 mN/m were examined. The AFM 

image at 0 mN/m (gas phase) revealed some small globules similar to those seen with 

the NH4Cl subphase but also many small fibrils with lengths up to 500nm, similar to 

that observed for the fibrils attached to nodes seen in the assembly at low 

concentration in pure water, visualised in Figure 3.1(d). The width of the fibrils was 

~30 nm, somewhat larger than that of the fibrils seen in Figure 3.1(d) (~ 7nm). Thus 

the observed fibrils could be constructed by stacking end-to-end ~ 2 - 10 of the peptide 

units deduced by SAXS to exist in the solution. Some of the small fibrils in this phase 

have already started stacking side by side (as highlighted in the white boxes) giving 

units of width ~30 nm. With increasing surface pressure, the film deposited on the 

substrate was in the form of peptide sheets with space in-between, Figure 3.8(c). 

Further compression led to a more closely packed film. Space in-between the peptide 

sheets observed in Figure 3.8 (b) and (c) may be the reason they are free to align in the 

substrate-lifting direction, while in Figure 3.8(d) the peptide sheets have less space, 

therefore, restricting the possibility to realign. 

The width of the sheets increased from about 100 nm at 5 mN/m to about 120 nm at 15 

mN/m.  This may indicate a simple lateral coalescence of the sheets as the surface 

pressures increased. Below, we discuss the observed compressibility in terms of the 

formation of a 2-D gel comprising a random array of weakly-interacting rods.  The 

height was about 1 nm at 0 mN/m, then decreased to about 0.4 nm at 5 and 15 mN/m. 

The difference in height of the peptide assemblies in the surface gas phase compared 

to the gel phase (both lower and higher surface pressure regions) may be a result of 

structural rearrangement that may occur due to compression. 
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Figure 3.8: (a) Surface pressure-area per molecule (П-A) isotherm of Ac-IKHLSVN-

NH2 on 0.15 M (NH4)2SO4 aqueous solution with the highlighted pressures (red dots) 

where samples were extracted for AFM imaging. (b-d) AFM images of Langmuir film 

of Ac-IKHLSVN-NH2 transferred at; (b) 0 mN/m (scale bar = 500 nm); (c) 5 mN/m 

(scale bar = 500 nm); and (d) 15 mN/m (scale bar= 500 nm). 

 

3.3.3.2. Compression/expansion hysteresis 

Figure 3.9 shows the hysteresis between expansion and compression of the surface and 

its dependence on the rate of change of area. Figure 3.9(a) shows that the shape of the 

compression isotherm and the magnitude of the hysteresis in the surface pressure was 

strongly dependent on the rate of change of area. The apparent area/molecule on the 

initial rise of surface pressure increased significantly with an increase in the 

compression rate and the compressibility of the surface film decreased. At the highest 

compression rate, there was an indication of a two-phase region at high surface 
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pressure. Figure 3.9(b) shows that the time scale for the mechanical relaxation giving 

rise to the hysteresis was ~ 20 s.  

 

 

 

 

 

 

 

 

 

Figure 3.9: Surface pressure hysteresis in the compression-expansion loop, for 

IKHLSVN spread on 0.15M (NH4)2SO4. a): raw data; b): maximum of the surface 

pressure difference between compression and expansion (hysteresis loop) as a 

function of the time scale (1/A0) (dA/dt), where A denotes the surface area of the 

trough and A0 (89 Å2 per molecule) the limiting value with decreasing compression 

rate of the area/molecule at the onset of the surface pressure rise, as indicated in 

Figure 3.8(a). A new film for each barrier speed study. 

 

Figure 3.10 (a) shows the effect of repeated compression and expansion cycles of the 

Langmuir film, at a rate of 8.3 Å2/molecule/s, with the barriers being moved either to 

fully expand the surface film in each cycle or without fully expanding the surface film 

(reversing the cycle immediately the surface pressure dropped to zero). Figure 3.10 (b) 

compares the 1st and 10th cycles with full expansion of the surface film.  Successive 

cycling decreases surface pressure hysteresis. If the surface film was not fully 

expanded, the hysteresis essentially disappeared after the first cycle. Successive 

cycling, fully expanding the surface film, decreased the compressibility of the surface 

film: the film shear-stiffened on successive cycling.  The repeatability of such 

experiments is of course an important question. In this work, provided that the 

experimental conditions were carefully reproduced, the phenomena of decrease in 

surface pressure hysteresis and of shear stiffening on cycling, and of growth of large 

surface domains, were observed repeatably. Appendix 6 (a-c) shows 
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compression/expansion data and AFM of a different film collected at a different time 

at the same experimental and room conditions, to illustrate this point. 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Hysteresis change and shear-stiffening on repeated area cycling. (a) 

Pressure-area isotherms for successive cycles with film fully expanded between cycles; 

inset: area cycle reversed immediately the surface pressure reduced to zero. (b) 

Comparison of the 1st and 10th cycles with film fully expanded between each cycle.  

 

Figure 3.11 shows the dependence of hysteresis on total cycling time, comparing 

single cycles at differing barrier speeds with multiple cycles at fixed barrier speeds. 

The two curves have a similar shape, indicating a characteristic time scale for the 

underlying process ~1000 s. 
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Figure 3.11: Shear-stiffening and dependence of hysteresis on total cycling time. (a) 

Comparison of hysteresis for a single cycle at a slow rate of change of area with that for the 

10th cycle at a more rapid rate, with a similar total time (1.1 and 8.3 Å2/molecule/s 

respectively). (b) Change in hysteresis loop expressed as the maximum pressure difference 

between compression and expansion vs total cycling time; 1:  repeated cycles at 8.3 

Å2/molecule/s (left vertical axis); 2: single cycles at different barrier speed (right vertical 

axis). 

 

3.3.3.3. Compressibility factor  

The compressibility modulus, Cs
-1, equation 3.1, is the reciprocal of the 

compressibility of the film and is an important quantity to characterize the 

compression elasticity of a film [553]. 

                                                                                                           (3.1) 

Figure 3.12(a) shows how the compressibility modulus increases with cycle number 

on repeated area cycling.  Figure 3.12(b) also shows the consequent structure change 

for the Langmuir-Blodgett film transferred to a substrate. In contrast to the films 

shown in Figure 3.8, the film transferred after repeated cycling (surface pressure 

‘annealing’ with consequent shear-stiffening) features large domains with little free 

space. 

The compressibility modulus is significantly lower than that reported for surface 

close-packed solid films. Krajewska et al. and Guoqing et al. [343, 553] reported Cs-1 
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> 250 mN/m for the condensed phase for Langmuir Blodgett films of 

Dipalmitoylphosphatidylglycerol (DPPG) and DPPC-curcumin respectively. 

Cholesterol as a monolayer in its condensed phase can also reach Cs
-1 of about 600 

mN/m.  Caseli et al. reported a condensed state compressibility modulus of 25.1 mN/m 

for an L-B film of alkaline phosphatase [315, 554] and De Zotti et al. [518, 555] report 

a maximum compressibility modulus of 40 mN/m for an L-B film of a peptide, similar 

to that which we observe. The low compressibility modulus has been associated with 

possible conformational changes within the L-B film [518] or eruption/desorption of 

the peptide at the interphase [554]. 

 

 

 

 

 

 

 

 

 

Figure 3.12:  Compressibility modulus change on repeated cycling, and densification 

of Langmuir-Blodgett film consequent upon surface area cycling; area rate of change: 

8.3 Å2/molecule/s. (a) Compressibility modulus, Cs-1 vs cycle number. (b) AFM image 

of Langmuir-Blodgett film of Ac-IKHLSVN-NH2 transferred at 15 mN/m on the 

compression part of the 10th area cycle (scale bar = 1µm). 

 

3.4. Discussion 

The peptide studied here is highly water-soluble and does not form a gel in an aqueous 

solution, except at high concentration, at the liquid surface with (NH4)2SO4 electrolyte. 

Thus the effects revealed are subtle. There are two features of note. The first is the 

sensitive dependence of aggregation, aggregate structure, and surface segregation on 

the composition of the electrolyte. The second is the mechanical relaxation found for 

the case of peptide spread on (NH4)2SO4, which can be manipulated such that good-
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quality, dense LB films can be transferred onto a substrate.  The standard Hofmeister 

sequences give an ordering: at fixed cation: SO4
2− > OH− > Cl- > NO3

− and at fixed 

anion: NH4
+ > K+ > Na+ [526].  The usual consequence of ‘salting out’ of a peptide is 

its precipitation; however, in this case, the ions showing the strongest Hofmeister 

effect have led to surface segregation of discrete short rods. Ions with weaker 

Hofmeister effects have led to surface segregation of random aggregates and those 

with the weakest Hofmeister effect have led to aggregation in solution without surface 

segregation. Specific ion effects are not well understood [556, 557] involving as they 

do the energetics of interaction of the ions with the peptide, particularly amide groups 

[558], and with water, and water with the peptide. Theoretical work has indicated that 

the modulation of hydrophobic effects by ions depends on whether the ions are free or 

immobilized on the peptide [559]. Other work has demonstrated that specific ion 

effects, mediated by the presence of a surface, are important for the assembly of 

amyloid peptides into fibrils [560].  Chemical force microscopy has indicated that 

hydrophobicity is not an intrinsic property of any given non-polar domain but can be 

strongly modulated by functional groups located as far away as one nanometre [561], 

illustrating the subtlety of the forces that may drive self-assembly. In the present case, 

data are consistent with the model of Aggeli et al. [510], where the assembly is driven 

by an alteration caused by (NH4)2SO4 of the interaction of the peptide with water. The 

SAXS data imply the assembly side-by-side as a β-sheet of individual peptide 

molecules into a rod of length ~ 8 nm: 10-20 peptide molecules arranged side-by-side. 

These units could side-by-side assemble into helical fibrils, with one hydrophobic and 

one hydrophilic face [510]. The fibrils could surface-segregate and further assemble, 

again with the assembly mediated through the hydrophobic effect modulated by ions, 

into the units observed by AFM.  

One explanation for the observed mechanical hysteresis is that large aggregates form 

on compression which then desorbs from the interface on expansion [517]. However, 

that model does not account for the shear-stiffening and loss of hysteresis on 

successive cycles. Conformational changes within a peptide layer have been suggested 

by De Zotti et al. [518] as an explanation both for the relatively small compressibility 

modulus (~40 mN/m, similar to that which is observed) and for mechanical 

relaxations, In their study of an α-helical peptide, they suggested a sequence of 

evolution of surface film structure: first the formation of aggregates as ‘droplets’, 
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evolving into an interconnected network embedding water ‘pools’, which suddenly 

shrinks above a critical pressure, when the peptide backbones vertically align and 

water is expelled.  We propose that the behaviour that we observe can be described in 

terms of the mechanical behaviour of a 2-D gel of weakly-interacting rigid rods.  We 

suggest that the interactions that lead to the mechanical relaxations are also mediated 

through Hofmeister-type effects.  We propose that the two different timescales, for the 

hysteresis and the shear-stiffening, can be related first to the interaction dynamics of 

the rods and secondly to the dynamics of rearrangement of the rods. 

Lopez et al. [533, 534] and Lebovka et al. [532] have studied the evolution of structure 

in a random array of rigid rods disposed on a 2-D lattice and subject to Brownian 

motion. With increasing surface density, they show a transition from, at low density, a 

dilute (nematic) phase of aligned rods, to, at a higher density, an: isotropic (random) 

phase of jammed rods.  Relaxation due to diffusion occurs with a time scale that 

increases strongly with increasing surface density, then suddenly decreases as the 

system transitions to an aligned (nematic) geometry. If the rods have ‘sticky’ ends, 

then chains may form, leading to phase transitions: between phases comprising 

isolated rods, which may be aligned or not; a two-phase regime of rods and chains; 

and a regime of aligned chains. The transitions are dependent on the temperature, 

which is defined in terms of the interaction energy [534].  The model structures 

presented by these authors bear a remarkable resemblance to the AFM images which 

we have shown in Figures 3.6 and 3.10. So, to interpret our results in terms of these 

models, requires that the rods interact on compression, forming aggregates that 

disperse slowly on expansion whilst remaining surface-adsorbed and then reassemble 

on compression, but rearranged by thermal (Brownian) motion.  

The theoretical modelling of the rheology of gels comprising semi-flexible, cross-

linked polymer chains embedded in a solvent has been well-developed [528, 562, 

563]. Important parameters are the stiffness of the polymer chains, the density of 

cross-links, the energy scale to break and form cross-links in relation to thermal 

energy, and the degree of spatial correlation across the polymer fibre network: 

described by a characteristic interaction length and a characteristic energy scale for the 

motional free energy barriers [531, 562]. Stiffening can result from the response of the 

polymeric filaments between cross-links, from alterations in the network structure, or 

both [535]. Time-dependent viscoelastic relaxation of the network could be introduced 
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through transient network junctions, with dissociation of existing network junctions 

and simultaneous creation of new ones [528], or through the incorporation of dangling 

chains or free chains into the network [536].  A study of the rheology of gels of a 

peptide amphiphile suggested that the material could be described as a random hinged 

network of rigid rods, whose bending moment and hence rheological response 

depended on the fibre bundle diameter as well as on the inter-fibre interaction, 

modified by the presence of ions [529]. 

Our system showed two-time scales for mechanical relaxation: one around 20 s, for 

the non-linear mechanical relaxation of the first-formed layer; and one around 1000s 

for shear-stiffening into a persistent state that showed a near-elastic mechanical 

response. Following the authors cited above, we ascribe the non-linear mechanical 

response, with the shorter timescale, to the breaking and reformation of cross-links 

between rigid rods. These cross-links are mediated by salt and dependent on the nature 

of the salt present. With (NH4)2SO4 as salt, the network cross-links are weak and can 

reorganise.  The longer time-scale response we attribute to the alignment of the fibres, 

promoted by successive compression and full expansion of the surface film.  

Alignment of the fibres we propose increases the number density of inter-fibre bonds, 

so aligned domains persist following the expansion whereas randomly connected 

domains fall apart and rearrange, with a timescale that of the initial non-linear 

mechanical response – hence the full expansion should persist for a long enough to 

allow the network bonds to rearrange. The mechanism promoting alignment induced 

by the compression-expansion cycling we propose is the slow flow of water included 

in the surface film. In this last respect, our model follows that of Dimic-Misic et al. 

[530] where shear stiffening of cellulose gels is caused by fibre alignment under 

ultralow shear, consequent water expulsion, and immobilisation of trapped interstitial 

water. A critical parameter is the fibril length, determining the time scale required for 

this reorganisation, as was also indicated by the theoretical studies on 2-D arrays of 

rigid rods cited above. This is another aspect of the surface-induced assembly where 

the nature of the salt present could exert an effect. 
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3.5. Conclusion 

In conclusion, this chapter has demonstrated the formation of large-area, well-structured LB 

films of a self-assembling hydrophilic peptide, by appropriate adjustment of the aqueous sub-

phase. It has also demonstrated that the aggregate structure and surface segregation are 

sensitively dependent on the ionic composition of the aqueous sub-phase and how Hofmeister 

effects could modulate the self-assembly at each stage from the end-to-end association of the 

peptide molecules into the basic units for assembly, through the side-to-side assembly of 

these units into fibrils, to the surface segregation and interaction of the fibrils into networks.  

Specifically, the results have shown that with a sub-phase of 0.15M (NH4)2SO4, the peptide 

assembles into short rods that surface-segregate and have shown the layer morphologies 

found at different phases of the surface pressure-area isotherm during compression. Upon 

compression, the peptide rods assembled into sheets whose width increased and whose 

packing showed a degree of randomness and of alignment in the substrate-lifting direction 

that was dependent on the surface pressure at which the LB film was extracted.  The effect of 

“annealing” the surface layer by surface pressure-cycling has been demonstrated. From the 

result of surface pressure cycling and the variation of the hysteresis loop, it is hypothesized 

that the film formed is a 2D surface gel, whose mechanical behaviour can be understood as 

that of a random assembly of rigid rods. The collapse in the hysteresis loop and stiffening of 

the surface film seen during cycling is attributed to a flow-induced reorganisation and 

alignment of the fibres constituting the layer.  “Annealing” by surface area cycling led to the 

formation of a dense, compact peptide film. This work has thus expanded the toolbox for the 

creation of long-range ordered LB films of self-assembling peptides, which will aid in the 

exploration of functional devices exploiting their properties. 
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4.0. Langmuir-Blodgett films of the fibre network-forming 

peptide Ac-IKYLSVN-NH2 

4.1 Introduction  

The construction of well-defined nanostructures from their components remains an important 

challenge in the development of functional materials [564]. The attractive features of peptide 

assembly are becoming more eminent, particularly their ability to adjust the bulk properties 

of a resultant material by controlling the individual building block. A large number of 

peptides and their derivatives have been reported to have numerous interesting and diverse 

hierarchical architectures including tubes, planes, fibres, ribbons, and 3D networks [486, 565-

567]. The design principle is mainly dependent on the ability to control the amphiphilicity, 

aromatic interaction, and charge distribution in the assembling units. However, identifying 

the key amino acids required to achieve specific architectural assembly is one that is made 

even more challenging by structural chirality and chemical complexity. This chapter 

describes the assembly of a peptide designed by replacing the 3rd amino acid (histidine) in a 

7-amino acid sequence with a more amphiphilic amino acid (tyrosine).  

In Chapter 3, we report that a 7-amino acid sequence (Ac-IKHLSVN-NH2 - where Ac 

denotes acetamide capping the C-terminus) is inspired by the beta interface of human 

peroxiredoxin 3 (HsPrx3) and could be assembled into 2D rods and closely packed 2D sheets 

at the air-aqueous electrolyte interphase. One challenge was the high solubility in water 

which required the presence of an electrolyte to cause a decrease in peptide solubility and 

promote surface segregation. With this regard, this chapter demonstrates the effect of side-

chain modification: Figure 4.1(a) on the solubility and assembly of the Ac-IKYLSVN-NH2 

peptide and its behavior at air-water interphase is described. Medini et al.[38] reasoned that 

the inclusion of tyrosine in the third amino acid position will promote the assembly of wider 

tapes through lateral hydrogen bonding between tyrosine side chains of fibrils and we also 

thought that the presence of tyrosine may increase the amphiphilicity of the peptide such that 

a salt- free long-range 2D film of the peptide could be prepared using the Langmuir Blodgett 

technique. Figure 4.1. (b and c) shows that the peptide assembles at a low concentration in 

pure water into long fibrils. In this respect, the peptide behaves slightly differently from the 

peptide described in chapter 3 possibly illustrating for this system the importance of assembly 

through lateral hydrogen bonding causing the fibrils to be wider than those formed by the 

IKHLSVN peptide in chapter 3.  
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Tyrosine-based peptides are one of the well-known self-assembling peptides that can serve as 

building blocks in the fabrication of molecular devices that may have applications such as 

drug delivery, organic semiconductor devices, and sensing.[183, 413, 500, 501, 568-572]. We 

report herein the behavior of the resultant peptide (Ac-IKYLSVN-NH2) at the air-water 

interphase using surface pressure-area isotherm and compressibility factor. Additionally, the 

morphology of the resultant film transferred onto solid support was investigated using 

Atomic force microscopy. 
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Figure 4.1: (a) Sequence and structure of Ac-IKHLSVN-NH2 and Ac-IKYLSVN-NH2. 

Sidechain modification (H3Y) is highlighted in red. AFM image of Ac-IKYLSVN-NH2 film 

produced from an aqueous solution of (b) 0.1 wt % (scale bar=1 µm) and (c) 1 wt % (scale 

bar= 10 µm) drop-casted on freshly cleaved mica and allowed to dry in air. 

 

4.2. Experimental 

4.2.1. Materials 

The H3Y mutant (876 g/mol) used in this work was purchased from Mimotopes, Australia, 

and was used without further purification. Appendix 2 shows the HPLC and mass 

spectrometry data of the peptide. The ultra-pure water was acquired from a Milli-Q water 

purification system (resistivity of 18.2 MΩ.cm)  

4.2.2. Preparation of Langmuir monolayer  

The Langmuir-Blodgett film of the water-soluble peptide was formed by spreading 100 µL of 

a 0.5 mg/ml peptide solution dissolved in Milli-Q water onto the sub-phase solution using a 

microsyringe. The system was allowed to equilibrate for approx. 15 mins and the surface 

pressure–area (П-A) isotherm was recorded upon compression and expansion of barriers at a 

constant speed of 41 mm/min: 3.6 Å2/molecule/s.  

4.2.3. Preparation of Langmuir-Blodgett film 

The LB film formed at the air-water interphase was transferred onto a freshly cleaved mica 

that has been previously inserted into the sub-phase before film transfer and each LB film 

(b) (c) 
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was achieved through upward removal of the substrate (upward stroke) at a constant speed of 

5 mm/min while keeping the pressure constant.  

4.2.4. Atomic force microscopy 

The morphology of the Langmuir Blodgett films transferred onto mica was investigated in 

the air using Atomic force microscopy (AFM).  The AFM measurements were taken using the 

Cypher ES AFM in tapping mode using a silicon probe with a resonance frequency of 150 Hz 

(Tap150, k ~ 5 N/m, Budget Sensors, Sofia, Bulgaria).  

4.2.5. Fourier transform IR (FTIR) spectroscopy   

ATIR-FTIR data were collected using a PerkinElmer 100 FTIR spectrometer for both solution 

and Langmuir film. Each spectrum reported in this chapter is an average of 128 scans over 

the range of 4000-400 cm-1. For the measurements, 1 wt % of the peptide was prepared in 

water the solution appears as a clear liquid and no gel was observed.  Similarly, the FTIR 

spectrum of the thin film transferred onto mica was used. 

4.2.6. Circular dichroism (CD) 

The secondary structure of the Langmuir film was analysed on a Chirascan Circular 

Dichroism spectrometer at 20 °C by transferring the Langmuir film at a constant surface 

pressure on a plain quartz glass that has been pre-cleaned by sonicating in methanol and 

acetone, followed by washing with water and allowed to dry in air. The CD spectrum 

measurement was acquired with 1s integration and a step size of 1 nm over a wavelength 

range of 200 to 280 nm. Baseline spectra were collected with the quartz slide alone and then 

subtracted from the Langmuir film spectral data.  

4.3. Results and Discussion 

4.3.1 Characterization of Langmuir-Blodgett film of Ac-IKYLSVN-NH2 

4.3.1.1. Surface pressure-area (П-A) isotherm 

The formation of a Langmuir monolayer of the peptide film at the air-water interphase was 

monitored and characterized by the surface pressure-area isotherm.  Figure 4.2 shows the 

surface pressure-area isotherm for Ac-IKYLSVN-NH2 at the air-water interphase. Unlike the 

parent peptide that did not show any surface activity when spread directly on the water, the 

H3Y mutant shows an increase in surface pressure upon compression indicating the 

formation of an insoluble monolayer at the interphase. The change in slope observed during 
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compression is indicative of a phase transition from the 2-D gaseous phase to the 2-D 

condensed phase. Extrapolation of the linear part; where the monolayer is assumed to be 

more compact to 0 mN/m gives a limiting area/molecule of 100 Å2 per molecule. This value 

closely agrees with the theoretical area calculated as 90.7Å2 for a 7-amino acid peptide 

sequence using 3.6 Å2 as the average area of amino acid [540]. This value suggests that the 

peptide in the 2-D condensed phase is lying flat at the interface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Surface Pressure-Area (  isotherm for 100 µL of 0.5 mg/ml Ac-IKYLSVN-

NH2 spread on water (inset= constant pressure during monolayer transfer onto the solid 

substrate). Surface pressure is shown as the change from a base of 72.8 mN m−1. 

Area/molecule is the apparent area assuming that all of the added peptides are adsorbed at 

the interface. 

 

Following the formation of the Langmuir monolayer, the film was successfully transferred 

onto an appropriate substrate at a constant surface pressure of 12 mN/m. Its morphology and 

secondary structure were investigated. 

4.3.1.2 Atomic force microscopy (AFM) 

The floating monolayer formed was transferred onto a freshly cleaved mica at a constant 

surface pressure of 12 mN/m and its morphology was investigated using AFM, Figure 4.3. 
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The AFM revealed a long fibril structure nicely aligned in the substrate lifting direction. 

According to the cross-sectional analysis, the fibril height is approximately 0.4 nm (4 Å). The 

size scale is similar to that of single amino acid [540]. This also may indicate that the peptide 

is lying flat at the interphase, which also agrees with the peptide orientation deduced based on 

the extrapolated area/ molecule obtained from the isotherm. 

The fibril appears to be arranged in an aligned network that is branched. The AFM of the 

peptide cast from the solution showed peptide fibrils, Figure 4.1. The alignment and linkage 

into an extended branched network could be a result of the compression at the surface leading 

to a strong interaction between the fibrils that could be attributed to lateral hydrogen bonding 

between the tyrosine side chains of the fibrils.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: AFM images of Langmuir film of Ac-IKYLSVN-NH2 transferred at 12 

mN/m (a) scale bar= 3 µm, (b) scale bar = 1 µm, (c) height profile of a nanofibre. 
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4.3.1.3 Fourier transform IR (FTIR) and Circular dichroism (CD) spectroscopy 

The floating monolayer transferred onto mica was analyzed by FTIR spectroscopy. The 

amide IR band in a peptide is sensitive to the secondary structure[541]. Amide I band in the 

range 1600 – 1700 cm-1 is most sensitive to peptide secondary structure compared to amide II 

in the range of 1500 -1560 cm-1 [573]. Figure 4.4(a) shows FTIR spectra of Langmuir film of 

Ac-IKYLSVN-NH2 transferred onto mica. It shows an intense amide peak at 1627 cm−1, 

confirming the presence of predominantly β-sheet structures in the film. Similarly, for the 

peptide in solution at 1wt %, the IR spectra also show an intense peak at 1620 cm-1 

confirming the presence of predominantly β-sheet structure in solution.  

CD Spectroscopy is also a widely used technique to study the secondary structure and 

structural conformation of peptides[458]. CD spectra of the Langmuir film, Figure 4.4(b) also 

showed a negative signal at 220 nm, which is characteristic of a β-sheet structure thus 

confirming the presence of β-sheet structures in the Langmuir film.  
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Figure 4.4: (a) ATR-FTIR result of LB film transferred onto mica and 1 wt% peptide solution 

(b) CD (quartz slide) spectra of Langmuir Blodgett film of Ac-IKYLSVN-NH2 transferred at a 

constant surface pressure 

 

4.3.1.4 Compression/expansion hysteresis 

Figure 4.5 shows the compression isotherm over 10 cycles at a constant area rate of change of 

3.6 Å2/molecule/s. The inset also shows the magnitude of the hysteresis in the surface 

pressure upon multiple cycles. Figure 4.5 shows the compression isotherm over 10 cycles at a 

constant rate of 3.6 Å2/molecule/s. The inset also shows the magnitude of the hysteresis in the 

surface pressure upon multiple cycles.  Over 10 successive cycling, we observed a slight 

increase in the area/molecule accompanied by a  slight increase in the hysteresis. One 

explanation for the observed hysteresis is that upon cycling, water can be excluded or 

included from the remaining pores in the network.  Also upon successive cycling, the bonds 

between the fibres become more extensive causing the energy absorbed during bond making 

and breaking to increase. This could also explain the slight increase in hysteresis. 
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Figure 4.5: Results of hysteresis change on repeated area cycling; area rate of 

change: 3.6 Å2/molecule/s. (a) Pressure-area isotherms for successive cycles with film 

fully expanded between cycles; inset: change in hysteresis loop upon cycling at a 

constant area per molecule of 60 Å2. 

 

Figures 4.6 (a and b) show the insignificant change in the compressibility factor upon 

multiple cycling and AFM image of the surface film transferred at a constant pressure of 12 

mN/m upon successive cycling.  The compressibility factor is low which is consistent with a 

strongly-bonded network  [574] and no significant change was observed over 10 cycles. The 

AFM image of the film transferred after 10 cycles shows a closely packed fibre network 

which agrees with our possible explanations for the observed hysteresis 
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Figure 4.6:  Compressibility modulus on repeated cycling, and Langmuir-Blodgett 

film consequent upon surface area cycling; area rate of change: 3.6 Å2/molecule/s. (a) 

Compressibility modulus, Cs-1 vs cycle number. (b) AFM image of Langmuir-Blodgett 

film of Ac-IKYLSVN-NH2 transferred at 12 mN/m on the compression part of the 10th 

area cycle (scale bar = 2µm). 

 

4.4. Conclusion  

In conclusion, we have demonstrated the formation of a well-structured LB film of an Ac-

IKYLSVN-NH2 derived from a sidechain modification of a self-assembling hydrophilic 

peptide (IKHLSVN) inspired by the beta interface of a natural protein. We have 

demonstrated that replacing a single amino acid with a more hydrophobic amino acid can 

reduce the solubility of a peptide thus leading to surface segregation and stable Langmuir 

films that can be formed and transferred onto a solid substrate. Specifically, we have shown 

that the peptide fibers upon compression can interact through hydrogen bonding to form a 

well-aligned fiber network that can also be transferred onto a solid support. We demonstrated 

the effect of “annealing” the surface layer by surface pressure-cycling. From the result of 

surface pressure cycling and compressibility factor, we conclude that upon successive cycling 

the bond between the peptide fibre networks becomes extensive leading to a resultant surface 

film that is well ordered, closely packed, and dense. 
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5.0. Doughnut proteins as carriers to form magnetic nanoparticle 

arrays 

5.1. Introduction  

The study of protein or enzymes has continued to attract significant interest due to the 

potential application these offer in the field of biotechnology. While it is important to explore 

techniques for immobilizing them unto an appropriate substrate, it is also important to 

identify techniques that could ensure immobilization of the proteins/enzymes with minimal or 

no- denaturation that might alter their biological activity. The Langmuir Blodgett technique is 

a technique that can simultaneously satisfy this condition and also ensure a long-range 

molecular organization of the protein/enzyme [346, 575-577]. 

Peroxiredoxin is an example of a class of proteins that can act as antioxidant enzymes. They 

are ubiquitous in living organisms and have become one of the most studied protein families 

[578]. The ability of peroxiredoxin to assemble as toroids, stacks, tubes, and cages in 

response to environmental triggers has made them of great interest in nanotechnology [579-

581]. These intriguing properties give room for various architectural controls. For example, 

peroxiredoxin exists as homodimers with disulfide bonds between the monomers in oxidative 

conditions and as dodecameric toroids with an inner pore size of 7-8 nm in reductive 

conditions[582]. 

Histidine-tagged Peroxiredoxins are stable in their toroidal form in both oxidizing and 

reducing conditions[583]. The toroids can stack into highly ordered structures through the 

stacking of the dodecameric rings, also into tubes in response to conditions such as hyper 

oxidation, a shift towards acidic pH, and the presence or absence of polyhistidine tags within 

the ring centre [582-585]. The toroidal or ring form of the peroxiredoxin with a pore-lined 

histidine tag may be another strategy to build hybrid assemblies getting inspiration from the 

successful use of some protein cages as building blocks to organize inorganic materials. 

Schreiber et al. have successfully encapsulated Au nanoparticles into a toroidal protein 

adaptor [86] and a hollow protein tube known as the Tobacco mosaic virus has also been used 

to template metal structures such as metal oxides[586], metal nanowires [587], and 

nanoparticles[588]. Interestingly, the use of the toroidal form of peroxiredoxin as a template 

for iron nanoparticles has recently been reported by Manuguri et al. [42], who demonstrated 

the selective nucleation of iron oxyhydroxide nanoparticles inside the histidine functionalized 

pore. Additionally, they were able to form a one-dimensional assembly of the hybrid by pH 
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alteration. It is compelling to consider the possibility of creating long-range ordered films of 

the toroidal form of peroxiredoxin, and then using such a film as a carrier to create long-

range ordering of magnetic nanoparticles.  The concept is illustrated in Scheme 5.1. In this 

chapter, the realisation of films of this type is described. 

 

 

 

Scheme 5.1: Schematic representation of the 2-D assembly of protein rings with an in-situ 

synthesized Iron nanoparticle cargo. 

 

5.2. Experimental 

5.2.1. Protein expression and purification 

The Prx used in this work is a 6-his human peroxiredoxin-3 (Prx) with an N-terminal 6- 

histidine tag. The expression and purification as described in [589] were done by Kyle 

Webster (Gerrard’s Group) at the School of Biological Sciences, University of Auckland. The 

concentration was determined by UV spectrophotometry. 

5.2.2. Synthesis of Fe2+ loaded Prx 

The Fe2+ loaded Prx was prepared following the procedure previously reported by Manuguri 

et al. [42]. 1.53 mg of Prx in 7ml of HEPES buffer (100 mM HEPES, 50 mM NaCl, pH 8) 

was treated with 0.8 ml of 5 mM sodium citrate and 0.168 ml of 25 mM of ferrous sulphate 

heptahydrate (FeSO4.7H2O) dissolved in water. The reaction mixture was allowed to incubate 

at 40C for approximately 12 hrs. The final concentrations of the protein and iron in the 

mixture were calculated to be 0.63 µM and 525 µM respectively. The mixture was 

concentrated using Amicon Ultra-15 (100 kDa cut-off, Millipore) and was centrifuged at 

15000 rpm for 45 min at 40C. The mixture was further purified by size exclusion 
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chromatography (Superose 6, GE Healthcare Life Sciences), using 100 mM HEPES, and 50 

mM NaCl pH 8 buffer as the eluent buffer at a flow rate of 0.5 mL/min. The elution was 

monitored at 280 nm for the Prx and 350 nm for the Fe2+ respectively.  

5.2.3. Transmission electron microscopy 

TEM micrographs were collected on an FEI Tecnai 12 electron microscope operated at 120 

keV. The protein solution was adsorbed onto a carbon-coated TEM grid that has been 

previously exposed to a 1 min glow discharge. The solution was allowed to adsorb for 1 min 

and the excess solution was removed with a Whitman Filter paper. For the stained images, 

the grids were further adsorbed into a 2 % uranyl solution for 30 secs and excess solution was 

removed with a filter paper before air drying, while for the unstained images, the grids were 

air-dried following the removal of excess protein solution.  Protein ring size was obtained 

using Image J software. 

5.2.4. Preparation of Langmuir monolayer of Prx rings 

The Prx film was formed by spreading 20 uL of Prx (0.1 mg/ml) onto pH 8.0 buffer (100 mM 

HEPES, 50 mM NaCl) subphase using a micro-syringe. Similarly, the Fe-Prx film was 

formed by spreading 20 uL of 0.08 mg/ml Fe-Prx onto the pH 8.0 buffer subphase. The 

systems were allowed to equilibrate for about 20 mins before compression began at a 

constant barrier speed of 21 mm/min: 298.7 Å2/molecule/s. The surface-pressure area 

isotherm was measured and recorded during compression. An increase in surface pressure 

confirms the formation of a stable Langmuir Film. The floating film was then transferred 

onto a freshly cleaved mica at a constant pressure of 35 mN/m for the Prx LB film and 20 

mN/m for the Fe-Prx film. Both films were then transferred with a vertical withdrawal of the 

mica at a constant speed of 3 mm/min. 

5.3. Result and Discussion  

5.3.1. Iron (Fe2+) loading in protein (Prx) rings 

Scheme 1 shows the schematic representation of the sequestration of the iron nanoparticle 

inside the pore cavity of the protein and the proposed 2D assembly of the nanoparticle-

protein construct. To synthesize iron-containing particles inside the protein core, the 6-

histidine tag decorating the protein core was utilized. The tag can bind to divalent metal ions. 

The iron as Fe2+ is therefore expected to be sequestered into the pore, followed by oxidation 

in the presence of oxygen, thus leading to the formation of an iron oxyhydroxide particle 
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within the protein pore. Oxygen, however, also leads to the oxidation of Fe2+ to Fe3+ in 

solution. Citrate was then introduced into the protein-containing buffer as a competitive 

ligand. The citrate promoted the precipitation of the iron oxyhydroxide inside the protein pore 

whilst also avoiding precipitation in the solution.  The solution was stabilized by the strong 

complexation of Fe3+ with citrate even though citrate is known to catalyze the oxidation of 

Fe2+ to Fe3+.  Additionally, the solution was cooled to 40C to slow down the oxidation process. 

 

5.3.2. Characterization of Fe-Prx rings 

To confirm the successful sequestration of iron into the protein ring, the resulting sample was 

purified and characterized using size exclusion chromatography (SEC), and transmission 

electron microscopy (TEM). SEC is a chromatography technique that separates sample 

constituents based on size; with larger constituents eluting earlier than the small components. 

Figure 5.1(a) represents the size-exclusion chromatography of the resulting Fe-Prx and TEM 

micrographs of the purified Fe-Prx stained, Figure 5.1(b) and unstained, Figure 5.1(c).  

A two detector SEC was used to detect simultaneously the absorbance at 280 nm for protein 

and 350 nm for Fe. The Prx ring alone has been known to elute at about 14.5 ml volume (250 

kDa). As seen in Figure 5.1, the SEC shows that the fraction eluting at 14.5 ml shows 

absorbance at 280 nm and 350 nm, which indicates that the protein remains as a ring even 

after iron-binding. The retention of the protein ring was also confirmed by TEM. The protein 

rings also appear to have a dark centre which may indicate the presence of iron in the protein 

core. From manual inspection of the images, the rings were measured to be 15 ± 1 nm with an 

inner cavity of 7 nm. These values are in agreement with previously reported data, 

confirming a dodecameric ring [42, 590]. The images were taken using the standard negative 

staining protocols. However, for comparison, another TEM image of the Fe-Prx was taken 

without negative staining. Figure 5.1(c) represents the unstained TEM image, and it reveals 

dark spots indicating the iron particles without the protein rings. These dark dots have an 

average diameter of about 4 nm. This value agrees closely with the reported size of the 

mineralized iron oxide core.  
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Figure 5.1: Results of Sample purification (a) Size-exclusion chromatography of Fe-Prx, (b) 

Negative-stained TEM image of Fe-Prx (scale bar = 50 nm) and (c) Un-stained TEM image 

of Fe-Prx (scale bar= 200nm). 

 

5.3.3. Characterization of Langmuir monolayers 

5.3.3.1. Surface –pressure-area (П-A) isotherm of LB film of Prx rings 

Figure 5.2 shows the surface pressure-area (П-A) isotherm for the formation of the Langmuir 

Blodgett film of Prx ring film spread on buffer pH 8.0 (100 mM HEPES, 50 mM NaCl). The 

isotherm showed an increase in surface pressure upon compression confirming the formation 

of a stable monolayer at the interphase. The isotherm shows a distinctive phase transition 

starting from the gaseous phase identified by the 0 mN/m pressure, followed by a liquid 

phase where the pressure starts to increase and approaches a plateau which can be a result of 

repulsion of the particles, therefore interacting as a two-dimensional liquid, then reaching the 

solid phase identified by the linear part of the isotherm. Further compression through the 

solid phase where the molecules are closely packed leads to the collapsing phase, where there 
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is a drop in surface pressure. The collapsing pressure was seen at 39 mN/m for the protein 

film and the film was transferred at a constant pressure of 35 mN/m. The film is assumed to 

be closely packed at this surface pressure. 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Result of Surface pressure-area (П-A) isotherm of the Langmuir Blodgett film of 

Prx when spread directly on pH 8 buffer (100 mM HEPES, 50 mM NaCl). Surface pressure is 

shown as the change from a base of 73 mN m−1. Area/molecule is the apparent area 

assuming that all of the added peptides are adsorbed at the interface. 

 

5.3.3.2. Atomic force microscopy 

The Langmuir film of protein rings was transferred onto freshly cleaved mica and its 

morphology was investigated using tapping mode atomic force microscopy in air, Figure 

5.3(a). The image reveals a large area composed of an organized two-dimensional 

arrangement of the protein rings. The rings are seen but the central cavity is not well resolved 

due to the close packing of the proteins.  Also due to the broadening effect of the AFM tip, 

the lateral dimension could not be evaluated. However, using Gwydion software the 

topographic height profile was generated revealing an average height of 4 ± 0.2 nm. This 

value closely matches the previously reported value for the thickness of the X-ray crystal 

structure of the protein toroid [590]. The height profile also indicates that the Prx3-Fe are 

lying flat at the air-aqueous interphase and consequently at the air-solid interphase, thus 

agreeing with our schematic representation of the 2D assembly of protein rings, Scheme 5.1. 
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Figure 5.3: Tapping mode AFM images of Langmuir Blodgett film of the toroid Prx 

transferred onto freshly cleaved mica (a) 1 µm (b) 0.5 µm (c) Height profile of a single 

protein ring. 

 

5.3.3.3. Surface pressure - area (П-A) isotherm of LB film of Prx-Fe 

Figure 5.4 also represents the surface pressure-Area (П-A) isotherm for the formation of Prx-

Fe Langmuir Blodgett film when spread directly on pH 8 buffer (100 mM HEPES, 50 mM 

NaCl) subphase. At this pH, the Prx rings are stable and show surface activity leading to an 

increase in surface pressure upon compression confirming the formation of a stable film at 

the air/aqueous interphase. Similarly, to what was observed for the Prx ring only, the 

isotherm with an iron particle in the protein pore also went through the phase transition 

starting from the gaseous phase at 0 mN/m, then began to rise rapidly upon compression, 

directly transiting into the solid phase where the molecules are closely packed until the 

minimum area between the barriers was reached. No collapsing phase was observed. This can 

be a result of the formation of a highly compressible Langmuir Blodgett film. The resulting 

film was transferred at a constant surface pressure of 30 mN/m, where the film is assumed to 

be more compact 

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

12.5

0 30 60 90 120

H
e
ig

h
t 

(n
m

)

Distance (nm) 

(a) 
(b) 

(c) 



 
 

86 
 

0

5

10

15

20

25

30

0 10000 20000 30000 40000

S
u
rf

a
ce

 p
re

ss
u
re

 (
m

N
/m

)

Area per molecule (Å2)

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Result of Surface pressure-area (П-A) isotherm of the Langmuir Blodgett film of 

Fe-Prx when spread directly on pH 8 buffer (100 mM HEPES, 50 mM NaCl). Surface 

pressure is shown as the change from a base of 73 mN m−1. Area/molecule is the apparent 

area assuming that all of the added protein is adsorbed at the interface. 

 

5.3.3.4. Atomic force microscopy 

The Langmuir Prx-Fe film was transferred onto freshly cleaved mica and its morphology was 

investigated in the air using tapping mode AFM. The image reveals a closely packed two-

dimensional film of the Fe-Prx, Figure 5.5(a). A higher magnification image, Figure 5.5 (b) 

revealed the Prx ring that is round and with the inner cavity well resolved. This observation is 

in contrast to the observations for the Prx ring alone. This may be a result of the presence of 

the Fe nanoparticle in the pore, causing it to be more firmly round and the inner cavity more 

evident. The broadening effect of the AFM tip made it impossible to obtain the ring lateral 

dimension. The height profile for the Fe-Prx reveals an average height of 4 ± 0.2 nm agreeing 

with the average height obtained for the Prx ring only and also corresponding to the 

previously reported thickness for the Prx ring. The height profile also indicates that the Prx-

Fe are lying flat at the air-aqueous interphase and subsequently at the air-solid interphase thus 

agreeing with our schematic representation of the 2D assembly of protein rings, Scheme 5.1. 
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Figure 5.5: Tapping mode AFM images of Langmuir Blodgett film of the Fe2+ containing Prx 

transferred onto freshly cleaved mica (a) 2 µm (b) 30 nm (c) Height profile of a single Prx 

ring. 

 

5.3.3.5. Scanning electron microscopy and energy-dispersive x-ray spectroscopy 

Scanning electron microscopy was used to confirm the transfer of the Fe-Prx ring onto mica. 

Figure 5.6 (a) shows closely packed circular structures. As observed in the AFM, the ring 

center was not evident at this magnification. However, Energy Dispersive X-ray 

Spectroscopy (EDX) conducted simultaneously with the SEM on the film confirms the 

presence of Fe-containing particles. The EDX spectrum of the film as shown in Figure 5.6 (b) 

shows a peak corresponding to Fe. Peaks corresponding to Al, Si, K, and P are due to the 

mica substrate. 
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Figure 5.6: Scanning electron microscopy images of Langmuir Blodgett film of the Fe2+ 

containing Prx transferred (Fe-Prx) onto freshly cleaved mica (scale bar = 200nm). (b) EDX 

spectrum of the Langmuir film confirms the presence of Fe2+particle.  
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5.4. Conclusion  

In conclusion, this chapter has demonstrated the successful sequestration of iron-containing 

particles inside a Prx protein core. The sequestration of the iron was facilitated by a histidine 

tag decorating the core of the toroid Prx through oxidation of iron in the presence of oxygen. 

It also demonstrates that, in the presence of an appropriate subphase solution, large-area 

stable Langmuir monolayers of the Prx rings and Fe-Prx rings can be formed at the air/water 

interphase and can be successfully transferred as LB films onto solid supports. Size exclusion 

chromatography confirmed the successful sequestration of the iron particle inside the pore 

and using a combination of surface pressure isotherm, spectroscopic and microscopic 

techniques, we show the successful formation of stable LB films. This work has thus 

expanded the toolbox for the creation of long-range LB films of nanoparticles using 

Doughnut proteins as carriers. 
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6.0. Geometric Frustration and Long-range ordering induced by 

surface pressure oscillation in a Langmuir Blodgett monolayer of 

magnetic soft spheres 

 

This chapter was adapted from: 

Zainab Makinde et al. (2021). “Geometric Frustration and Long-range ordering induced by 
surface pressure oscillation in a Langmuir Blodgett monolayer of magnetic soft spheres, 
Langmuir 2021, 37, 33, 10150 - 10158. 

 

6.1. Introduction  

The study of magnetism in 2-dimensional structures is of particular interest for the field of 

‘magnonics’: logic elements that exploit magnetic spin waves as an approach to overcome the 

limitations imposed on conventional electronics by power dissipation[591].  Whilst magnonic 

elements are conventionally fabricated by ‘top-down’ methods of lithography, deposition, 

and etching, there is interest to explore ‘bottom-up’ methods [592] that might provide 

smaller-scale structures and hence higher switching frequencies [591, 593, 594]. One such 

possible method is the Langmuir-Blodgett (L-B) deposition [592] of 2-D layers of surfactant 

encapsulated magnetic clusters.  Surfactant-encapsulated polyoxometalate clusters [595, 596] 

(POMs) are of particular interest in this regard. Magnetic interactions in polyoxometalates 

can be tuned by changing their composition [141]. The spherical keplerate [V30W72]18- is a 

stable species and an unusual magnetic system: an undistorted spherical Kagomé lattice of 

spins [597, 598]. It has a ground state S = 0 [141, 597, 599, 600] because of 

antiferromagnetic coupling of the magnetic VIV centres. The molecule also has a large 

number (~ 80) of singlet states of energy close to the ground state [597, 600]. The magnetic 

moment increases strongly with temperature increasing to room temperature. In this chapter, 

the formation of 2-D layers of surfactant-encapsulated [V30W72]18- and specifically on 

‘geometrical frustration’ as a phenomenon determining the structure and the ordering that can 

be achieved was explored. 

Frustrated interaction is ubiquitous and has proven to be an important feature in 

magnetism[601]. ‘Frustration’ is a phenomenon where particle interactions compete such that 

all possible most favourable interactions cannot simultaneously be satisfied. Frustration leads 

to systems with a wide range of states of different structures but almost equal energy.  

Frustration in magnetic systems has opened avenues to a wide range of new and 
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unpredictable behaviours with many studies unveiling numerous new phenomena [602-605].  

An analogous ‘geometrical frustration’ appears in the structures formed upon compression of 

layers of hard spheres confined between hard walls, which have been studied for some time. 

The original experiments, performed with colloidal crystals confined in a wedge, revealed a 

series of structural transitions, triggered by the variation of spacing between the walls [606]. 

When the available thickness is equal to the diameter of the spheres, the densest structure is a 

triangular monolayer. In contrast, in 3-D, the closest packed arrangement is the square (face-

centred cubic) lattice. With the increase of available thickness, if only motions perpendicular 

to the walls is allowed, then the closest packed layer continuously transitions through a 

buckled rhombohedral structure to a 2-layer square lattice. The analogy with magnetic 

interactions in an anti-ferromagnetic Ising model has been made.  For example, Yair et al. 

[607] demonstrated that monolayer buckling can generate geometric frustration that is similar 

to the frustration observed in the antiferromagnetic Ising model. Like the frustrated magnetic 

systems, these geometrically frustrated systems show a large number of states with almost the 

same energy and cannot be iterated to a unique final stable state even upon very extensive 

shaking[608].  

If either the particles or the walls are soft, then in theoretical studies a more complex picture 

emerges. For soft particles (described by a Gaussian potential) confined between hard walls, 

Kahn et al.[609] showed a sequence of complex structures where competing lattices 

interchanging through a buckling transition are characterised by minute energy differences.  

For hard particles confined between soft walls (with interaction energy described by a spring 

constant) Curk et al.[610] deduced that the phase behaviour depended strongly on the spring 

constant describing the particle-wall interaction. The same sequence of triangular to square 

lattices was obtained.  Additionally, if the particle-wall spring constant was large (stiff walls), 

phase separation could be found with increasing density whilst if it was small (soft walls) 

then, with increasing density, a transition through a liquid phase could be observed. As the 

walls became softer the density required to obtain a crystalline phase increased, and the first 

‘solid’ phase formed with increasing density could be square rather than triangular.  Recent 

experimental studies, using gel particles whose stiffness varies with temperature, and oil-

water interfaces, have to some degree confirmed these predictions [607, 611, 612]. The 

expectation is that in magnetic devices exploiting the properties of 2D layers the behavior 

observed will be sensitive to the structure of the layer [613]. Hence understanding how to 

control structures in L-B films is of importance for any such potential application. 
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In the case of surfactant-stabilised particles, the interaction of the surfactant chains on 

neighbouring particles would be an effect of importance to the aggregation and assembly of 

particles at the interface. Hórvölgyi et al. [614, 615] have described a model for a Langmuir 

monolayer of hydrophobic particles in which the rise of surface pressure upon compression 

corresponds to a 2-D gel point: the formation of an infinite percolating cluster of a random 

network of connected particles. They showed that the area/particle at the gel point increased 

with increasing particle hydrophobicity, corresponding to increasing particle interaction 

energy such that the network did not thermally rearrange. The rearrangement of the network 

into a regular 2D crystal could be difficult to achieve. The structures formed upon 

compression in a Langmuir monolayer of surfactant-capped nanoparticles indeed depend 

upon the type and length of the surfactant relative to the diameter of the nanoparticle. Most 

studies have been on alkane thiol-capped gold systems, for which this ratio is generally 

around 1, more or less (12 carbon dodecane thiol chain length ~ 1 nm). Comeau and Meli 

[616] studied the effects of alkyl chain length and temperature on the compression of 

alkanethiol-capped, 2-3 nm diameter, gold nanoparticle Langmuir films, demonstrating that 

with chain lengths less than 15 carbons, the work of monolayer compression was less than 20 

kJ/mole of nanoparticles, whereas for longer chain lengths this work increased to more than 

100 kJ/mol. They deduced that the effects were due to chain-disorder in the shorter capping 

chains. They also showed the formation of random foam-like networks in sub-monolayer 

films. Vegso et al. [617] used grazing-incidence small-angle X-ray scattering to study the 

coalescence upon compression of kinked C18 oleyl-coated 7 nm silver particles. At zero 

excess surface pressure, they showed agglomeration into islands with translational mobility, 

which coalesced upon compression to form a continuous close-packed monolayer with local 

hexagonal order, which on further compression reorganised to form local, vertically 

correlated bilayer islands. Strong hysteresis in the surface pressure-area ( -A) isotherm upon 

re-expansion corresponded to hysteresis in the size of coherently scattering domains: the 

bilayers disintegrated into needle-like islands that only slowly relaxed back to monolayers.  

Bera et al.[618] showed reversible buckling in monolayers of dodecane thiol-capped 2 nm 

gold nanoparticles spread on water. The buckling could be annealed out by raising the 

temperature. Compressed films transferred at 16oC to a surface showed an open random 

network structure; with the sub-phase at 33oC, the transferred films showed circular island 

structures. Banerjee et al.[619] showed slow (hour timescale) 2D short-range structural 

reordering of a Langmuir-Blodgett (L-B) monolayer of thiol-capped 3 nm diameter Au 

nanoparticles, following transfer from water to a silicon substrate. The transferred layer 
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shrank, presumably through loss of water, and transitioned from a triangle (hexagonal) 

through buckled to a square lattice.   

Polyoxometalates have been identified as candidates that can serve as building blocks in the 

fabrication of molecular devices [592, 620-623] and magnetic polyoxometalates are candidates 

for magnonic devices[591]. Integration as thin films remains a challenge. Their high solubility 

in water is an obvious problem that makes it impossible to obtain POMs as monolayers on 

water that can be transferred to a substrate as L-B films, and a significant amount of work has 

been channeled towards its advancement [624-628]. However, a POM enclosed in an organic 

surfactant can be easily spread directly on water to form stable 2-D Langmuir monolayers 

[626]. Xu et al.[596] studied Langmuir films of surfactant-encapsulated clusters (SEC) in 

which the cationic surfactant dimethyldioctadecylammonium (DODA) replaced the counter 

cations of Keggin-type polyoxometalate (POM) clusters, AW12O40
z- (A, z = P, 3; Si, 4; B, 5; 

Co, 6). The collapse pressure of the Langmuir monolayer increased systematically with an 

increase of the number (3 – 6) of DODA surrounding the core. Monolayer agglomerates 

formed at low excess surface pressure; at higher surface pressure, bilayer structures were 

deduced. Kurth et al.[629], in their original description of SEC, showed the preparation of 

multilayers by transferring monolayers from the air-water interface onto quartz or Si 

substrates with the Langmuir-Blodgett technique. The films grew uniformly in thickness with 

each added monolayer and showed evidence of crystallinity. The resulting surfaces were 

hydrophobic, demonstrating how efficiently the DODA layer screens the underlying 

hydrophilic cluster.  Films cast from chloroform solution and annealed at elevated 

temperature for 15 h in vacuum showed a six-fold axial symmetry in transmission electron 

microscopy. A body-centred cubic structure of scattering centres embedded in a disordered 

matrix was deduced.  Doughty et al.[630] showed shifts in vibrational band positions of the 

surfactant that indicated a notable effect of the charge of the POM core on the surfactant 

coating and the local organisation of water surrounding the SEP assembly at the air interface. 

They deduced that the surfactant chains were disordered at the periphery as a consequence of 

the curvature of the spherical POM.   

One focus of this work is to extend research into engineering ordered two-dimensional 

arrangements of the polyoxometalates approaching macroscopic scale. To this end, control 

over the structure in the layer is important. Other authors have discussed the dynamics of 

rearrangement of surfactant-coated nanoparticles at an air-water interface: interfaces 

stabilised by nanoparticles have much more complex dynamics than those stabilised by 
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simple surfactants, with an important effect of the friction between the subphase and the 

interface as the area is changed [631]. Choi et al. have shown that the propensity to form 

long-range ordered structures of polymer brush-coated nanoparticles depends on the grafting 

density and length of the brushes in relation to the particle radius: on 8 nm polystyrene 

particles, short brushes behave as stretched chains and the resulting particle behaves as a hard 

sphere, whereas longer chains form disordered coils at the periphery and the resultant particle 

behaves as a soft sphere [632, 633]. Kim et al., studying the relaxation of surface pressure in 

Langmuir films of ligand-coated 5 nm gold particles, and the structures formed after 

successive small relaxation steps, showed annealing of defects in the resultant LB films and 

deduced an important effect of interdigitation of the ligand chains as a result of the relaxation 

procedure [634]. The surfactant-encapsulated POMs are soft spheres, and the sub-phase of a 

Langmuir trough is a soft wall. Hence consideration of the consequences of geometrical 

frustration in a system of soft spheres confined between soft barriers comes into view: 

specifically, how they formed structure might be affected by the energetics of interaction of 

the particles with one another and with the sub-phase and interface, and how the structure 

might be annealed to achieve longer-range order. Here, we show effects on the structure of 

the layer which we interpret as due to both the particles and the ‘wall’ (the liquid sub-phase 

in which the particles are insoluble) as being ‘soft’. We show hysteresis in surface pressure-

cycling of the layer and the formation of a square lattice in 2-D films, which we interpret as 

the result of geometrical frustration in a layer with a soft wall. We demonstrate the effect of 

large-amplitude surface pressure cycling as an “annealing” technique [635] for the interfacial 

film.  

6.2. Experimental  

6.2.1. Materials  

Polyoxometalate salt [K20[(W)W5O21(SO4)]12(VO)30(SO4)(H2O)63]18-, in which the anion is 

represented as [V30W72]18-, was prepared by literature methods [141, 591]. The POM has a 

net magnetic moment of 14.02 µB, which we determined by NMR spectroscopy using the 

Evans method [636]. Chloroform and dioctadecyldimethylammonium bromide 

((CH3)2(C18H37)2N.Br), DODA.Br) surfactant was obtained from Sigma Aldrich and used 

without further purification. The ultra-pure water was acquired from a Milli-Q water 

purification system. The Kibron Langmuir Blodgett trough X with an area of 106.2 cm2 was 
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obtained from Kibron Inc., Finland. TEM image was acquired using a Tecnai 12 electron 

microscope operated at 120 kV.  

6.2.2. Synthesis of (DODA18 [V30W72]) 

The surfactant-encapsulated dimethyl-dioctadecylammonium salt [DODA]18[V30W72] was 

prepared by treating an aqueous solution of the POM cluster [V30W72]18- with a 

stoichiometric quantity (1:18) in chloroform solution of the surfactant dimethyl-

dioctadecylammonium bromide (C38H80BrN, [DODA]+Br-) followed by constant stirring for 

30 min. Successful encapsulation was confirmed by a change in colour of the organic phase 

from colourless to green (the colour of the POM cluster in water). The organic-coloured 

solution containing the DODA18 [V30W72] cluster salt was extracted, washed several times 

with water, and dried through solvent evaporation [136, 137].   

6.2.3. Preparation of Langmuir-Blodgett of DODA18 [V30W72] film 

The Langmuir-Blodgett film was formed by spreading 20 µL of a chloroform solution of the 

DODA18 [V30W72] (4 wt %) onto a subphase containing Milli Q water. The chloroform was 

allowed to evaporate for approx. 20 – 30 min and the surface pressure–area (П-A) isotherm 

was recorded by compressing/ expanding the LB film at a rate of 6.9 Å2/molecule/sec. The 

floating film was transferred at a constant surface pressure of 30 mN/m onto carbon-coated 

grids for TEM imaging. The TEM grid has been previously inserted into the subphase before 

film formation and upon film formation, the substrate was vertically withdrawn from the 

subphase with a dipper speed of 5 mm/min, while pressure is kept constant throughout the 

transfer. 

6.3. Results and Discussion 

6.3.1. Surface pressure –area (П-A) isotherm 

Figure 6.1 shows the surface pressure-area (П-A) isotherm of the surfactant-

encapsulated POM. The isotherm is reproducible and indicates stable monolayer formation 

with characteristic lift and collapse pressures of 3 mN/m and 41 mN/m, respectively. The 

form of the isotherm, consistent with previously reported work [637], can be interpreted 

as the initial formation of a random network 2D gel [614, 615] then the development of a 2-

phase mixture of gel and soft 2D solid, then the compression of the soft solid.  
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Figure 6.1: Surface pressure-area isotherm of Langmuir film of DODA18 [V30W72] (inset: 

Schematic drawing of the chemical structure of the spherical shaped hybrid composing of 

V30W72 polyoxometalates (inner core) and the surrounding DODA organic surfactant). 

Surface pressure is shown as the change from a base of 72.8 mN m−1. Area/molecule is the 

apparent area assuming that all of the added DODA18 [V30W72] is adsorbed at the interface. 

 

6.3.2. Compression/expansion hysteresis 

Figure 6.2 (a) shows the compression/expansion isotherm over 10 cycles with 180 secs 

waiting time between individual isotherm cycles, and Figure 6.2(b) shows the surface 

pressure- area (П-A) isotherm representing the 1st and 10th compression/expansion 

cycle of the Langmuir film.  A hysteresis loop was observed during the first cycle, 

which then changed slightly in subsequent cycles: Figure 6.2(b).  

Observation of a hysteresis loop during the first cycle can be interpreted as the 

formation of an aggregate upon compression.  When the hysteresis remains over 

subsequent cycles, this indicates that the aggregates disassemble upon expansion, on a 

timescale that is similar to that of the expansion and compression. The result is 

consistent with the model of Vegso et al.[617]. Since the compressibility in each 

phase, and the range of the two-phase region remains almost the same for each cycle, 

the dissociation of aggregates would seem to be complete on the time scale of the 

pause at an excess pressure of 0 mN/m between cycles (180 s).  If there was no pause 
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at 0 mN/m, or if the cycle was reversed at a surface excess pressure greater than 0 

mN/m, then there was a significant change in the hysteresis over the 10 cycles: Figure 

6.3. Figure 6.3(a) shows the effect of no pause at 0 mN/m with cycling only through 

the 2-D gel into the 2-phase region.  The gel point area increased on each cycle, 

indicating larger and larger aggregates forming on each cycle. The hysteresis 

diminished on each cycle, indicating the persistence of these aggregates.  

 

 

 

 

Figure 6.2: Result of compression/expansion cycle. (a) Surface pressure-area 

isotherms of 1st – 10th cycles while fully expanding barriers, with pause time of 180 s 

at maximum expansion. (b) 1st and 10th cycle. Area/molecule is the apparent area 

assuming that all of the added DODA18 [V30W72] is adsorbed at the interface. 

 

However, after the first few cycles, the magnitude of the change from one cycle to the 

next decreased, in both gel-point area and hysteresis, and the surface pressure and 

area/molecule for the transition from 2-D gel to 2-phase region decreased: Figure 

6.3(c). An interpretation is that the random-structured gel aggregates rearranged and 

stiffened if no time was allowed for their dissociation. With the cycle reversing 

without pause at 15 mN/m, towards the high-pressure end of the assumed 2-D gel 

region, again the molecular area for a given surface pressure decreased on each cycle, 

and the area range for the two-phase region decreased resulting in the hysteresis also 

decreasing. The molecular area corresponding to the transition from 2-phase to soft 

solid steadily decreased with continued cycling: Figure 6.3(c). An interpretation is 

(a) (b) 
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that, on pressure cycling, without allowing time for aggregates to dissociate, the 2D 

gel aggregates undergo a structural rearrangement such that the area of an individual 

aggregate decreases and they become more like the soft solid assumed at higher 

surface pressure. Figure 6.3(b) illustrates another subtle point: the dependence of the 

film dynamics on the detail of the initial state of the system. In this case, the film was 

first compressed from a fully open state to a surface pressure of 15 mN/m. Then there 

was a pause of approximately 5 min to adjust the instrument controls. Then the cycling 

started. It is clear that, during the pause, the 2-phase film had rearranged back to a gel 

that was stiffer than previously. These complex dynamics are consistent with 

observations by other authors on other surfactant-stabilised nanoparticle systems [631, 

634, 638].  Sagis et al.[631] have deduced three mechanisms for surface relaxation 

(and hence hysteresis in P-A measurement): mass transfer between surface and bulk 

(applicable to simple water-soluble lipid systems); lateral rearrangement; and friction 

between the bulk and surface as the area changes.  Given the long time scale and the 

insolubility of the SEC in water, we deduce that lateral rearrangements within the 

adsorbed monolayer are the cause of the hysteresis. We deduce that the large 

amplitude of the surface area cycle allows time for dissociation and reorganisation of 

surface aggregates, which distinguishes this procedure from the small-amplitude 

perturbations used by other authors [634, 635]. Martín-García and Velázquez [639] 

have also shown the benefit of using large strain amplitudes to induce surface 

rearrangements, and have similarly deduced the importance of aggregate 

rearrangement, and component movements inside each aggregate. 
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Polymers have been known slowly to undergo rearrangement at air-aqueous interfaces 

[640-642]. With this in mind, we reason that one element influencing the structural 

rearrangement and dissociation dynamics of aggregates is the time- and surface 

pressure-dependent interpenetration of the polymer chains of the surfactant molecules 

on different particles [632, 633], as also indicated by Kim et al. [634].  Thus, the 

diminishing of the hysteresis loop observed upon pressure cycling and the stiffening of 

the 2-D gel upon holding at constant pressure can also be a result of steric repulsion 

operating as the film is compressed into the 2-D gel and solid phases. We hypothesise 

Figure 6.3: Results of Surface pressure 

cycling, changing the pause time between 

cycles, and minimum pressure at which the 

cycle is reversed (a) Surface pressure cycling 

between 0 mN/m – 15 mN/m with no pause at 

either extreme. Increasing cycle number from 

1 to 10 is shown by the arrow at the top of the 

curves. (b) Surface pressure cycling between 

15 mN/m – 30 mN/m, with no pause at either 

extreme. There was a pause of ~5 minute at 15 

mN/m before the cycling started. (c) 

Area/molecule at which the change in slope 

occurred vs cycle number. Surface pressure is 

shown as the change from a base of 72.8 mN 

m−1.  

 

 

(a) 

(c) 

(b) 
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that the polymer chains tend to fold and not interpenetrate as the particles initially 

come into contact, then interpenetrate slowly and dissociate from the interpenetrated 

state slowly. However, on pressure annealing, the interpenetration of polymer chains is 

more effectively achieved, and the dissociation is therefore even slower so the 'solid-

phase persists to lower surface area. 

6.3.3. Transmission electron microscopy (TEM imaging and analysis) 

The floating Langmuir film was readily transferred onto the carbon-coated grids at a 

constant pressure of 30 mN/m after a single compression for the un-annealed film and 

the same pressure after the surface-pressure cycling for the annealed film. Both film 

morphologies were investigated using transmission electron microscopy (TEM).  We 

assume that the structure observed is that of the original Langmuir film and is not 

changed as a consequence of the formation of a free surface over the grid holes or by 

interaction with the grid substrate.  Figures 6.4(a) and 6.4(b) show TEM micrographs 

of the un-annealed and annealed films respectively, both showing domains existing as 

a two-dimensional square packing of the POM particles, more evidently regular in the 

case of the annealed film. The anionic POM cluster appears as a dark spot embedded 

in a bright matrix of the DODA+ cations. The average diameters of the dark particles 

obtained from the micrograph of the annealed and un-annealed film are both 

approximately 2.4 nm, with an average centre to centre distance of 3.6 ±0.2 nm. These 

values are in close agreement with the diameter (2.5 nm) reported for [V30W72]18- 

polyoxometalate and the average chain length of 2 DODA.Br molecules (3.8 nm) 

[141],[136, 137, 643]. The magnetic dipole interaction energy between the POMs would be 

negligible in comparison with thermal energy at room temperature1.  While the expected 

closest packing in a 2-D system is a triangular (hexagonal) lattice, the square lattice observed 

in this system is unusual in an L-B film. As noted in the Introduction, the air-water interface 

is not a system confined by hard boundaries and so falls between a 2-D and 3-D system. In 

such a system, dependent on the energetics of interaction with the solvent, the energy may be 

minimized by buckling of the layer, giving rise to the observed square packing, as also seen 

in similar systems differently prepared [591, 607, 644]. 

 

                                                             
1 The interaction energy between two parallel magnetic dipoles, with dipole moment m and spacing r 
is E= 024πr3. With m = 10 mB and r = 1 nm, E = 8.6 ×10-25 J . Thermal energy at room temperature ≈ 
4 ×10-20 J. The steep decline of energy with distance means that the energy is not significantly 
increased by doing a lattice sum. 
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A comparison of the length scales of ordering shown in the TEM micrographs of the 

annealed and un-annealed films was obtained by comparing the 2-D Fast Fourier 

Transformation (FFT) of areas of different sizes. If the 2D crystals were much smaller than 

the selected size scale and randomly oriented within the observation window, then the FFT 

would show a ring pattern only. If the 2D crystals were of comparable size to, or larger than 

the observation window, then the FFT would show spots. Figures 6.4(c) and 6.4(d) show the 

magnified image of a (100 nm ×100 nm) square and the corresponding FFT, for the pressure 

cycle-annealed and un-annealed films. The annealed film, Figures 6.4(c) exhibits a single-

domain square lattice diffraction pattern corresponding to a 2D square ordering of the SECs 

on the 100 nm scale. On this size scale, the unannealed film also shows a spot pattern, but is 

slightly broadened, Figures 6.4(e). Further increasing the size scale to 150 nm × 150 nm, the 

ordering is less evident for the annealed film, Figure 6.4(d), and almost absent for the un-

annealed, Figure 6.4(f), indicating that the 2D crystals were much smaller than the 150 nm 

size scale.  
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Figure 6.4: TEM micrograph of a Langmuir film of DODA18 [V30W72] transferred after: (a) 

multiple compression/expansion (b) a single compression (high resolution image as inset); 

(c) 100 nm  100 nm dimension magnification of (a) (scale bar = 50 nm); (inset: spot 

patterned FFT); (d) 150 nm  150 nm dimension magnification of (a); (inset: ring and spot-

patterned FFT) (e)100 nm  100 nm dimension magnification of  (b) (scale bar = 50 nm); 

(inset: ring and spot-patterned FFT) (f) 150 nm  150 nm dimension magnification of (b); 

(inset: ring patterned FFT). 
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The shift towards the lower molecular area region and gradual collapsing of the 

hysteresis loop during the cycles observed in Figure 6.3 can also be indicative of film 

annealing through rearrangement of the hybrid molecule at the interphase, perhaps 

associated with buckling of the adsorbed layer as a consequence of the geometrical 

frustration effect. 

6.4. Conclusion  

We have demonstrated the formation of a stable and compact 2-D array of hybrid soft spheres 

existing in a square lattice arrangement. We highlighted the relevance of the large-amplitude 

surface-pressure cycling as an “annealing” technique for achieving the ordering of particles. 

We have thus expanded the toolbox for the creation of long-range ordered LB films of POMs 

which will aid in the exploration of functional devices exploiting their properties. This 

procedure may be extended to the generation of organized LB film of other interesting 

materials with desirable properties and diverse functionalities.   

 If the particle-particle interaction energy were to be described by a Gaussian function [609], 

then chain disorder at the periphery [630, 632] would be expected to alter the range of this 

function.  Thus, following  Kahn et al. [609], particles comprising a hard core with a polymer 

shell, such as the surfactant-encapsulated POMs, should show effects on 2-D structural 

ordering in LB films of the radius of the core in relation to the length of the polymer chains 

that are simply a consequence of geometrical frustration. While the square packing of spheres 

that we have observed is unexpected, we interpret this phenomenon as a geometrical 

frustration effect that causes the buckling of the monolayer.  This is a fundamental 

phenomenon, which, though the sequence of the various structural transformations may be 

modified, occurs regardless of the details of the potential energy functions.  
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7.0. Semiconducting nanofibres from a self-assembling peptide-

dye conjugate 

 

7.1. Introduction   

The limitations posed by conventional semiconductive materials concerning health and 

environmental applications have led to continuous interest in the design of semiconductors 

that are biocompatible and environmentally friendly. 

Self-assembled nanostructures featuring short peptides are suitable candidates for the 

development of semiconducting materials that may bridge the gap between conventional 

semiconductors and biological systems[177]. Potential applications of self-assembling 

peptides, based on their ease of synthesis, ease, range of accessible chemical modification, 

and geometrical precision have been well-rehearsed in several reviews [493-499].  Their 

ability to form different nanostructures such as tapes, ribbons, fibres, and vesicles through 

intermolecular interactions makes them particularly interesting. Their ease of modification is 

also an attractive property that enables their functionalization or conjugation with a vast 

range of other functional molecules that may lead to the development of materials with 

improved properties and molecular arrangements that may have applications in drug delivery, 

sensing, and electronics. This attractive use of peptides has been reported in several reviews 

[645-651]. A detailed understanding of the self-assembly of the peptide is crucial in 

determining possible modifications, particularly when aiming at controlling the molecular 

assembly of the resultant material. 

In designing peptide-based semiconductors, small organic molecules and polymers 

containing heteroaromatic backbones have been of increasing interest due to their ability to 

transport charge and interact with light. Their ease of modification also makes them a better 

candidate compared to their inorganic counterparts. For this study, we have used a 

Thiophene-diketopyrrolopyrrole (TDPP) as our semiconducting building block. TDPP is a 

fluorescent molecule that has been widely explored in the development of organic-based 

electronics such as field-effect transistors and photovoltaics [165, 652-656]. The thermal and 

photo- stability make it appealing to use. In the solid-state, TDPP molecules show a 

significant orbital overlap between neighbouring molecules enabling long-range charge 

transport [657]. This is a result of the presence of a planar π-conjugated system and 

intermolecular hydrogen bond. 



 
 

105 
 

Another interesting property of TDPP is its ease of modification.  The thiophene rings and the 

secondary amine groups in the TDPP have been commonly used as the synthetic point for a 

wide range of derivatisation [164, 658, 659]. For example, the problem of the low solubility 

of TDPP in organic solvents can be addressed by alkylating the amide functionalities. 

However, alkylating can as well alter the electronic properties of the TDPP [658, 659]. In this 

regard, appending self-assembly units to the core of the TDPP can be an alternative approach 

to increasing its solubility and improving its molecular organization while also retaining its 

intrinsic properties. Adams et al., [660] have reported the successful attachment of 

phenylalanine to TDPP derivatives which resulted in a chromophoric hydrogelator with pH-

dependent conduction properties. The intriguing properties displayed by self-assembling 

peptides have identified them as an ideal candidate to be conjugated with heterocyclic 

compounds such as TDPP. While several synthetic peptides have been explored for this 

course, an interesting avenue for exploration is the use of natural self-assembling peptide 

sequences derived from natural proteins to introduce self-assembly properties on 

heteroaromatic polycyclics, to obtain self-assembling semiconducting materials. For 

example, Eakins et al., [205] have reported conjugation to a 7-amino acid peptide sequence 

IKHLSVN (inspired by the β-β interphase of a natural protein: peroxiredoxin 3) to induce 

self-assembly of a perylene dimmide based semiconductor building block.  

The present work aims to explore the semiconducting properties of a new class of bio-organic 

material featuring a natural self-assembling octapeptide (HEFISTAH) and a semi-conducting 

TDPP dye. HEFISTAH is the only peptide of the already reported 4 peptides existing at the 

interphase of homo-oligomeric proteins that do not contain an amino acid that can complicate 

the regiospecific derivation of organic material. We reasoned that the conjugation of TDPP to 

the N-terminal of HEFISTAH would improve the solubility of the resultant material in an 

aqueous solution and also facilitate thin film formation. Conjugation of aromatic polycyclic 

units to peptides is known to induce the formation of fibres, so we also reasoned that TDPP 

attachment would not hinder but improve the self-assembling properties of the peptides 

allowing for the formation of a long-range ordered thin film. We then speculated that the 

resultant assembly would couple the TDPP moieties on adjacent molecules resulting in an 

extended semiconducting nanofibre. The synthesis and characterization of this bio-organic 

material conjugate have been reported by our group [661].  The self-assembly of the 

HEFISTAH peptide is retained after conjugation with TDPP [662].  
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Herein, we report the formation and characterization of a long-range ordered 2-D assembly of 

this new class of material using the Langmuir-Blodgett technique. To the best of our 

knowledge, Langmuir films of this kind of hybrid material have never been reported.  We 

also report the self-assembly into micrometer-length nanofibers that occurs when an aqueous 

solution of the peptide-dye conjugates is simply left standing (“ageing” of the solution). By 

drop-casting aged and diluted solutions onto interdigitated gold electrodes, we were able to 

prepare sparce, connected networks of fibres bridging the electrodes and measure their 

electrical conductivity. We describe the conducting properties of the peptide-dye nanofibers 

prepared from drop cast aged samples. By studying the dependence of the conductivity on the 

atmosphere contacting the nanofibre array, we deduce that these are proton conductors but 

not electronic conductors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Schematic representation of the synthesis of the new class of bio-organic material 

featuring a semiconducting dye and a natural self-assembling peptide. (a) Crystal structure 

of the natural protein, (b) HEFISTAH sequence highlighted in black (c) Peptide sequence 

structure (d)TDPP-thienyl N, N’-diacetic acid (e) Mono-conjugated (27%) and (f) Di-

conjugated product (15%). The materials were synthesised by Aakanksha Rani [661, 662]. 

 

Natural protein 

β- β interphase 

(i) PyBOP, 6-Cl-HOBt
DIPEA,NMP

(ii) TFA:TIPS:H2O
(95:2.5:2.5)

Mono-conjugated product (27 %) Di-conjugated product (15 %)

H     E     F      I      S       T       A        H

(a) 

(c) 

(b) 

(d) 

(e) 
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7.2. Experimental 

7.2.1. Synthesis of the mono- and di-conjugated peptide-dye samples 

The N-terminal acetylated peptide (c) mono-conjugated product (e) and di-conjugated 

product (f) were prepared by Aakanksha Rani following the schematic protocol represented 

in Scheme 1. Detailed experimental and purification procedure is reported in [661]  Appendix 

3-5 also shows the analytical HPLC and ESI-MS data of the un-conjugated peptide and the 

resultant peptide-dye conjugates confirming their purity. The products were water-soluble. A 

1 wt. % solution in water of either the mono- or the di-conjugate sample appears as a clear 

liquid, with no gel formation observed.   

7.2.2. Preparation of Langmuir monolayer and Langmuir -Blodgett Film 

Langmuir-Blodgett films of the mono and di-conjugated samples were formed by spreading 

50 µL of a 1 mg/ml solution dissolved in Milli-Q water onto the sub-phase (Milli-Q water) 

using a microsyringe. The system was allowed to equilibrate for approx. 15 mins and the 

surface pressure–area (П-A) isotherm was recorded upon compression and expansion of 

barriers at a constant speed of 31 mm/min: 0.43 Å2/molecule/s and 0.69 Å2/molecule/s for the 

mono and di-conjugated samples respectively.  

7.2.3. Preparation of Langmuir-Blodgett film 

The Langmuir monolayer formed at the air-water interphase was transferred onto a freshly 

cleaved mica that had been previously inserted into the sub-phase before film transfer at a 

constant surface pressure of 40 mN/m for the mono-conjugated sample and 80 mN/m for the 

di-conjugated sample. Each LB film deposition was achieved through upward removal of the 

substrate (upward stroke) at a constant speed of 5 mm/min. 

7.2.4. Atomic force microscopy 

The morphology of the Langmuir Blodgett films transferred onto mica was investigated in 

the air using Atomic force microscopy (AFM).  The AFM measurements were taken using the 

Cypher ES AFM in tapping mode using a silicon probe with a resonance frequency of 150 Hz 

(Tap150, k ~ 5 N/m, Budget Sensors, Sofia, Bulgaria).  
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7.2.5. Fourier transform IR (FTIR) spectroscopy  

FTIR data were collected using a PerkinElmer 100 FTIR spectrometer for both solution and 

Langmuir film. Each spectrum reported in this chapter is an average of 128 scans over the 

range of 4000-400 cm -1. For the measurements, 1 wt. % of the mono and di-conjugated 

samples were prepared in water.  Both solutions appear as a clear liquid and no gel was 

observed.  Similarly, the FTIR spectrum of the LB films of mono and di-conjugated samples 

transferred onto mica was investigated. 

7.2.6. Electrical measurements 

Samples for electrical measurement were prepared on interdigitated gold band microelectrode 

arrays (Micrux Fluidic, Spain) both by Langmuir-Blodgett deposition and by drop-casting 10 

µL of peptide solution and allowing the film to dry in air. The arrays comprised a 3.5 mm 

diameter disc of 10 µm wide gold bands interdigitated with 10 µm spacing, fabricated on a 

glass substrate. As a control to distinguish any specific effect of the TDPP conjugate, the 

unconjugated self-assembling peptide HEFISTAH was used. Electrical measurements used 

an Emstat Pico Potentiostat (Palmsens, Netherlands). DC current-potential difference 

measurements were performed using a staircase with an amplitude of 20 mV over the range 

of 0 to 2V potential difference applied between the electrodes. AC impedance was measured 

over the frequency range of 20 Hz to 2 MHz using an AC perturbation voltage of 250 mV 

and a DC bias voltage of 0 V. Measurements were performed in a glass chamber placed in a 

Faraday cage at room temperature (20 ± 1oC).  The atmosphere for the measurement was 

varied in water vapour pressure and oxygen partial pressure: dried, humidified, or ambient 

room air; dried or humidified nitrogen; and vacuum. Ambient air had a relative humidity of 

59%, and the laboratory piped vacuum used had a reduced pressure of approximately 46 torr. 

Nitrogen had an oxygen content of <0.1 %. Gases were dried by passage through a column of 

4 Å molecular sieves and humidified by bubbling through pure water at room temperature. 

7.3. Results and Discussion 

7.3.1. Structures formed in aqueous solution and drop-cast films 

To understand the structural and morphological properties of the self-assembling peptide and 

its mono and di conjugated samples, FTIR and Atomic Force Microscopy were used to 

investigate the secondary structures and structural morphologies of the samples.  The FTIR 

spectrum of a 1 wt. % aqueous solution of the peptide and the conjugates, Figure 7.1(a), had a 



 
 

109 
 

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

1580 1610 1640 1670 1700

N
o

rm
a

liz
e

d
 a

b
s

o
rb

a
n

ce

Wave number (cm-1)

Mono-conjugated sample

Di-conjugated sample

HEFFISTAH Peptide only

broad band between 1600 cm-1 and 1700 cm-1 indicating the presence of α-helix, β-sheet, and 

possibly random coil secondary structures. The spectra indicate that the mono- and di- 

conjugated samples retained the intrinsic secondary structure of the peptide.  

AFM of the film formed from drop-casting a 1 wt. % aqueous solution on freshly cleaved 

mica and imaged in air revealed fibrils with a width of ~ 54 ± 5 nm, Figure 7.1 (b-d). 

However, for the mono and di-conjugated samples, an extended network of fibre 

nanostructures was observed. The width of fibres ~ 94 ± 5 nm observed for the mono-

conjugated sample was almost double the width of the self-assembling peptide (HEFISTAH) 

only and wider than the observed width for the di-conjugated sample (~ 74 ± 5 nm). A longer 

length of the extended network of fibres was observed in the di-conjugated sample compared 

to the mono-conjugated sample. The absence of an extended network of fibres in the 

HEFISTAH peptide sample indicates that conjugation with the TDPP dye enhances the 

formation of an extended network of self-assembled fibres, which may be a result of either 

hydrophobic or π-π interactions or possibly both.  
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Figure 7.1: (a) FTIR spectrum of 1 wt. % aqueous solution of un-conjugated HEFISTAH 

peptide, mono, and di-conjugated samples. AFM images of (b) peptide (scale bar = 0.5 µm) 

(c) mono-conjugated sample (scale bar = 1 µm) (d) di-conjugated sample (scale bar = 1 µm) 

prepared by drop-casting a 1 wt. % solution of each of the samples onto freshly cleaved mica 

and followed by solvent evaporation in air.  

7.3.2. Formation and characterisation of Langmuir-Blodgett film of the 

conjugated samples 

7.3.2.1. Surface pressure-area (П-A) isotherm  

The formation of a Langmuir monolayer of the samples at the air-water interphase was 

monitored and characterized by the surface pressure-area isotherm.  Figure 7.2 shows the 

surface pressure-area isotherm for the HEFISTAH peptide only, mono- and di-conjugated 

peptide-dye at the air-water interphase. No surface activity was observed for the peptide only 

as demonstrated by no increase in surface pressure upon compression of the barriers: this can 

be because of its high solubility in water. An increase in surface pressure was observed for 

mono- and di- conjugated samples upon compression indicating the formation of an insoluble 

monolayer at the interphase. The surface activity observed for the dye conjugated peptide 

samples can be attributed to the hydrophobicity of the TDPP dye. The change in slope 

observed during compression is indicative of a phase transition from a 2-D gaseous phase to a 

2-D condensed phase. Extrapolation to 0 mN/m of the linear part, where the monolayer is 

assumed to be more compact, gives a limiting area/molecule of ~ 22 Å2 for the mono-and ~ 

34 Å2 for the di- conjugates respectively. These values are significantly lower than the 

theoretical areas, calculated as 133 Å2  and 198 Å2  for the mono- and di-conjugate sequence 

(d) (c) 
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using 3.6 Å as the average length of amino acid [540] and 37Å and 55 Å as the estimated 

length of the TDPP in the mono- and di-conjugates [662]. The result indicates that the peptide 

conjugate is not lying flat at the air-water interphase. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2: Surface pressure-area isotherm of Langmuir Blodgett film of HEFISTAH peptide, 

mono-conjugated and di-conjugated samples. Surface pressure is shown as the change from 

a base of 72.8 mN m−1. Area/molecule is the apparent area assuming that all the added 

samples are adsorbed at the interface. 

 

7.3.2.2 Atomic force microscopy and FTIR spectroscopy 

The Langmuir monolayer formed at the air-water interphase for both mono and di conjugated 

samples respectively was transferred onto freshly cleaved mica and the morphology and 

secondary structures of the resultant LB film were investigated using AFM and FTIR. The 

AFM revealed closely packed and well-aligned long fibres in the LB films of mono and di-

conjugated samples, Figure 7.3 (a and b) and Figure 7.3 (c and d) respectively. The LB film 

of the di-conjugated sample, Figure 7.3 (c) appears to be more aligned, revealing longer thin 

fibres that are well-aligned side by side following a similar pattern. This is not surprising and 

maybe because of the presence of two peptide units in the di-conjugated sample allowing the 

formation of a longer fibre network. This result also indicates that the peptide is a major 
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contributor to fibre formation. The average height of the fibres in both films is about 0.3 ± 0.4 

nm which is close to the length of a single amino acid (0.36 nm), this may indicate that the 

peptide is aligned in a flat position at the interphase. Similarly, the peptide width is smaller 

compared to the drop cast films, Figure 7.3 (b) and (c), which may be as a result of the 

concentration, as a lower concentration was used in the LB film preparation, or because of 

the way they are arranged at the interphase.  

  

 

 

 

 

Figure 7.3: Atomic Force Microscopy (AFM) image of the resultant Langmuir Blodgett film 

of mono-conjugated sample (a) scale bar = 1 µm (b) scale bar = 400 nm and di-conjugated 

sample (c) scale bar = 1 µm (d) scale bar = 500 nm. 
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Similarly, the secondary structure of the LB films was investigated by FTIR. The FTIR 

spectrum, Figure 7.4 reveals an intense peak at 1627 cm -1 for the mono-conjugated sample 

and a similar intense peak at 1629 cm-1 for the di-conjugated sample. The observed intense 

peak at this band region indicates the presence of a predominantly β-sheet secondary 

structure in the LB films. The observed secondary structural confirmation is different to what 

was observed in the solution. This may be because the structural alignment at the interphase, 

as a result of compression of a monolayer, enhances β-sheet interaction. 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 7.4: Result of FTIR of the resultant Langmuir Blodgett film of the mono and di-

conjugated samples transferred onto mica. 

 

7.3.3. Electrical measurements of the nanofibres formed from un-conjugated 

HEFISTAH peptide, mono, and di-conjugated samples.   

7.3.2.1. Electrochemical impedance spectroscopy (EIS) 

EIS was used to study the electronic properties of the nanofibers and the impedance data is 

presented as a Nyquist plot, which is the plot of real impedance, Z’ (resistive) against 



 
 

114 
 

imaginary impedance Z” (capacitive) and as a Bode plot which is a plot of frequency against 

the magnitude of the impedance (/Z/).  

First, conductivity measurements on LB films formed on interdigitated gold electrodes 

showed that the LB films were of extremely high resistance. On the other hand, solutions 

diluted from concentrated (1 wt %) aqueous samples that had been aged for 24 hrs formed 

long fibres. Fibre networks formed spanning the electrodes when these solutions were drop-

cast onto interdigitated gold electrodes had an easily measureable conductivity. Fibres 

observed followed the dilution was longer when compared to fibres observed from un-aged 

sample solutions, Figure 7.5. 

   

 

 

 

 

Figure 7.5: Result of the effect of ageing on the morphology of the di- conjugated sample (a) 

AFM image of the sample prepared by drop-casting 0.03 mg/ml solution diluted immediately 

from 1 wt % stock solution (scale bar = 2 µm), (b) AFM image of same concentration diluted 

after 24 hrs of ageing the stock solution. Both samples were prepared on a freshly cleaved 

mica and followed by solvent evaporation in the air.  

Following the above structural understanding, we used scanning electron microscopy to 

investigate the assembly of the long fibres across 10 µm wide gold bands interdigitated with 

10 µm spacing electrodes. We also investigated the effect of concentration on the fibre 

network density. Aged 1 wt% solution diluted to 0.06 mg/ml and further diluted to 0.03 

mg/ml and 0.015 mg/ml were investigated. At a higher concentration of 0.06 mg/ml, we 

observed rod-like structures randomly placed across the electrode surface; higher 

magnification of the rod structures revealed an extended network of fibres which indicates 

(b) (b) 
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that at this concentration, the network of fibres rolled up to form rod-like structures.  At 0.03 

mg/ml, no rod-like structures were observed on the electrode surface: instead, the SEM 

revealed a nanofibre network mat lying on the electrode surface. At 0.015 mg/ml, dispersed 

fibres were observed, Figure 7. 6 (a) – (c). 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 7.6: Scanning electron micrographs of the different concentrations of the di-

conjugated nanofibres when deposited on the interdigitated electrode (a) 0.06 mg/ml 

(including higher magnification image) (b) 0.03 mg/ml (scale bar = 3 µm), (c) 0.015 mg/ml 

(scale bar = 2 µm). Samples were diluted from an aged stock solution, as described above. 

(a) 

(c) (b) 
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The granular sub-structure (highlighted in white box) is due to the gold film sputtered onto 

the surface of the electrode for imaging. 

 

For the drop-cast films, if conditions were chosen (0.03 mg/ml diluted from a 1 wt % aged 

stock solutions) such that thick, long fibres were formed then the resultant films indeed had a 

measurable resistance. Figure 7.7 showed the Nyquist and Bode plot that compares the EIS 

measurement of the di-conjugated sample films formed from the aged solution and LB film. 

Following these results, all mono and di conjugated sample films used for the EIS study were 

dropped cast from aged, concentrated solutions. 

 

 

 

 

Figure 7.7: Result of the comparison of EIS measurements on LB films and films formed by 

drop-casting of aqueous solution diluted from an aged, concentrated solution of the di-

conjugated sample. (a) Nyquist plot (inset: Nyquist plot of the film formed from drop-casting 

the diluted aged solution), and (b) Bode plot. 

 

Figure 7.8 (a) compares the impedance of films prepared on 10 µm wide gold bands 

interdigitated with 10 µm spacing fabricated on a glass substrate. The films were formed by a 

drop-casting from 10 µL of 0.03 mg/ml aged solutions of the mono-and di conjugated 

samples, and 10 µL of 10 mg/ml HEFISTAH peptide solution. The concentration of 

unconjugated peptide used was significantly greater than that of the conjugates and this is 

because fibre formation was only observed at high concentrations (10 mg/ml) for the 

(a) 
(b) 
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unconjugated self-assembling peptide (HEFISTAH).  Figure 7.8 (b) also shows the Bode plot 

which is represented as the plot of the magnitude of impedance against the frequency.  Figure 

7.8 (c) shows an equivalent circuit that represents the observed behaviour.  The impedance 

was measured with a DC bias voltage of 0 V. At 0 V, there is no electrode reaction and no 

current flow (see section 7.3.2.2). The electrode behaves as a capacitor but not an ideal 

capacitor and this can be attributed to the fibre connection with the electrodes. The equivalent 

circuit, therefore, relates to the morphology of the fibre network and the way it connects to 

the electrodes and it is interpreted based on these factors.  

The series resistance element, R obtained after fitting represents the resistance of the fibres 

within the network and it increases in the sequence di-conjugate (26.7 kΩ) < mono-conjugate 

(131.8 kΩ) < peptide (1740 kΩ). The observed sequence is attributed to the fibre morphology 

as seen from the AFM image: a longer closely connected fibre network was observed for the 

di-conjugated samples compared to the mono-conjugated samples, with the un-conjugated 

peptide existing as short fibres and no evidence of long–extended fibre connection. The 

conjugates show, at low frequency, an element that approximates the impedance of the 

electrode and is represented as the constant phase element (CPE) in the circuit. The CPE has 

an impedance given by equation 7.1 [663]: 

 

                             (7.1) 

 

Where  is the angular frequency,  is the CPE parameter,  is the order which is usually 

between 0 and 1. An ordinary capacitor gives =1, a resistor gives  = 0 and  = 0.5 is used 

as a Warburg element usually used to model a diffusion process or infinite transmission line 

[663]. The order obtained hereafter fitting increases in the sequence, peptide (0.29) < mono-

conjugate (0.63) < di-conjugate (0.72). CPE behaviour can be explained physically in terms 

of electrode surface roughness, distribution of reaction rates, morphology, and current 

distribution [664]. However, in this case, it appears to be related to the morphology and 

connectivity of the fibres.   A highly smooth surface usually gives a CPE order of 1, thus the 

farther away from 1, the higher the degree of electrode roughness [664].  The non-connected 

short random fibres of the peptide randomly distributed on the electrode surface will lead to 

the formation of a more contorted electrode interface, hence the reason for the low CPE order 
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of 0.29. However, for the fibre networks that are closely connected on the electrode surface, 

this will appear as a more uniform or smooth electrode interface, hence the higher CPE order 

of 0.72 for the di-conjugated sample and 0.63 for the mono-conjugated sample. The di-

conjugated CPE with = 0.72 is closer to being a typical capacitor, while the un-conjugated 

peptide CPE with = 0.29 is closer to being a resistor compared to the other fibers. 

 

  

 

 

 

 

 

 

 

 

The dependence of the electrical characteristics on the fibre network density of the di-

conjugated sample was also investigated. From the SEM image above, we observed the 

(b) 

Figure 7.8: Result of EIS studies (a) 

Electrochemical impedance Nyquist plot 

and (c) Equivalent circuit model. (c) Bode 

plot of impedance magnitude of 

nanofibres formed from 10 mg/ml un-

conjugated peptide solution and 0.03 

mg/ml , aged then diluted, mono and di-

conjugated sample solutions deposited on 

a 10 µm x 10 µm band interdigitated Au 

electrodes. On (c) the dashed lines show 

the limiting slopes for impedance 

dominated by the capacitive element, Cp 

(slope = -1) or by the Warburg element 

(slope = -0.5). 

 

(a) 
(c) 
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difference in fibre network as a consequence of the concentration. EIS measurements of the 

films were investigated, and the result is discussed below.  

The series resistance element, Rs from the Nyquist plot was observed to increase in the 

sequence 0.06 mg/ml < 0.03 mg/ml < 0.015 mg/ml, Figure 7.9 (a). From the Bode plot, we 

also observed at low frequency, an element that approximates a Warburg impedance – a 

transmission line-type element. This result indicates that close connection, which eventually, 

gives rise to more junctions within the network is essential for enhanced conductivity, with 

the more closed network showing the least resistance and the sparsely formed network 

showing the highest resistance. 

 

 

Figure 7.9: Result of dependence of electrical conductivity on nanofibres network density (a) 

Electrochemical impedance Nyquist plot and (b) Bode plot of impedance magnitude of 

nanofibres formed from varying di-conjugated sample solution.  The dashed lines show the 

limiting slopes for impedance dominated by the capacitive element, Cp (slope = -1), or by the 

Warburg element (slope = -0.5). 

 

7.3.2.2. DC current-voltage measurements 

To understand the phenomena occurring on the electrode surface, the DC current-voltage 

dependence was investigated by imposing across the two electrode terminals a staircase 

potential difference between 0 and 2 V with a 20 mV step, Figure 7.10. The 10 µm 

(a) (b) 
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interdigitated gold electrode band modified by drop-casting 10 µL of 0.03 mg/ml aged 

solution of the di-conjugated sample was used for this experiment under varied atmospheres: 

ambient air (~58 % RH), humidified nitrogen (~98 % RH), vacuum (~ 0 % RH). 

From the result, as shown in Figure 7.10 there was no observed evidence of electron transfer 

within the nanofibres nor evidence of interaction between the gold electrode and the 

nanofibre. However, what is seen is evidence of an electrode surface reaction that is 

consistent with an oxygen reduction reaction (ORR) limited by oxygen diffusion. ORR on 

gold is a complicated system that is strongly dependent on pH [665]. The waves (I, II, and 

III) observed are consistent with an oxygen reduction reaction that is limited by the diffusion 

of oxygen [666-669]. 

A significant drop in the current (I) was observed from the measurement in sequence: I 

(ambient room air)        I (humidified Nitrogen)       I (vacuum). This can be associated with a 

significant drop in oxygen levels in the system. Humidified nitrogen atmosphere has a 

significantly low residual oxygen, but not as low as the vacuum atmosphere as indicated by 

the current.  The significant drop in the oxygen diffusion peak at the higher potential for 

humidified Nitrogen is consistent with a low-oxygen atmosphere.  

The ability of the nanofibre network to allow the Faradaic process to occur at the electrode 

surface confirms the conducting properties of the di-conjugated nanofibre network. However, 

the understanding is that for the oxygen reduction reaction to occur, it requires an electrolyte 

to facilitate the reduction process. With this regard, in the subsequent experiment, the 

underlying mechanism facilitating the ORR by understanding the mechanism of conduction 

in the nanofibre network was explored. 
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Figure 7.10: Current-voltage (I–V) characteristics of di-conjugated sample nanofibre 

network under (a) All 3 varied atmosphere (b) 98 % RH Nitrogen (c) Ambient room air (58 

% RH) (d) Vacuum (0 % RH) atmospheric conditions, (e) Representation of the DC current-

voltage experiment. Potential difference is passed across the two terminals: anode and 

cathode generating current from the anode through the resistor (solution, Rs) to the cathode. 

Based on the waves observed in the IV curve, it is evident that electrode reactions occur 

(anode represented Rf(a) and cathode by Rf(b)) where at least one is limited by diffusion of 

oxygen. 
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7.3.2.3. Understanding the current transport mechanism in the nanofibres of the 

un-modified HEFISTAH peptide, mono, and di-conjugated samples 

To understand the underlying mechanism of conductivity in the 3 nanofibers deposited on the 

electrodes, particularly understanding the conductivity as a consequence of an electron or 

proton transfer within the networks, EIS measurements of the networks were investigated 

under vacuum (0 % RH). Figure 7.11 (a) shows the Nyquist plot and Bode plot of the 

magnitude of the impedance of the 3 networks under 0 % RH. The Nyquist plot for the 3 

networks appears as a vertical line which is typical of a pure capacitor indicating that at 0 % 

RH, no conductivity was observed in the 3 networks. The Bode plot also reveals very high 

values of the impedance magnitude. The slope -1 on the Bode plot confirms the pure 

capacitive behaviour. All three networks were identical. 
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Figure 7.11: Result of the dependence of electrical conductivity on relative humidity and 

other atmospheric conditions.  (a) Nyquist plot and Bode plots at 0 % RH (b) Nyquist plot 

and Bode plots at 98 – 99 % RH in the air (c) Nyquist plot and Bode plots at 98 – 99 % RH in 

N2 atmosphere.  The dashed lines show the limiting slopes for impedance dominated by the 

capacitive element, Cp (slope = -1), or by the Warburg element (slope = -0.5). 

 

At a higher relative humidity of ~ 98 - 99 %, Figure 7.11 (b) and (c) a decrease in resistance 

were observed including under air and nitrogen atmospheric conditions.  The nitrogen and air 

conditions were humidified to ~ 98 - 99 % RH and a lower resistance were observed within 

(c) 

(b) 
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the networks. However, under dry nitrogen and air conditions, in Figures 7.12 (a) and (b), the 

Nyquist plot appears as a vertical line similar to what was observed under vacuum, indicating 

that in the absence of water, the di and mono conjugated sample fibre network behaves like a 

pure capacitor. Similarly, the Bode plot of the magnitude of the impedance shows a very high 

impedance magnitude at low frequency and a linear behaviour from the high to low 

frequency; behaviour which is typical of a pure capacitor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.12: Result of the dependence of electrical conductivity on relative humidity and 

other atmospheric conditions.  (a) Nyquist plot and Bode plots in 0 %RH atmospheric air 

condition (b) Nyquist plot and Bode plots in 0 %RH atmospheric N2 condition. The dashed 

lines show the limiting slopes for impedance dominated by the capacitive element, Cp (slope 

= -1), or by the Warburg element (slope = -0.5). 
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This behaviour under nitrogen and air atmospheric conditions confirms the strong 

dependence of the conductance of nanofibres on relative humidity. Such behaviour has been 

reported for proteins [670-673], peptides [240, 244, 674-676], synthetic polymers[677], 

DNA[678-681], and oxides[682], and in all cases, they have been attributed to protonic 

conductivity. Figure 7.13 shows the comparison Bode plot of the nanofibres formed from the 

di-conjugated sample under all varied atmospheric conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.13: A Comparative Bode plot of the di-conjugated sample under all atmospheric 

conditions investigated. The dashed lines show the limiting slopes for impedance dominated 

by the capacitive element, Cp (slope = -1), or by the Warburg element (slope = -0.5). 

 

Proton conductivity is greatly affected by the presence of water and this is because water 

induces the protonation processes allowing protons to be transferred from the organic 

scaffold to a water molecule forming an H3O+ ion or vice-versa resulting in the formation of 

solvated OH- ions. Both processes can result in a protonic-type charge transfer within a 

system.  
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The conductivity observed in the un-conjugated peptide network indicates that the proton 

conductivity can be found for the peptide alone.   However, the enhanced conductivity 

observed in the peptide-dye monomer network indicates that the dye with the π-conjugated 

system enhances the proton transfer over a longer range through self-assembly. Similarly, the 

further enhanced conductivity observed from the di-conjugated nanofibre network is because 

of an increase in proton available for transfer within the system. This is a consequence of the 

presence of two peptide units in the di-conjugated nanofibre network providing more protons 

compared to the monomer with one peptide unit. The peptide sequence (HEFISTAH) contains 

an amino acid (glutamic acid) with a carboxylic side chain that can undergo deprotonation 

contributing a proton (H+) to the proton-conduction channels. Ohad et al. [243] reported a 

significant increase in conductivity in a peptide sequence just by replacing lysine with 

glutamic acid and they attributed this phenomenon to the ability of the carboxylic acid to 

contribute protons into the proton-channel system.  

7.4. Conclusion  

The formation of long-range 2D assemblies of a new class of bio-organic material comprising 

a nature-inspired self-assembling peptide and an organic semiconducting molecule TDPP has 

been explored. It was demonstrated that through compression of the peptide monolayer at the 

air-water interphase, strong interaction can be enhanced by persuading β-sheet interaction 

between the peptide fibres allowing for the formation of well-aligned long nanofibres. Using 

electrochemical impedance spectroscopy, the electrical conductivity in the nanofibres formed 

from the un-conjugated peptide and the mono and di-conjugated samples were also studied. 

Higher conductivity in the di-conjugated nanofibres compared to mono-conjugated and 

unconjugated peptide fibres was observed and an increase in conductivity with increasing 

nanofibres network density was also observed. We attribute the conductivity observed in the 

nanofibres to the peptide containing an ionisable side chain, which becomes enhanced 

through the π-π extended conjugation in the TDPP dye. The strong dependence of the 

electrical conductivity of the nanofibres on relative humidity confirms proton conductivity as 

the mechanism of electrical conductivity in the nanofibres network. DC current-voltage 

measurements also do not show any evidence of electronic transfer within the nanofibre 

network, but evidence of surface reaction that is dependent on oxygen level and atmospheric 

moisture that acts as the electrolyte was seen. This study has thus expanded the scope for the 

design of new classes of peptide-based hybrid materials as proton conductors. 
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8.0. Summary and Future outlook 

This thesis has explored the possibilities for self-assembly and templated self-assembly as a 

means for forming ordered structures directed at designing future magnonic and electronic 

devices. The guiding theme has been the formation of functional nanostructures through self-

assembly and templated self-assembly of peptides, proteins, and surfactants. The functional 

nanostructures developed in this thesis are directed ultimately at either magnonic or 

electronic components guided by the hypothesis that the ordering imposed by the self-

assembly would lead to enhancement of the desired magnetic or electrical properties. The 

thesis has presented the successful demonstration of feasibility of two different routes 

towards this overall objective: the first is the use of self-assembling peptides as structure-

directing agents, both in Langmuir-Blodgett films and in spontaneously-assembled 

nanofibres; the second is the use of surface pressure oscillation with Langmuir-Blodgett films 

as a means of “annealing” to produce ordered structures. Using the Langmuir Blodgett 

technique, 2-D monolayers of the nanostructures have been created and characterized using a 

combination of spectroscopic, microscopic, x-ray, and electrical techniques. The electrical 

properties of spontaneously self-assembled nanofibers formed from aqueous solutions of 

conjugates of a self-assembling peptide and a semiconducting dye have been successfully 

measured. Protonic rather than electronic conductivity of the fibres was demonstrated. 

The following paragraphs summarise the conclusions relating to each functional building 

block that was explored in this thesis.  

8.1. 2-D assembly in Peptides  

Chapter 3 described the assembly in a 2-D Gel of a Water-Soluble Peptide (Ac-IKHLSVN-

NH2). 2-D assembly of water-soluble peptides is difficult to achieve using the Langmuir 

Blodgett technique, and this is due to their high water solubility. This chapter demonstrated 

that by an appropriate adjustment of the aqueous sub-phase, large-area, well-structured 

Langmuir Blodgett films of the water-soluble self–assembling peptide can be formed.  A 

combination of x-ray, spectroscopic and microscopic characterization techniques showed that 

the structural conformation of the peptide is sensitively dependent on the ionic composition 

of the aqueous sub-phase. Lastly, this work demonstrated the effect of annealing the surface 

layer by surface pressure-cycling, with our result showing that, by annealing, a dense, 

compact peptide film can be formed. In an extension of this work, Chapter 4 presented the 

result of the effect of sidechain modifications on the formation of cross-fibre linkages. This 
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chapter demonstrated that by replacing histidine in the water-soluble peptide (Ac-IKHLSNN- 

NH2 ) sequence with a tyrosine amino acid (Ac-IKYLSVN-NH2), a peptide with an 

amphiphilic property can be prepared and well-structured 2-D monolayers can be prepared on 

pure water sub-phase. 

8.2. Templated Self-assembly of Magnonic Components  

The possible use of templated self-assembly for the 2-D assembly of functional 

nanostructures was explored in Chapters 5 and 6. These two chapters explored the 2-D 

assemblies of magnetic nanoparticles using peroxiredoxin and a cationic surfactant as 

templates. The assembly of a magnetic nanoparticle is important as different magnetic 

phenomena can arise from their organisation. Specifically, the core of a redox-active 

peroxiredoxin was used as a template for iron-oxide nanoparticle synthesis and assembly. 

The ability of the peroxiredoxin to assemble in organised structures makes them an ideal 

template. Peroxiredoxin exists as dodecameric toroids with an inner pore size of 7-8 nm in 

reductive conditions. Thus, the work presented in Chapter 5 explored the use of the pore of 

the toroid in this condition to selectively nucleate iron-oxide nanoparticles followed by the 

formation of the 2-D assembly of the nanoparticle-protein construct.  

The sequestration of the iron was facilitated by a histidine tag decorating the central pore of 

the peroxiredoxin which can bind to divalent ions. Through a ligand-controlled chemical 

approach, followed by hydrolysis, the formation of the iron oxyhydroxide nanoparticle in the 

core of the protein was achieved. The formation of the iron-oxide nanoparticle was confirmed 

by chromatographic and microscopic techniques. Towards achieving an organized 2-D 

assembly of the protein-iron oxide construct on the surface, the Langmuir Blodgett technique 

was employed and with the choice of an appropriate aqueous subphase, a long-range 2-D 

assembly of the construct was established for the first time. The 2-D assembly was confirmed 

by surface pressure isotherm and microscopic techniques. 

Apart from the use of protein as a template for the synthesis and assembly of iron-oxide 

magnetic nanoparticles, a cationic surfactant was also used to direct the assembly of another 

type of magnetic nanocrystals known as polyoxometalates (POM).  POM is anionic, and their 

physical, chemical, and structural properties make them attractive and ideal candidates as 

building blocks for the development of functional devices. From the application view of this 

thesis – magnonics - the use of POMs as magnons is still in its infancy. Towards this 

advancement, Chapter 6 of this thesis explored the organisation of these magnetic 
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nanocrystals, exploring an approach toward generating a long-range mesoscale magnetic 

nanocrystal network. The surfactant-stabilized approach was explored followed by the 2-D 

organisation of the surfactant-POM construct. Integrating POM into a thin film is 

challenging. However, it is necessary for the possible development of magnetic devices. By 

using the surfactant-stabilization approach, POMs can be made hydrophobic, promoting the 

possibility of forming thin films, particularly Langmuir Blodgett thin films. To achieve this, a 

cationic surfactant was employed to stabilize the anionic POM, encapsulating the POM and 

leading to the formation of a hydrophobic surfactant encapsulated POM. As a consequence of 

the hydrophobic nature of the surfactant encapsulated POM, 2-D assembly of the POM was 

achieved. Spatial ordering is important in the assembly of magnetic particles; this chapter 

also demonstrated the relevance of surface-pressure cycling as an “annealing” technique in 

the assembly of the particles. Improved and long-range ordering in the annealed film 

compared to the un-annealed film was demonstrated. The structural organisation shows a 

square lattice arrangement in contrast to the expected hexagonal packing for a spherical shape 

and was interpreted as a geometrical frustration effect causing the buckling of the monolayer. 

8.3. Assembly and Electrical Properties of Peptide-TDPP Nanofibres  

In Chapter 7, a new class of bio-organic material featuring a naturally self-assembling peptide 

conjugated with a fluorescent organic molecule thiophene-diketopyrrolopyrrole (TDPP) was 

studied. HPLC and Mass Spec confirmed the successful synthesis. FTIR result shows that the 

secondary structure remains unaltered after conjugation.  However, AFM showed a long-

extended network of fibres for the conjugate in contrast to the short fibres seen for the peptide 

only. This was attributed to the effect of the extended π conjugation in the TDPP dye that 

allows for an enhanced or stronger interaction through π-π stacking. This chapter also 

demonstrated for the first the formation of long-range 2-D well-aligned assembly of the 

conjugates using the Langmuir Blodgett technique.  With the TDPP being an organic 

semiconducting molecule and also the intrinsic self-assembling properties of peptides, the 

ability to form diverse structures as well as the ability to transport electrons, it was envisaged 

that conjugating these two units could result in the development of a new class of 

semiconductors that could bridge the interface between the biological world and conventional 

semiconductors.  

To explore this hypothesis, mono and dimer-linked conjugates of the peptide-dye were 

synthesised followed by the study of the electrical conductivity of the nanofibres formed 

using Electrochemical Impedance Spectroscopy. Higher electrical conductivity was observed 
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in the dimer nanofibres compared to mono linked and peptide only and also enhanced 

conductivity was observed with increasing nanofibre network density. Conductivity was seen 

in peptides without the TDPP dye but required a very high concentration.  Despite the high 

concentration, the conductivity observed was still very much lower than that of the TDPP-

conjugates. From this result, the peptide was identified as the source of conductivity in the 

nanofibres, with the conductivity becoming enhanced through the π-π extended conjugation 

in the TDPP dye. In the bid to understand the underlying mechanism of conduction - an 

electronic or protonic conductivity or both - this Chapter also explored the dependence of 

electrical conductivity on relative humidity (RH) and oxygen partial pressure. From the 

results, no conductivity was seen in all 3 nanofibres at 0 % RH.  At higher RH (98 %) a very 

high conductivity was observed for the 3 nanofibres. The absence of conductivity at 0 % rules 

out electronic conductivity as the mechanism of conduction. However, the strong dependence 

of conductivity on RH confirmed ionic conductivity, probably proton as the underlying 

mechanism of conduction in the nanofibre network. DC current-voltage measurements 

indicated that the nanofibers bridging the gold electrodes behaved as an electrolytic cell, with 

oxygen reduction as a limiting electrode reaction.  

8.4. Future outlook 

This research has contributed to the field of nanotechnology, particularly in the development 

of functional nanostructures through self-assembly and templated self-assembly using 

biological systems as building blocks.  Below are some highlights for possible future research 

work  

Water-soluble peptides have attractive properties. Exploring techniques of integrating them 

into thin-film requires more exploration.   This research demonstrated how control of the 

ionic composition of the aqueous subphase could control the surface segregation, the 

assembly of monomers into nanostructures and aggregates of these, and the energetics of 

rearrangement into ordered assemblies at the air-aqueous interface. This work thus opens up 

possibilities for the formation and structural organisation of Langmuir-Blodgett films of other 

functional water-soluble peptides and proteins.  

Peroxiredoxin (Prx) can form rings and rods by adjusting the pH. Thus, by adjusting the pH, 

peroxiredoxin can be employed as a template to synthesise and assemble other functional 

inorganic materials into either 1-D assemblies using Prx rods or 2-D assemblies using Prx 

rings. Similarly, the surfactant-assisted assembly can also be extended into the assembly of 
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other functional inorganic particles. It is also necessary to explore other possible ways of 

generating long-range assembly of the polyoxometalates. Long-range assembly of the 

magnetic particles can give rise to interesting magnetic phenomena which is an advancement 

in the field of magnonics.  While this thesis has reported the techniques for generating 2D 

assemblies of these magnetic particles, for the application aspect, it is important to explore 

the spin-wave properties of the magnetic particles in the assembly. The spin-wave properties 

are dependent on the distance between the magnetic units. For this reason, it is also worth 

varying the inter magnetic unit distance by exploring the use of other templates such as co-

polymers, protein rings, and different chain lengths surfactants to assemble these magnetic 

particles. 

Finally, for bio-based semiconductors to compete with other conventional semiconductors, it 

is important to design novel peptide-based semiconductors that can exhibit conductivity that 

is not dependent on the presence of water i.e., bio-based conductors that can also exhibit 

electronic conductivity. One possible method is replacing amino acids with ionisable side 

chains with mostly amino acids with aromatic π conjugated systems.  With this approach, 

protons available for transfer would be eliminated and electronic transfer within the π 

conjugated systems could perhaps be enhanced. 
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Appendix  

RP-HPLC analyses were performed using a Dionex Ultimate 3000 instrument (Sunnyvale, 

CA, USA) equipped with a 4-channel UV detector at 210, 230, 254, and 280 nm. The solvent 

system used was A (0.1% TFA in H2O) and B (0.1% TFA in MeCN). Characterization was 

performed by LC-MS using ESI in positive mode on an Agilent 1120 compact LC system 

equipped with Agilent 6120 Quadrupole MS and a UV detector at 214 nm (Palo Alto, CA, 

USA). The solvent system consisted of A (0.1% formic acid in H2O) and B (0.1% formic acid 

in MeCN). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 1: RP-HPLC and ESI-MS traces of purified Ac-Ile-Lys-His-Leu-Ser-Val-Asn-NH
2
 

(IKHLSVN) (ca. 97% as judged by the peak area of RP-HPLC at 210 nm); m/z (ESI-MS) 852 

([M+2H]
+
 expected 850; XTerra® MS C18, (4.6 mm × 150 mm; 5 μm), a linear gradient of 

5% B to 95% B over 30 min, ca. 3% B per minute at rt, 1.0 mL/min. 
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426[M+H]2+ 

Rt = 10 min 95.0 % 

% B:5.0 % 

Flow: 1.0 ml/min  
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Appendix 2: RP-HPLC and ESI-MS traces of purified Ac-Ile-Lys-Tyr-Leu-Ser-Val-Asn-NH
2
 

(IKYLSVN) (ca. 97% as judged by the peak area of RP-HPLC at 210 nm); m/z (ESI-MS) 878 

([M+2H]
+
 expected 876; XTerra® MS C18, (4.6 mm × 150 mm; 5 μm), a linear gradient of 

5% B to 95% B over 30 min, ca. 3% B per minute at rt, 1.0 mL/min. 
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Appendix 3: RP-HPLC and ESI-MS traces of purified Ac-His-Glu-Phe-Ile-Ser-Thr-Ala-His-

NH2 (HEFISTAH) (ca. 99% as judged by the peak area of 210 nm); XTerra® MS C18, (4.6 

mm × 150 mm; 5 μm), a linear gradient of 5% B to 95% B over 30 min, ca. 3% B per minute 

at rt, 1.0 mL/min. m/z (ESI-MS) 982.4 ([M+H]+ expected  982.5) 
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Appendix 4: RP-HPLC and ESI-MS traces of dimer-linked peptide dye conjugate (ca. 99% as 

judged by the peak area of RP-HPLC at 210 nm); XTerra®MS C18, (4.6 mm × 150 mm; 5 

μm), a linear gradient of 5% B to 95% B over 30 min, ca. 3% B per minute at rt, 1.0 mL/min. 

m/z (ESI-MS) 1130.8 ([M+H]2+ expected 1129.9). 
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Appendix 5: RP-HPLC and ESI-MS traces of mono linked peptide-dye conjugate (ca. 99% as 

judged by the peak area of RP-HPLC at 210 nm); XTerra® MS C18, (4.6 mm × 150 mm; 5 

μm), a linear gradient of 5% B to 95% B over 30 min, ca. 3% B per minute at rt, 1.0 mL/min. 

m/z (ESI-MS) 1339.3 ([M+H]+ expected 1337.5). 
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Appendix 5: Result of compression/expansion hysteresis on repeated area cycling when 20 

µL of 0.2 mg/ml Ac-IKHLSVN-NH2 peptide was spread on 0.15 M (NH4)2SO4 at a different 

time while keeping other conditions the same. AFM image of the resultant LB film (b) 1 µm 

(c) 500 nm. 

(6) (a) 

(b) (c) 
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