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Abstract 

Switchable oligopeptides, able to expose or conceal biomolecules on a surface, upon 

the application of an electrical potential, represent a versatile tool for the development of 

novel devices, presenting potential biomedical applications. 

Recently, several studies have demonstrated the applicability of smart devices for the 

control of protein binding and cellular response. In this work, a detailed analysis of the steric 

requirements necessary to develop a mixed oligopeptide Self-Assembled Monolayer (SAM) 

presenting an optimum switching ability will be described. The influence of both the SAM 

components surface ratio and the switching unit length on the mixed SAMs switching 

performance will be investigated. 

The findings of this investigation will be used to develop for the first time a device, based 

on electrically switchable oligopeptides, able to control the interaction between an antigen and 

its relative antibody. The influence of the biological medium on the oligopeptide switching 

ability will also be investigated. 

Finally, an orthogonal functionalisation strategy will be investigated in detail, together 

with a new platform able to promote human sperm cells adhesion. The possible obstacles 

present in the process will be described and examined thoroughly. 

The results of this research thesis will also represent the first building blocks towards 

the development of glass-gold micropatterned surfaces able to control the calcium signalling 

in human sperm cells. Hence, the work presented in this dissertation will have important 

applications in the development of both new devices to control antibodies response and new 

efficient methods to select human sperm cells for in-vitro fertilisation (IVF) treatments. 
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Figure 6.10 - XPS spectra of the a) C 1s, b) N 1s, c) O and d) S 2p regions recorded on clean gold 

substrates. 

Figure 6.11 – XPS spectra of the a) S 2p, b) C 1s, c) O 1s and d) N 1s regions of 

11-mercapto-1-undecanol SAMs on gold. 

Figure 6.12 – Molecular structure of 11-mercapto-1-undecanol 

Figure 6.13 – XPS spectra of the a) C 1s, b) Si 2p, c) N 1s, d) S 2s and e) O 1s regions of 

11-mercapto-1-undecanol SAMs on glass. 

Figure 6.14 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s, d) S 2p and e) Si 2s regions of silane-

PDL SAMs on gold after the first step. 

Figure 6.15 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s and d) Si 2p regions of silane-PDL SAMs 

on glass after the first step. 



Figure 6.16 - Cyclic voltammetry of bare gold after piranha cleaning (orange line), after MUD 

incubation (black line) and after 5, 10 and 20 minutes of -1.5 V chronoamperometry (green, 

light blue and purple lines) 

Figure 6.17 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s, d) Si 2s and e) S 2p regions after thiol 

removal on gold substrates. 

Figure 6.18 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s and d) Si 2p regions incubation of glass 

substrates in KOH for ten minutes, demonstrating that removal step will not affect the integrity 

of the silane-PDL layer on the glass substrate. 

Figure 6.19 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s, d) Si 2p and e) S 2s regions after the 

formation of Progesterone-C7-4KC:EG6OH mixed SAMs on gold substrates. 

Figure 6.20 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s and d) Si 2p regions after the formation 

of Progesterone-C7-4KC:EG6OH mixed SAMs on glass substrates. 

Figure 6.21 – XPS spectrum of Si 2s. A small peak is visible in the region of S 2p 

A deeper insight into the molecular coverage of the glass substrates can be obtained by 

calculating the ratios between the elements analysed by XPS. 

Figure 6.22 – Fluorescence images of cell adhered on glass slides after the completion of the 

Progesterone-C7-4KC:EG6OH mixed SAM deposition step. 

Chapter 7 

Figure 7.1 – Cartoon representation of double-armed switching molecule. The aspartic acid 

oligopeptide arms (green) are connected to the alkyl chain (black) carrying the progesterone 

moiety (red) through a core central molecule (blue) in a dendron-like structure. 
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Ag: antigen 

BSA: bovine serum albumin 

CV: cyclic voltammetry 
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EDC: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide  

EG6OH: 11-(Mercaptoundecyl)hexa(ethylene glycol) 
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SPR: Surface Plasmon Resonance 

SPW: surface plasma wave 

TEA: triethylamine 

TEGT: triethylene glycol thiol 

XPS: X-ray photoelectron spectroscopy 
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Chapter 1 – An introduction to Bionanotechnology and Self-Assembled 

Monolayers  

Part of this chapter is reproduced from the paper “Electrically Responsive Surfaces: 

Experimental and Theoretical Investigations”, Cantini, E.; Wang, X.; Koelsch, P.; Preece, J. A.; 

Ma, J.; Mendes, P. M. Accounts of Chemical Research 2016, 49, 1223. 

Abstract: This chapter provides a background to bionanotechnology, top-down and bottom-up 

approaches, followed by a brief introduction to Self-Assembled Monolayers (SAMs), specific and 

non-specific protein binding on surfaces and the state of the art of stimuli-responsive surfaces 

for biomedical applications. 

1.1 Bionanotechnology 

In recent years, researchers made big efforts to develop nanomaterials and 

nanostructured surfaces that can have an impact in biological and biomedical applications. 

These efforts resulted in a new branch of science, called bionanotechnology. One of the aims 

of bionanotechnology is to create systems and biomaterials able to mimic cellular environment 

at the nanoscale, to study and understand the biological processes at cellular level. The 

comprehension of cell behaviour, signalling and biological processes, can lead to the creation 

of new tools that are applicable in biosensors and diagnostic, tissue engineering, regenerative 

medicine and drug delivery.1,2 

 

1.1.1 Surface Functionalisation for biosensors, cell sensing and diagnostic 

Artificial biological surfaces are nowadays widely used in biotechnology and medicine 

as biosensors to detect various diseases and health conditions.3,4 These surfaces are 
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functionalised with bioactive molecules that can mimic natural processes5. The ability to 

reproduce biological systems with nano-scale structures, has enabled researchers to develop 

fast, low-cost biosensors, able to identify several types of biomarkers in real-time to design 

efficient point-of-care (POC) clinical devices6–10.  

During the last few decades, a huge research effort has been dedicated to the study of 

different functionalisation strategies for the development of novel, simple, low-costs, portable 

sensing devices applicable to biomedical diagnostic3,10, such as devices for diagnosis of 

infectious diseases11, cancer biomarker detection12–14 metabolite quantification in living cells15, 

DNA biosensing16,17 and identification of antigen-antibody interactions18,19.  

Biosensing platforms can be obtained by chemically modifying a vast range of 

surfaces5,16 such as flat metal surfaces20, nanoparticles21–24 and nanotubes25,26, in a tailored 

manner with the desired chemistry and surface morphology21,27. In particular, carbon 

nanotubes (CNTs) are widely used in current biomedical research, thanks to their mechanical, 

electrical, magnetic and optical properties that make them suitable tools to create devices with 

several biomedical applications, from drug delivery28–30 to diagnostics27,31.  

Various surface functionalisation strategies are available, such as layer-by-layer (LbL) 

strategies32–34 and Self-Assembled Monolayers (SAMs) formation35–38. 

Layer-by-layer functionalisation of surfaces comprises several steps of layers addition 

or modification, to obtain the desired layered structures. Specifically, Sung et al.39 used LbL-

coating to modify polydimethylsiloxane surfaces to decrease the amount of non-specific 

binding and improve the detection of low levels of proteins. On the other hand, the formation 

of SAMs consists of a single step, where one or more component molecules organise 

themselves in an ordered nanometric monolayer on the substrate. SAMs will be described in 

detail in section 1.3.  
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1.1.2 Other materials used in biosensing 

In addition to  metal surfaces, metal nanoparticles and nanotubes mentioned, other 

materials, such as nanoporous materials40–42, nanozymes43,44 and hydrogels45  have gained 

increasing interest for biomedical research. 

Nanoporous materials40,41  possess a bigger surface-to-volume ratio than conventional 

nanomaterials, offering an enhanced signal when the analyte interacts with the surface. In 

addition, they can be functionalised to mimic the protein nanochannels found on cell 

membranes. Therefore, they can be of paramount importance in the study of nanochannels 

single-molecule sensitivity and selectivity42 . By tailoring the size of the nanopores, it is possible 

to obtain a selective control over the molecular transport through the nanochannels. These 

powerful materials can be made by self-ordering synthesis based on electrochemical 

anodization, and both anodic aluminium oxide (AAO) and titania nanotubes (TNTs) have 

already been used in biosensors fabrication46,47 . In addition to the increased surface areas, 

such nanoporous materials can be prepared at relatively low costs and show chemical 

resistance, thermal stability, hardness and biocompatibility. These characteristics make them 

very useful when developing ultra-sensitive biosensing devices40–42.  

Nanozymes8,43 are artificial enzymes presenting enzyme-like activities and are widely 

used in biomimetic, which attempt to mimic the characteristics and functions of natural 

enzymes. Some of the materials that have shown unexpected enzyme-like characteristics43 are 

fullerenes48,49, metal nanowires50,51, nanorods52 and several types of metal nanoparticles48,53. 

Such materials possess both the characteristics of natural enzymes and the properties of the 

material used to fabricate them.  

For example, Ali et al.48 were able to create a tris-malonic acid derivative of fullerene 

C60 molecules, capable of transforming the dangerous superoxide radical (O2
-) into oxygen  
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molecules (O2), mimicking  superoxide dismutase (SOD) enzymatic activity. Wang et al.48 have 

demonstrated the use of nanoparticles, chemically modified with oligonucleotides molecules, 

able to induce RNA cleavage and applicable to the treatment of Hepatitis C.  

Researchers have been capable of mimicking other natural enzymes, such as 

catalases53, oxidases54 and peroxidases55,56 making nanozymes unique, and applicable in 

sensing, imaging and therapeutics. 

Hydrogels are hydrophilic materials formed by a polymer network that can absorb 

water from 10% to thousands times their dry weight57 . By changing their chemical and physical 

characteristics, their structure can be tailored, and they can be integrated into micro-systems. 

Their biocompatibility and their sensitiveness to external stimuli make them largely employable 

as switchable biosensors to detect changes, for instance, in pH58, monitoring biological 

processes57, DNA sensing58, carbohydrate sensing59  and toxin screening59. Switchable 

materials will be described in detail in section 1.5. 

 

1.2 Functionalisation approaches 

This section describes the two approaches used as surface functionalisation strategies, 

namely the top-down and the bottom-up approach60 (Figure 1.1). 
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Figure 1.1 – Cartoon representation of top-down and bottom-up approach 

 

1.2.1 Top-down approach 

This approach consists in the removal of matter from a bulk material to achieve the 

desired smaller structure showing a specific order and shape60,61. The most used technique in 

this method is nanolithography that allows the construction of a pattern on the 

surface/material. There are many lithographic techniques that can be exploited, classical 

methods such as electron-beam lithography and photolithography or novel methods, such as 

dip-pen lithography62, nanoimprint lithography63,64, colloidal65 and soft lithography66,67. In the 

classical methods, a substrate, covered in a polymer layer (e.g. resist) is irradiated with either 

UV light or an electron beam, to carve the resist layer and create a nanometric pattern (e.g. 

nanopattern). Then, using a technique called “etching”, the nanopattern is transferred to the 

substrate surface68,69 (Figure 1.2).  
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Figure 1.2 – Schematic representation of the photolithographic process. The substrate covered 

with a masking film (A) is coated with a photoresist (B). A mask is then collocated on the 

photoresist film (C) to create the desired pattern after UV exposure (D) and etching (E). Finally, 

the photoresist is completely removed by stripping, to obtain the desired patterned substrate 

(F). 

 

The novel methods have been developed to overcome the constraints of common 

lithography. Soft lithography, for example, is a low-cost and flexible technique extensively used 

due to the possibility of creating large-scale nanostructured architectures, simply using a mold 

or a mask made using a nanopatterned elastomer70,71. The disadvantage of this technique is 

the need of being supported by standard lithography methods to create the molds and the 

masks. To solve this problem colloidal lithography has started to be extensively used72. This 
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technique uses nanodisperse colloidal particles which size goes from around 10 nm to around 

10 m that can self-assemble in 2D- and 3D-periodic arrays called colloidal crystals to create 

masks on the substrate surface67,73. The application of this kind of lithography is convenient 

when there is the necessity for nanostructures presenting periodic arrangements65,73. 

 

1.2.2 Bottom-up approach 

The bottom-up methods, extensively used and studied as surface functionalisation 

methods60, are based on the spontaneous self-assembly of small molecules into two-

dimensional and three-dimensional composite structures showing defined physical and 

chemical properties, created atom-by-atom through covalent, non-covalent, ionic and metallic 

bonds and weak interactions, such as dipole-dipole and Van der Waals interactions74,75.  

The most broadly used nanofabrication method in this approach are Langmuir-Blodgett 

(LB)76,77 and Self-Assembled Monolayers (SAMs)78–81. These methods allow the creation of well-

ordered and packed monolayers by using a wide range of different molecules. However, the 

Langmuir-Blodgett approach presents the disadvantage of requiring long construction times, 

molecules with specific characteristic (i.e. amphiphilic) and expensive instrumentation. In 

addition, LB layers present limited mechanical stability and robustness because the fabrication 

does not involve chemisorption between the molecules and the substrates82. The lack of strong 

molecular interactions limits the applicability of LB layers in ambient and physiological 

conditions, limiting their suitability for biological and biomedical applications82. 

On the other hand, SAMs are commonly used in bionanotechnology due to their ease 

of fabrication and the possibility of tailoring their properties depending on desired purpose 

that overcome the drawbacks presented by some types of SAMs (e.g. thiol SAMs) such as 



  
CHAPTER 1 8 

 

limited stability and robustness78,83.  The next section describes in detail the characteristics and 

the possible uses of SAMs. 

 

1.3 Self-Assembled Monolayers 

SAMs have been intensively studied for the last decades. The first publication on the 

preparation of a molecular layer by adsorption is dated 194684, but the potential of SAMs was 

published only when Nuzzo and Dallara demonstrated that SAMs of alkanethiols can be 

prepared by adsorbing n-alkyl disulphides on gold substrates from diluted solutions85. SAMs 

were then thoroughly studied to tailor surfaces with various properties, on different substrates 

such as gold86–88, indium tin oxide (ITO)89, glass90,91, silicon wafers (SiO2)92,93and nanoparticles94. 

By carefully choosing both the head and the end groups of the molecules composing the SAMs, 

the characteristic of the surfaces, such as hydrophilicity/hydrophobicity charge and the type of 

biomolecules composing the end groups can be changed to obtain a monolayer that can be 

used in a wide range of applications, in both engineering (e.g. sensors95, coating 

technologies96,97, optics95 and informatics95) and biomedical (e.g. biosensors98, tissue 

engineering99,100 and point of care diagnostics101,102) fields. 

1.3.1 Surfactant 

During the process of self-assembly, surfactant molecules adsorb on a solid surface 

(substrate) to form well-ordered molecular assemblies78,87. These molecules are formed by 

three parts: the head group, the backbone and the end group (Figure 1.3).  
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Figure 1.3 – Schematic representation of a surfactant molecule 

 

The head group binds to the substrate surface, and therefore its choice depends on the 

substrate material used. The most commonly used SAMs are thiol molecules absorbed on gold 

or silver via the sulphur headgroup. Other head groups include silanes for SAMs on silicon 

oxide, silicone, mica and glass or carboxylic acid groups in the case of AgO/Ag substrates86,87,103–

107.  

The backbone represents the central part of a surfactant molecule. It represents the 

connector between the head- and the end group, but it also plays an important role in the 

chemisorption process, depending on its characteristic78,83,87,106–108.  By changing the length of 

the chain composing the backbone, it is possible to control density, orientation and ordering of 

SAMs molecules on the surface, e.g. long-chain alkanethiols (HS(CH2)nX, n>10) form densely-

packed and well-ordered SAMs, at a 30˚ tilt angle on the surface79,80,103.  
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Finally, by varying the end group, the SAM wettability, charge, together with the type 

of biomolecular interactions occurring on the surface can be tailored, allowing a wide range of 

applications in both engineering and biomedical fields80,87. 

 

1.3.2 Substrates and SAMs 

Different substrates materials and surfactant molecules can be used in the preparation 

of SAMs. The following sections describe the SAMs used in this research work: silane SAMs and 

thiol-based SAMs. 

1.3.2.1 Silane SAMs 

Silane SAMs were first introduced by Sagiv in 1980, that studied the adsorption of 

n-octadecyltrichlorosilane (OTS) on glass substrates109. Many studies were conducted on silane 

monolayers in the past decades due to their potential many applications in a wide range of 

research areas, such as thin film technology, micro- and optoelectronics, chemical sensors and 

protective coatings. Silanes can also be used in biosensors, as bioactive surfaces or for cell 

adhesion and protein adsorption98,110,111. Silanes self-assemble via an hydrolisation reaction of 

the headgroup (trichloro-, trimethoxy- or triethoxysilane) that subsequently react with the 

hydroxyl groups (-OH) on the substrate surfaces (Figure 1.4), forming a cross-linked network of 

Si-O-Si bonds covalently linked to the substrate itself93,112 .  
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Figure 1.4 – Cartoon representation of a silane SAM. 

 

Several research groups reported the possibility of the formation of islands of silanes 

on the surfaces, not creating a homogeneous layer112,113. This process strongly depends on 

several parameters, such as temperature, solvent used, pH, water content, and age of the 

solution. These parameters have to be carefully controlled, e.g. trichlorosilanes are sensitive to 

water and their headgroup present high reactivity, reducing the number of possible endgroups 

that can be incorporated into the surfactant molecule104,111. However, the water cannot be 

completely removed because its absence leads to an incomplete monolayers 

formation111,112,114. These problems can be circumvented by creating the desired silane layer in 

more than one step: 1) molecules able to give a specific surface organisation are used to create 

a precursor SAM and 2) the precursor SAM is modified via chemical surface reactions to obtain 

a well-organised silane layer111,115. Despite the challenges illustrated, silane monolayers are 

widely studied and used due to their greater thermal and mechanical stability compared to that 

of thiols on gold104,105,116. In addition, such monolayers prepared on smooth surfaces like silicon 
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wafers, present remarkable properties such ultra-low surface roughness, controlled wettability 

and chemical homogeneity that can be regulated by varying the silanes endgroup104,117. 

 

1.3.2.2 Thiol SAMs 

SAM surfaces formed by adsorption of thiol molecules can be prepared on different 

metal substrates such as gold, silver, platinum, and copper.83,94 However, thiol SAMs on gold 

are the most commonly used and studied due to their ease of preparation and characterisation. 

In addition, they play an important role in the building of a wide range of devices and systems 

that can have important applications in nanotechnology100. Alkanethiols SAMs with chain 

length between 10 and 22 carbon atoms have been extensively analysed79,80  and it is known 

that alkyl chains self-assemble rapidly and spontaneously in a well-ordered and oriented 

manner, following a three step process (Figure 1.5)83,94,100.  

 

 

Figure 1.5 – Schematic of the three-steps process for SAMs formation. 1) Physisorption, 2) 

chemisorption and 3) completion of SAM spatial orientation and packing. 
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The first step is a physisorption process that depends on thiol concentration. The time 

necessary for this process increases as the thiol molecules concentration decreases. Thiol 

molecules lay parallel to the surface for all the duration of this step118. The second step is a 

chemisorption process during which the surfactant chains go from a disordered state to a more 

ordered one, organising themselves in a two-dimensional crystal118. The kinetics of this step is 

influenced by both the head group-substrate interactions and the chain-chain interactions in 

the molecules of the substrates (Van der Waals, dipole-dipole)83,94,100. This step takes hours and 

it is faster if the alkyl chains are longer78. The last step is the completion of the orientation and 

packing of surfactant molecules on the surface to obtain a well-ordered and stable SAM. This 

process is usually completed in 24 h. However, this has been demonstrated only for alkyl thiols 

with a backbone length >10 carbons84,85. If the backbone chain is shorter, the thiol molecules 

cannot reach a correct two-dimensional crystal structure during the second step and this leads 

to a disordered arrangement of molecules on the substrate surface that is not uniformly 

covered. Various electron diffraction studies, performed in the late 80s and early 90s showed 

that alkanethiolates adopt a (√3 x √3)R30˚ structure on Au (111) substrates119. In such structure, 

sulphur atoms are organised in an hexagonal arrangement, separated by a distance of 

4.97Å78,119. Such studies suggested that each sulphur atom is bound to the 3-fold hollows 

present on the gold lattice, in a highly-ordered manner120.  

In addition, each alkanethiol molecule has an area of 2.14Å2 and a cross-sectional area 

of 2.14Å2. This difference forces the alkyl chains to tilt by an angle of around 30˚ to the gold 

surface normal (Figure 1.6) 
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Figure 1.6 – Schematic representation of the arrangement of dodecanethiol molecules on Au 

(111) substrates to achieve maximum surface coverage. (a) Structural model of the hexagonal 

arrangement of thiols (black hexagon) on gold and the area covered by each thiol molecule 

(dashed-lined circles). (b) Cross−section of the SAM formed showing the alkane chains 30˚ 

tilting in the direction of their next−nearest neighbours. 

 

This tilting angle allows the alkyl chains to maximise Van der Waals chain-chain 

interactions, leading to highly-packed monolayers78,119. 

 

1.3.3 Mixed SAMs 

The preparation of mixed SAMs (multi-component SAMs) is more challenging than 

forming a single-component SAM. The routes that can be followed are usually two: 1) 

modifying the end groups of a single-component SAM in a selective manner, using different 

techniques such as photolithography92, electron-beam lithography68 and micro-contact 

printing121,122 or 2) combination and co-adsorption of two or more different surfactants onto a 

surface87,123 (Figure 1.7). The second method of preparation is the most widely used one. 
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However, the composition of the mixed SAM on the surface can differ from the one of the 

mixture of surfactants in solution.  

 

Figure 1.7 – Cartoon representation of a mixed SAM 

 

This is due to backbone interactions between the molecules composing the mixed 

monolayer, but also to solvent-surfactant interactions that lead to the preferential adsorption 

of one of the components onto the surface83,87,123,124. In addition, the phase separation 

phenomenon can limit the formation of homogeneously-ordered mixed SAMs119,125–128. This 

event does not allow the mixed SAM components to bind to the surface showing a specific 

distribution119,129. The gold-thiolate interface can be considered motile, as demonstrated by 

several studies130,131. These studies showed that thiol molecules can diffuse on gold surfaces 

and exchange their position with another thiol. In particular, mixed alkanethiol SAMs can 

arrange into discrete domains at a diffusion rate independent from the alkanethiol chain 

length132.  By carefully tailoring the composition of the mixed SAM, it is possible to overcome 

these limitations and control the exposure of active molecules on the surface, which can be 

used to control several biological and chemical interactions (e.g. separation of molecules133, 
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specific biomolecular interaction134) and fabricate sensitive biosensors (e.g. 

immunosensors135). 

 

1.3.3.1 Unspecific protein adsorption 

As already stated in the previous sections, SAMs can be exploited to build sensitive 

molecular recognition systems. To obtain devices with optimum performances, the non-

specific adsorption of unwanted molecules onto the substrate surface has to be reduced. These 

undesired molecules can hinder or block the binding sites on the active molecules composing 

the monolayer, reducing the efficiency of the biorecognition system. Non-specific binding can 

either increase the background noise, or give a “false positive” response136. Mixed SAMs are 

particularly appropriated for this purpose. By selecting the chemical functions on the surfactant 

molecules, it is possible to decrease the amount of unspecific binding. Several studies have 

been conducted on the use of oligo(ethylene glycol) (OEG)-terminated SAMs to suppress 

protein unspecific binding136–138. Prime and Whitesides, in 1993137, studied the adsorption of 

four proteins on different SAMs on gold. Alkane-thiols, alkyl-alcohol thiols and oligo(ethylene 

glycol)-thiols were investigated. The latter monolayer was the only one able to resist the 

adsorption of all the four proteins tested. OEGs can therefore be used in numerous biological 

applications where unspecific protein adsorption has to be prevented134,136. The ability of OEGs 

SAMs to create a high surface coverage, make them able to resist non-specific protein 

adsorption.137,139 These molecules are therefore often used as one of the surfactants 

composing multicomponent SAMs. By varying the ratio of OEGs molecules and bioactive 

molecules, it is possible to control the spatial distribution. This spatial control allows the best 

interaction between the bioactive surfactant and the target molecules of interest. In addition, 
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the length of OEGs chains and the number of ethylene glycol units affect the capability of OEGs 

SAM to block protein adsorption. OEG alkanethiols monolayers formed by (CH2)11-(OCH2CH3)n-

OH (EGn) chains, where n<3, are inefficient in suppressing protein adsorption140,141. The 

protein-repellent characteristics are due to the presence of strong repulsive forces between 

OEGs SAMs and proteins. Thanks to the presence of several oxygen atoms in the ethylene glycol 

units, these monolayers can form hydrogen bonds with water molecules. This interaction 

creates a hydrophilic layer that repels proteins as a result of the repulsive hydration forces 

action141,142. However, the presence of ethylene glycol thiol molecules does not have to block 

specific protein binding with bioactive molecules when needed. 

 

1.3.3.2 Specific protein adsorption 

In the case of protein affinity studies on surfaces, the receptor molecules composing 

the mixed SAM must interact in a specific manner with the protein of interest. Theoretically 

any protein-receptor system can be studied on such mixed architectures, but the most widely 

explored are the avidin-family proteins binding to biotin (receptor). This system has been used 

for several years in various application in biotechnology143, such as immunoassays143–147, 

biosensors148, tissue engineering149,150 and drug delivery151,152. All these systems exploit the high 

affinity and specificity between biotin and the avidin-family proteins. However, avidin also 

presents high non-specific binding153, therefore streptavidin154–156 and Neutravidin157–159 are 

preferred. Avidin-family proteins are tetramers with a mass between 50 and 70 kDa, composed 

of four identical subunits, exhibiting extremely high binding affinity to biotin, with dissociation 

constants KD on the order of ≈10-14-10-15 mol/L and forming a stable complex at different 

temperatures and pH values153 (Figure 1.8). 
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Figure 1.8 – Cartoon representation of biotin binding to two of the four binding sites of the 

avidin family protein 

Avidin is a positively charged protein, that can interact with negatively charged 

substrates, such as silica based substrates159 or cells membranes153. The isoelectric point of 

avidin is unusually high153 (pI≈10) and the presence of carbohydrate moieties, formed by four 

mannose and three N-acetylglucosamine molecules per subunit, may explain why avidin is 

prone to high non-specific binding160. Neutravidin is a deglycosylated form of avidin, with a 

lower isoelectric point (pI≈6.3), whereas streptavidin is a non-glycosylated protein with a more 

acidic isoelectric point (pI≈5.6)153. 

Another type of specific binding widely studied in biotechnology is the antigen-antibody 

interaction161,162. Antibody-based biosensors163 give the possibility of a rapid and sensitive 

detection of heavy metal ions164, proteins blood levels165–167, allergens168 and pathogens163,169. 

Immunosensing exploit the immune system of a host (i.e. murine, leporine, ovine or avian), by 

injecting the molecules or cells of interest into the host’s body, triggering an immune response. 

The immunoglobulins (IgG) produced by the host animal are collected after several 

immunisation processes. They present a structure composed by two heavy chains and two light 

chains170 (Figure 1.9).  
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Figure 1.9 – Schematic representation of an antigen-antibody system. Several antigens are 

available for binding, but only one is specific for the antigen binding site on the antibody 

chains 

 

Different types of antibodies can be produced: polyclonal, monoclonal and 

recombinant. Polyclonal antibodies (pAb) are usually produced using rabbits, goats or sheep as 

hosts171 and frequently used in sensors for pathogens detections. Polyclonal antibodies 

recognise different epitopes on a single cell, therefore, when high specificity is required, the 

use of monoclonal or recombinant antibodies is preferable. Monoclonal antibodies (mAb) are 

produced using the hybridoma technology and mice are the most common used hosts. The 

spleen, together with the bone marrow and primary lymph nodes are employed as a source of 

B cells to obtain antibodies that are then fused to immortal myeloma cells171. The resulting 
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hybrid cells (hybridomas) secrete antibodies that recognise a single epitope on a single cell. 

Recombinant antibodies are prepared by using phage-display technology and antibodies 

libraries against the target of interest to achieve the detection of numerous antigens, including 

proteins, haptens and carbohydrate moieties171. 

Both biotin-neutravidin and antigen-antibody systems will be developed in this research 

work and will be described in detail in Chapter 3 and Chapter 4. 

 

1.3.4 Dynamic SAMs 

In recent years, researchers have focussed their studies on the development of stimuli-

responsive surfaces. Such surfaces can be obtained by changing the end group and/or the 

backbone of the surfactant molecules composing SAMs, to create moieties presenting 

switchable/dynamic characteristics1,172–175. These tunable moieties can respond to a wide 

range of stimuli, such as temperature (thermo-responsive surfaces)176–182 , light (photo-

responsive surfaces)183–185, pH and concentration (chemical/biological stimuli-responsive 

surfaces)186–191, magnetic field (magneto-responsive surfaces)192,193 and electrical potential 

(electrical-responsive surfaces)10,194–199. Smart surfaces have gained paramount importance 

due to the possibility to obtain a high spatial and temporal control, a rapid response and to be 

used in a wide range of biological and biomedical applications. To date, switchable surfaces 

have been employed in drug delivery179,181, to control specific and unspecific protein 

binding196,197 and mammalian and bacterial cell attachment and detachment10,182,195,198–200, but 

also in tissue engineering201,202 and regenerative medicine200,203. The application of an external 

stimulus results in a switch that can be either chemical or conformational (Figure 1.10). 
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Figure 1.10 – Schematic of the possible switches that can be obtained upon the application of 

a stimulus. a) Chemical switch: the chemical composition of the monolayer varies when an 

external stimulus is applied (e.g. a change in pH). b) Conformational switch: the chemical 

composition of the monolayer remains the same, while its conformation varies when an 

external stimulus is applied (e.g. application of an electrical potential). 

 

In the case of conformational switching, a high control of the monolayer spatial order 

must be achieved. Conventional SAMs (i.e. alkanethiols SAMs) are too high-density to allow 

conformational changes, therefore the switching is hampered204. Each molecule must possess 

enough spatial freedom, as shown by Lahann and co-workers in their study205. They designed 

a surface which wettability can be dynamically changed. Firstly, a low-density 

16-Mercaptohexadecanoic acid (MHA) SAM was created on a gold surface. MHA molecules 
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create well-ordered and highly-packed SAM on gold, presenting both a hydrophobic alkyl chain 

and a hydrophilic carboxylate end group. Therefore, to give the monolayer enough space on 

the surface to undergo a conformational switch, a globular end group (spacer) was linked to 

the carboxylate moieties, prior of MHA SAM formation. The result is a monolayer with a low-

density molecular distribution on the substrate. After the removal of the globular spacer by 

hydrolysis, a negatively-charged SAM is obtained that can then be exploited to induce a 

dynamic conformational change of MHA molecules. Upon the application of a positive electrical 

potential, the negative carboxylate groups are attracted towards the gold surface. This 

molecular change causes the exposure of hydrophobic alkyl chain, changing the wettability and 

making the surface hydrophobic overall. The process can be reversed by simply applying a 

negative electrical potential, causing the repulsion of the carboxylate end groups from the gold 

surface and creating a hydrophilic surface. 

Another important research work was conducted by Liu and co-workers206 starting from 

the findings of Lahann’s group205. A low-density SAM (LD-SAM) was created on gold surfaces, 

by assembling MHA molecules pre-capped with cyclodextrins (CD) of different dimensions, 

covalently linked to the carboxylic end groups. The LD-SAMs created after removing the CD-

caps, where used to selectively control the attachment of two proteins (avidin and streptavidin) 

in a reversible manner over the surface, by applying an electrical potential.  When a negative 

potential is applied, the carboxylate groups are fully exposed on the surface and the positively 

charged avidin is adsorbed to the surface, whereas the negatively charged streptavidin, shows 

an opposite behaviour. Streptavidin was also used to demonstrate a similar adsorption and 

release process on an amino-terminated LD-SAM (Figure 1.11). 
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Figure 1.11 – Illustration of the formation and switching of a LD-SAM by employing a 

precursor molecule presenting a bulky head-group. Upon the application of an electrical 

potential the monolayer can reverse its wettability by switching between hydrophilic and 

hydrophobic states. 

 

In addition, Liu and co-workers demonstrated that the application of an electrical 

potential has no effect on protein adsorption for high-density (HD) SAMs, due to the steric 

hindrance that hampers the bending of the alkanethiolate molecules on the surface. Starting 

from the pioneering work of Lahann and Liu, several studies have been conducted on the 

development of smart surfaces10,173,207–209. This thesis research work will focus only on the use 

of electrically switchable surfaces, which will be described in the next section. 

 

1.3.5 Electrically-switchable SAMs 

Electrically-switchable surfaces have gained increasing interest during the past decade 

since it allows control over the interaction between surfaces and peptides173, proteins206,208, 

DNA210 and cells173,199. The rapid response to an electrical stimulus is fundamental for many 

vital cellular signalling pathways in the body, e.g. the voltage-dependent of sodium and 
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potassium currents across cell membranes, triggered by an electrical signal coming from the 

nerves211,212 and necessary for a correct functioning of the nervous system. 

Researchers have been combining the observation of natural processes with advanced 

biotechnological techniques to fabricate switchable architectures that can control processes at 

the micro- and nanoscopic scale and mimic complex cellular mechanisms. An interesting label-

free method to control and analyse the interactions between proteins and ligands on the 

surfaces was presented by Knezevic and co-workers in 2012213. In this system, negatively 

charged DNA strands (“levers”) tethered to a gold surface, were functionalised at the top end 

with a cyanine 3 (Cy3) dye. When a positive potential of +0.3V was applied, it caused an 

attraction of the negatively charged lever toward the substrate, causing a reduction in 

fluorescence emission from the dye, caused by the quenching effect of the metal surface. On 

the contrary, when a negative potential of -0.5V was applied, it caused the repulsion of the 

DNA strands from the surface, exposing the Cy3 dye molecules, therefore increasing the 

fluorescence emission. By measuring the fluorescence emission, it is possible to calculate the 

distance between the DNA’s top end and the substrate. When the DNA lever is functionalised 

with a protein at its top end, it is possible to quantify the binding kinetics (Kon, Koff rate 

constants), the dissociation constant (KD in picomolar regime) and the influence of competitive 

binders (EC50 values). In this case, there is a delay behind the dynamics of the bare level, due 

to the presence of a hydrodynamic drag occurring when a protein is bound to the DNA’s distal 

end (Figure 1.12). 
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Figure 1.12 – Schematic representation of the DNA lever; a) lying on the surface when a 

positive potential is applied and repelled when a negative potential is applied, fully exposing 

the fluorescent dye. b) When a protein is linked to the DNA’s top end, the upward motion is 

slowed and lags behind the bare lever. The dark yellow circle represents the Cy3 dye when the 

fluorescence is quenched by the gold surface. The bright yellow circle corresponds to a high 

fluorescence emission, due to the DNA molecule carrying the fluorophore being fully extended 

on the surface. 

 

In addition, this method allowed the calculation of the protein diameter with angstrom 

resolution, by analysing the time-resolved upward dynamics, but also to collect information 

about the avidity effect and discriminate between analytes presenting multiple binding sites. 
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An excellent contribution to the development of electrically-switchable surfaces was 

given by our group.  In the first work196, switchable surfaces where created by preparing a 

mixed SAM on gold surfaces, composed by oligopeptide molecules that can undergo reversible 

molecular changes upon the application of an electrical potential and molecules of triethylene 

glycol thiol (TEGT) acting as lateral spacers to space out the switchable backbone such that the 

conformational changes are not hampered by steric limitations. The dynamic oligopeptide is 

formed by a chain of four positively-charged lysines (4K) linked to a molecule of biotin at the 

top end and to a cysteine (C) at the bottom end for the tethering to the gold surface. The 

bioactive molecule (biotin), can be reversibly exposed (ON state) or concealed (OFF state) by 

applying an electrical potential to the gold surface (Figure 1.13). 

 

 

 

Figure 1.13 – Schematic representation of the switching of Biotin-4KC:TEGT mixed SAM upon 

the application of an electrical potential. 
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  The dynamics of the molecular changes were followed in real-time using surface 

plasmon resonance (SPR) and fluorescence microscopy, to study the specific binding between 

biotin and fluorescently labelled Neutravidin196. When a potential of +0.3V was applied, high 

Neutravidin binding was observed both by SPR and by recording an increase in fluorescence, 

meaning that the biotin moiety is fully exposed on the surface and the interaction with the 

protein is maximised. On the other hand, when a negative potential of -0.4V is applied, the 

charged backbone collapses on the surface and the biotin moiety are hindered by the ethylene 

glycol-terminated thiol molecules and the interaction with Neutravidin is minimal. The bio-

inactive state leads to more than 90% reduction in protein binding. The biotin-4KC:TEGT mixed 

SAM surface was further developed in this research work and experimental studies were also 

conducted on a shorter (biotin-2K) and longer (biotin-6KC) oligopeptides to study the influence 

of the length of the charged backbone on switching. The findings will be illustrated in Chapter 

3. 

In 2013 Pranzetti et al10,195, tested the use of switchable surfaces to analyse bacterial 

adhesion by forming a two-component SAM of 11-mercaptoundecanoic acid (MUA) 

representing the switching unit and the backfiller mercaptoethanol (MET) that can reversibly 

change its wettability upon the application of an electrical potential. By varying the potential 

in cycles, between +0.25V, OC (no applied potential) and -0.25V, it was possible to follow the 

interaction of the mixed SAM with the hydrophobic marine bacterium Marinobacter 

hydrocarbonoclasticus (Mh) (Figure 1.14).  
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Figure 1.14 – Cartoon representation of the control of bacteria cells adhesion by switching a 

MUA:MET mixed SAM. 

 

When a positive potential was applied, the carboxylate groups on MUA were attracted 

toward the substrate, exposing the hydrophobic alkyl chains, causing the repulsion of bacteria. 

It was demonstrated that the attachment of cells can be reversed by moving from a negative 

potential to a positive one, but the increase of the number of ON/OFF cycles reduce the 

reversibility of the process. In addition, it was shown that a pure SAM of MUA is not affected 

by the change of the surface potential.  

The studies described above were conducted in limited biological conditions, 

phosphate buffer saline (PBS) solution was used to analyse the interaction between biotin and 

Neutravidin, whereas artificial seawater was used in the case of monitoring bacterial adhesion. 

Starting from the encouraging results obtained in simple media, Lashkor et al.198 investigated 

whether more complex biological conditions can affect the efficiency of the induced 

conformational changes. The switching of biotin-4KC mixed SAMs with various ethylene glycol-

terminated thiols was investigated, by electrochemical SPR in real-time, in different media 

commonly used for cell and tissue culture, namely Dulbecco’s modified Eagle’s medium 

(DMEM) containing a mixture of inorganic salts, amino acids, glucose and vitamins, DMEM 

containing 10% foetal bovine serum (DMEM-FBS) and DMEM-FBS with (4-(2-hydroxylethyl)-1-

piperazineethanesulfonic acid) HEPES buffer (DMEM-FBS-HEPES). The results showed that, 
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when the spacer is a longer ethylene glycol thiol (11-carbon TEG-terminated thiol, C11TEG), 

the surface is more resistant to non-specific binding coming from the medium, but the 

switching efficiency is reduced in PBS if compared to the biotin-4KC:TEGT tested before. 

However, the high protein resistance, make this mixed SAM suitable for the creation of systems 

that have to operate in complex biological conditions. The dynamic changes were then 

monitored in the three different media indicated above. From the results, it is possible to infer 

that both FBS and HEPES both interfere with the switching process, by interacting with the 

oligopeptide chains on the surface, but the presence of DMEM reduces the antagonistic effect. 

By diluting the media solutions, the switching efficiency increases, meaning that by carefully 

controlling the complex biological conditions it is possible to exploit charged oligopeptide 

chains to achieve maximum conformational changes. After having demonstrated the feasibility 

of conformational transitions in complex media, the study was developed further to investigate 

cell adhesion on dynamic SAMs. Putting together the findings of the previous studies, Lashkor 

et al. developed an arginine-glycine-aspartate (RGD) oligopeptide-based surface199, able to 

regulate cell adhesion. RGD is a tripeptide commonly present in the majority of the adhesive 

proteins on the extracellular matrix and it is specific for integrin-mediated cell adhesion. The 

switching unit was constituted by a 3-lysine oligopeptide (C3K) functionalised with a glycine-

arginine-glycine-aspartate-serine (GRGDS) recognition unit to obtain a C3K-GRGDS:C11TEG 

mixed SAM on gold substrates. The switching performance was followed by electrochemical 

SPR using DMEM as medium. When a negative potential was applied (-0.4V), the oligopeptide 

switching unit was in a collapsed conformation on the surface, hampering cell adhesion. If the 

conformation/orientation of the RGD peptide is altered upon the application of an electrical 

potential, it is possible to regulate the exposure and availability of RGD sites for cell surfaces 

receptors. However, it is not possible to perform switching cycles from adhesive- to 
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resistant-state, as in the case of bacteria adhesion195 described before, due to the cell 

attachment being directed by multiple RGD-integrin bonds in parallel. 

Understanding the mechanisms of dynamic changes on the surface is of paramount 

importance to have a complete insight into the molecular reorganisation that occurs when an 

electrical stimulus is applied. Two fundamental techniques that can provide numerous 

information about the switching process are molecular dynamics (MD) simulation and sum-

frequency generation (SFG) spectroscopy, the former have been used in this research work in 

collaboration with Nanjing University (China) and will be described in Chapter 3. SFG was used 

by Pranzetti et al194 to study the orientation of biotin moieties on the surface in the biotin-

4KC:TEGT mixed SAM. Such technique exploits IR overlapped to visible laser pulse to excite the 

vibrational states in the molecules of interest and allows the measurement of SFG spectra. By 

using a special electrochemical cell, it was possible to monitor in real-time the changes 

occurring on the surface when a positive (+0.3V) and a negative (-0.4V) potential were applied 

and characterise a molecular vibration associated with the biotin moiety in the mixed SAM. 

When a positive potential is applied, the switching backbone is fully extended on the surface, 

exposing biotin in an anisotropic upright orientation resulting in a dip of the biotin vibration 

within isotropic biotin orientation and a very weak SFG peak is recorded. 

 

1.4 Application of switchable surfaces to the selection of sperm cells for in-vitro fertilisation 

(IVF) techniques 

Male infertility is the male’s inability to induce pregnancy in a fertile female214 and it 

affects the 7% of men215. Infertility is commonly due to abnormalities in semen quality215,216 

that can be either caused by age217, lifestyle218,219, oxidative stress220, autoimmune reactions221 
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or genetic problems222. One of the genetic factors leading to infertility in males, is the incorrect 

expression of genes coding for the calcium channels CatSper. These channels are a family of 

sperm-specific cation channels223, composed by four pore-forming channel proteins, CatSper 

1-4, and three subunits, CatSper, CatSper and CatSper, which control the calcium ion (Ca2+) 

influx, required for hyperactivation224–227. CatSper are permeable channel proteins located on 

the plasma membrane of spermatozoa228,229. Blocking these channels in knockout spermatozoa 

lead to an impairment of normal sperm function223,225. The opening of the calcium channels is 

regulated by the interaction between sperm cells and progesterone230. Therefore, sperm cells 

that are able to respond to progesterone will then acquire the ability to fertilise the female 

egg231,232. 

Progesterone, is a steroid hormone, released by cumulus cells surrounding the oocyte 

in the female oviduct230,233. The release of progesterone activates the CatSper channel and 

therefore the calcium influx into the sperm flagellum234,235. When good quality sperm cells 

interact with progesterone, they undergo a change in their flagellar activity, moving from 

symmetric to asymmetric232,236. If one of the genes coding for one of the CatSper subunits is 

suppressed, the sperm cells are unable to start the Ca2+ influx in response to progesterone and 

acquire their fertilisation state226,237. It has been demonstrated that in both human and mice, 

all the four subunits composing the CatSper channel are needed for a successful control of 

spermatozoa hyperactivation, chemotaxis and acrosome reaction238–240. 

When spermatozoa fail to achieve fertilisation naturally, in-vitro fertilisation (IVF) 

methods are necessary to help couples in conceiving241,242. Two methods are generally used: 

the first one is standard IVF, where, after the stimulation of the female ovulation, an egg or 

eggs (ovum or ova) are removed from the woman’s ovaries and incubated with sperm in an 
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adequate medium, in a laboratory241,243. The fertilised eggs (zygotes) are then cultured for 2-6 

days in a growth medium and then implanted in the woman uterus241. The second method used 

is intracytoplasmic sperm injection (ICSI), similar to the standard IVF procedure, with the only 

difference that a single sperm is injected directly into a female egg241,244. However, these 

helpful and advanced procedures are not free from potential risks, such as miscarriage and 

genetic problems in the foetus245,246. The genetic risks are more probable in ICSI than IVF, 

because sperm cells are selected only by morphological assessment247. The UK IVF techniques 

success rate in 2010 was 32.2% for women aged under 35 and 27.7% for women aged between 

35-37 (source NHS). Since the introduction of ICSI methods, no important advancements have 

been made in the development of diagnostic tools able to select good sperm cells, not carrying 

genetic dysfunctions. Therefore, the development of a platform able to dynamically reveal or 

hide progesterone molecules upon the application of an electrical potential, to select 

responsive sperm cells, would be of paramount importance in both improving the success rates 

and reducing the risks of IVF techniques. 

 

1.5 Concluding remarks 

Several successful studies have been reported in the literature, about the use of 

switchable surfaces able to respond to the application of a wide range of external stimuli (i.e. 

thermal, chemical/biological, electrical) and already applied in numerous biological and 

medical applications. Such surfaces enable the control of specific biomolecular interactions and 

the modulation of cellular response193, giving a crucial contribution to biotechnology in the 

understanding of relevant complex biological processes. To create effective dynamic surfaces, 

it is of paramount importance to perform a careful study of the desired characteristics in the 
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smart architectures, such as end groups, molecular spacing, dynamic backbones, and to 

understand if they are affected under complex biological conditions. This will allow the creation 

of devices that can closely reproduce natural processes and fully realise their potential. 

To date, important progress has already been made in this stimulating research field. 

Novel platforms with biomimetic features have been created that can offer valuable 

contributions in the enhancement of clinical methods1,173,174.  
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1.6 PhD aim 

The aim of this PhD is to design and fabricate novel switchable surfaces, able to 

selectively control specific binding of biomolecules on the surface and from then recreate the 

successful switching surface on a micropattern, to achieve the control of calcium signalling in 

human sperm cells.  

 

The steps needed to achieve this aim are the following: 

1) Fabricating mixed SAMs to control biomolecular interactions between biotin and 

Neutravidin studying the switching efficiency of a biotin-4KC:TEGT at different ratios in 

Phosphate Saline Buffer medium (PBS), upon the application of an electrical stimulus. 

Then, investigate the role of the switching unit length on the molecular motion on the 

surface, by analysing the switching efficiency of a shorter (biotin-2KC) and a longer 

(biotin-6KC) oligopeptide. The switching systems will be also analysed by Molecular 

Dynamics (MD) to have a deeper insight into the molecular dynamics. This 

investigation will provide a better understanding of the relationship between the 

surfactant backbone and switching efficiency (Figure 1.15). 
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Figure 1.15 - Molecular structures and related cartoons of the oligopeptide Biotin-4KC and the 

triethylene glycol-terminated thiol (TEGT) used in the mixed SAMs. 

 

2) Fabricating mixed SAMs to control biomolecular interactions between progesterone 

and its murine monoclonal antibody (mAb) by studying the switching efficiency of a 

Progesterone-C7-4KC:EG6OH mixed SAMs in both Phosphate Saline Buffer medium 

(PBS) and Earle’s Balanced Salt Solution (EBSS), upon the application of an electrical 

stimulus. This investigation provides a better understanding of the feasibility of the 

exposure control of Progesterone on the surface, needed to then control the 

activation of the calcium signalling in human sperm cells (Figure 1.16). 
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Figure 1.16 – Cartoon representation of the switchable system (top), molecular structures and 

related cartoons of the oligopeptide (progesterone-C7-4KC) and the hexaethylene glycol-

terminated thiol (EG6OH) used in the mixed SAMs (bottom). 

 

3) Perform preliminary studies on the feasibility of an orthogonal functionalisation of 

gold and glass surfaces to create a switchable system, composed by Progesterone-C7-

4KC:EG6OH mixed SAMs on gold and silane-poly-D-lysine (silane-PDL) layers. Study 

sperm cells attachment on silane-PDL layers to set the starting point for the 

development of an innovative switchable system able to monitor sperm cell response 

to progesterone in real time.  
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Chapter 2: Surface Characterisation Techniques 

Abstract: This chapter briefly describes the surface characterisation techniques commonly used 

in the analysis of surfaces. To design highly-ordered surfaces, it is of predominant importance 

to understand the chemical and physical properties of a SAM through a detailed and precise 

characterisation. The overall information about a specific surface is the sum of several data 

collected using different techniques, each of which is important to achieve a complete and 

accurate understanding of the different aspects of the surface analysed. Such techniques 

include contact angle measurements, ellipsometry, fluorescence microscopy, X-ray 

Photoelectron Spectroscopy (XPS), Surface Plasmon Resonance (SPR) and electrochemical 

techniques. 

2.1 Contact Angle 

Contact angle is a surface characterisation technique, used to evaluate the 

hydrophilicity/hydrophobicity of a surface by using a droplet of a liquid (usually water) 

deposited onto the investigated surface. A contact angle goniometer consists of a light source 

to illuminate the surface, a stage to hold the surface, a syringe filled with a liquid and a camera 

connected to a computer for measuring contact angle values (Figure 2.1). 
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Figure 2.1 – Schematic representation of a contact angle goniometer 

 

The contact angle is calculated using Young’s equation (Equation 2.1) 

SV = SL + LVcosθ 

Equation 2.1 

Where  is the surface tension (or surface free energy) and SV, SL and  LV are the surface 

tensions for solid-vapour, solid-liquid and liquid-vapour interfaces, respectively248. When a 

droplet of liquid is deposited onto a surface, the three surface tensions are in equilibrium, as 

showed by Equation 2.1 and expressed by the calculated contact angle. When a surface 

possesses a hydrophilic character, the surface energy is high, and the droplet spreads onto the 

surface to minimise this energy. This results in a low contact angle (<30˚). On the contrary, 

when a surface possesses a hydrophobic character, the surface energy is lower, and the droplet 

does not spread onto the surface, resulting in a higher contact angle (>90˚) (Figure 2.2). 
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Figure 2.2 – Representation of contact angles (θ) formed by sessile liquid drops on a solid 

surface. Representation of a) a hydrophilic surface and b) a hydrophobic surface. 

 

The contact angle can be measured using two different methods: static and dynamic 

contact angle. In the static method, a droplet of liquid is deposited onto the surface, the contact 

angle is measured while the droplet volume remains constant. In the dynamic method, many 

droplets of liquid are deposited onto the surface dropwise, forming one larger drop on top of 

it, which is then withdrew using a needle. The advancing contact angle (θa) is measured during 

the addition of the liquid, and the receding contact angle (θr) is measured during its withdrawal 

(Figure 2.3).  
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Figure 2.3 – Schematic representation of a) advancing (θa) and b) receding contact angle (θr) 

used in the dynamic contact angle measurements.   

 

The difference between the advancing and receding angle (θa-θr) is called contact angle 

hysteresis (θh) and gives indications about the homogeneity of a surface. A small hysteresis 

(<5˚) indicates that the surface is homogenous and well-ordered, whereas a large hysteresis 

suggests the surface is contaminated, non-homogenous and/or relatively rough249. 

 

2.2  X-ray Photoelectron Spectroscopy 

XPS is a surface-sensitive quantitative technique, exploited to analyse the elemental 

composition (for the top 0-10 nm of a surface), the empirical formula, and the chemical and 

electronic states of elements composing a material250. The first high-energy-resolution XPS 

spectrum was recorded in 1957 by Kai Siegbahn and co-workers at University of Uppsala251. 

This technique uses an electromagnetic source to eject electrons from the analysed 

sample252 in an ultra-high vacuum (UHV) environment. 
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An XPS apparatus comprises an ultra-high vacuum chamber where the sample is placed, 

an X-ray source, an electron collection lens, an electron energy analyser, an electron detector 

and a computer where the XPS peaks are visualised (Figure 2.4) 

 

 

 

Figure 2.4 - Cartoon representation of a XPS apparatus 

 

When an X-ray photon (h) interacts with an electron in the K shell, a 1s photoelectron 

is emitted from the surface, as a result of atoms being ionised. Subsequently, an electron from 

a higher energy level (L) fills the created vacancy in the inner-shell, leading either to X-ray 

fluorescence photoemission process (XPS) or radiationless process of Auger electron emission, 

consisting in the de-excitation and emission of a higher-shell electron (Figure 2.5)250,252,253. 
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Figure 2.5 – Schematic diagram of XPS process for a photoelectron emitted from the core 

energy level. The subsequent relaxation process of an electron from a higher energy level 

(dashed arrow) fills the created vacancy (white circle), resulting in the emission of an Auger 

KLL electron (dark green circle). 

 

When electrons are transferred, for example from the L shell to the K shell, as in the 

example above, this results in a decrease of the atom potential energy253. Electrons are ejected 

with discrete kinetic energies (EK)254 that can be analysed and used to derive the equation to 

calculate the energy conservation (Eh) of the process (Equation 2.2), 

EhEK + E + EB(i) 

Equation 2.2 



  
CHAPTER 2 43 

 

where Eh is the X-ray energy, EK is the photoelectron kinetic energy, E is a small correction for 

solid effects (work function dependent on the spectrometer and the material) and it is a 

constant, and EB(i) is the electron binding energy for the ith level. 

The conventional photon sources are soft X-rays (MgK X-rays, h=1253.6 eV and AlK X-rays, 

h=1486.6 eV) and the detection limit of the technique is 1000 ppm (0.1 atom%)255,256. 

XPS leaves the atomic nuclei being examined unchanged, however some samples can 

undergo decomposition upon the exposure to an X-ray source, not allowing further analysis of 

the sample. The power of the X-ray photoelectron method lies in the fact that the measured 

quantity, the electron binding energy of an atom, is a function of the chemical environment of 

the atom254. Each element on the analysed surface can be therefore easily identified by 

analysing the XPS peaks produced by each atom. 

The elements on the surface can be identified by analysing the binding energy of the 

core photoelectrons. The intensity (integrated area under the photoelectron peak) is 

proportional to the atom quantity in the detected volume. The exact position of a 

photoelectron peak indicates the chemical state of the atom, since the binding energies of the 

atom core levels are affected by its chemical environment252. 

 

2.3 Ellipsometry 

Ellipsometry is a sensitive, non-destructive, optical technique developed by Drude in 

1887257,258 , to calculate the dielectric function of metals and dielectrics259. This technique 

exploits plane-polarised light interacting with the surface at a certain angle (usually 70˚), to 

study surfaces and thin films via thickness and morphology measurements at interfaces, up to 

1000Å. The measurements are commonly carried out in the UV/VIS region, but they have also 
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been made in the infrared region260. The surface roughness needs to be small (<50Å)261 and the 

measurement has to be performed at oblique incidence at an angle that maximises the 

sensitivity262. A high surface roughness would cause light scattering, which dramatically 

reduces light intensity, and the ellipsometry measurements would therefore become 

difficult260,263. If the light incidence was normal, it would be impossible to distinguish the p- and 

s- components of the light, making the measurement impossible263. Figure 2.6 shows a 

schematic representation of an ellipsometer. 

 

Figure 2.6 – Schematic representation of an ellipsometer. 

 

The light beam emitted by the source passes through a polariser, then the linearly 

polarised beam hits the surface at a selected angle and each component is reflected with a 

different phase and amplitude, as an elliptically polarised light. The reflected light passes 

through a compensator that can modify the phase of the beam, to finally reach the analyser 

that calculates the ratio between the reflection coefficients of the two components of the light 

(Equation 2.3)264  
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𝜌 =
𝑟𝑝

𝑟𝑠
= tan⁡(𝜓)𝑒𝑖∆ 

Equation 2.3 

where tan(ψ) is the amplitude ratio upon reflection and Δ is the phase shift (difference). They 

can both be calculated using Fresnel’s equations260,263. Since ellipsometry is an indirect method, 

the values of ψ and Δ cannot be used directly to calculate the optical constants of the sample, 

but a layer model and an iterative procedure have to be used. The iterative procedure is called 

“least-squares minimization”265 and it is used to vary the optical constants and/or thickness 

parameters. The optical constants are obtained from the values of ψ and Δ that best fit the 

experimental data and the parameters of the sample. In order to calculate the thickness of a 

SAM, a three-phase ambient/SAM/substrate model is used, in which the SAM is assumed to be 

homogeneous with a refractive index ranging between 1.45 and 1.55266. This model is based 

on the Cauchy equation, which considers a SAM as a transparent layer. The thickness of the 

SAM is then calculated using multi-guess iterations that provide a thickness result with the 

lowest χ2 (chi-square distribution) between the measured and the calculated values of ψ and 

Δ. 

 

2.4 Fluorescence Microscopy 

Fluorescence Microscopy is an optical technique, fully developed at the beginning of 

the 20th century, which, instead of, or in addition to, reflection and adsorption, exploits 

fluorescence and phosphorescence to analyse biological, organic and inorganic samples267,268. 

This technique uses the sample itself as the light source, inducing it to fluoresce269. A 

fluorescence microscope employs the capability of certain materials to emit energy as visible 
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light if irradiated with a light beam of a specific wavelength. The studied specimen can be 

naturally fluorescent (e.g. chlorophyll and some minerals) or it can be labelled with a 

fluorescing molecule (i.e. fluorescent dye or fluorochrome)267–270. This instrument uses a light 

source at a much higher intensity than a conventional microscope. The fluorescent species 

present in the sample are excited and emit light at lower energy but longer wavelength that 

produces the magnified image, instead of the light source. A fluorescence microscope is 

equipped with special filters designed to isolate and manipulate two distinct sets of excitation 

and fluorescence emission wavelengths (Figure 2.7)269. 

 

 

Figure 2.7 – Schematic illustration of a fluorescence microscope setup. 

 

The excitation filter selects only the shorter radiation wavelengths coming from the 

light source which are able to excite the fluorescing material, and send these wavelengths to 

the sample, while the band of longer wavelengths emitted by the sample itself form an image 
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of the sample, recorded by the objective269. In order to make the microscope work effectively, 

fluorophores, filters and light source have to be carefully selected for a given application and 

the quality of the fluorescence signals have to be analysed271.  

Fluorescence microscopy is widely used to study the characteristics, functions and 

intracellular distribution of numerous metabolites and biomolecules. These applications 

include the use of fluorescently labelled metabolites, ligands and proteins for the interaction 

with cell membranes, which in turn become fluorescently labelled271. Fluorescent antibodies 

and proteins (e.g. green fluorescent protein, GFP) can also be used to tag target molecules, and 

special dyes have also been developed to label organelles and cytoskeletal proteins 

selectively272–276. By using radiometric dyes, it is possible to monitor the concentration of 

numerous intracellular ionic species, such as Na+, K+ and Ca2+.277. Advancements in fluorescence 

microscopes have led to the development of novel fluorescence microscopy techniques, such 

as FRET, FRAP and TIRF. FRET, or Fluorescence Resonance Energy Transfer, is used to generate 

fluorescence signals sensitive to molecular conformation, association, and separation in the 1–

10 nm range278. In this case, two different fluorophores are employed, and when the 

fluorophore with the shorter wavelength is excited, this causes the excitation of the longer-

wavelength fluorophore if the two labelled moieties are separated only by a short molecular 

distance (in the range 1-10 nm). FRAP, or Fluorescence Recovery After Photobleaching, 

fluorescence is measured as a function of time and space, and the information about the 

diffusion coefficients and the binding constants of macromolecules can be recorded279. TIRF, 

or Total Internal Reflection Fluorescence microscopy, is an extremely sensitive technique, 

employed in the study of molecular events occurring in the close vicinity of the membrane in 

living cells, due to the short penetration distance (around 100 nm) of this type of microscopy280–

282.  
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2.5 Surface Plasmon Resonance (SPR) 

Surface plasmons were observed for the first time in 1902 by Wood283–285, who 

described the phenomenon of anomalous diffraction after illuminating a metallic diffraction 

grating with polychromatic light286. Further work by Fano287 showed that the narrow dark 

bands in the diffracted light reported by Wood were associated with the excitation of 

electromagnetic waves on the surface of the grating286,288,289. 

In 1968 Otto, Kretschmann and Raether demonstrated that the drop in reflectivity in 

the Attenuated Total Reflection method (ATR) observed by Thurbadar ten years earlier288–290 

was due to the excitation of surface plasmons. When a p-polarised monochromatic light beam 

interacts with a metal surface evaporated onto a glass prism at a certain angle (surface plasmon 

resonance angle, θSP), a surface plasmon wave (SPW) is generated at the interface between the 

glass prism, characterised by a high refractive index (RI), and the external medium (gas or 

liquid), characterised by a low RI286,288–290. 

In the Kretschmann geometry of the ATR method, a prism with a high refractive index 

(np) is interfaced with a thin metal film with dielectric constant m, thickness q and a semi-

infinitive dielectric with a low refractive index nd (nd<np). When a light wave propagating in the 

prism hits the metal film, part of the light is reflected back into the prism and part propagates 

in the metal (Surface Plasmon Wave, SPW) (Figure 2.8). 
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Figure 2.8 - Kretschmann geometry of the Attenuated Total Reflection (ATR) method. θSP is the 

angle at which the incident light is able to excite the surface plasmon wave (SPW) at the 

metal-dielectric interface, d is the thickness of the metal surface (usually 50 nm) and εm and εd 

are the dielectric constants of the metal and the dielectric, respectively. 

 

An SPW is characterised by the propagation constant () and the electromagnetic field 

distribution (Equation 2.4) 

𝛽 =
𝜔

𝑐
√

𝜀𝑚⁡𝜀𝑑
𝜀𝑚 + 𝜀𝑑

 

Equation 2.4 

whereis the angular frequency, c is the speed of light in vacuum, m is the dielectric constant 

of the metal (m=mr+imi) and d is the dielectric constant of the dielectric290–292. The excitation 

of surface plasmons can be possible only if the dielectric constant of the metal (m) has a large 

negative real part at the light wavelength used. This phenomenon can therefore occur only if 
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at the interface between the two media a so-called “free electron-like” metal is present 

(generally gold) and its thickness should be a fraction of the wavelength of the incident light 

(usually 50 nm). Outside the metal, an evanescent electric field that decays exponentially with 

distance from the metal surface is present, in the direction perpendicular to the prism-metal 

surface, and interacts with the close vicinity of the metal287. The evanescent formed wave 

penetrates through the metal film and couples with a surface plasmon at the outer boundary 

of this film. The electromagnetic field of a surface plasmon wave is distributed in an asymmetric 

manner, and the majority of this field is concentrated in the dielectric. If changes of the optical 

properties of this region occur, i.e. when an analyte molecule in solution binds to a molecule 

absorbed on the metal surface, the refractive index at the surface will increase, the SPR angle 

will be affected and its variations will result in a change of the SPR signal recorded on the 

computer screen (Figure 2.9)287,293. 
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Figure 2.9 – Illustration of the SPR sensing principle, using the Kretschmann optical 

configuration. a) The SPR detects the angle of reflection of the light when no analyte is bound 

to the SAM on the surface; b) when the analyte is present in solution, this comes into contact 

with the target molecules on the surface. The binding causes a variation in the mass present 

on the surface, therefore a shift in the angle of reflection (c) occurs, and a change in the 

intensity of the reflected is recorded by the photodiode array detector. d) A sensorgram is 

obtained by plotting the resonance angle signal against time, and it is used to monitor the 

changes occurring on the surface. 

 

Surface Plasmon Resonance is nowadays fully exploited to follow the interaction 

between molecules immobilised on the metal surface (molecular recognition elements) and 

analyte molecules in solution (biorecognition element)294.  
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The analyte molecules interact with their relative biorecognition element on the sensor 

surface, this causes an increase in the refractive index and this change can be measured in real-

time. When the buffer solution flows again on the surface, this causes a drop in the refractive 

index and the occurred variations correspond to a change in the SPR signal recorded. If the 

nature of the interaction is known, the amount of analyte molecules bound to the 

biorecognition elements can be calculated from the change of the SPR response units (RU). 

SPR was used for the first time for biosensing in 1983 by Liedberg and his collaborators, 

to investigate the interaction between an immunoglobulin (IgG) absorbed on a silver surface 

and its relative antibody (anti-IgG). This interaction was demonstrated by recording a shift in 

the surface plasmon angle and detecting a change in photocurrent when the antibody was 

injected over the surface283,295,296.  

SPR instrumentation is easy to use, and the sensing chip can usually be regenerated, to 

which biomolecules could be coupled using known coupling chemistry. The possible 

applications of SPR for biosensing have been extensively developed since the first 

demonstration of immunosensing. The application of SPR for biosensing has been extensively 

developed since the first work of Liedberg et al. SPR biosensors are a label-free real-time 

analytical technology, and its major application areas include the detection of biological 

analytes and the analysis of biomolecular interactions294,297.  

In this research work, surface plasmon resonance, coupled to electrochemistry, was 

exploited to investigate, in real-time, the interaction between neutravidin molecules in solution 

and biotin moieties on the sensor surface, and between anti-mouse progesterone antibodies 

in solution and progesterone moieties on the surface. 
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2.6 Electrochemical techniques 

Electrochemical techniques are used to study processes occurring when an electric 

potential is applied. The most commonly used electrochemical methods are 

chronoamperometry, linear sweep voltammetry and cyclic voltammetry. They will be briefly 

described in the following sections. 

2.6.1. Chronoamperometry 

Chronoamperometry is a sensitive electrochemical technique in which the working 

electrode potential (V) is changed in one step from V1 (equilibrium state) to V2, and then kept 

to this potential for a defined amount of time. The resulting steady state current, caused by 

the potential step, is measured as a function of time298–301. The potential stepping and the 

resulting current are shown in Figure 2.10. 

 

Figure 2.10 – Illustration of a) chronoamperometry potential stepping and b) current variation 

with time 

Changes in the current come from the variations in the diffusion layer at the electrode. 

The concept of “diffusion layer” was introduced by Nernst, and describes the presence of a thin 

layer of solution in contact with the electrode surface298,302. The local analyte concentration at 
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the electrode surface falls to zero, and the movement of the analyte from the bulk solution of 

higher concentration is controlled by diffusion. This creates a concentration gradient away 

from the electrode surface, whereas the convective transfer maintains the concentration of 

the analyte in the bulk solution constant. Chronoamperometry is often coupled to other 

techniques such as cyclic voltammetry, for time-dependent system characterisation302. 

 

2.6.2. Linear Sweep Voltammetry 

Linear sweep voltammetry (LSV) is a voltammetric method in which the current at a 

working electrode is recorded, while the potential between the working and the reference 

electrode is linearly varied with time (Figure 2.11)303,304. 

 

Figure 2.11 – Series of linear sweep voltammograms recorded at different scan rate 

 

V1 is the lower limit of the voltage range applied, at which no reaction occurs, whereas 

V2 represents the upper limit. By calculating the slope of the line, it is possible to obtain the 
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voltage scan rate (v = Δy/Δx). When the potential starts to be swept towards V2, the electrolyte 

(A) present in the electrochemical cell starts to be reduced or oxidised to form the 

electrochemical product (Equation 2.5)303. 

A + e-  A- (Reduction) 

A  A+ + e- (Oxidation) 

Equation 2.5 

The process can be understood by looking at the Nernst equation, which shows the 

relationship between the concentration of species and the potential difference (Equation 

2.4)303: 

 

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
− ln

[𝑜𝑥]

[𝑟𝑒𝑑]
 

Equation 2.4 

where E is the applied potential difference, E0 represents the standard electrode potential, R is 

the universal gas constant (R=8.314JK-1mol-1), T is the absolute temperature (in Kelvin), F is the 

Faraday constant (F=9.64853x104Cmol-1) and n is the number of electrons being transferred in 

the half-reactions. The voltage is varied from V1 to V2, then the equilibrium at the electrode 

surface is altered and a current can be recorded303,304. At the equilibrium (V1 applied), there is 

no electron transfer in the electrochemical cell. The current increases further as the potential 

is swept towards V2, due to a greater number of electrons being transferred in the system. The 

result is a shift of the equilibrium towards the product (conversion of more electrolyte A), 

reaching the full conversion of the analyte at the electrode when the potential applied is equal 
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to V2. At the redox peak potential (Vp), the current reaches its maximum value, due to the 

diffusion layer having sufficiently grown above the surface of the electrode. This phenomenon 

makes the movement of reactant to the electrode too slow to satisfy the Nernst equation, 

causing a fall in the current303,305 (Figure 2.12). 

 

Figure 2.12 – Changes in current response for voltammograms recorded at different scan 

rates. 

If the scan rate is varied, this causes a linear change in the current response: if the scan 

rate is increased, the total current increases. This event can be understood by analysing again 

the diffusion layer present at the electrode surface, which will change with the voltage scan 

rate. When the scan rate is slow, the voltammogram will take longer to record and the growth 

of the diffusion layer will be bigger than in the case of a faster scan rate. This phenomenon will 

reduce the flux of the analyte (reactant) to the electrode, leading to a smaller current compared 

to higher scan rates, being this proportional to the flux303,305. 
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2.6.3. Cyclic Voltammetry 

Cyclic Voltammetry (CV) is a potentiodynamic electrochemical measurement, similar to 

linear sweep voltammetry (LSV)302,304,306. In this case, the potential of the working electrode is 

linearly swept versus time between two values at a fixed rate. Contrary to linear sweep 

voltammetry, when the potential reaches the final value V2 the scan is reversed, and the 

voltage is swept back towards the equilibrium position V1. This results in a triangular potential 

cycle (Figure 2.13). 

 

Figure 2.13 – Schematic representation of the forward and back scans in cyclic voltammetry. 

 

The forward scan gives an identical response to that given by a LSV scan, but when the 

scan is reversed, the system moves back towards the equilibrium position, and the product of 

electrolysis is converted back to reactant. The current is flowing from the solution species back 

to the electrode, occurring in the opposite direction to the forward scan. The voltage is 

measured between the reference electrode and the working electrode, whereas the current is 
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measured between the working electrode and the counter electrode. The current is then 

plotted versus the voltage, in a graph called cyclic voltammogram (Figure 2.14)303. 

 

Figure 2.14 – Schematic representation of a cyclic voltammogram for a reversible single 

electrode transfer reaction, in the case of a solution containing only a single electrochemical 

reactant. Epc and ipc are the peak potential and peak current relative to the cathode, 

respectively, whereas Epa and ipa are the peak potential and peak current relative to the 

anode, respectively 

 

When the voltage is swept towards the reduction potential of the analyte, an increase 

in the current occurs. The analyte starts to be reduced at the electrode surface, to form the 

electrochemical product. Once the potential has passed the reduction potential value, the 

current decreases, due to the reduction in the concentration of the analyte near the electrode 
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surface. When the voltage is reversed towards V1, the formed product starts being reoxidised, 

to form again the electrochemical reactant, and a current of opposite polarity is produced. This 

current will first increase, to then decrease after a voltage peak has been formed, as the voltage 

scan continues toward V1
302,303. 

If a reaction is reversible, the recorded CV presents specific characteristics: 

1. The difference between the two peak potentials is (Equation 2.5) 

𝛥𝐸 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐 =
59

𝑛
𝑚𝑉  

Equation 2.5 

where a is relative to the anodic peak, c is relative to the cathodic peak and n is the number 

of electrons being transferred in the electrochemical process, mV is millivolts. 

2. The positions of peak voltage do not vary with the scan rate 

3. The peak current ratio is always equal to 1, at each scan rate (Equation 2.6):  

𝑖𝑝𝑎
𝑖𝑝𝑐

= 1 

Equation 2.6 

4. The peak currents are proportional to the square root of the scan rate 

The scan rate is a critical factor, because each scan has to be high enough to allow the chemical 

reaction of interest to occur. The diffusion layer thickness can explain the role of the scan rate 

as with the linear sweep voltammetry303.   

In the case of an irreversible reaction, the electron exchange between the working 

electrode and the analyte is very slow. This phenomenon causes the peak current for the 

irreversible reaction to be lower than the reversible one. In this case, the peak current ratio 
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differs from 1, and the difference between the peak potentials relative to the anode and the 

cathode is greater than 59/n mV (Equation 2.7)303.  

𝛥𝐸 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐 >
59

𝑛
𝑚𝑉  

Equation 2.7 

This behaviour can be attributed to secondary chemical reactions occurring at the 

electrode, triggered by the electron transfer306.  
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Chapter 3 - Experimental Procedures and Protocols 

Abstract: Materials, methods and experimental techniques used in this work are discussed in 

this chapter, together with experimental procedures and protocols and data analysis by various 

types of equipment. 

 

3.1 Materials and Methods 

3.1.1 Gold substrates 

Polycrystalline gold substrates were purchased from George Albert PVD, Germany and 

consisted either of a 50 nm gold layer deposited onto glass covered with a thin layer (5 nm) of 

chromium as the adhesion layer (for contact angle and XPS analysis) or 100 nm gold layer on 

100-4inch-silicon wafer, precoated with titanium as the adhesion layer (for ellipsometry 

analysis). Polycrystalline gold substrates employed in SPR were purchased from Reichert 

Technologies, USA, consisted of 49 nm gold with 1 nm chromium. 

3.1.2 Glass substrates 

Glass substrates approximately 1 cm by 1cm were cut from glass microscope plain slides 

using a glass cutter. Glass microscope plain slides (26 mm by 76 mm, 0.8-1 mm thick) were 

purchased from Thermo Fisher Scientific Ltd. 

3.1.2 Silicon substrates 

Silicon substrates approximately 1 cm by 1cm were cut from silicon wafers using a glass 

cutter. The silicon wafers were purchased from IDB Technologies Ltd (Whitley, UK), with the 

following specifications: type: N<100>; size: 76 mm; resistivity: 1-10 ohm-metre (Ω⋅m); 

thickness: 381 m; polish: Single Side Polish (SSP). 
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3.2 Chemicals  

Commercially available chemicals and solvents were purchased from Aldrich Chemicals 

and Fisher chemicals and used as received. The oligopeptides Biotin-2KC, Biotin-4KC, Biotin-

6KC and Progesterone-C7-4KC were synthesised by Peptide Protein Research Ltd. (Wickham, 

UK) to > 95% purity and verified by HPLC and mass spectrometry. Neutravidin, Calcium 

GreenTM-1, AM and Pluronic Acid F-127 (20% solution in DMSO) were obtained from Invitrogen 

Life Technologies Ltd. (Paisley, UK). Purified Progesterone-3 Anti-Mouse monoclonal antibody 

(Affinity Constant: 75x1010 L/M) was obtained from antibodies-online GmbH (Aachen, 

Germany) and diluted with Phosphate buffered saline (PBS) solution. Phosphate buffered saline 

(PBS) solution was prepared from a 10× concentrate PBS solution (1.37 M sodium chloride, 

0.027 M potassium chloride and 0.119 M phosphate buffer) from Fisher BioReagents. Modified 

Earle’s Balanced Salt Solution (sEBSS) (CaCl2∙2H2O 1.80 mM, KCl 5.37 mM, MgSO4∙7H2O 0.81 

mM, NaHCO3 26.19 mM, NaH2PO4∙2H2O 1.01 mM, NaCl 116.36 mM, D-Glucose 5.55 mM, 

Sodium Pyruvate C3H3O3Na 2.73 mM, Sodium Lactate C3H5O3Na 41.75 mM) was purchased 

from Biological Industries Ltd. (Beit-Haemek, Israel).  Triethylene glycol thiol (TEGT) was 

synthesised by Dr. Parvez Iqbal, School of Chemical Engineering, University of Birmingham, 

following a multistep route (Figure 3.1). The commercially available triethylene glycol (1) was 

alkylated with alkyl bromide at reflux in basic conditions to obtain 2, that was then converted 

to 3 in the presence of thioacetic acid Azobisisobutyronitrile (AIBN) heated at reflux for 1 h. 

Deprotection of 3 was performed in mild acidic conditions at reflux for 4 h to obtain TEGT (4).  
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Figure 3.1 – Multistep route for the synthesis of triethylene glycol thiol (TEGT) 

 

The 11-(Mercaptoundecyl)hexa(ethylene glycol) (EG6OH) was purchased from Sigma 

Aldrich and used as received. 

The carboxyethylsilanetriol di-sodium salt, 25% in water was purchased from 

Fluorochem Ltd (Hadfield, UK). and used as received. Poly-D-Lysine (PDL) was purchased from 

Scientific Laboratories Supplies Ltd. (Hessle, UK) and diluted with UHQ water to a concentration 

of 2 mg/ml and stored in the fridge. 

3.3 Experimental Procedures 

3.3.1 Surface Preparation 

3.3.1.1 Cleaning of gold and glass surfaces 

Both gold and glass substrates were cleaned by immersion in piranha solution (70% 

H2SO4, 30% H2O2) at room temperature for 8 minutes and then rinsed with Ultra High Quality 

(UHQ) water and then HPLC grade ethanol thoroughly for 1 min. (Caution: Piranha solution 

reacts violently with all organic compounds and should be handled with care).  
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3.3.1.2 Preparation of Biotin-2KC:TEGT, Biotin-4KC:TEGT and Biotin-6KC:TEGT mixed 

Self-Assembled Monolayers (SAMs) on gold substrates 

Clean gold substrates were immersed for 24 h in HPLC ethanol 0.1 mM solution of 

oligopeptide and 0.1 mM TEGT solution containing 3% (v/v) triethylamine N(CH2CH3)3 to 

prevent the formation of hydrogen bonds between the amino groups (NH2) of the oligopeptide 

bound to the gold surface and the free oligopeptide in the bulk solution307. The different 

oligopeptides solutions were mixed at the following volume ratios: 

• Biotin-2KC:TEGT 1:40 and 1:100 

• Biotin-4KC:TEGT 1:0, 1:1, 1:10, 1:40, 1:100 and 1:500 

• Biotin-6KC:TEGT 1:40 and 1:2000 

The substrates were rinsed with a solution of HPLC ethanol containing 10% (v/v) 

CH3COOH to remove triethylamine and then with HPLC ethanol and dried under a stream of Ar. 

3.3.1.3 Preparation of silane-PDL on glass substrates and silicon wafer 

Either clean glass substrates, microscope plain glass slides or 1 cm2 chips cut from silicon 

wafers were coated on one side with a carboxyethylsilanetriol di-sodium salt, 25% in water 

layer by chemical vapour deposition for 2 h in a vacuum chamber. The coated glass surfaces 

were cured for 30 minutes at 100˚C under vacuum and then left cooling to room temperature. 

The substrates (1) were then immersed in a 1mM HCl solution in UHQ water for 5 minutes 

under gentle shaking, to form carboxylic acid groups on the surface to obtain 2. 2 was rinsed 

with UHQ water and then immersed in a solution 1:1 of 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-Hydroxysuccinimide (EDC/NHS) for 15 

minutes, under gentle shaking, to activate the carboxylic groups on the surface, PDL 2mg/ml 
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was added to obtain a concentration of 0.5 mg/ml in the solution and left to react overnight, 

under gentle shaking, to form amide bonds on the surface (3) (Figure 3.2). 

 

 

 

Figure 3.2 – Multistep route for the functionalisation of glass or silicon substrates with silane-

PDL layers 

3.3.2 Surface characterisation 

3.3.2.1 Contact angle 

Contact angles were determined using a home-built contact angle apparatus, equipped 

with a charged coupled device (CCD) KP-M1E/K camera (Hitachi) that was attached to a 

personal computer for video capture. The dynamic contact angles were recorded as micro-

syringe was used to quasi-statistically add liquid to or remove liquid from the drop. The drop 

was shown as a live video image on the PC screen v1.96 (First Ten Angstroms) was used for the 
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analysis of the contact angle of a droplet of UHQ water at the three-phase intersection. The 

averages and standard errors of contact angles were determined from five different 

measurements made for each type of SAM (in triplicate). 

3.3.2.2 Ellipsometry 

The thickness of the deposited monolayers and layers was determined by spectroscopic 

ellipsometry, using either (i) a gold on silicon substrate with a gold thickness of 50 nm, or (ii) 

silicon substrate. A Jobin-Yvon UVISEL ellipsometer with a xenon light source was used for the 

measurements. The angle of incidence was fixed at 70˚. A wavelength range of 280-820 nm 

was used. DeltaPsi software was employed to determine the layer thickness and the 

calculations were based on a three-phase ambient/SAM/substrate model in which the SAM 

was assumed to be isotropic and assigned a refractive index of 1.50. The thickness reported is 

the average of five measurements (in triplicate), with the errors reported as standard deviation. 

3.3.2.3 Surface Plasmon Resonance 

SPR switching experiments were performed with a Reichert SR7000DC Dual Channel 

Spectrometer (Buffalo, NY, USA) at 25˚C using a three-electrode electrochemical cell and a 

Gamry PCI4/G300 potentiostat. The SAMs prepared on Reichert gold served as the working 

electrode, the counter electrode was a Pt wire, and a standard calomel electrode (SCE) was 

used as the reference electrode (Figure 3.3).  
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Figure 3.3 – Cartoon representation of the SPR electrochemical cell 

 

Prior to the binding studies between Biotin and Neutravidin, the sensors chips were 

equilibrated by flowing either degassed PBS at 50 l/min, followed by application of -0.4 V, 

open circuit or +0.3 V conditions for 10 min while passing degassed PBS through the 

electrochemical cell at the flow rate of 50 l/min. While still applying a potential, neutravidin 

(250 l, 37 g/ml) was injected over the sensor chip surface for 10 secs at 1500 l/min and 

then 30 min at 8 l/min (the decrease in flow rate from 1500 to 8 l/min ensures that sufficient 

exposure time was provided for binding to occur between the biotin on the surface and 

Neutravidin in solution). To remove any unbound material, the sensor chips were washed with 

degassed PBS for 10 secs at a flow rate of 1500 l/min, followed by 10 min at a flow rate of 50 

l/min while still applying a potential to the chips. The same procedure was used for OC 

experiments without applying a potential. 
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Prior to the binding studies between Progesterone and its relative anti-mouse Antibody, 

the sensors chips were equilibrated by flowing EBBS at 50 l/min, followed by application of -

0.4 V, open circuit or +0.3 V conditions for 10 min while passing either degassed PBS through 

the electrochemical cell at the flow rate of 50 l/min. While still applying a potential, the 

antibody (250 l, 37 g/ml) was injected over the sensor chip surface for 30 min at 8 l/min, 

followed by 15 min at 50 l/min while still applying a potential, to allow any dissociation of the 

antibody from the surface. The same procedure was used for OC experiments without applying 

a potential. 

 

3.3.2.4 X-ray Photoelectron Spectroscopy 

Analysis of biotin-nKC:TEGT (n = 2, 4, 6) mixed SAMs: XPS spectra were obtained on the 

VG Escalab 250 instrument based at University of Leeds EPSRC Nanoscience and 

Nanotechnology Facility, UK. XPS experiments were carried out using a monochromatic Al K α 

X-ray source (1486.7 eV) and a take-off angle of 15°. High-resolution scans of N (1s) and S (2p) 

were recorded using a pass energy of 150 eV at a step size of 0.05 eV. Fitting of XPS peaks was 

performed using the Avantage V 2.2 processing software. Sensitivity factors used in this study 

were: N (1s), 1.73; S (2p), 2.08; Au (4f 7/2), 9.58; Au (4f 5/2), 7.54. The averages and standard 

errors reported were determined from at least four different XPS measurements. 

Analysis of progesterone-C7-4KC:EG6OH mixed SAMs and silane layers: XPS spectra 

were obtained on the AXIS Nova (Kratos Analytical) instrument based at University of 

Newcastle (NEXUS), UK. XPS experiments were carried out using a monochromatic Al Kα X-ray 

source (1486.7 eV) at a take-off angle of 90 degree to the surface plane. High-resolution scans 

of Au4f, C 1s, O 1s, N 1s, S (2s and 2p) and Si (2s and 2p) were recorded using pass energy of 20 
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eV at a step size of 0.1 eV. Fitting of XPS peaks was performed using CASA XPS processing 

software. Sensitivity factors used in this study were: C 1s 1.00; O 1s 2.93; N (1s), 1.80; S (2s), 

2.43; S (2p), 2.08; Au (4f), 17.10; Si (2s), 0.95; Si (2p), 0.82. 

3.3.2.5 Force Field Test 

The Force Field Test was conducted by Dr Xingyong Wang at Nanjing University, China. 

Since the conformational switching of biotin-nKC chains mainly results from the rotation 

of the C-C bonds, the energy scan for biotin-4KC molecule with different C1-C2-C3-C4 dihedrals 

(θ) was carried out by both force field methods and density functional theory (DFT) calculations 

with the B3LYP functional and 6-31G(d) basis set. Three kinds of force fields, cvff, compass and 

pcff were tested. The result is shown in Figure 3.4. The cvff force field shows the best 

performance. Although it overestimates the energies compared to the DFT result, it displays 

the right shape of the energy curve. In contrast, both compass and pcff force fields result in a 

significant deviation from the DFT result. So, the cvff force field was adopted throughout our 

simulations (Table 3.1). 
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Figure 3.4 - The energy scanning for biotin-4KC molecule with different C1-C2-C3-C4 dihedrals, 

θ, obtained by both force field methods and DFT calculations. 

 

Table 3.1 - Parameters for the surface models used in the simulations. 

Surface chains 
Solvent molecules 

(H2O) 

Ions 

(Cl-) 
Cell parameters (Å3) 

Biotin-2KC/8(TEGT) 957 2 25.95 × 25.95 × 65.42 

Biotin-4KC/15(TEGT) 2115 4 34.60 × 34.60 × 77.42 

Biotin-6KC/15(TEGT) 2728 6 34.60 × 34.60 × 95.42 

9(Biotin-4KC) 1982 36 34.60 × 34.60 × 77.42 
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3.2.2.6 Computational details 

Five layers of gold atoms cut from the Au (111) surface were adopted to model the gold 

substrates used in the experiment and they were fixed during the simulations. All MD 

simulations were performed in the canonical (NVT) ensemble using the cvff force field. The 

temperature was set to 298 K by using the Andersen thermostat308. The equations of the 

motion were integrated using the velocity Verlet algorithm309 with the time step of 1fs. The 

atomic charges for the biotin-nKC molecules were updated every 100ps by DFT calculations, at 

the M06-2X/6-31G(d,p) level of theory. The Discover module in the Materials Studio package310 

was employed to run all the MD simulations. All DFT calculations were carried out with the 

Gaussian 09 program package311. 

 

3.3 Preparation and Analysis of Sperm Cells 

3.3.1 Sperm Cells Incubation and labelling 

Sperm cells were prepared at Birmingham Women’s Hospital, using the facilities at the 

Dr Kirkman-Brown’s research laboratory. Cells were isolated from seminal plasma using the 

following procedure:  1 ml of modified Earle’s Balanced Salt Solution (sEBSS) containing 0.3% 

of Bovine Serum Albumin (BSA) were pipetted into a series of 5 ml test tubes. Volumes of 300 

l of fresh semen sample, stored in the incubator at 37°C and 6% CO2 for no more than 30 min 

after production, were deposited at the bottom of each test tube. After 1-hour incubation 

(37°C; 6% CO2) the top 700 l of the swim-up suspension is gently removed from each tube and 

transferred to clean loose-capped test tubes for capacitation. The sperm cells are finally left in 

the incubator (37°C; 6% CO2) for at least 3 hours, to allow the capacitation process312. After the 

capacitation was completed, 3 ml of a solution composed by 8 l of Calcium GreenTM-1, AM 
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and 42 l of Pluronic Acid F-127 (20% solution in DMSO) were added to 300 l of sperm cells 

suspension. The sperm cells were then left in the incubator (37°C; 6% CO2) for 45 min to allow 

the correct labelling of sperm cells. 

3.3.2 Sperm Cells Counting 

10 l of swim-up suspension were deposited in a Neubauer chamber and sperm cells 

were counted using the Computer Assisted Sperm Analysis (CASA) System313. 

3.3.3 Perfusion Chamber 

The polycarbonate perfusion chamber (dimensions 51 mm x 30 mm x 25 mm) was made 

by Mr Stephen Brookes (School of Physics & Astronomy) and presents openings for the buffer 

flow in and out of the chamber and the microscope objective to analyse the cell adhesion to 

the glass surfaces (Figure 3.5). 

 

 

Figure 3.5 – Picture of the polycarbonate perfusion chamber. The labels correspond, from left 

to right, to the openings for the buffer perfusion inside the chamber, the microscope objective 

and the buffer flowing out of the chamber. 
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3.3.4 Fluorescence Microscopy 

The fluorescence image time-lapses were acquired on an Olympus BX60M upright 

microscope, using an Olympus LUMPlanFL 40x/0.80 W dipping objective. Samples were 

illuminated with a Cairn OptoLED LED (470 nm), filtered to 480/40 nm, and emission 

fluorescence, filtered to 535/50nm, was captured with a Photometrics QuantEm:512SC 

Camera. 
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Chapter 4 - Study of the effect of switching unit length on switching ability 

This chapter is based on the manuscript “Modulation of Biointeractions by Electrically 

Switchable Oligopeptide Surfaces: Structural Requirements and Mechanism” by C. L. Yeung, X. 

Wang, M. Lashkor, E. Cantini, F. J. Rawson, P. Iqbal, J. A. Preece, J. Ma, P. M. Mendes, Advanced 

Materials Interface, 2014, 1, 1300085. (My personal contribution to this work regarded the 

formation of mixed Self-Assembled Monolayers on gold substrates, their characterisation by 

XPS and the study of mixed monolayers switching properties by electrochemical SPR). 

 

Abstract: This chapter presents a detailed analysis of the development of switchable mixed self-

assembled monolayers exploiting charged oligopeptides as switching units. A model system 

composed by a biotinylated lysine oligopeptide has been used for the purposes of this work. 

Herein a detailed study is presented, on the influence of the switching unit length on the mixed 

SAMs performance under an electrical potential. The role of triethylene-glycol (TEGT) 

molecules, used as second component in the mixed SAMs, has also been investigated. The 

desired results have been obtained by testing different biotinylated oligopeptides/TEGT ratios 

on the gold surfaces. TEGT molecules are fundamental to both confer protein-resistant 

properties to the surface, to prevent any Neutravidin unspecific binding, and ensure enough 

space for the switchable units to efficiently undergo their molecular rearrangement on the gold 

surface, upon the application of an electrical potential. Furthermore, molecular dynamics 

simulations have been conducted on the mixed SAMs employed in this study, to have a detailed 

understanding of the dynamics regulating the molecular activity on the surface. This work 

creates the basis for the design of efficient switchable materials, that can be employed in the 

control of complex biological processes.   
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4.1 Introduction 

The possibility of modulating the surface properties by applying different stimuli has 

attracted research interest in the past decades1,173. By changing the surface characteristics 

using temperature314,315, light316,317, magnetic field318 and electrical potential174,194,196,208,319, is 

possible to create devices with tailored features, able to mimic biological processes1,173 and 

have potential biomedical applications9,10,320. 

The range of applications of stimuli-responsive surfaces is wide and includes drug 

delivery systems321,322, biosensors210,323,324, separation, bioanalysis and microfluidic systems325–

328, but also regenerative medicine1,173. Among the different variety of stimuli-responsive 

surfaces, self-assembled monolayers able to rearrange themselves upon the application of an 

electrical potential, have gained growing interest as devices able to selectively control 

biomolecular interactions174,194,196,198,199. The noticeable characteristics of these smart surfaces 

are a fast response time and the easiness of orthogonal functionalisation1,173,329, allowing the 

creations of different switchable regions on the same substrates. Another important feature is 

the possibility of inducing conformational changes on the surface, by using biologically 

compatible low voltages or electric fields330. These monolayers have been shown to be able of 

regulating the interactions between proteins196,208,319, DNA331,332 and both mammalian199,330 

and bacterial195 cells, and the biomolecules on the surface. Specifically, oligopeptides can be 

employed as switching units. Charged aminoacid, such as lysine or aspartic acid, present either 

a positive or a negative charge on their side chains at pH 7. Chains composed by charged 

oligopeptide can then undergo a molecular rearrangement on the surface, upon the application 

of an electrical potential and they can be used to expose or conceal target molecules on 

demand.  
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Different bioactive moieties can be bound to the switchable units, making charged 

oligopeptide SAMs an excellent tool to study biological processes in different 

conditions1,173,174,208. In this work, a detailed study was conducted to analyse how both the 

length of the switching unit and the mixed SAM surface ratio, can control the performance of 

the smart monolayers under an electrical potential. The first component of the chosen mixed 

SAM for this work, is a lysine (K) oligopeptide, functionalised at one end with a biotin moiety, 

able to strongly interact with the Neutravidin protein and at the other end with an aminoacid 

of cysteine (C) to anchor the oligopeptide to the gold substrates via the thiol group. The second 

component is represented by a triethylene glycol-terminated thiol (TEGT). The aim of TEGT 

molecules is both to space out the oligopeptide to allow enough space on the surface for 

molecular rearrangement and impede any undesired unspecific binding of neutravidin protein 

on the gold surfaces (Figure 4.1).  

 

 

Figure 4.1- Chemical structures of the oligopeptides (biotin-2KC, biotin-4KC and biotin-6KC) 

and tri(ethylene glycol)-terminated thiols used to form the mixed SAMs tested in this research 

project. 

 

The essential characteristic of oligolysine peptides is the presence positive charge on 

the side chains at pH 7. This feature gives the possibility of an “ON/OFF” switching of the biotin-
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Neutravidin interaction on the surface upon the application of an electrical potential. It has 

already been demonstrated that these SAMs can control the interaction between biotin on the 

surface and neutravidin in solution196, but the nature of the molecular changes has not been 

clarified yet. To understand the dynamics of the studied process, molecular dynamics 

simulations have also been conducted on the developed system. The biotin-neutravidin 

interactions can be followed by electrochemical SPR, that presents an advantage if compared 

to the standard SPR technique. In fact, in addition to the easiness of use and the quick response 

time, it offers the possibility of monitoring the changes happening on the surface when an 

electrical potential is applied, in real-time, as illustrated in section 2.5. 

The results of this analysis will permit a better design of switchable mixed SAMs, that 

can therefore be tailored, according to the biological requirements and applications of the 

desired device. 
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4.2 Objectives 

1. Characterisation of different biotin-4KC/TEGT ratios on gold surfaces by XPS, to 

evaluate the differences between solution ratio and surface ratio. 

2. Analysis, by electrochemical SPR, of the switching properties of the different mixed SAM 

ratios, to select the one with the highest switching efficiency. 

3. Comparison of biotin-4KC switching efficiency with the one of a shorter (biotin-2KC) and 

a longer (biotin-6KC) oligopeptide, to analyse how the switching unit length influences 

the molecular rearrangement on the surface. 

4. Testing the switching properties of the different oligopeptides used in this work by 

molecular dynamics simulations, to have an insight into the mechanism regulating the 

molecular switching. 
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4.2 Results and discussion 

4.2.1 Formation of mixed biotin-4KC:TEGT SAMs 

Piranha-cleaned gold substrates were incubated into different solution ratios of mixed 

biotin-4KC:TEGT SAMs. The biotin-4KC peptide is composed by a chain of four lysines 

functionalised at one end with a biotin moiety, that can bind to the Neutravidin molecules in 

solution and, at the other end, with a cysteine aminoacid for the anchoring to the gold 

substrate. The flexible lysine backbone presents a positive charge at pH 7, making it employable 

as the mixed SAM switching unit. Upon the application of a negative potential to the gold 

substrate, the lysine oligopeptide is expected to be attracted towards the surface. This 

attraction will drag the biotin moiety, that will then be hindered from the interaction with 

neutravidin, by the TEGT molecules. When a positive potential is applied, an opposite 

behaviour is expected: the lysine oligopeptide will be repelled by the charge, being fully 

extended on the surface, therefore completely exposing the biotin moiety for the interaction 

with neutravidin. TEGT molecules were employed to prevent non-specific binding of proteins 

on the surface and to give enough conformational freedom to the biotin-4KC component to 

undergo the switching (Figure 4.2). 
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Figure 4.2 – Schematic representation of the biotin-4KC:TEGT mixed SAMs in the bio-active 

state (+0.3V), where the biotin moiety is fully exposed on the gold surface, and in the bio-

inactive state, where the biotin moiety is concealed and hindered from the binding to 

neutravidin. 

 

4.2.2 XPS characterisation of mixed biotin-4KC:TEGT SAMs 

One of the objectives of this research work was the selection of the mixed biotin-

4KC:TEGT SAM ratio presenting the highest switching performance. The first step was to 

characterise the different SAMs ratios by XPS, to analyse if the two components were forming 

the ratio they had in solution, on the surface. In addition, the XPS analysis was important to 

understand if an increase of one of the two mixed SAM components in solution, was resulting 

in an increase of the same component on the surface. The different mixed SAMs were prepared 

from biotin-4KC:TEGT solution ratios 1:0 (pure biotin-4KC SAM), 1:1, 1:10, 1:40, 1:100 and 

1:500, by immersing piranha-cleaned gold substrates in each solution ratio for 24 h, as reported 

in section 3.3.1. The XPS spectra were recorded by Dr C. Yeung and analysed by myself. The 

XPS spectra of the mixed monolayers revealed the presence of signals from C 1s, O 1s, N 1s and 

S 2p, confirming the formation of the mixed biotin-4KC:TEGT SAMs. For simplicity, only the 
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spectra of nitrogen and sulphur atoms are reported, since these are the elements used to 

calculate the surface ratio.  

The mixed SAM surface ratio can be calculated from the integrated peaks areas, using 

the equation below (Equation 4.1): 

𝑁𝑢𝑚𝑏𝑒𝑟⁡𝑜𝑓⁡𝑇𝐸𝐺𝑇 = (⁡𝑁𝑜⁡𝑜𝑓⁡𝑁⁡𝑝𝑒𝑟⁡𝑝𝑒𝑝𝑡𝑖𝑑𝑒⁡𝑥
𝑆⁡𝑎𝑟𝑒𝑎

𝑁⁡𝑎𝑟𝑒𝑎
) − 𝑁𝑜⁡𝑜𝑓⁡𝑆⁡𝑝𝑒𝑟⁡𝑝𝑒𝑝𝑡𝑖𝑑𝑒 

Equation 4.1 

As seen from the molecular structure of biotin-4KC (Figure 4.1), 11 nitrogen atoms are 

present, whereas the number of sulphur atoms is only 1. TEGT molecules do not possess any 

nitrogen atom, but only a sulphur atom. Using the Equation 4.1 is possible to estimate the 

number of sulphur atoms remaining when the sulphur from cysteines are subtracted, 

corresponding to the number of TEGT molecules. Table 4.1 shows an example of how the 

surface ratio was calculated from the solution ratio, using Equation 4.1. 

Table 4.1 – XPS data of biotin-4KC:TEGT 1:10 solution ratio and average number of TEGT 

molecules per biotin oligopeptide on the surface. The calculated average and error are based 

on three experiments (a, b and c). 

Solution 

ratio 

N area S area S/N No. of 

TEGT 

Rounded 

No of TEGT 

Average Error 

1:10 a 0.00691 0.00538 0.778 6.564 7 

5 2 1:10 b 0.00653 0.00365 0.559 4.148 4 

1:10 c 0.00688 0.00402 0.584 4.427 4 
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The first tested mixed biotin-4KC:TEGT SAM ratio was 1:0, that corresponds to a SAM 

by biotin-4KC molecules only. The S 2p spectrum (Figure 4.3) can be deconvoluted into two 

doublet peaks86,333,334. The first doublet peak is centred at 163.3 eV (S 2p1/2) and 162.0 eV (S 

2p3/2), corresponding to the sulphur chemisorbed to the gold substrate. The second doublet 

peak, attributed to S-C bonds on the biotin moieties, is centred at 164.1 eV and 165.3 eV, 

respectively86,333,334. The N 1s spectrum (Figure 4.3), presents a large peak centred at 400.0 eV, 

corresponding to amino (NH2) and amide (CONH) groups333–335. The second, smaller peak 

centred at 402.0 eV can be attributed to charged amino groups (NH3
+), present on lysine side 

chains333–335. 

 

 

Figure 4.3 – XPS spectra of N 1s (left) and S 2p (right) for biotin-4KC:TEGT 1:0 solution ratio 

 

The second ratio of mixed biotin-4KC:TEGT SAM tested was 1:1. The S 2p spectrum 

(Figure 4.4) presents two doublets peaks, the first one centred at 163.2 eV (S 2p1/2) and 162.0 

eV (S 2p3/2), refers to the sulphur chemisorbed on the gold substrates, whereas the second 

doublet peaks, centred at 163.8 eV and 165.0 eV, respectively, can be assigned to S-C bonds 

present on biotin moieties. As expected, the N 1s spectrum (Figure 4.4) presents a smaller peak, 

compared to the 1:0 ratio, due to a smaller number of biotin-4KC molecules on the surface. 
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The first peak, corresponding to amino (NH2) and amide (CONH) groups, is centred at 400.3 eV, 

whereas the smaller peak centred at 402.2 eV is assignable to charged amino groups (NH3
+), 

present on lysine side chains333–335. By using Equation 3.1, it is possible to calculate the mixed 

biotin-4KC:TEGT SAM surface ratio. The calculated surface ratio does not directly correspond 

to the solution ratio, in fact it is equal to 1:3±3 (Table 4.2). This discrepancy has been reported 

before for other mixed monolayers79,80,336. This trend has been observed also for the all the 

solution ratios tested.   

 

 

Figure 4.4 – XPS spectra of N 1s (left) and S 2p (right) for biotin-4KC:TEGT 1:1 solution ratio 

 

The third biotin-4KC:TEGT solution ratio analysed by XPS was 1:10. The S 2p spectrum 

(Figure 4.5) presents two doublets peaks, the first one centred at 163.4 eV (S 2p1/2) and 162.0 

eV (S 2p3/2), refers to the sulphur chemisorbed on the gold substrates, whereas the second 

doublet peaks, centred at 163.7 eV and 165.2 eV, respectively, can be assigned to S-C bonds 

present on biotin moieties. As expected, the N 1s spectrum (Figure 4.5) presents a smaller peak, 

compared to the 1:1 ratio, due to a smaller number of biotin-4KC molecules on the surface and 

the charged amino group peak start to be difficult to be identified. The first peak, centred at 

400.4 eV, can be assigned to amino (NH2) and amide (CONH) groups, whereas the smaller peak 
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centred at 401.8 eV is ascribable to charged amino groups (NH3
+), present on lysine side 

chains333–335. Again, by using Equation 4.1, it is possible to calculate the mixed biotin-4KC:TEGT 

SAM surface ratio. As expected, the calculated surface ratio does not directly correspond to 

the solution ratio, in fact it is equal to 1:5±2 (Table 4.2).  

 

 

Figure 4.5 – XPS spectra of N 1s (left) and S 2p (right) for biotin-4KC:TEGT 1:10 solution ratio 

 

The fourth biotin-4KC:TEGT solution ratio analysed by XPS was 1:40. The S 2p spectrum 

(Figure 4.6) presents two doublets peaks, the first one centred at 163.4 eV (S 2p1/2) and 162.1 

eV (S 2p3/2), refers to the sulphur chemisorbed on the gold substrates, whereas the second 

doublet peaks, centred at 163.7 eV and 165.0 eV, respectively, can be assigned to S-C bonds 

present on biotin moieties. As expected, the N 1s spectrum (Figure 4.6) presents a smaller peak, 

compared to the 1:10 ratio, due to a smaller number of biotin-4KC molecules on the surface 

and the peak corresponding to charged amino groups is barely identifiable. The first peak, 

centred at 400.5 eV, can be assigned to amino (NH2) and amide (CONH) groups, whereas the 

smaller peak centred at 402.0 eV is ascribable to charged amino groups (NH3
+), present on 

lysine side chains333–335. Again, by using Equation 4.1, it is possible to calculate the mixed biotin-
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4KC:TEGT SAM surface ratio. As expected, the calculated surface ratio does not directly 

correspond to the solution ratio, in fact it is equal to 1:16±4 (Table 4.2). 

 

 

Figure 4.6 – XPS spectra of N 1s (left) and S 2p (right) for biotin-4KC:TEGT 1:40 solution ratio 

 

The fifth biotin-4KC:TEGT solution ratio analysed by XPS was 1:100. The S 2p spectrum 

(Figure 4.7) presents two doublets peaks, the first one centred at 163.2 eV (S 2p1/2) and 162.0 

eV (S 2p3/2), refers to the sulphur chemisorbed on the gold substrates, whereas the second 

doublet peaks, centred at 163.6 eV and 164.8 eV, respectively, can be assigned to S-C bonds 

present on biotin moieties. As expected, the N 1s spectrum (Figure 4.7) presents a smaller peak, 

compared to the 1:10 ratio, due to a smaller number of biotin-4KC molecules on the surface 

and the peak corresponding to charged amino groups cannot be identified. The peak centred 

at 400.3 eV, can therefore be assigned to amino (NH2) and amide (CONH) groups only333–335. 

Again, by using Equation 3.1, it is possible to calculate the mixed biotin-4KC:TEGT SAM surface 

ratio. As expected, the calculated surface ratio does not directly correspond to the solution 

ratio, in fact it is equal to 1:22±8 (Table 4.2). 

 

395400405
Binding Energy (eV)

1:40 Biotin-4KC:TEGT mixed SAMs

63

160164168
Binding Energy (eV)

1:40 Biotin-4KC:TEGT mixed SAMs

N (1s) S (2p) 



  
CHAPTER 4 86 

 

 

 

Figure 4.7 – XPS spectra of N 1s (left) and S 2p (right) for biotin-4KC:TEGT 1:100 solution ratio 

 

The sixth biotin-4KC:TEGT solution ratio analysed by XPS was 1:500. The S 2p spectrum 

(Figure 4.8) presents two doublets peaks, the first one centred at 163.3 eV (S 2p1/2) and 162.1 

eV (S 2p3/2), refers to the sulphur chemisorbed on the gold substrates, whereas the second 

doublet peaks, centred at 163.3 eV and 164.5 eV, respectively, can be assigned to S-C bonds 

present on biotin moieties. The only N 1s peak recorded (Figure 3.8), centred at 400.4 eV, can 

be ascribed to amino (NH2) and amide (CONH) groups333–335.  

 

 

Figure 4.8 – XPS spectra of N 1s (left) and S 2p (right) for biotin-4KC:TEGT 1:500 solution ratio 
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As expected, the calculated surface ratio does not directly correspond to the solution 

ratio, in fact it is equal to 1:38±6 (Table 4.2). 

Table 4.2 – Biotin-4KC:TEGT solution ratios and respective surface ratios calculated after XPS 

analysis. 

Biotin-4KC:TEGT ratio 

Solution Surface 

1:0 1:0 

1:1 1:3±3 

1:10 1:5±2 

1:40 1:16±4 

1:100 1:22±8 

1:500 1:38±6 

 

The results obtained always showed a difference between the biotin-4KC:TEGT solution 

ratios and the surface ratio calculated from the XPS nitrogen and sulphur peaks. The averages 

and standard errors reported in the calculated surface ratios are the result of at least four 

different XPS measurements. All the samples were reproducible. By using correlation analysis, 

it is possible to find a logarithm relationship between the solution and the surface ratios of 

mixed biotin-4KC:TEGT SAMs, with the biotin-4KC surface composition being significantly 

higher than it solution composition. This result is in agreement with previous studies on mixed 

SAM composed by different chain lengths thiols, showing a preference in the absorption of the 

longer chain thiol79,80,336. The exact reason for this phenomenon is still unclear337. Mixed SAMs 

can present microscopic phase separation80,337, where the two components are not randomly 
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dispersed throughout the monolayer. The longer alkyl-thiol molecules have to adopt complex 

conformation and tilt at an angle greater than 30˚ to the surface normal to maximise Van der 

Waals interactions80. In this way, the alkyl chains near the gold surface adopt a more disordered 

conformation than in pure alkanethiolate SAMs. On the contrary, the molecules of the shorter 

alkanethiolate component, are organised in a highly-oriented form80, similar to the one they 

present in a pure SAM. In addition, long alkyl chain tend to organise in a gauche conformation, 

in which the backbone chains are not orderly-packed over the surface80. As stated in section 

1.3.3, alkyl-thiols composing mixed SAMs are motile, feature resulting in a dynamic adsorption 

and desorption of the molecules of excess adsorbate80. The preferential absorption of longer 

thiol molecules it is due to thermodynamically cohesive interactions between the alkyl 

chains.337 The rate of this thermodynamic process increases with the molecular length of the 

component and as the chain length increases, the preferential adsorption of the longer thiol 

increases as a consequence337. 

 

4.2.3 Investigation on biotin-4KC:TEGT binding capacity and switching efficiency 

To understand if the biotin-4KC:TEGT mixed SAMs could control the biotin bioactivity 

upon the application of an electrical stimulus, the different solution ratios, ranging from 1:1 to 

1:500 and previously analysed by XPS, were tested by electrochemical SPR. The pure biotin-

4KC SAM was also tested. Switching studies were conducted by monitoring the Neutravidin 

binding to the biotin end groups on the oligopeptide. Previously, our research group had 

already demonstrated that oligopeptide mixed SAM can be employed to modulate 

bioactivity196, upon the application of an electrical potential, while not affecting the SAM 

integrity. Thus, similar potentials were used in this research work. The SPR experiments were 
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conducted in three different states: bio-active (ON), while a positive potential of +0.3 V was 

applied, open circuit (OC) while no potential was applied and bio-inactive (OFF), while a 

negative potential of -0.4 V was applied. The recorded sensorgrams are reported in Figure 4.9.  

 

Figure 4.9 – SPR sensorgram traces showing the binding of neutravidin to the biotin-4KC:TEGT 

mixed SAMs at solution ratios of 1:0, 1:1,1:10, 1:40, 1:100 and 1:500 under OC (no applied 

potential), ON (+0.3 V) and OFF (−0.4 V) conditions. 

 

Phosphate Buffer Saline (PBS) was flushed over the surface for 10 minutes to equilibrate 

the sensor chip and set the SPR baseline, in either ON (+0.3 V), OC (no potential) or OFF (-0.4 

V) states. This step was followed by injection of Neutravidin, diluted in PBS, over the surface 

for 30 minutes, necessary for neutravidin to bind to the accessible biotin moieties on the 

surface. After this exposure time, the chip was rinsed with degassed PBS, to remove any 

unbound protein still present in the sensor cell and the binding capacity was recorded. The 

binding capacity (BC) is defined as the difference in the SPR response units between the 

beginning of Neutravidin injection and the end of washing with PBS. The averages and the 
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standard errors in the reported binding capacity were calculated from at least three different 

SPR measurements for each ratio (Table 4.3). 

Table 4.3 – Biotin-4KC:TEGT Binding Capacity (BC), expressed in Resonance Units (RU) and 

Switching Efficiency calculated from SPR experiments. 

Biotin-4KC:TEGT ratio 
Binding Capacity (RU) Switching Efficiency (%) 

Solution Surface 

1:0 1:0 3553±258 7±2 

1:1 1:3±3 3192±164 27±3 

1:10 1:5±2 3053±69 34±5 

1:40 1:16±4 2195±161 90±3 

1:100 1:22±8 1492±72 62±8 

1:500 1:38±6 1375±75 60±4 

 

The switching efficiency (SE) was calculated as the percentage between the binding 

capacity when a positive potential was applied (BCON) and the binding capacity when a negative 

potential was applied (BCOFF), divided by BCON: 

𝑆𝐸 =
𝐵𝐶𝑂𝑁−𝐵𝐶𝑂𝐹𝐹

𝐵𝐶𝑂𝑁
⁡𝑥⁡100 

Equation 4.2 

From the results obtained, it is possible to infer that a pure biotin-4KC SAM, which 

presents a neutravidin immobilisation capacity of 3.5 ng/mm2 (1000 RU = 1 ng/mm2)196, is not 

able to control the biotin bioactivity on the surface, showing only 7±2% of switching efficiency. 

The binding capacity of the biotinylated mixed SAM decreased significantly with the reduction 
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of biotin moieties concentration on the gold substrate. A reduced number of biotin 

oligopeptide molecules on the surface, results in the decrease of neutravidin immobilisation 

capacity. In fact, the 1:1 solution ratio presents a neutravidin immobilisation capacity of 3.2 

ng/mm2, that is then lowered to 3 ng/mm2 and 2.2 ng/mm2 for the 1:10 and 1:40 solution 

ratios, respectively. However, the diminution in the binding capacity does not show 

proportionality with the reduction of the amount of biotinylated oligopeptide on the surface. 

it is therefore possible to assume that both the steric hindrance and the restricted mobility of 

the densely-packed oligopeptide molecules might limit the neutravidin binding to the biotin 

ends at low ratio of TEGT to biotin-4KC338. The 1:16 surface ratio (1:40 solution ratio) of the 

biotin-4KC:TEGT mixed SAM presented the highest switching efficiency, resulting to be the 

optimum ratio for controlling the biotin bioactivity. The data collected demonstrated that a 

densely-packed switchable oligopeptide SAM cannot undergo a molecular rearrangement on 

the surface and some free space is needed for the oligopeptide chains to change their 

conformation when a negative potential is applied (Figure 4.10).  
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Figure 4.10 – Binding capacity and switching efficiency in ON (+0.3 V), OC (no potential 

applied) and OFF (-0.4 V) states of biotin-4KC:TEGT mixed SAMs at the different solution ratios 

tested in this study (1:0, 1:1, 1:10, 1:40, 1:100 and 1:500). 

 

By progressively reducing the density of biotinylated oligopeptides on the surface, the 

mixed SAM showed an increased capability of controlling the bioactivity of biotin moieties on 

the surface. However, at a surface ratio lower than 1:16, the switching efficiency decreased 

significantly. This phenomenon is due to the formation of a more packed ethylene glycol thiol 

matrix that limit the oligopeptide free movement on the surface. Our hypothesis is that the 

switching mechanism between bio-active and bio-inactive states is controlled by the 

conformational changes occurring on the surface upon the application of an electrical 

potential. These changes result into a reorganisation of the biotin end on the surface. In 

addition, the presence of enough free space on the surface is fundamental to permit the 

molecular rearrangement of bioactive molecules. From these observations, we can also 

conclude that the gap distance between the bioactive molecules and the ethylene glycol thiol 
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matrix is an important factor that has to be considered in the design of mixed switchable 

monolayers. This distance should enable biotin to correctly be buried into the binding pocket 

of the neutravidin barrel. 

It is possible to conclude that the molecular rearrangement of oligopeptides may 

induce: a) a change in the gap distance between biotin and the ethylene glycol thiol matrix, and 

b) a variation in the orientation of the biotin itself that could become more or less available for 

protein binding. 

 

4.3 Study on the influence of switching unit length on switching efficiency 

To investigate the influence of both the gap distance and the length of the oligopeptide 

chain on the switching efficiency, a shorter (biotin-2KC) and a longer (biotin-6KC) oligopeptide 

were chosen as model systems. Starting from the results obtained for biotin-4KC:TEGT mixed 

SAMs at different surface ratios, two surface ratios were selected, namely 1:5 and 1:16. In 

addition to evaluating the switching ability of biotin-2KC and biotin-6KC, using an 

underperforming (1:5) and an optimum (1:16) ratio found for biotin-4KC aimed to a) compare 

the oligopeptides behaviour and b) reveal if there is a correlation between the switchable 

backbone length and the molecular area required for the molecular rearrangement to occur 

under an electrical stimulus.  

4.3.1 XPS characterisation of biotin-2KC:TEGT and biotin-6KC:TEGT mixed SAMs 

The XPS spectra were recorded by Dr C. Yeung and analysed by myself. The XPS spectra 

of the mixed monolayers revealed the presence of signals from C 1s, O 1s, N 1s and S 2p, 

confirming the formation of both mixed biotin-2KC:TEGT and biotin-6KC:TEGT SAMs. For 

simplicity, only the spectra of nitrogen and sulphur atoms are reported, since these are the 



  
CHAPTER 4 94 

 

elements used to calculate the surface ratio. The mixed SAM surface ratio can be calculated 

from the integrated peaks areas, using Equation 4.1. The solution ratios giving the desired 

surface ratios were 1:40 and 1:100, for biotin-2KC:TEGT mixed SAMs and 1:40 and 1:2000 for 

biotin-6KC:TEGT mixed SAMs, respectively.  

The XPS spectra for biotin-2KC:TEGT 1:40 solution ratio are reported in Figure 4.11. The 

S 2p spectrum presents two doublets peaks, the first one centred at 163.3 eV (S 2p1/2) and 

162.2 eV (S 2p3/2), refers to the sulphur chemisorbed on the gold substrates, whereas the 

second doublet peaks, centred at 163.5 eV and 165.1 eV, respectively, can be assigned to S-C 

bonds present on biotin moieties. As expected, the N 1s spectrum presents a small peak, 

centred at 400 eV, can be assigned to amino (NH2) and amide (CONH) groups. 

 

 

Figure 4.11 – XPS spectra of N 1s (left) and S 2p (right) for biotin-2KC:TEGT 1:40 solution ratio 

 

The XPS spectra for biotin-2KC:TEGT 1:100 solution ratio are reported in Figure 4.12. 

The S 2p spectrum presents two doublets peaks, the first one centred at 163.4 eV (S 2p1/2) and 

162.0 eV (S 2p3/2), can be assigned to the sulphur chemisorbed on the gold substrates, whereas 

the second doublet peaks, centred at 163.7 eV and 165.4 eV, respectively, refers to S-C bonds 
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present on biotin moieties. The N 1s spectrum presents a single, small peak, centred at 400.2 

eV, can be assigned to amino (NH2) and amide (CONH) groups. 

 

 

Figure 4.12 – XPS spectra of N 1s (left) and S 2p (right) for biotin-2KC:TEGT 1:100 solution 

ratio 

 

The XPS spectra for biotin-6KC:TEGT 1:40 solution ratio are reported in Figure 4.13. The 

S 2p spectrum presents two doublets peaks, the first one centred at 163.3 eV (S 2p1/2) and 

161.8 eV (S 2p3/2), is ascribable to the sulphur chemisorbed on the gold substrates, whereas 

the second doublet peaks, centred at 163.6 eV and 165 eV, respectively, can be assigned to S-

C bonds present on biotin moieties. The N 1s spectrum, consisted of only one peak, centred at 

400.3 eV, corresponds to amino (NH2) and amide (CONH) groups. 
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Figure 4.13 – XPS spectra of N 1s (left) and S 2p (right) for biotin-6KC:TEGT 1:40 solution ratio 

 

The XPS spectra for biotin-6KC:TEGT 1:2000 solution ratio are reported in Figure 4.14. 

The S 2p spectrum presents two doublets peaks, the first one centred at 163.3 eV (S 2p1/2) and 

161.8 eV (S 2p3/2), refers to the sulphur chemisorbed on the gold substrates, whereas the 

second doublet peaks, centred at 163.6 eV and 165.0 eV, respectively, can be assigned to S-C 

bonds present on biotin moieties. The N 1s spectrum presents an extremely small peak, that 

was magnified, centred at 400.3 eV, can be assigned to amino (NH2) and amide (CONH) groups. 
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Figure 4.14 – XPS spectra of N 1s (left) and S 2p (right) for biotin-6KC:TEGT 1:2000 solution 

ratio 

 

The calculated surface ratios for both biotin-2KC:TEGT and biotin-6KC:TEGT mixed SAMs 

analysed are reported on Table 4.4. 

Table 4.4 – Solution ratios of biotin-2KC:TEGT and biotin-6KC:TEGT mixed SAMs and relative 

surface ratios calculated by XPS. 

 
Ratio 

Solution Surface 

Biotin-2KC:TEGT 
1:40 1:6 ± 1 

1:100 1:16 ± 2 

Biotin-6KC:TEGT 
1:40 1:7 ± 2 

1:2000 1:17 ± 2 

 

From the results collected, it is possible to infer that the length of the oligopeptide 

influences the surface ratio. To obtain a surface ratio of ≈1:5, a solution ratio of 1:40 is needed 
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for both biotin-2KC:TEGT and biotin-6KC:TEGT mixed SAMs, whereas only a solution ratio of 

1:10 was sufficient for the biotin-4KC:TEGT mixed SAMs. A different behaviour is observed for 

the ≈1:16 surface ratio. In this case, the biotin-6KC:TEGT mixed SAMs need a higher content of 

TEGT molecules in solution than the biotin-2KC:TEGT mixed SAM to obtain the same surface 

ratio. This is due to a preferential absorption of the longer chain thiol. As stated before as the 

chain length increases, the preferential adsorption of the longer thiol increases as 

consequence.79,80,336,337  

4.3.2 SPR analysis of biotin-2KC:TEGT and biotin-6KC:TEGT mixed SAMs switching properties 

The switching properties of biotin-2KC:TEGT and biotin-6KC:TEGT mixed SAMs were 

tested by electrochemical SPR, in the same ON (+0.3 V), OC and OFF (-0.4 V) conditions used 

with biotin-4KC:TEGT and described before. The recorded SPR sensorgrams are reported in 

Figure 4.15. 
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Figure 4.15 – SPR sensorgram traces showing the binding of neutravidin to the biotin-

2KC:TEGT mixed SAMs (solution ratios of 1:40 and 1:100) and biotin-6KC:TEGT mixed SAMs 

(solution ratios of 1:40 and 1:2000) under open circuit conditions, an applied positive (+0.3 V) 

and negative(−0.4 V) potential. 

 
The binding capacity and the switching efficiency of both biotin-2KC:TEGT and biotin-

6KC:TEGT mixed SAMs calculated from electrochemical SPR experiments are shown in Table 

4.5. 
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Table 4.5 – Binding capacity expressed in Resonance Units and switching efficiency 

calculated from electrochemical SPR experiments on biotin-2KC:TEGT and biotin-6KC:TEGT 

mixed SAMs. 

 
Ratio 

Binding Capacity 

 (RU) 

Switching Efficiency 

(%) 

Solution Surface  

Biotin-2KC:TEGT 
1:40 1:6 ± 1 2634 ± 183 74 ± 4 

1:100 1:16 ± 2 2295 ± 87 67 ± 8 

Biotin-6KC:TEGT 
1:40 1:7 ± 2 2822 ± 129 71 ± 7 

1:2000 1:17 ± 2 229 ± 58 7 ± 4 

 

 

By comparing the experimental data with those collected for biotin-4KC:TEGT mixed 

SAMs at the same surface ratios, it is possible to see that the binding capacity of biotin-4KC and 

biotin-2KC are similar, whereas it decreased significantly in the case of 1:16 biotin-6KC:TEGT 

surface ratio. From the results obtained it is possible to assume that the low binding capacity 

of biotin-6KC:TEGT mixed SAMs is due to the unfavourable orientation of the biotin molecules 

on the surface, caused by the long and flexible six-lysine oligopeptide chains.  

In the case of the ≈1:5 surface ratio, it is possible to observe a discrepancy between the 

switching efficiency for the biotin-4KC:TEGT mixed SAM and the one for the biotin-2KC:TEGT 

mixed SAM. This difference can be understood by looking at the calculated molecular lengths. 

Biotin-4KC molecules measure 5.2 nm, needing a greater free volume on the surface than 

biotin-2KC (3.4 nm), to successfully undergo the molecular switching. Notably, the switching 
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efficiency of biotin-6KC:TEGT at the same surface ratio (≈1:5) is also higher than for the biotin-

4KC:TEGT mixed SAMs. This behaviour can be explained by considering the possible 

intercrossing between biotin-6KC molecules, induced by conformation changes, reducing the 

availability of biotin moieties for neutravidin binding. This can be due to the greater chain-chain 

repulsion forces of longer charged oligopeptides, resulting in a highly-disordered arrangement 

on the gold surface.339,340 In the case of ≈1:16 surface ratio, the switching of biotin-6KC:TEGT is 

significantly impaired relative to biotin-2KC:TEGT and biotin-4KC:TEGT mixed monolayers. The 

differences in switching efficiency demonstrated that the switching unit length plays and 

important role in regulating the molecular changes triggered by the application of an electrical 

potential. A longer switching unit can place constraints on the rearrangement of the biotin 

moiety on the surface, such that it can be available or not for neutravidin binding.   

 

4.2.5 Molecular Dynamics Simulations 

The SPR results showed that the 1:40 biotin-4KC:TEGT solution ratio is the best 

performing one, in terms of switching ability. When the biotin-4KC in the mixed SAM is high 

(1:0-1:10 solution ratios), the oligopeptide backbone is unable to correctly undergo a molecular 

rearrangement on the surface, resulting in the exposure of the biotin moiety also when a 

negative potential is applied. As demonstrated by the SPR studies, a high concentration in 

oligopeptide molecules in the surface results in a poor switching efficiency. The main 

hypothesis arising from the observation made so far was that the ON/OFF behaviour of the 

mixed biotin-4KC:TEGT, biotin-2KC:TEGT and biotin-6KC:TEGT SAMs is due to a spatial 

modification of the switching backbone on the surface. This modification causes a change in 

the availability of biotin on the gold substrate for binding with neutravidin in solution. 



  
CHAPTER 4 102 

 

To have an insight into the mechanism governing the switching performance of the 

tested mixed SAMs, molecular dynamics (MD) simulations were performed by Dr Xingyong 

Wang at Nanjing University (China). The MD simulations results are included in this dissertation 

thesis to explain and support the electrochemical SPR results collected during this research 

work. The success of MD simulations is strongly related to the force field used for the test. 

Three different force fields were chosen and tested: cvff (consist-valence force field), compass 

(condensed-phase optimized molecular potentials for atomistic simulation studies) and pcff 

(polymer consistent force field). The cvff force field gave the best results and it was chosen for 

our simulations. The surface models used in the simulations are shown in Figure 4.16. 

 

 

Figure 4.16 – The surface models used in the MD simulations. The different colours in the 

biotin-nKC chain represent the biotin moiety (purple), the four lysine (blue) and the cysteine 

residues (dark green), respectively. Water molecules are represented by the orange dots. The 

green and yellow balls denote the chloride ions and the gold atoms respectively, and the short 

grey chains represent TEGT molecules. 
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Two-dimensional rhombic periodic boundary condition and slab models were applied 

during the simulations. The PBS buffer solution was simulated by employing water molecules 

and chloride ions. The model parameters are summarised in detail in Chapter 3 – Experimental 

Procedures and Protocols (Table 3.1). 

The electrical potentials employed in the SPR experiments were modelled by applying 

external electric fields. These electric fields caused a polarisation that can be considered by 

employing the density functional theory-derived partial charge, in the simulations. Simulations 

were carried out on biotin-nKC:TEGT (n= 2,4,6) and pure biotin-4KC SAMs. 

An evident switching behaviour can be observed for biotin-2KC:TEGT (surface ratio 1:8) 

and biotin-4KC:TEGT (surface ratio 1:16), when a positive electric field Ez was applied turning 

the system to the “ON” state (Figure 4.17). 
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Figure 4.17 – Conformational changes of biotin-2KC:TEGT (surface ratio of 1:8) and biotin-

4KC:TEGT (surface ratio of 1:16) mixed SAMs, under different electric field, along with the MD 

simulation snapshots. The direction of the applied electric field is indicated by the black 

arrows. Water molecules and hydrogen atoms are omitted for clarity. The gap distance 

variation between the biotin moiety and the TEGT matrix is indicated by d. 

 

 In this state, the oligolysine chain is fully extended on the surface, completely exposing 

the biotin head. Neutravidin molecules will then bind strongly with the available biotin moiety, 

resulting in a high binding capacity, as verified by SPR. When a negative electric field E-z was 
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applied, the system was switched to the “OFF” state. In this case, the oligopeptide backbone 

rearranged on the surface, adopting a collapsed conformation. The biotin moiety resulted 

being partially concealed by the TEGT molecules and unable to biointeract with neutravidin, 

showing no bioactivity. When no electric field was applied, this corresponded to the OC state 

studied by SPR. In this state, the switchable backbone adopted an intermediate conformation, 

resulting in a moderate bioactivity. The MD simulation results were in fair agreement with the 

data collected with the SPR experiments for the best-performing ratio of biotin-4KC:TEGT 

mixed SAM. SPR analysis of the switching capacity revealed high binding when a positive 

potential of +0.3V is applied.  

The switching mechanism is controlled by the electrostatic interaction between the 

positively charged oligolysine side chains and the applied electric field. In the case ofbiotin-

6KC:TEGT (1:15 surface ratio), the oligopeptide backbone is composed by six lysine, being too 

long to allow the shielding of biotin moieties by TEGT molecules in the folded conformation 

(Figure 4.18). Another important characteristic of note is that, when a negative electric field is 

applied to the biotin-6KC:TEGT mixed SAM, the biotin head is still highly available for binding. 

This can be observed from the gap distance variation between the biotin and the TEGT matrix 

(d), which is more than 1.5 nm. 
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Figure 4.18 – Conformational changes of biotin-6KC:TEGT (surface ratio of 1:15) mixed SAMs, 

under different electric field, along with the MD simulation snapshots. The direction of the 

applied electric field is indicated by the black arrows. Water molecules and hydrogen atoms 

are omitted for clarity.  

 

The MD simulations data were in agreement with the experimental data and confirmed 

that a long switching unit is not suitable for controlling ligand bioactivity under an electrical 

potential. These results are in line with previous research demonstrating that a longer biotin 

linker lead to a high protein binding efficiency341. 

X-ray crystallographic analysis showed that the biotin is buried quite deeply inside the 

Neutravidin barrel, indicating that the biotin moiety needs to be completely inserted into the 

Neutravidin binding pocket to have an efficient binding342–345. From these results, it is possible 

to infer that a space of more than 1.5 nm is needed between the biotin moiety and the ethylene 

glycol thiol matrix. These hypotheses are also consistent with the data obtained for biotin-2KC 

and biotin-4KC under a negative electric field E-z and the poor binding capacity obtained in the 

SPR experiments. 
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In the case of OC conditions, the charged oligopeptide chains are not blocked in an 

upright position by the positive potential, increasing the chances of intercrossing between the 

oligopeptide chains, this phenomenon causes the biotin to be partially hindered from 

interaction with biotin, justifying the lower bio-activity observed, compared to the ON state. 

These findings can then be used to explain how each component of the mixed SAM and each 

electrical condition govern the switching mechanism of the oligopeptide mixed monolayer.  

The last consideration to be done is on the influence of the oligopeptide density on the 

switching performance. In the case of pure biotin-4KC SAM, the oligopeptide chains are closely 

packed on the surface, not allowing enough free space for the chains to undergo a molecular 

rearrangement when a negative potential is applied (Figure 4.19).  

 

Figure 4.19 – Conformational changes of the pure biotin-4KC SAM under different electric 

fields (left) and MD simulation snapshots (right). L represents the variation of the gap distance 

between the biotin end group and the gold substrate. 
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Consequently, the biotin moieties were fully exposed on the surface at all time, leading 

to a persistent bio-activity. This observation is consistent with the experimental data collected 

by SPR in ON, OC and OFF conditions. It is therefore important to design mixed SAMs where 

the switchable component possesses enough free space for conformational transitions. 

 

4.4 Conclusions 

Devices able to control the bioactivity of molecules on the surface, upon the application 

of a stimulus, can have wide biological and medical applications in the study of cellular 

processes regulation10,173. In this work, it was demonstrated that the switching mechanism of 

charged oligopeptides mixed monolayers is based on a molecular rearrangement on the 

surface, between a collapsed bio-inactive and a fully extended, bio-active conformation of the 

oligopeptide chains. 

These dynamic changes are controlled by the electrostatic attraction or repulsion 

between the oligopeptide charged side chains and the substrate, resulting in a variation of the 

gap distance (d) between the biotin end group and the ethylene glycol thiol matrix. When the 

biotin moiety moves closer to the matrix, it is partially hindered and prevented from the 

binding with neutravidin. On the contrary, when the oligopeptide chains are fully elongated on 

the surface, the increase in the distance of the biotin from the matrix gives the biotin enough 

free space to correctly be inserted in the Neutravidin binging pocket. 

The detailed experimental and computational studies conducted in this research work, 

imply that steric hindrance due to the neighbouring surface-confined oligopeptide chains, 

significantly affects the switching efficiency of the mixed SAMs tested. The switching unit 

length is an important factor to be considered in the design of switchable surfaces. In addition 
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to this, the ratio of the SAMs component has to be optimised to maximise the switching 

efficiency of the system. 

The findings of our research can help in the development of new dynamic surface 

materials that can find various applications in cellular studies and drug delivery systems. 
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Chapter 5 - Study of the switching properties of progesterone-C7-4KC:EG6OH 

mixed SAMs 

Abstract: This chapter presents a detailed analysis of the development of switchable mixed 

self-assembled monolayers exploiting the antigen-antibody (Ag-Ab) interaction. A model 

system composed by a lysine oligopeptide carrying a progesterone moiety has been used for 

the purposes of this work. Herein a detailed study is presented, on the feasibility of controlling 

the interaction between the progesterone group and its anti-mouse antibody upon the 

application of an electrical potential. The effect of different percentages of Bovine Serum 

Albumin (BSA) on the switching abilities of the studied system has also been investigated. 

Hexaethylene glycol thiol (EG6OH) molecules have been used as second component in the mixed 

SAMs. The investigation has been conducted on different progesterone oligopeptide/EG6OH 

ratios on the gold surfaces to identify the best performing one. The presence of EG6OH 

molecules on the gold surface prevent any undesired antibody unspecific binding and donate 

protein-resistant characteristics to the surface itself. In addition, it provides molecular space to 

the oligopeptide units to efficiently undergo their molecular rearrangement on the gold surface, 

upon the application of an electrical potential.  

5.1 Introduction 

The interaction between an antigen and its relative antibody has been widely exploited 

in several immunosensors platforms346. Such biosensors exploit the biorecognition between a 

ligand on the surface (usually the antibody) and its binding partner in solution, called analyte 

(antigen)347. These devices find important application in biomedical research, for diagnostic 

purposes, especially for the identification of cancer markers. In this case, the ability to detect 

low concentration of biomolecules involved in the early stages of cancer development is of 
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paramount importance for the success of cancer therapies and still remains one of the major 

challenges for researchers348. 

A well-known, label-free detection method for immunosensing is provided by surface 

plasmon resonance349. SPR was used for immunosensing in 1983 for the first time283, since then 

several SPR platform exploiting the antibody-antigen interaction have been developed. These 

platforms usually present the antibody immobilised on the metal surface, that is able to 

discriminate between different isoforms of an antigen in solution. However, due to the small 

molecular weight of the antigen molecules, if compared to the antibody one, the SPR response 

could not always be detectable347. The immobilisation of an antigen chemically modified with 

a molecular linker to allow the binding to the metal surface present the advantage of enhancing 

the surface plasmon resonance response when a high-molecular weight antibody, leading to a 

large shift in the SPR signal347. 

The current research on immunosensors does not present any work on the control of 

the antigen exposure on the sensor surface upon the application of an electrical potential. The 

interaction is always studied in static conditions and it is only used to either discriminate 

between different antigens able to bind to the same antibody or between different antibodies, 

able to bind the same epitope on an antigen molecules350,351. Designing a smart surface able to 

expose or conceal an antigen molecule, by simply switching between a positive and a negative 

potential can easily find an application in the biomedical research field.  

In Chapter 4 we described how to selectively control the interaction between a biotin 

moiety bound to a 4-lysine chain and anchored to the gold surface thanks to a cysteine 

molecule and molecules of neutravidin in solution. The same system was also used to 

investigate the concealment and exposure of arginine–glycine–aspartate (RGD) oligopeptides 
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to control cell adhesion, with successful results199. Starting from this background, the antigen 

molecules can be chemically modified by binding lysine oligopeptide chains that have already 

been successfully used as switching units196–199. The lysine aminoacid presents a positive charge 

at pH 7, that can be exploited to obtain a molecular rearrangement of defined molecules on 

the sensor surface. 

 In this work, we want to develop a novel system able to control the exposure of a 

chemically modified antigen anchored to the gold surface, by applying an electrical potential. 

In particular, we want to achieve the possibility, to control the exposure of progesterone 

moieties on the sensor surface, never analysed before. The results of this work can then be 

used to investigate the hyperactivation of sperm cells, one of the crucial steps during 

fertilisation238,239.   

In this work, different mixed SAM were studied, with molecules of progesterone as the 

antigen end group. The progesterone molecule was bound to an alkyl chain through an oxime 

group, connected to a switchable oligolysine chain, used in our previous work197. The first 

component of the chosen mixed SAM for this work, is a lysine (K) oligopeptide, functionalised 

at one end with a progesterone moiety, able to strongly interact with the anti-mouse 

progesterone antibody, and at the other end with an aminoacid of cysteine (C) to anchor the 

oligopeptide to the gold substrates via the thiol group. The alkyl chain composed by eight 

methylene groups has been chosen to space out the progesterone moiety from the hydrophilic 

chain of four lysine. A hydrophobic spacer will allow the progesterone to be inserted inside the 

sperm cells hydrophobic membrane, where its receptors are located352–355. The second 

component is represented by a hexaethylene glycol-terminated thiol (EG6OH). The aim of 

EG6OH molecules is both to space out the oligopeptide to allow enough space on the surface 



  
CHAPTER 5 113 

 

for molecular rearrangement and impede any undesired unspecific binding of anti-mouse 

progesterone antibody on the gold surfaces (Figure 5.1). 

 

 

 

Figure 4.1 - Molecular structures and related cartoons of the oligopeptide (progesterone-C7-

4KC) and the hexaethylene glycol-terminated thiol (EG6OH) used in the mixed SAMs, and their 

calculated molecular lengths in fully extended conformations. 

 

The results of this analysis will permit a better design of novel sensing platforms, that 

can discriminate between damaged and healthy sperm cells, applicable to in-vitro Fertilisation 

(IVF) research purposes.  
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5.2 Objectives 

1. Characterisation of different progesterone-C7-4KC:EG6OH solution ratios (1:10, 1:40 

and 1:100) on gold surfaces by XPS, to evaluate the differences between solution ratio 

and surface ratio. 

2. Analysis, by electrochemical SPR of the specificity of the anti-mouse progesterone 

antibody, in OC conditions, on both a pure biotin-4KC and a pure EG6OH SAMs. 

3. Analysis, by electrochemical SPR, of the switching properties in PBS of the different 

mixed SAM ratios, to select the one with the highest switching efficiency and develop a 

novel platform for the control over the antigen-antibody interaction, upon the 

application of an electrical potential. The switching efficiency of the best performing 

mixed SAM will be then be tested in sEBSS+0.3%BSA, buffer that will be used for the 

preparation of sperm cells (see Chapter 6). 

4. Comparison of the best performing surface ratio of progesterone-C7-4KC switching 

efficiency in PBS, EBSS and EBSS containing different percentages of BSA (0.1% and 

0.3%) 
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5.3 Results and Discussion 

5.3.1 Formation of mixed progesterone-C7-4KC:EG6OH mixed SAMs 

The aim of this work is to develop a switchable sensing platform able to control the 

exposure of progesterone molecules on the gold substrates. Piranha-cleaned gold substrates 

were incubated into different solution ratios of mixed progesterone-C7-4KC:EG6OH SAMs.   

In this research work, we chose to immobilise a molecule of progesterone (antigen) 

purposely chemically modified to contain a switching unit and a sulphur atom for the binding 

to the gold surface. This strategy will allow the obtainment of an enhanced SPR response when 

the antibody in solution will bind to the progesterone moiety anchored to the gold surface347. 

When a negative potential is applied to the to the gold substrate, the lysine oligopeptide 

is expected to be attracted towards the surface. This attraction will drag the progesterone 

moiety, that will then be hindered from the interaction with the anti-mouse monoclonal 

progesterone antibody, by the EG6OH molecules. On the contrary, when a positive potential is 

applied the lysine oligopeptide will be repelled by the positive charge on the gold surface, being 

fully extended on the surface, therefore completely exposing the progesterone moiety for the 

interaction with the monoclonal anti-mouse antibody. EG6OH molecules were employed to 

prevent non-specific binding of antibody on the surface and to give enough conformational 

freedom to the progesterone-C7-4KC component to undergo the switching (Figure 5.2). 
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Figure 5.2 - Cartoon representation of the ON-OFF switching system that controls the 

biomolecular interaction between progesterone (red) on the surface and antibody (green) in 

solution. 

 

5.3.2 XPS characterisation of progesterone-C7-4KC:EG6OH mixed SAMs 

One of the aims of this research work is to create a mixed SAM platform that can present 

a similar switching ability to the one obtained with the biotin-4KC:TEGT system, described in 

Chapter 3197. Three progesterone-C7-4KC:EG6OH solution ratios of 1:10, 1:40 and 1:100 were 

characterised by XPS. The 1:40 solution ratio was chosen, because, as demonstrated in Chapter 

3, it gives to the switching oligopeptide the correct spatial area on the surface to undergo the 

desired molecular rearrangement197.  

 

5.3.2.1 Progesterone-C7-4KC:EG6OH 1:10 solution ratio 

The XPS analysis carried out for the 1:10 mixed SAM revealed the presence of the 

elemental species S, N, C and O, confirming the formation of the mixed SAM. The S 2p spectrum 

(Figure 5.3 a), consists of a doublet peak at 163.2 eV (S 2p1/2) and 162.1 eV (S 2p3/2) 

corresponding to the S-Au bond252,255,334,335; the second doublet peak centred at 164.7 (S 2p1/2) 
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eV and 163.8 eV (S 2p3/2) can be assigned to the S-H group, due to the presence of an undesired 

amount of free, unbound thiol molecules on the gold surface252,255,334,335. The unattached 

molecules can be either those of the ethylene glycol thiol or those of the oligopeptide 

molecules. 

In the N 1s spectrum (Figure 5.3 b), only one peak can be fit, due to the high background 

noise. This peak is centred at 400.0 eV, attributable to amino (NH2) and amide (CONH) groups 

and one 252,255,334,335. 

The C 1s spectrum can be de-convoluted into three peaks (Figure 4.3 c), attributable to 

five different binding environments. The first peak at 284.8 eV corresponds to C-C bonds, the 

second peak at 286.6 eV can be attributed to the binding environments of C-S, C-N and C-O and 

the smaller third peak at 288.0 eV corresponds to the carbonyl moiety C=O252,255,334,335.  

The O 1s spectrum (Figure 4.3 d) can be de-convoluted into two different peaks, one at 

532.7 eV corresponding to C-O bonds and one at 531.3 eV corresponding to C=O 

bonds252,255,334,335. 
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Figure 5.3 – XPS spectra of the a) S 2p, b) N 1s, c) C 1s and d) O 1s regions for the 1:10 

progesterone-C7-4KC:EG6OH mixed SAM solution ratio. 

 

To calculate the surface ratio of the mixed SAM, the areas of S 2p and N 1s peaks were 

integrated and it was taken into consideration that the progesterone-C7-4KC oligopeptides 

(Figure 5.1) contain 11 N atoms and 1 S atom and that EG6OH presents no N atoms and only 1 

S atom. Equation 5.1 was used to calculate the number of ethylene glycol thiol molecules per 

oligopeptide on the gold surface. 
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𝑁𝑜. 𝑜𝑓⁡𝐸𝐺6𝑂𝐻 = (𝑁𝑜. 𝑜𝑓⁡𝑁⁡𝑝𝑒𝑟⁡𝑝𝑒𝑝𝑡𝑖𝑑𝑒⁡𝑥⁡
𝑆⁡𝑎𝑟𝑒𝑎

𝑁⁡𝑎𝑟𝑒𝑎
) − 𝑁𝑜. 𝑜𝑓⁡𝑆⁡𝑝𝑒𝑟⁡𝑝𝑒𝑝𝑡𝑖𝑑𝑒 

 
Equation 5.1 

 

The calculated surface ratio for the progesterone-C7-4KC:EG6OH mixed SAM, 

corresponded to 1:9±3, different from the solution ratios, as described in previous studies of 

two-components SAMs79,80. 

The surface ratio obtained for the 1:10 progesterone-C7-4KC:EG6OH mixed SAMs is 

slightly higher compared to the one obtained for the 1:10 biotin-4KC:TEGT mixed SAMs solution 

ratio. This discrepancy could be due to the longer chains composing the progesterone-C7-

4KC:EG6OH mixed SAMs. In addition, the presence of different chemical groups attached to 

the oligopeptide chains and the higher number of ethylene glycol thiol groups in the EG6OH 

molecules, compared to the TEGT molecules can drive to a different chemical rearrangement 

of thiols on the gold surfaces35,87,108,356,357. By observing the behaviour of longer oligopeptide 

molecules of Biotin-6KC, analysed in Chapter 4, it is possible to hypothesise that the high 

concentration of progesterone-C7-4KC molecules will lead to a similar molecular intercrossing 

phenomenon, resulting in a poor switching efficiency of the 1:10 solution ratio. This hypothesis 

will be verified by electrochemical SPR in section 5.4.2. 

 

5.3.2.2 Progesterone-C7-4KC:EG6OH 1:40 solution ratio 

In Chapter 3 was shown that 1:40 solution ratio of Biotin-4KC:TEGT mixed SAM, 

corresponding to 1:16±4 surface ratio, possess the best switching characteristics amongst the 

system tested. Thus, the same solution ratio was first tested and characterised, to analyse how 

the differences between the biotin-4KC:TEGT mixed SAMs and the 



  
CHAPTER 5 120 

 

progesterone-C7-4KC:EG6OH mixed SAMs, such as the molecular length of the SAMs 

components, could influence their organisation on the gold surface. 

XPS analysis showed the presence of S, N, C and O elements (Figure 5.4) confirming the 

formation of the mixed SAM. The S 2p spectrum (Figure 5.4 a) consists of two doublet peaks, 

the first one at 163.3 eV (S 2p1/2) and 162.1 eV (S 2p3/2), assignable to the sulphur chemisorbed 

to the gold surface252,255,334,335. The second one is centred at 163.8 eV (S 2p3/2) and 165 eV (S 

2p1/2) assignable to unbound sulphur present on the gold surface252,255,334,335. The N 1s 

spectrum (Figure 5.4 b) is de-convoluted into one single peak, centred at 399.7 eV 

corresponding to amino (NH2) and amide (CONH) groups252,255,334,335. As expected, the N 1s 

spectrum is smaller than the one recorded for the 1:10 progesterone-C7-4KC:EG6OH mixed 

SAM ratio. 

The C 1s spectrum (Figure 5.4 c) is de-convoluted into three peaks, which can be 

attributed to five different binding environments. The peak at 284.7 eV corresponds to C-C 

bonds, while the peak at 286.6 eV corresponds to the three binding environments of C-S, C-N 

and C-O. The smaller peak at 287.7 eV can be assigned to the carbonyl moiety C=O252,255,334,335. 

The O 1s spectrum (Figure 5.4 d) is de-convoluted into two peaks, the first one at 533.1 eV is 

attributable to C-O bonds and the second one at 531.8 eV corresponds to C=O 

bonds252,255,334,335. 
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Figure 5.4 – XPS spectra of the a) S 2p, b) N 1s, c) C 1s and d) O 1s regions for the 1:40 

progesterone-C7-4KC:EG6OH mixed SAM solution ratio. 

 

By using Equation 5.1 it is possible to calculate the surface ratio for the progesterone-

C7-4KC:EG6OH mixed SAM, corresponding to 1:22±5, not matching the solution ratio, as 

expected79,80. The differences with the surface ratio obtained from the 1:40 biotin-4KC solution 

ratio can be attributed to the different chain lengths of the components of the mixed 

monolayer, the different end group on the oligopeptide chain and the different type of 

ethylene glycol thiol. In fact, EG6OH molecules are composed by six ethylene glycol groups and 

a spacer of 11 carbon atoms, between the ethylene glycol groups and the sulphur head group, 

offering the conditions to form a highly-packed matrix35,87,108,356,357. 
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5.3.2.3 Progesterone-C7-4KC:EG6OH 1:100 solution ratio 

The XPS analysis of the Progesterone-C7-4KC:EG6OH mixed SAM at a solution ratio of 

1:100 showed the presence of S, C and O elements, but no N signal could be recorded (Figure 

5.5). 

 The S 2p spectrum (Figure 5.5 a) present two doublet peaks, the first one centred at 

163.3 eV (S 2p1/2) and 162.1 eV (S 2p3/2), that can be attributed to the sulphur atom of the thiol 

groups, covalently bound to the gold substrate252,255,334,335. The second one is visible at 164.8 

eV (S 2p1/2) and 163.7 eV (S 2p3/2) and it is ascribable to the unbound sulphur (S-H) present on 

the gold surface252,255,334,335. However, it is possible to infer that a small quantity of unbound 

sulphur is present on the gold surface. The N 1s spectrum was recorded (Figure 5.5 b) but no 

peak could be identified, due to high noise of the background, not allowing a quantitative 

interpretation of the surface ratio. The C 1s spectrum (Figure 5.5 c) showed the presence of 

five different binding environments and it can be de-convoluted into three peaks. The first one 

at 284.8 eV is referred to C-C bonds, the second peak at 286.6 eV can be assigned to C-S, C-N 

and C-O bonds. The smaller peak at 288.0 eV is assigned to the carbonyl moiety 

(C=O)252,255,334,335. 

The O 1s spectrum (Figure 5.5 d) can be de-convoluted into two peaks, corresponding to the 

binding environments of C-O (532.8 eV) and C=O (531.3 eV), respectively252,255,334,335. 
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Figure 5.5 – XPS spectra of the a) S 2p, b) N 1s, c) C 1s and d) O 1s regions for the 1:100 

progesterone-C7-4KC:EG6OH mixed SAM solution ratio. 

 

Due to the impossibility of recording the nitrogen spectrum, it is possible to hypothesise 

a high percentage of ethylene glycol thiol molecules on the gold surface, forming a well-packed 

EG6OH matrix. This matrix should confer slightly hydrophilic characteristics to the 1:100 

solution ratio surfaces and also constrain the oligopeptide molecules from undergoing a 

molecular rearrangement over the surface, leading to a low switching ability. 

Ellipsometry, contact angle and SPR analysis of the selected surfaces were conducted 

to verify our hypothesis and are illustrated in the next sections. 
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5.3.3 Contact angle and ellipsometry characterisation of progesterone-C7-4KC:EG6OH mixed 

SAMs 

The formation of progesterone-C7-4KC:EG6OH mixed monolayers, at 1:10; 1:40 and 

1:100 solution ratios, were analysed by contact angle and ellipsometry. Pure progesterone-C7-

4KC and pure EG6OH SAMs were characterised as a control (Table 4.1). The water advancing 

(Adv) and receding (Rec) contact angles for EG6OH revealed hydrophilic characteristics, 

whereas the pure progesterone-C7-4KC presented more hydrophobic characteristic. This 

behaviour can be due both to the oligopeptide molecules being collapsed on the chip surface, 

exposing the hydrophobic 8-carbon alkyl chain, and to the hydrophobic progesterone end 

group. 

Ellipsometry analysis confirmed the formation of pure progesterone-C7-4KC SAMs, pure 

EG6OH SAM and mixed progesterone-C7-4KC:EG6OH mixed SAMs, but, as expected, the 

homogeneity of the mixed monolayers on surface was poor, due to difficulties in controlling 

the organisation of the two components of the mixed SAM on the gold surfaces. Ellipsometry 

results were fitted using a model based on the Cauchy equation, an empirical relationship 

between the refractive index and wavelength of light, which considers a SAM as a transparent 

layer. The thickness of the SAM was then calculated using multi-guess iterations that provide a 

thickness result with the lowest χ2 (chi-square distribution) between the measured and the 

calculated values of ψ and Δ (see section 2.3). The formation of pure progesterone-C7-4KC 

monolayer resulted in an ellipsometric thickness of 4.4 ± 0.2 nm which is significantly lower 

that the calculated theoretical molecular length of 6 nm. As mentioned above, this difference 

can be explained with the oligopeptide chains being collapsed on the surface, exposing the 

hydrophobic alkyl spacers. The exact theoretical molecular length of progesterone-C7-

4KC:EG6OH mixed SAM cannot be calculated, because this monolayer is composed by two 
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molecules presenting different molecular length. However, it is important to notice that the 

molecular lengths measured for the different ratios of the mixed SAM resulted in between the 

measured lengths for the pure progesterone-C7-4KC SAM and the EG6OH SAM. Interestingly, 

as the concentration of ethylene glycol molecules increased in the mixed SAM solution, the 

measured length became closer to the pure EG6OH SAM measure length, confirming the 

increment in the number of ethylene glycol thiol molecules on the surface. 

 

Table 5.1 -  Advancing and receding water contact angle and ellipsometric thickness for the 

different monolayers formed for 24h. The calculated molecular lengths were determined using 

ChemBio3D Ultra 12.0 in which the molecules were in fully extended conformation. The 

averages and standard errors were calculated from at least three different measurements. 

 

Layer Contact Angle Thickness (nm) 

 Adv. Rec. Calc. Measured 

Progesterone-C7-4KC 0.1mM 70° ± 3 67° ± 4 6 4.4 ± 0.2  

EG6OH 0.1 mM 41° ± 2 39° ± 3 3.3 2.4 ± 0.1 

Progesterone-C7-4KC:EG6OH 

1:10 

52° ± 2 45° ± 3 - 3.8 ± 0.5 

Progesterone-C7-4KC:EG6OH 

1:40 

43° ± 2 38° ± 4 - 3.1 ± 0.4 

Progesterone-C7-4KC:EG6OH 

1:100 

40° ± 5 35° ± 2 - 2.8 ± 0.3 
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The contact angle results indicate that progesterone-C7-4KC:EG6OH mixed SAMs 

presented hydrophilic characteristics, comparable to the one obtained for the pure ethylene 

glycol thiol monolayer, indicating the larger presence of this component on the gold surface, 

compared to the oligopeptide chains. It has to be highlighted that, as the concentration of the 

EG6OH component increased on the gold surface, the mixed SAMs acquired more hydrophilic 

characteristics. The large hysteresis (θAdv – θRec) presented by the mixed progesterone-C7-

4KC:EG6OH monolayers are an indication of the low order of both layers. In addition, the 

difference in molecular length of the two SAM components lead to an uneven surface, causing 

such a large difference between the advancing and receding angles. 

The measured thickness of both the pure progesterone-C7-4CK and pure EG6OH SAMs 

are lower than the theoretical thickness calculated using ChemDraw 3D. It is possible to infer 

that on both the resulting monolayer the molecules are partially collapsed on the gold surface, 

leading to a smaller thickness than the expected one. 

 

 

5.4 SPR analysis of the progesterone-C7-4KC:EG6OH mixed SAMs and anti-mouse 

progesterone antibody 

5.4.1 Testing the anti-mouse progesterone antibody specificity by SPR 

Before starting the analysis of the switching capability of the chosen system, it was 

necessary to verify that the anti-mouse progesterone antibody was not recognising the second 

component of the mixed monolayer, EG6OH, as possible epitope. Pure EG6OH SAMs were 

tested by electrochemical SPR in OC conditions, in the presence of the antibody. A biotin-

4KC:EG6OH mixed SAM of 1:40 solution ratio was also tested as an additional control. 
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Phosphate buffer saline (PBS) was flushed over the surface for 10 minutes to equilibrate 

the sensor chip and set the SPR baseline, in OC (no potential) state. This step was followed by 

injection of monoclonal anti-mouse progesterone antibody, diluted in degassed PBS, over the 

surface for 30 minutes, necessary to potentially allow the correct interaction between the 

antibody and both EG6OH and biotin molecules, attached to the gold substrate. After this 

exposure time, the chip was rinsed with degassed PBS, to remove any unbound protein still 

present in the sensor cell and the binding capacity was recorded. 

As expected, no significant SPR signal shift was recorded with both EG6OH and 

biotin-4KC:EG6OH SAMs (Figure 5.6).  

 

Figure 5.6 - SPR sensorgram, recorded in OC (no potential applied) conditions, for the injection 

of anti-mouse progesterone antibody on both biotin-4KC:EG6OH and EG6OH SAMs. 
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The results obtained confirmed that the second component of the 

progesterone-C7-4KC:EG6OH mixed SAM could not affect the binding capacity of the antibody 

to its relative antigen on the surface (progesterone moieties). 

 

5.4.2 SPR analysis of the switching capabilities of progesterone-C7-4KC:EG6OH mixed SAMs 

in Phosphate Saline Buffer 

To understand if the progesterone-C7-4KC:EG6OH mixed SAMs could control the 

progesterone exposure upon the application of an electrical stimulus, the three different 

solution ratios, 1:10, 1:40 and 1:100 and previously analysed by XPS, were tested by 

electrochemical SPR in Phosphate-Buffered Saline (PBS). These preliminary SPR experiment 

had the aim of identifying the best performing ratio to be selected to be tested in sEBSS+0.3% 

BSA. Switching studies were conducted by monitoring the binding of the monoclonal anti-

mouse progesterone antibody to the progesterone end groups on the oligopeptide. Our 

research group had already demonstrated that oligopeptide mixed SAM can be used to control 

both protein adhesion and cell adhesion196, upon the application of an electrical potential, 

without affecting the SAM integrity, as also illustrated in Chapter 4. Thus, the same electrical 

potentials were used in this research work. The SPR experiments were conducted in three 

different states: bio-active (ON), while a positive potential of +0.3 V was applied, open circuit 

(OC) while no potential was applied and bio-inactive (OFF), while a negative potential of -0.4 V 

was applied. The recorded sensorgrams are reported in Figure 5.7. 

 

 



  
CHAPTER 5 129 

 

 

Figure 5.7 - SPR sensorgrams for the binding of anti-mouse progesterone antibody to the 

progesterone-C7-4KC:EG6OH at a) 1:10, b) 1:40 and c) 1:100 solution ratio, in PBS, under OC 

(no applied potential), ON (+0.3 V) and OFF (−0.4 V) conditions. 

 

PBS was flushed over the surface for 10 minutes to equilibrate the sensor chip and set 

the SPR baseline, in either ON (+0.3 V), OC (no potential) or OFF (-0.4 V) states. This step was 

followed by injection of monoclonal anti-mouse progesterone antibody, diluted in degassed 

PBS, over the surface for 30 minutes, necessary to allow the correct interaction between the 

antibody and its antigen, represented by the progesterone moieties anchored to the gold 

substrate. After this exposure time, the chip was rinsed with degassed PBS, to remove any 

unbound protein still present in the sensor cell and the binding capacity was recorded. The 

binding capacity (BC) is defined as the difference in the SPR response units between the 

beginning of the antibody injection and the end of washing with PBS. The averages and the 
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standard errors in the reported binding capacity were calculated from at least three different 

SPR measurements for each ratio (Table 5.2). 

Table 5.2 – Progesterone-C7-4KC:EG6OH Binding Capacity (BC), expressed in Resonance Units 

(RU) and Switching Efficiency calculated from SPR experiments. 

Progesterone-C7-4KC:EG6OH 

 Ratio Binding Capacity (RU) Switching Efficiency (%) 

Solution Surface 

1:10 1:9±3 1173±35 25±6 

1:40 1:22±5 1195±22 73±3 

1:100 - 526±149 37±17 

 

The progesterone-C7-4KC:EG6OH mixed SAMs at solution ratio of 1:10 and 1:40 show 

high antibody binding with immobilization capacities of 1.17 ng/mm2 and 1.20 ng/mm2, 

respectively (1000 RU = 1 ng/mm2).196 However, for the solution ratio at 1:100, there is a 

significant decrease in antibody binding (0.53 ng/mm2) that reflects a decrease in the amount 

of progesterone-C7-4KC in the mixed SAM. This behaviour is to a certain extent expected and 

indicates that there is good accessibility of the antibody to the surface tethered-antigen at 

progesterone-C7-4KC:EG6OH surface ratios of 1:9 and 1:22. The switching efficiency (SE) was 

calculated as the percentage between the binding capacity when a positive potential was 

applied (BCON) and the binding capacity when a negative potential was applied (BCOFF), divided 

by BCON: 
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𝑆𝐸 =
𝐵𝐶𝑂𝑁−𝐵𝐶𝑂𝐹𝐹

𝐵𝐶𝑂𝑁
⁡𝑥⁡100 

Equation 5.2 

From the results obtained, it is possible to infer that both 1:10 and 1:100 progesterone-

C7-4KC:EG6OH SAMs cannot provide enough control over the anti-mouse progesterone 

antibody over the gold surface, showing only 25±6% and 37±17% of switching efficiency, 

respectively (Figure 5.8). 

 

Figure 5.8 – Bar Chart representing the switching efficiency obtained for 1:10, 1:40 and 1:100 

progesterone-C7-4KC:EG6OH mixed SAMs solution ratios 

 

 In the case of the 1:10 solution ratio, the results can be attributed to a high density of 

progesterone-C7-4KC chains. These long switching chains can cause intercrossing between 

each other, with a similar phenomenon as the one seen in Chapter 4 for biotin-6KC molecules. 

This behaviour is confirmed by the low binding capacity recorded in the OC conditions, that 

resulted lower than the binding capacity when a negative potential was applied (Figure 5.7 a). 
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In this case, the oligopeptide molecules are not forced by the electrical potential to be oriented 

in a particular direction, therefore they present a higher flexibility that can lead to an increased 

molecular intercrossing occurrence. It must be highlighted that the 1:10 solution ratio presents 

a higher binding capacity, but a lower switching efficiency, if compared to the one obtained for 

the 1:40. The results can be attribute to the high concentration of EG6OH molecules on the 

gold substrate. The highly-packed matrix of ethylene glycol thiol molecule can force the 

progesterone-C7-4KC molecules in an upright orientation, not leaving free movement to the 

alkyl spacer to possibly orient the progesterone moiety in the wrong direction for the binding 

to the antibody, as it could happen in the case 1:40 solution ratio where the oligopeptide 

molecules are more spaced out. 

In the case of the 1:100 progesterone-C7-4KC:EG6OH solution ratio, the decrease in the 

binding capacity of the mixed SAM is due to the reduction of progesterone presence on the 

surface. The phenomena mentioned above resulted in poor switching capabilities of both 1:10 

and 1:100 mixed SAMs ratios. In addition, as observed in the case of biotin-4KC:TEGT mixed 

SAMs, the decrease in the binding capacity is not proportional with the reduction of the 

concentration of biotinylated oligopeptide on the surface. Again, it is possible to assume that 

both the steric hindrance and the restricted mobility of the densely-packed oligopeptide 

molecules might limit the antibody binding to the progesterone moiety at low ratio of EG6OH 

to progesterone-C7-4KC197. The data collected confirmed the phenomenon observed in 

Chapter 4:  a densely-packed switchable oligopeptide SAM cannot undergo a molecular 

rearrangement on the surface and some free space is needed for the oligopeptide chains to 

change their conformation when a negative potential is applied. 
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Noticeably, the switching efficiency obtained for the 1:40 progesterone-C7-4KC:EG6OH 

solution ratio is much lower than the one for the same solution ratio of biotin-4KC:TEGT. The 

difference in the switching behaviour can either be explained by the different surface ratio 

and/or the different chemical composition of the switching molecules. In fact, in the case of 

the 1:40 progesterone-C7-4KC:EG6OH solution ratio, the resulting surface ratio is higher than 

the biotin-4KC:TEGT one (1:22±5 vs 1:16±4). In addition, the progesterone molecule is not 

directly bound to the oligolysine chain and the alkyl spacer is not affected by the application of 

an electrical potential. This chemical characteristic can lead to lower constraints affecting the 

exposure of the progesterone molecules upon the application of a negative electrical potential 

and it can donate more free movement to the progesterone moieties for the binding to the 

antibody in solution. 

The 1:22 surface ratio (1:40 solution ratio) of the progesterone-C7-4KC:EG6OH mixed 

monolayer presented the highest switching efficiency and was selected to study the switching 

efficiency of the progesterone oligopeptide in sEBSS containing 0.4% BSA. 

 

5.4.3 SPR analysis of the switching capabilities of 1:40 progesterone-C7-4KC:EG6OH mixed 

SAMs solution ratio in modified Earle’s Buffer Saline Solution containing 0.3% of Bovine 

Serum Albumin 

To understand if the best performing progesterone-C7-4KC:EG6OH mixed SAMs ratio 

could present a similar switching efficiency in the buffer that will be used for the treatment of 

sperm cells, the electrochemical SPR experiments illustrated in section 5.4.2, were repeated in 

sEBSS + 0.3% BSA. The sEBSS buffer mimics the uterus environment, whereas the BSA is 

necessary for the sperm cells to lose the cholesterol external layer in order to undergo 
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capacitation and help their motility223,236,242,358–360. It is therefore important to verify if the 

molecular rearrangement over the surface can be induced also in the sEBSS+0.3% BSA buffer. 

The same procedure illustrated in section 5.4.2 was followed, monitoring the binding of the 

monoclonal anti-mouse progesterone antibody to the progesterone end groups on the 

oligopeptide. The SPR experiments were conducted in three different states: bio-active (ON), 

while a positive potential of +0.3 V was applied, open circuit (OC) while no potential was applied 

and bio-inactive (OFF), while a negative potential of -0.4 V was applied.  

Modified Earle’s Buffer Saline Solution (sEBSS) containing 0.3% of BSA was flushed over 

the surface for 10 minutes to equilibrate the sensor chip and set the SPR baseline, in either ON 

(+0.3 V), OC (no potential) or OFF (-0.4 V) states. This step was followed by injection of 

monoclonal anti-mouse progesterone antibody, diluted in sEBSS+0.3%BSA, over the surface for 

30 minutes, necessary to allow the correct interaction between the antibody and its antigen, 

represented by the progesterone moieties anchored to the gold substrate. The buffer was not 

degassed, due to the presence of BSA that could have caused the formation of bubbles, under 

the argon flux. In addition, the sperm cells will be prepared using not degassed 

sEBSS+0.3%BSA312. After this exposure time, the chip was rinsed with sEBSS + 0.3% BSA, to 

remove any unbound antibody still present in the sensor cell and the binding capacity was 

recorded. The recorded sensorgram is reported in Figure 5.9. 
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Figure 5.9 - SPR sensorgrams for the binding of anti-mouse progesterone antibody to the 

progesterone-C7-4KC:EG6OH at 1:40 solution ratio, in sEBSS + 0.3% BSA, under OC (no applied 

potential), ON (+0.3 V) and OFF (−0.4 V) conditions. 

The binding capacity (BC) and the switching efficiency (SE %) in sEBSS + 0.3% BSA were 

calculated using Equation 5.2, to obtain values of 1048±286 and 35±10%. The averages and the 

standard errors in the reported binding capacity were calculated from at least three different 

SPR measurements. The results showed that the switching efficiency in sEBSS + 0.3% BSA is 

much lower compared to the one obtained in PBS and it is too poor to permit the achievement 

of an efficient switching system in the presence of sperm cells. The difference in the switching 

performances can be attributed to the presence of Bovine Serum Albumin. In fact, BSA is a non-

reactive protein used in immunohistochemistry to bind to non-specific binding sites, to 

increase the chances for the antibodies to bind only to the specific antigens361,362. In addition, 

BSA also present an overall negative charge at pH 7363. From the analysis of these two 

characteristics, we can infer that BSA could be interacting with either the positively-charged 
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oligolysine peptide chains and/or the negatively-charged gold surface, when the -0.4 V 

potential is applied364, leading to a poor switching behaviour and a high standard error. 

 

5.4.4 SPR analysis of the switching capabilities of 1:40 progesterone-C7-4KC:EG6OH mixed 

SAMs solution ratio in modified Earle’s Buffer Saline Solution containing 0.1% and 0% of 

Bovine Serum Albumin 

To understand if the presence of BSA could interfere with the switching as hypothesise 

in the previous section, electrochemical SPR switching experiments were conducted on the 

1:40 progesterone-C7-4KC:EG6OH mixed SAMs solution ratio, in both sEBSS+0.1%BSA and 

sEBSS+0%BSA as buffer. This detailed analysis will give us an in-depth understanding of the 

molecular events occurring on the gold surface, that will be also be fundamental to plan our 

future studies. 

Again, the procedure used in section 5.4.2 was followed, monitoring the binding of the 

monoclonal anti-mouse progesterone antibody to the progesterone end groups on the 

oligopeptide. The SPR experiments were conducted in three different states: bio-active (ON), 

while a positive potential of +0.3 V was applied, open circuit (OC) while no potential was applied 

and bio-inactive (OFF), while a negative potential of -0.4 V was applied.  

Firstly, modified Earle’s Buffer Saline Solution (sEBSS) containing 0.1% of BSA was 

flushed over the surface for 10 minutes to equilibrate the sensor chip and set the SPR baseline, 

in either ON (+0.3 V), OC (no potential) or OFF (-0.4 V) states. This step was followed by injection 

of monoclonal anti-mouse progesterone antibody, diluted in sEBSS+0.3%BSA, over the surface 

for 30 minutes, necessary to allow the correct interaction between the antibody and its 

antigen, represented by the progesterone moieties anchored to the gold substrate. The buffer 
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was not degassed for the same reasons explained in the previous section312. After this exposure 

time, the chip was rinsed with sEBSS + 0.1% BSA, to remove any unbound antibody still present 

in the sensor cell and the binding capacity was recorded. The recorded sensorgram is reported 

in Figure 5.10. 

 

 

Figure 5.10 - SPR sensorgrams for the binding of anti-mouse progesterone antibody to the 

progesterone-C7-4KC:EG6OH at 1:40 solution ratio, in sEBSS + 0.1% BSA, under OC (no applied 

potential), ON (+0.3 V) and OFF (−0.4 V) conditions. 

 

The SPR analysis in sEBSS + 0.1% BSA showed that the reduced amount of Bovine Serum 

Albumin slightly improved the binding efficiency from the value of 1048±286 obtained in sEBSS 

+ 0.3% BSA to 1291±78. The switching efficiency, calculate using Equation 4.2, resulted 

increased to 44±8%. However, the switching efficiency remains too poor to select the buffer 

sEBSS + 0.1% BSA as ideal to perform the switching experiments in the presence of sperm cells. 

It is also important to notice that in the presence of BSA the standard error for the calculated 
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switching efficiency is high, indicating that the protein is critically affecting the possibility of 

obtaining the desired molecular rearrangement on the gold surfaces, upon the application of 

an electrical potential. 

Finally, we analysed the switching behaviour of the progesterone-C7-4KC:EG6OH mixed 

SAM in presence of no BSA in the sEBSS buffer. Modified Earle’s Buffer Saline Solution (sEBSS) 

containing 0.1% of BSA was flushed over the surface for 10 minutes to equilibrate the sensor 

chip and set the SPR baseline, in either ON (+0.3 V), OC (no potential) or OFF (-0.4 V) states. 

This step was followed by injection of monoclonal anti-mouse progesterone antibody, diluted 

in sEBSS+0.3%BSA, over the surface for 30 minutes, necessary to allow the correct interaction 

between the antibody and its antigen, represented by the progesterone moieties anchored to 

the gold substrate. The buffer was not degassed again, for the same reasons previously 

examined312. After this exposure time, the chip was rinsed with sEBSS + 0% BSA, to remove any 

unbound antibody still present in the sensor cell and the binding capacity was recorded. The 

recorded sensorgram is reported in Figure 4.11. 
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Figure 5.11 - SPR sensorgrams for the binding of anti-mouse progesterone antibody to the 

progesterone-C7-4KC:EG6OH at 1:40 solution ratio, in sEBSS + 0% BSA, under OC (no applied 

potential), ON (+0.3 V) and OFF (−0.4 V) conditions. 

 

The binding capacity (BC) and the switching efficiency (SE %) in sEBSS + 0% BSA were 

calculated using Equation 2, to obtain values of 1091±94 and 70±4%. The averages and the 

standard errors in the reported binding capacity were calculated from at least three different 

SPR measurements. The SPR data collected for the four different buffer conditions are reported 

in Table 5.3, alongside the calculated switching efficiencies. 

 

 

 

 



  
CHAPTER 5 140 

 

 Table 5.3 – SPR data and switching efficiency of the progesterone-C7-4KC:EG6OH mixed 

SAMs in PBS, sEBSS + 0% BSA, sEBSS + 0.1% BSA and sEBSS + 0.3% BSA respectively 

PBS 

Binding Capacity Switching Efficiency 

1195±22 73±3% 

sEBSS + 0% BSA 

Binding Capacity Switching Efficiency 

1091±94 70±4% 

sEBSS + 0.1% BSA 

Binding Capacity Switching Efficiency 

1291±78 44±8% 

sEBSS + 0.3% BSA 

Binding Capacity Switching Efficiency 

1048±286 35±10% 

 

A comparison of the switching behaviour presented by the 1:40 progesteron-C7-

4KC:EG6OH solution ratio in the different buffers tested is reported in Figure 5.12. 
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Figure 5.12 – Bar chart reporting the switching efficiency of the progesterone-C7-4KC:EG6OH 

mixed SAMs in PBS, sEBSS + 0% BSA, sEBSS + 0.1% BSA and sEBSS + 0.3% BSA respectively. 

 

The results showed that the switching efficiency in sEBSS + 0% BSA is comparable to the 

one obtained in PBS and confirmed our hypothesis stating the possible influence of a charged 

protein such as BSA in the molecular rearrangement over the gold substrate when an electrical 

potential is applied. 
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4.5 Conclusions and Future Work 

Immunosensors are a well-studied and reliable platform to control the interactions 

between a protein (Ab) and a small molecule (Ag) and Surface Plasmon Resonance (SPR) is 

widely used as immunosensing analytical technique297,349,365,366. In this work, the findings of our 

previous research194,196–199 were applied to the aim of creating a switchable platform able to 

control the exposure of an antigen molecule (progesterone) on the surface and the binding to 

its antibody in solution (anti-mouse progesterone antibody), upon the application of an 

electrical potential. It was successfully demonstrated that the 4-Lys oligopeptide molecule used 

in our previous studies, is able to expose or conceal on demand the moieties of progesterone, 

leading to a selective control over the antibody binding, upon the application of an electrical 

potential, never demonstrated before. However, its switching activity is influenced by both the 

presence of a spacer between the switching oligopeptide and the end group and the presence 

of Bovine Serum Albumin (BSA) in the buffer.    

Firstly, the spacer of 8-carbon atoms, increases the gap distance between the 

progesterone end group and the ethylene glycol thiol (EG6OH) matrix. In addition, this alkyl 

chain is not influenced by the application of an electrical potential to the gold substrate. When 

no potential is applied (OC conditions), the alkyl spacer can lead to intercrossing on the gold 

surface, between the progesterone-C7-4KC chains, leading to a lower binding capacity 

compared to the one recorded for biotin-4KC in the same conditions. When an electrical 

potential is applied, the alkyl chains of the spacer are neither attracted towards or repelled 

from the surface, leading to an undesired orientation of the progesterone molecules and 

resulting into a lower switching efficiency, compared to the one recorded for the same solution 

ratios of biotin-4KC, in the same conditions (PBS buffer). 
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Secondly, from our findings we can infer that the presence of BSA in the buffer used for 

the switching studies, greatly influences the switching performances of the studied 

progesterone-C7-4KC:EG6OH system. This phenomenon can be attributed to overall negative 

charge presented by BSA at pH 7363, that could  permit the interaction between this protein 

and  either the positively-charged oligolysine peptide chains and/or the negatively-charged 

gold surface, when the -0.4 V potential is applied364. However, the complete removal of BSA 

from the sEBSS buffer could influence the motility and the function of spermatozoa367,368 in the 

future switching studies aimed to control the calcium ion influx and the hyperactivation in 

sperm cells. 

Starting from the results obtained in this chapter, our future work will be directed to 

the understanding of: 1) the influence of the alkyl spacer length on the switching efficiency, by 

testing the binding of anti-mouse progesterone antibody to different 

progesterone-Cn-4KC:EG6OH mixed SAM (with n either < or > 8) by electrochemical SPR and 2) 

the ability of different progesterone-Cn-4KC:EG6OH mixed SAM (with n either < or > 8) to trigger 

the calcium ion influx and hyperactivation in sperm cells. 

The results illustrated in this chapter will create the basis for the development of novel 

immunosensing platforms, applicable to biomedicine, such as the studies of autoimmune 

diseases and several pathologies involving the interaction between antigens and antibodies. 
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Chapter 6 – Orthogonal Functionalisation of Surfaces for Controlling Sperm Cell 

Adhesion and Hyperactivation 

Abstract: This chapter describes the development of an orthogonal functionalisation method of 

a glass-gold micropattern, for the control of both sperm cells adhesion and hyperactivation. The 

cells adhesion was studied on two different surfaces, composed by poly-D-lysine (PDL) or silane-

PDL layers, to select the most suitable one for functionalisation purposes. Each step of the 

orthogonal functionalisation was studied in detail and each surface was characterised by XPS. 

This work shows the importance of an appropriate orthogonal molecule selection, to achieve 

the desired surface properties. This study represents a starting point for developing effective 

orthogonal surfaces able to control cellular response and activity. 

6.1 Introduction 

The continuous advancements in nanotechnology set new challenges in the 

development of new surfaces with multiple bioactive molecules, intended for cell biology and 

nanomedicine applications369. To create a bi- or multifunctional platform, different chemistries 

are needed, especially if the platform is composed by different substrate materials. The use of 

a multi-material substrate enables a better and efficient control over the localisation of the 

different biomolecules. This control permits to create surfaces with well-defined and desired 

density, spacing and molecular orientation370. Such surfaces can be tailored to present a large 

variety of features making them flexible for a vast range of chemical and biological conditions 

and purposes, ranging from biosensors to microarrays 369,371. Being some substrates negatively 

affected by the reiteration of chemical reactions on the surface, it is necessary to reduce the 

number of reaction steps, the use of protective groups and create simple functionalisation 

protocols. Different techniques are used to achieve the orthogonal functionalisation of 
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substrates, such as photolithography372, soft373 and electron-beam lithography374, dip-pen 

nanolithography62 and micro-contact printing (CP)121,122,370. Several challenges must be 

addressed in building such complex molecular architectures: the types of chemistry used could 

interfere with each other or lead to undesired side-products, the conditions must be mild and 

often biocompatible, the patterning techniques could damage the molecules present on the 

surfaces (e.g. UV irradiation in photolithography370). Orthogonal self-assembly of molecules 

was demonstrated for the first time in 1989 by Whitesides79 and it has now become a major 

research focus especially in the preparation of devices able to enhance the signal in localised 

SPR (LSPR). Orthogonal ligation chemistry permits the creation of pre-patterned surfaces with 

multifunctional characteristics, exploitable to immobilise molecules on discrete areas, in a 

specific manner, under mild conditions370.  

Several examples of orthogonally functionalised surfaces have been reported in the 

literature in the last decade375–377, but a noteworthy work for the aim of this research project, 

was the one done by Durán and co-workers on polysilicon-gold chips378. They created a bi-

functional platform displaying two different biomolecules on the same device, with potential 

employability as biosensor, biomarker or therapeutic agent378. By using a five-steps process, 

the polysilicon area of the device was functionalised with molecules of 

11-(triethoxysilyl)undecanal (TESUD) carrying a fluorescein conjugate concanavalin (F-ConA) 

fluorescent tag, whereas on the gold area of the same device a SAM of mercaptoundecanoate-

NHS that was then linked to a Texas Red conjugated WGA (TR-WGA) molecule (Figure 6.1). 
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Figure 6.1 – Steps involved in the preparation of double biofunctionalized chips. (a) 

Polysilicon–chromium–gold chip, (b) Polysilicon surfaces activation by piranha cleaning, (c) 

Mercaptoundecanoate-NHS SAM formation on gold, (d) TR-WGA immobilization via amide 

bond formation, (e) TESUD SAM formation on polysilicon substrates and (f) F-ConA 

immobilization via amide bond formation. 

 

The successful completion of the orthogonal bi-functionalisation was then verified by 

fluorescent microscopy. Herein, it is illustrated the preliminary studies performed to plan an 

orthogonal functionalisation procedure of gold-glass microelectrodes. Our work is aiming to 

create a molecular architecture containing both positively molecules of poly-D-lysine (PDL) for 

sperm cells adhesion and a switchable mixed self-assembled monolayer that can be tuned to 

control the sperm cells response to progesterone. 
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6.2 Objectives 

1) To study and optimise the adhesion of sperm cells on glass substrates, reproducing the 

glass areas of a micropatterned surface. 

2) To form the oligopeptide mixed SAM progesterone-C7-4KC:EG6OH previously studied 

on gold substrates, reproducing the gold areas of a micropatterned surface. 

3) To fully characterise the surfaces prepared in objectives 1 and 2 via XPS, contact angle 

and ellipsometry. 

4) To analyse the feasibility of the proposed orthogonal functionalisation strategy. 

 

6.3 Results and Discussion 

6.3.1 Study of sperm cells attachment on poly-D-lysine and silane/poly-D-lysine layers and 

surface characterisation 

Both poly-D-lysine (PDL) coating and silane-PDL layers were studied as an option for 

sperm cells immobilisation, to analyse the effect on cell adhesion of the different bonding of 

PDL to the surface. In the case of PDL coating, a layer of PDL is physisorbed on the glass 

substrate, whereas in the case of silane-PDL, poly-lysine molecules are linked to the glass 

surface thanks to strong covalent glass-silane and silane acid groups-lysine amino groups 

bonds. 

One of our future aims will be the use of the results obtained in this chapter to plan the 

step for the orthogonal functionalisation of a micropatterned electrode. The orthogonal 

functionalisation of a surface usually involves several steps329. Having the desired molecules 

covalently bonded will avoid the risk of layer removal during the process. 
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Cleaned glass microscope slides were functionalised with 1) a layer of poly-D-lysine 

(PDL) coating (Figure 6.2), obtained upon evaporation of a PDL solution in UHQ water (0.1 

mg/ml) at room temperature, presenting weak electrostatic interaction between charged 

amine groups and the glass surfaces and 2) a layer of carboxyethylsilanetriol was first deposited 

by chemical vapour deposition (CVD) to form strong covalent bonds between the hydroxyl 

groups on glass and silicon atoms in the silane molecules. The carboxylic groups present on the 

silane molecules were then bound to PDL molecules via carboxylic acid activation with 

EDC/NHS, to form covalent amide bonds, as described in “Chapter 3 – Experimental Procedures 

and Protocols”.  

 

Figure 6.2 – Chemical structure of monomer units composing poly-D-lysine (PDL) 

 

Poly-D-lysine is a polymer of molecular weight >300,000 Da, composed by lysine 

aminoacid monomers. The lysine residues provide a positively charged backbone, due to the 

presence of protonated amino groups (NH3
+) at pH 7, below the amino pKa of 9.06, which can 

interact with the negatively charged sites present on the sperm cells membrane, supporting 

adhesion. It is widely used in cell research as standard method for facilitating cell 

attachment379–381. 
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6.3.1.1 XPS characterisation of poly-D-lysine and silane/poly-D-lysine layers 

The surfaces used in the study of sperm cells attachment were analysed by XPS, that 

revealed the presence of the elemental species C, N, O and Si on both layers, confirming the 

formation of both PDL and silane-PDL layers. The C 1s spectrum (Figure 6.3 a) can be 

deconvoluted into three peaks, corresponding to three different binding environments. The 

peak at 284.8 eV is attributed to C-C bonds334,335, while the peak at 286.1 eV corresponds to C-

N binding environment. The third peak at 288.0 eV can be assigned to the C=O moiety, that 

could be assigned to sodium carbonate, naturally present in glass substrates 334,335,382. The N 1s 

spectrum (Figure 6.3 b) consist in a large peak that can be deconvoluted into three peaks. Due 

to high concentration of amino groups on the surface, the nitrogen peak is intense, and three 

peaks are observable.  The first peak is centred at 401.0 eV, can be assigned to protonated 

amino groups (NH3
+), whereas the second peak at 399.7 eV corresponds to amide (CONH) and 

amino (NH2) groups383, the third peak at 397.7 eV is ascribable to silicon nitrates that can be a 

component of glass312. The O 1s spectrum (Figure 6.3 c) can be deconvoluted into two peaks, 

assignable to C-O groups (531.6 eV) and C=O plus SiOx (533.0 eV), due to  silicon oxides being 

naturally present in glass substrates334,335. The peak at 535 eV can be assigned to the sodium 

Auger peak (Na KLL), that could be assigned to sodium carbonate, one of the components of 

glass.334,335,382.  In this case, the Si 2p spectrum (Figure 6.3 d) is only attributable to the silicon 

oxides SiOx (103.0 eV) and SiOH (103.8 eV) groups naturally present in the glass 

substrate116,334,335,383–391. The small shift of the N, O and Si peaks (less than 0.5 eV) is due to the 

limited conductivity of glass, causing a charge accumulation on the surface392. 
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Figure 6.3 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s and d) Si 2p regions of pure 0.5 mg/ml 

PDL layers on glass substrates. 

 

 

The XPS analysis was also performed on silane-PDL layers (Figure 6.4) on glass 

substrates, revealing the presence of the elemental species C, Si, N and O, confirming the 

formation of the layer.  
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Figure 6.4 – Schematic representation of silane-PDL layers on glass substrates 

 

The C 1s spectrum (Figure 6.5 a) is formed by three peaks, which are attributable to the 

following binding environments334,335: C-C and C-Si (284.8 eV)393, C-N (286.4 eV) and C=O (288.3 

eV). The Si 2p spectrum (Figure 6.5 b) is formed by two peaks, that can be assigned to the 

binding environments of SiOx and Si-O-Si groups (103.4 eV) and Si-C and Si-OH (102.5 

eV)116,334,335,383–391. The N 1s spectrum (Figure 6.5 c) can be deconvoluted into two peaks, which 

support the presence of lysine moieties on the surface. The first peak at 399.0 eV can be 

assigned to amino (NH2) and amide (CONH) groups. The second peak at 401.6 eV corresponds 

to protonated amino groups (NH3
+)383. The silicon nitrates peak coming from the glass itself 

cannot be distinguished from the background noise. This difference can be due to the presence 

of silane-PDL molecules covering the glass surface. It can in fact be noticed the higher intensity 

of the protonated amino groups (NH3
+) peak, indicating a high presence of PDL on the surface. 

The O 1s spectrum (Figure 6.5 d) can be deconvoluted into two different peaks, corresponding 
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to three binding environments. The first peak centred at 532.7 eV can be assigned to Si-O and 

C=O bonds and the second peak at 531.5 eV can be assigned to Si-OH moieties334,335. The 

limited conductivity associated with the glass substrate, cause a charge accumulation on the 

surface that leads to small binding shifts (less than 0.5 eV), if compared to the peak values 

obtained on gold substrates392. 

 

 

Figure 6.5 – XPS spectra of the a) C 1s, b) Si 2p, c) N 1s and d) O 1s regions of silane-PDL layers 

on glass substrates. 
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6.3.1.2 Contact angle and ellipsometry analysis of poly-D-lysine and silane/poly-D-

lysine layers 

The formation of poly-D-lysine (PDL) and silane-PDL layers were analysed by contact 

angle and ellipsometry. As expected, the water advancing (Adv) and receding (Rec) contact 

angles for silane-PDL layers revealed hydrophilic characteristics, whereas it was impossible to 

measure the contact angle for the layer of pure PDL, since the water droplet re-dissolved the 

PDL itself (Table 6.1). 

Ellipsometry analysis confirmed the formation of both PDL and silane-PDL layers, but, 

as expected, the homogeneity of both layers on surface was poor, due to the lack of control 

over the molecular organisation on surfaces. The formation of pure silane layer resulted in an 

ellipsometric thickness of 1.7 ± 0.2 nm which is significantly higher that the theoretical 

molecular length of 0.53 nm. This difference can be explained with the formation of a possible 

tri-layer of silane, instead of a monolayer. The surfaces were formed on silicon wafer 

substrates, to allow the ellipsometry measurements. Ellipsometry measurements cannot be 

performed on glass, due to the transparency of the surface. Silicon wafers are not transparent 

and form covalent bonds with silane molecules, in the same way glass surfaces do. The exact 

theoretical molecular length of poly-D-lysine cannot be calculated, because the number of 

lysine units in the polymer is not exactly known 
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Table 6.1 -  Advancing and receding water contact angle and ellipsometric thickness for the 

different layers formed for 24h. The theoretical molecular lengths were calculated using 

ChemBio3D Ultra 12.0 in which the molecules were in fully extended conformation. The 

averages and standard errors were calculated from at least three different measurements. 

 

Layer Contact Angle Thickness (nm) 

 Adv. Rec. Theor. Measured 

Silane 61° ± 2 56° ± 3 0.53 1.7 ± 0.2  

Silane-PDL 70° ± 5 63° ± 3 - 5.8 ± 2 

PDL - - - 16 ± 4 

 

 

The contact angle results indicate that both silane and silane-PDL layer show slightly 

hydrophilic properties as expected. The large hysteresis (θAdv – θRec) of 5˚ for the silane layer 

and 7˚ for the silane-PDL layer are an indication of the low order of both layers. In addition, 

when PDL is bond to the surface, the contact angle become more hydrophobic and measured 

thickness increases, confirming a change in the layer, that can indicate the successful 

attachment of PDL. 

The measured thickness of the silane layer is higher than the theoretical thickness 

calculated using ChemDraw 3D. It is possible to state that the resulting silane layer is not a 

monolayer, result that can be attributed to the lack of control over the chemical vapour 

deposition conditions. 
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6.3.1.4 Effect of different solvents on poly-D-lysine and silane/poly-D-lysine layers 

and sperm cells attachment  

Sperm cells were prepared following the procedure described in detail in Chapter 6.  

300 l of fresh sperm sample where first added to 700 l of EBSS buffer containing 0.3% BSA 

in several falcon tubes and left in the incubator for an hour, to allow sperm cells to lose the 

cholesterol layer on cell membrane. After this first step, the top layer (swim-up) containing 

sperm cells, was collected from each falcon tube and left in the incubator to capacitate for two 

hours. Then 300 l of cell suspension, containing capacitated sperm cells labelled with Calcium 

Green 1-AM, were deposited on glass microscope slides functionalised with 1) Poly-D-lysine 

coating and 2) silane/Poly-D-lysine layers with PDL concentrations of 0.1 mg/ml and 0.5 mg/ml 

to compare cell adhesion (section 3.3.1). The microscope slides were attached with vacuum 

grease to a purpose-built, perfusable, polycarbonate imaging chamber (section 3.3.3). The 

imaging chamber is equipped with two openings, one for the buffer entering the chamber and 

one for the buffer leaving the chamber, sucked away by a vacuum pump. It also contains a well 

to allocate the reference electrode and an opening to allocate the platinum counter electrode. 

The imaging chamber containing sperm cells was left in a wet chamber at room temperature 

for 30 minutes before being mounted on the microscope, connected to the perfusion system. 

After the incubation time, the surface was rinsed with sEBSS for 10 minutes at a flow rate of 

approximately 1 ml/min for at least 15 min, to remove loose sperm cells present on the surface. 

A roller pump push sEBSS solution into the chamber and overflow is removed by a suction 

pump with trap from the exit port (Figure 6.6).  
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Figure 6.6 – Schematic representation of the imaging chamber mounted on the microscope 

slide and connected to the perfusion system. 

 

The sperm cells attached on the two surfaces tested were then analysed by 

fluorescence microscopy. Snapshots of different areas of the surface are collected and cell 

counted on each field. From the images of the two surfaces collected, it is possible to assert 

that Poly-D-lysine coating is more effective in fostering cell adhesion when compared to 

silane/PDL layers (Figure 6.7). 
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Figure 6.7 – Fluorescence images of cell adhered on PDL coated-surfaces (left), silane-PDL 

layers formed using a PDL concentration of 0.1 mg/ml (centre) and silane-PDL layers formed 

using a PDL concentration of 0.5 mg/ml (right). 

 

The average number of cells per field in the case of the PDL coating, is 83±7, whereas in 

the case of silane-PDL (0.1 mg/ml PDL) and silane-PDL (0.5 mg/ml) is 9±4 and 34±5 respectively. 

The average and the error were calculated based on three different fields of the same sperm 

sample. The results indicate that the PDL coating is more effective in promoting cell adhesion, 

whereas on the silane-PDL layer prepared with a PDL concentration of 0.1 mg/ml cell adhesion 

is scarce. This result is likely due to the presence of a smaller number of charged amino groups 

free on the surface for interaction with sperm cells membrane.  

To understand if the ethanol used as solvent in the formation of Progesterone-C7-

4KC:EG6OH mixed SAM, can influence cell adhesion, glass microscope slides treated with both 

PDL and silane-PDL (0.5 mg/ml of PDL) were immersed in HPLC ethanol overnight. Both surfaces 

were then tested for cell adhesion, following the procedure described above. By observing the 

two surfaces, it is possible to notice that ethanol has not an important effect on cell attachment 

on silane-PDL layers, whereas it seems to affect the quality of the PDL coating. “Stripes” are 

clearly visible on the surface coated with 0.1 mg/ml of PDL. In addition, the sperm cells look 
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poorly labelled and less active if compared to the previous experiment, before the ethanol 

rinsing of the surface. The worse labelling and the poorer activity can also be due to cell starting 

naturally to die after being kept in the incubator for a long time (Figure 5.8). 

 

 

 Figure 6.8 – Fluorescence images of cell adhered on PDL coated-surfaces rinsed with ethanol 

(left), and silane-PDL layers formed using a PDL concentration of 0.5 mg/ml rinsed with 

ethanol (right). 

 

From the picture of the surface, it can be inferred that the presence of ethanol can 

affect the quality of the PDL coating. The coating appears to be partially re-dissolved by the 

small percentage of water present in the solvent, or by the ethanol itself, being poly-lysines 

slightly soluble in ethanol394. The silane-PDL surface (0.5 mg/ml of PDL) does not present the 

same kind of film effect after the ethanol rinsing. In addition, cells appear active and well 

labelled. The number of cells attached on the surfaces coated with PDL is still greater if 

compared to that on silane-PDL (0.5 mg/ml) surfaces. However, it is reasonable to hypothesise 

that the visible change of morphology of the non-covalently formed PDL film on glass, could 

then affect the switchable moieties on the gold areas of the micropattern. The silane-PDL layer 



  
CHAPTER 6 159 

 

was therefore chosen to functionalise the glass areas of the micropattern, to promote cell 

adhesion. 

 

6.3.2 XPS characterisation of clean glass and gold substrates 

Glass and gold substrates were chosen as model systems to study the fabrication 

procedure, due to the impossibility of performing XPS analysis on the micropatterned surfaces. 

XPS characterisation of glass and gold substrates cleaned in piranha solution was performed to 

be used as references.  

Clean glass 

XPS analysis of clean glass substrates showed the presence of elemental species C, N, 

O, S and Si. The C, N, O and Si peaks are assignable both to substances naturally present in 

glass, such as carbonates and silanes and to molecules contaminating the laboratory 

environment334,335,382. The C 1s spectrum (Figure 6.9 a) can be deconvoluted into three peaks, 

assignable to C-C and C-Si (284.8 eV), C-O (286.7 eV) and C=O (288.2 eV) groups334,335. The N 1s 

spectrum (Figure 6.9 b) consist in a peak centred at 400.5 eV that can be assigned to nitrogen 

coming from the air (N2)383. The O 1s spectrum (Figure 6.9 c) consists in a peak centred at 532.9 

eV that can be assigned to silicon oxides (SiOx) present in the glass and to organic C=O 

moieties334,335. The C, N and O signals can be due to contamination coming either from the air 

or the laboratory environment. The S 2s spectrum (Figure 6.9 d) consists of a peak centred at 

233.4 eV334,335,395, indicating an unexpected presence of sulphur on the surface. The S 2p signal 

was not recorded, since it is shielded by the Si 2s intense signal. The sulphur can either be due 

to contamination coming from the laboratory environment or piranha solution residues 

remained on the glass substrate after the rinsing. The Si 2p spectrum (Figure 6.9 e) can be 

deconvoluted into two peaks, the first one centred at 103.2 eV, can be assigned to silicon 
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hydroxides (SiOH) and the second one centred at 103.8 eV can be assigned to silicon oxides 

SiOx and Si-O-Si groups, both present in the glass substrate116,334,335,383–391.  

 

 

Figure 6.9 - XPS spectra of the a) C 1s, b) N 1s, c) O, d) S 2s and e) Si 2p regions recorded on 

clean glass substrates. 
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The ratios between the elements analysed (N/C, O/C, S/C and Si/C) were calculated to 

obtain reference ratios to be used as a comparison in the next steps. The calculated values are 

0.13±0.03 for N/C, 33.42±2.23 for O/C, 0.18±0.03 for S/C and 5.76±0.13 for Si/C respectively.  

The results show a large presence of oxygen and silicon on clean glass substrates, due 

to the glass composition, as expected334,335,382. There is also a small amount of sulphur, 

attributable to either contamination from thiols in the laboratory atmosphere or to piranha 

solution residues. Finally, noticeable is the much larger amount of oxygen than the carbon 

amount, attributable to both the silicon oxides and carbonates naturally composing glass 

substrates334,335,382. 

Clean gold 

XPS analysis of clean gold substrates showed the presence of elemental species C, N, O 

and S. The C, O and peaks can be the result of contamination due to handling and/or the 

presence volatile molecules present in the laboratory environment. The C 1s spectrum (Figure 

6.10 a) can be deconvoluted into two peaks, assignable to C-C (284.4 eV) and C-O (286.2 eV) 

groups334,335. The N 1s spectrum (Figure 6.10 b) consist in a small peak centred at 399.8 eV that 

can be assigned to both nitrogen gas and nitrogen-containing volatile molecules present in the 

air of the laboratory383. The O 1s spectrum (Figure 6.10 c) consists in a small peak centred at 

532.0 eV that can be assigned to organic C-O moieties334,335. The S 2p spectrum (Figure 6.10 d) 

consists of a doublet peak centred at 162.1 and 163.3 eV, indicating an unexpected presence 

of unbound sulphur on the surface395. The sulphur can either be due to contamination coming 

from volatile thiols present in the laboratory atmosphere. No presence of silicon was recorded. 
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Figure 6.10 - XPS spectra of the a) C 1s, b) N 1s, c) O and d) S 2p regions recorded on clean 

gold substrates. 

The ratios between carbon and the other elements (N, O and S) were calculated to 

obtain reference ratios to be used as a comparison in the next steps.  

The calculated N/C and S/C ratios of 0.05±0.02 and 0.08±0.01, respectively, show a small 

presence of both nitrogen and sulphur if compared to the amount of carbon. In addition, the 

O/C ratio of 0.20±0.10 confirms a high presence of carbon if compared to the other elements. 

The recorded carbon can either be due to organic contamination from the laboratory of from 

handling of the samples. The foil used to wrap the samples for shipment, could have transferred 

some organic compounds to the surfaces. 
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6.3.3 XPS characterisation of each step performed on either plain gold or glass surfaces 

The formation of the two different surfaces on the glass and gold was done via the 

following steps: 

1) Deposition of a 11-mercapto-1-undecanol protective SAM on gold. 

2) Formation of a silane-PDL layer on glass. 

3) Removal of the protective SAM by applying a potential of -1.5V for ten minutes to the 

gold microelectrodes. 

4) Formation of progesterone-C7-4KC:EG6OH mixed SAM on gold. 

Both gold and glass were exposed to all these steps to simulate what will happen on the 

micropatterned substrates. To understand if each step can affect either the sperm cells 

adhesion and the achievement of the final molecular structure on the micropattern, a detailed 

XPS analysis was made. 

 

6.3.3.1 First step: protective thiol on gold and glass 

Gold substrates: 

The XPS analysis was performed on 11-mercapto-1-undecanol SAMs on gold, revealing 

the presence of the elemental species S, C and O, confirming the presence of thiol molecules 

on the surface. The S 2p spectrum (Figure 6.11 a) consists of two doublet peaks, with the first 

one at 163.2 eV (S 2p1/2) and 162.0 eV (S 2p3/2) assignable to sulphur chemisorbed on the gold 

surface (S-Au)395,396. The second doublet peak centred at 164.3 eV (S 2p1/2) and 163.1 eV (S 

2p3/2) can be ascribed to unbound sulphur on the gold surface (S-H)395,396. The C 1s spectrum 

(Figure 6.11 b) is formed by two peaks, which are attributable to the following binding 

environments: C-C (284.7 eV) and C-S, C-N and C-O (286.4 eV)334,335. The O 1s spectrum (Figure 

6.11 c) is formed by a peak centred at 532.7 eV corresponding to C-O334,335. No presence of N 
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was recorded, as expected (Figure 6.11 d). The difference in the nitrogen presence compared 

to the clean gold case can be explained with the ease for clean gold to absorb volatile molecules 

from the air. On the contrary, the presence of a well-packed matrix of alkyl thiol prevents this 

contamination phenomenon. These peaks will be used as reference to analyse the changes on 

the substrates, as a result of the formation of the different layers on the gold substrates. 

 

Figure 6.11 – XPS spectra of the a) S 2p, b) C 1s, c) O 1s and d) N 1s regions of 

11-mercapto-1-undecanol SAMs on gold. 

 

The calculated O/C and S/C ratios were compared with the ones calculated from the analysis 

of clean gold to verify if the 11-mercapto-1-undecal monolayer was formed correctly. 
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Every molecule of 11-mercapto-1-undecanol (Figure 6.12) contains 11 C atoms, 1 O 

atom and 1 S atom, from which it is possible to calculate the both the expected C/O and C/S as 

equal to 11.  

 

 

 

Figure 6.12 – Molecular structure of 11-mercapto-1-undecanol 

 

The calculated O/C ratio of 0.28±0.01 shows no significant change if compared to the 

one calculated for the clean gold (0.20±0.10). In addition, both the calculated C/O and C/S 

ratios (3.55±0.09 and 9.25±0.90) are smaller than the expected C/O and C/S ratios for 11-

mercapto-1-undecanol (both equal to 11), showing that the desired MUD monolayer did not 

form correctly on the gold substrates. It is reasonable to infer that there was an additional 

contribution to the carbon content due to contamination. 

 

Glass substrates: 

The XPS analysis of 11-mercapto-1-undecanol SAMs on glass, confirmed that no 

monolayer was formed as S 2s peaks were not present. However, the XPS analysis of clean glass 

substrate showed the presence of sulphur on the surface. This discrepancy can be due to the 

different time of preparation and the presence of thiol contaminants in the atmosphere of the 

laboratory. The C, N, O and Si peaks recorded are ascribable both to substances naturally 

present in glass, such as carbonates and silanes and to the nitrogen present in the air (Figure 

5.9)334,335,382. The C 1s spectrum (Figure 6.13 a) is formed by three peaks, which are attributable 

to the following binding environments: C-C and C-Si (284.6 eV), C-O (286.5 eV) and C=O (288.1 
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eV)334,335. The Si 2p spectrum (Figure 6.13 b) can be deconvoluted into two peaks, attributed 

to silicon oxides (SiOx) and Si-O-Si groups (103.3 eV) and Si-OH groups (102.7 eV), present on 

the glass substrates116,383,385–387,389–391. The N 1s spectrum (Figure 6.13 c) is characterised by a 

high background noise and a single peak centred at 400.2 eV can be identified. This peak can 

be assigned to the nitrogen in the air. The S 2s spectrum (Figure 6.13 d) indicates that sulphur 

is not present on the surface. The O 1s spectrum (Figure 6.13 e) is formed by a peak centred at 

532.7 eV corresponding to C-O334,335.The S 2p spectrum could not be recorded since it is 

shielded by the intense Si 2s peak. However, the absence of the S 2s peak already suggested 

the absence of sulphur residues on the surface. These peaks will be used as reference to analyse 

the changes on the substrates, as a result of the formation of the different layers on the glass 

substrates. 
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Figure 6.13 – XPS spectra of the a) C 1s, b) Si 2p, c) N 1s, d) S 2s and e) O 1s regions of 

11-mercapto-1-undecanol SAMs on glass. 

 

The ratios between the elements analysed (C, N, O and Si) were calculated and 

compared to the ones obtained from the analysis of clean glass substrates.  
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The results show an increase in the carbon amount on glass surfaces after the protective 

thiol immobilisation, compared to the carbon present on clean glass surfaces. In fact, the C/N 

ratios went from 7.8±1.9 to 24.4±3.11. There is also a significant decrease in the oxygen 

amount, since the O/C ratio decreased from 33.42±2.23 to 0.12±0.01. It is possible that some 

molecules of 11-mercapto-1-undecanol are physisorbed on the glass substrates and the rinsing 

with ethanol is not enough to remove them. However, the signal of S 2p cannot be recorded 

due to the strong Si 2s shielding and the S 2s signal is too noisy to identify the presence of 

sulphur on the glass surface. 

 

6.3.3.2 Second step: silane-PDL on gold and glass 

The silane-PDL layer was formed following the procedure illustrated in Chapter 3 – 

Experimental Procedures and Protocols. The silane molecules were deposited on the substrates 

via Chemical Vapour Deposition (CVD) by incubating either the gold or glass substrates in a 

vacuum chamber in silane atmosphere for an hour. After the deposition step, the silane layer 

was cured by leaving the functionalised substrates in the vacuum oven at 100˚C for 30 minutes. 

The substrates were then immersed in a 1mM HCl solution in UHQ water for 5’ under 

gentle shaking, to form carboxylic acid groups on the surface and then immersed in a solution 

1:1 of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-Hydroxysuccinimide (EDC/NHS) 

overnight as illustrated in section 6.3.1.3. 

 

Gold substrates: 

The XPS analysis was performed on silane-PDL layer formed after the deposition of 11-

mercapto-1-undecanol SAMs on gold, revealing the presence of the elemental species C, N, O, 
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S and Si. The C 1s spectrum is formed by three peaks (Figure 6.14 a), which are attributable to 

the following binding environments334,335: C-C and C-Si (284.8 eV) and C-S, C-N and C-O (286.3 

eV), the third small peak at 288 eV, corresponds to C=O groups and it can be attributed to the 

carboxyl group on the silane or the carboxyl groups on the PDL chain334,335,397. The N 1s 

spectrum (Figure 6.14 b) consists in one small peak centred at 400.2 eV383, that can be 

attributed either to the presence of poly-D-lysine on the gold surface or to the nitrogen present 

in the air.383. The O 1s spectrum (Figure 6.14 c) is formed by two peaks334,335, the peak centred 

at 532.4 eV can be assigned to both C-O and Si-OH groups and the small peak at 533.0 eV is 

ascribable to both C=O and Si-O-Si groups, indicating the presence of either silane or silane-

PDL on the surface. The S 2p spectrum (Figure 6.14 d) consists of a doublet peak at 163.4 eV (S 

2p1/2) and 162.3 eV (S 2p3/2), indicating that there a small quantity of sulphur chemisorbed on 

the gold surface, corresponding to the presence of the thiol on the surface395. However, the 

peak at 163.4 eV can also be assigned to unbound sulphur on the gold surface, but the relative 

doublet peak could not be fitted using CASA XPS, due to the shielding effect of the Si 2s peak. 

The Si 2s spectrum (Figure 6.14 e) is formed by a peak centred at 153.5 eV showing the possible 

presence of unexpected silane on the gold surface 334,335,384. The presence of the silicon peak 

can be due to the unwanted deposition of silane on the whole or part of the gold substrate. 

The Si 2p could not be recorded, since its regions overlaps with the Au 5d region116,334,335,383–

391. It must be highlighted that in this case the Si 2s and S 2p signal were recorded together in 

the same region, leading to a high background noise in the less intense sulphur peak, compared 

to the silicon one.  The recorded results suggest that the second step of the fabrication, that 

should result in the formation of a silane layer only on the glass substrate, also affect the gold 

substrate. This could lead to the presence of PDL on the gold surface, resulting in the cell 

attachment on both glass and gold substrates. 
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Figure 6.14 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s, d) S 2p and e) Si 2s regions of silane-

PDL SAMs on gold after the first step. 

 

The calculated ratios determined after this step were compared to the ones calculated 

after the deposition of the protective thiol, to analyse if the changes on the glass surface could 

be ascribable to the effective formation of the desired silane-PDL layer. 
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The O/C ratio shows an increment of the oxygen presence on the gold substrate that 

went from 0.28±0.01 to 0.62±0.05, together with a small decrease of the sulphur amount, since 

the S/C ratio moved from 0.11±0.01 to 0.08±0.01. Each molecule of silane contains four oxygen 

atoms and each amide bond on lysine moieties coming from PDL contains an oxygen atom. The 

O/C ratio increases from 0.28±0.01 to 0.62±0.05 and nitrogen is present, even if in small 

quantities, whereas before its peak cannot be recorded.  This circumstance could be explained 

by the physisorption of silane-PDL layer on the gold surface, causing also the shielding of the 

sulphur peak by the Si 2s signal.  

 

Glass substrates: 

The XPS analysis was performed on silane-PDL layer formed after the deposition of 11-

mercapto-1-undecanol SAMs on glass, revealing the presence of the elemental species C, N, O 

and Si, indicating the presence of the silane-PDL structure. The C 1s spectrum is formed by 3 

peaks (Figure 6.15 a), corresponding to four binding environments334,335. The peak centred at 

284.8 eV can be assigned to C-C and C-Si bonds397, the peak at 286.4 eV is ascribable to C-N 

bonds in C-N groups, whereas the third peak at 288.3 eV is assigned to the C 1s photoelectron 

of the carbonyl moiety, C=O. The N 1s spectrum (Figure 6.15 b) can be deconvoluted into two 

peaks, the first one corresponding to amino and amide groups (400.0 eV) and the second one 

ascribable to protonated amino groups (401.6 eV)383. The O 1s (Figure 6.15 c) composed by two 

peaks, corresponding to three different binding environments334,335. The first peak at 531.2 eV 

corresponds to Si-OH moieties, whereas the second peak centred at 532.7 eV can be assigned 

to C=O and Si-O-Si groups. The Si 2p spectrum (Figure 6.15 d) can be deconvoluted into two 

peaks, the first one centred at 102.6 eV can be ascribed to Si-OH groups, whereas the second 
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peak centred at 103.3 can be assigned to SiOx present in the glass and Si-O-Si groups present 

in the silane chains116,334,335,383–391. Again, the small binding shift (less than 0.5 eV) is caused by 

the charge accumulation onto the glass substrate392. 

 

 

 

Figure 6.15 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s and d) Si 2p regions of silane-PDL 

SAMs on glass after the first step. 

 

The ratios determined after this step were compared to the ratios calculated after the 

deposition of the protective thiol, to analyse if the changes on the glass surface are ascribable 

to the effective formation of the desired silane-PDL layer. 
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The results show an increment of the amount of both nitrogen and oxygen on the glass 

surface. In fact, the N/C ratio went from 0.040±0.004 to 0.12±0.02 and the O/C ratio increased 

from 0.120±0.006 to 8.94±0.60. This is in accordance with the formation of a silane-PDL. In 

addition, it is important to notice, taking into consideration the standard errors, that the Si/C 

ratio (1.60±0.20) did not vary from the previous step (1.53±0.32). This phenomenon can be 

explained by the increment of carbon amount to the same extent as silicon amount. However, 

it is impossible to determine the quantity of silicon due to silicates present composing the glass 

substrate itself. The presence of silane-PDL structures was also verified by studying the 

attachment of sperm cells on glass surfaces (see section 6.3.4) 

 

6.3.3.3 Third step: protective thiol removal 

After the deposition of the silane-PDL layer, the 11-mercapto-1-undecanol thiol was 

removed from the gold substrate, to prepare the surface for the functionalisation with 

progesterone-C7-4KC:EG6OH mixed SAMs. The protective thiol was removed by applying a 

potential of -1.5V for 10 minutes. Three different times of potential application were tested on 

different gold substrates functionalised with 11-mercapto-1-undecanol SAM by 5 min, 10 min 

and 20 min chronoamperometry and a cycle of cyclic voltammetry to verify the success of the 

removal by the disappearance of the thiol desorption peak. The CV recorded on gold substrates 

after the overnight incubation of the protective thiol, shows a clear reductive desorption peak 

at -1.05 (black line on Figure 6.16). When the CV is recorded again, after the application of -

1.5V for 5, 10 and 20 min, the desorption peak has disappeared, indicating that the thiol has 

been successfully removed from the gold surface.   The 10-min time was chosen to both ensure 

the complete removal of the thiol and avoid the damage of the gold substrate itself. However, 
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cyclic voltammetry only shows the curve for thiol reduction and it is impossible to know if the 

silane-PDL layer is still present on gold. The analysis of this step by XPS is therefore important 

to study the effectiveness of the protective thiol removal step. 

 

Figure 6.16 - Cyclic voltammetry of bare gold after piranha cleaning (orange line), after MUD 

incubation (black line) and after 5, 10 and 20 minutes of -1.5 V chronoamperometry (green, 

light blue and purple lines) 

 

Due to the non-conductivity of glass substrates, after the second step the surfaces were 

immersed for ten minutes in KOH 0.1M in water, to analyse if the basic solution could have any 

effect on the silane-PDL layer. Both gold and glass surfaces were analysed by XPS. 

 

Gold substrates: 

The XPS analysis was performed on the gold substrates after the removal of the 

protective thiol performed by applying a negative potential of -1.5 V for ten minutes in KOH 
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0.1M in water. The results of the analysis revealed the presence of the elemental species S, C, 

N, O and Si, indicating that the removal of the protective thiol and possibly some silane 

residues, was not 100% successful as expected from CV results. The C 1s spectrum (Figure 6.17 

a) can be deconvoluted into three peaks, corresponding to the following binding 

environments334,335: the first peak centred at 284.7 eV can be ascribed to C-C and C-Si 

moieties397, the second peak centred at 286.2 eV corresponds to C-N groups, whereas the small 

peak at 288 eV can be assigned to the carbonyl moiety C=O, meaning that the electrochemical 

treatment of the gold substrate did not completely remove the silane molecules. The N 1s 

spectrum (Figure 6.17 b) consist in a small single peak centred at 400 eV, corresponding to 

amino and amide groups383, indicating the presence of nitrogen on the surface, possibly to the 

undesired presence of lysine molecules on the gold surface. The O 1s signal (Figure 6.17 c) is 

represented by a small and large single peak centred at 532.3 eV that could be assigned to C=O 

and Si-O-Si groups334,335. The Si 2s signal (Figure 6.17 d) consists of a single peak centred at 

153.2 eV, indicating the undesired presence of silane on the surface. The Si 2p signal cannot be 

recorded because is shielded by the Au 5d peak. The S 2p spectrum (Figure 6.17 e) has not a 

high resolution, due to the shielding effect of Si 2s peak, but it can be deconvoluted into two 

small peaks centred at 163.4 eV and 162.2 eV respectively. The first peak at 162.2 eV can be 

assigned to a small amount of sulphur chemisorbed to the gold surface, whereas the second 

one at 163.4 eV can be assigned to both bound sulphur and unbound sulphur. The doublet peak 

of unbound sulphur could not be fitted using CASA XPS due to the shielding effect of Si 2s, but 

it is reasonable to hypothesise the presence of free thiol groups on the gold substrate. 

However, the signals of the elements C, N, O and S are recorded also on clean gold surface. This 

make impossible to confirm the presence of protective thiol on the gold surface with certainty. 
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On the contrary, silane is still present after the thiol removal, since no silicon signals were 

recorded on pristine gold. 

 

 

Figure 6.17 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s, d) Si 2s and e) S 2p regions after thiol 

removal on gold substrates. 
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The ratios between the elements analysed were calculated and compared to the ones 

obtained from the previous step.  

Both the calculated S/C and Si/C ratios, if the standard errors are taken into 

consideration, indicate that no changes happened on the surface compared to the previous 

step, in fact the S/C value is still 0.08±0.01 and the Si/C moved from 0.15±0.02 to 0.16±0.03. It 

is possible to state that the removal of the protective thiol was unsuccessful and silane is still 

present on the gold surface. This phenomenon could be due to the silane-PDL layer physisorbed 

on the gold surface, preventing the correct removal of 11-mercapto-1-undecanol protective 

thiol by cyclic voltammetry. 

 

Glass substrates: 

The XPS analysis was performed on the glass substrates after incubation, of the surfaces 

obtained after the second step, in KOH 0.1M in water for ten minutes. The results of the 

analysis revealed the presence of the elemental species C, N, O and Si. The C 1s spectrum 

(Figure 6.18 a) can be deconvoluted into three peaks, assignable to different binding 

environments334,335. The first peak centred at 284.8 eV corresponds to C-C and C-Si bonds, the 

second peak centred at 286.4 eV is ascribable to C-N groups, whereas the third peak at 288.3 

eV is assigned to the C 1s photoelectron of the carbonyl moiety, C=O. The N 1s spectrum (Figure 

6.18 b) can be deconvoluted into two peaks, the first one corresponding to amino and amide 

groups (400.0 eV) and the second one ascribable to protonated amino groups (401.2 eV)383. 

The O 1s spectrum (Figure 6.18 c) is composed by two peaks, corresponding to three different 

binding environments334,335. The first peak at 531.4 eV corresponds to Si-OH moieties, whereas 

the second peak centred at 532.6 eV can be assigned to C=O and Si-O-Si groups. The Si 2p 

spectrum (Figure 6.18 d) can be deconvoluted into two peaks, the first one centred at 102.6 eV 
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can be ascribed to Si-OH groups, whereas the second peak centred at 103.4 eV can be assigned 

to SiOx present in the glass and Si-O-Si groups present in the silane chains116,334,335,383–391. 

 

 

Figure 6.18 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s and d) Si 2p regions incubation of 

glass substrates in KOH for ten minutes, demonstrating that removal step will not affect the 

integrity of the silane-PDL layer on the glass substrate. 

 

The ratios between the elements analysed (C, N, O and Si) were calculated and 

compared to the ones obtained from the analysis of the previous step on glass.  

The results for the silicon element, demonstrate that the KOH solution does not affect 

the silane-PDL layer on the glass substrate. The small change recorded in the Si/C ratio (from 
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1.53±0.32 to 1.0±0.2) could be ascribable to a different surface coverage than the previous step 

or a slightly different glass substrate composition. The calculated Si/C ratio of 1.0±0.2 shows 

that there is as much carbon as silicon on the surface. However, it is again impossible to deduct 

the quantity of both atoms arising from pure glass composition. 

 

6.3.3.4 Fourth step: Progesterone-C7-4KC mixed SAM 

Gold substrates 

The XPS analysis was performed on the gold substrates incubated in Progesterone-C7-

4KC:EG6OH mixed SAMs (1:40 solution ratio), after the removal of the 11-mercapto-1-

undecanol SAM. The results of the analysis revealed the presence of the elemental species C, 

N, O and S. The C 1s spectrum (Figure 6.19 a) can be deconvoluted into three peaks, assignable 

to different binding environments334,335. The first peak centred at 284.6 eV corresponds to C-C 

bonds, the second peak centred at 286.4 eV is ascribable to C-S, C-N and C-O groups, whereas 

the third peak at 288.4 eV is assigned to the C 1s photoelectron of the carbonyl moiety, C=O. 

The N 1s spectrum (Figure 6.19 b) consists in one small corresponding to amino (NH2) and 

amide (CONH) groups (400.3 eV)383. The O 1s spectrum (Figure 6.19 c) is deconvoluted two 

peaks, corresponding to two different binding environments334,335. The first peak at 532.8 eV 

corresponds to C-O moieties, whereas the second peak centred at 531.8 eV can be assigned to 

C=O groups. The Si 2p spectrum (Figure 6.19 d) can be deconvoluted into two peaks, the first 

one centred at 102.6 eV can be ascribed to Si-OH groups, whereas the second peak centred at 

103.4 eV can be assigned to SiOx present in the glass and Si-O-Si groups present in the silane 

chains116,334,335,383–391. The presence of the silane peaks indicate that the silane-PDL layer was 

not displaced by the presence of progesterone-C7-4KC and EG6OH thiol molecules. Finally, the 

S 2s spectrum (Figure 6.19 e) was recorded instead of the S 2p spectrum, shielded by the 
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intense Si 2s peak. The S 2s peak centred at 223.2 eV indicate the presence of sulphur on the 

surface, but it does not discriminate between the sulphur covalently attached to the gold 

substrate and the unbound sulphur. 
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Figure 6.19 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s, d) Si 2p and e) S 2s regions after the 

formation of Progesterone-C7-4KC:EG6OH mixed SAMs on gold substrates. 

 

The calculated ratios after performing the last step on gold showed that there is not a 

significant change in both C/N and C/Si ratios after this step. In fact, the C/N went from 
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11.20±0.92 to 11.10±0.30 and the C/Si ratio went from 6.30±1.10 to 6.90±0.40. This can be due 

to the presence of silane-PDL molecules on the gold substrate, that cannot be displaced by the 

thiols present in the mixed SAM solution.  The only element that increased is oxygen, in fact 

the O/C ratio increased from 0.55±0.09 to 0.93±0.10. The theoretical O/C ratio for 1:40 

progesterone-C7-4KC:EG6OH solution ratio is 0.21, that is lower than the one calculated from 

the XPS experiments. The theoretical S/C ratio for the same mixed SAM solution ratio is 0.03, 

that is in line with the calculated one of 0.04±0.03. However, the calculated standard error is 

too high to assume that the desired mixed SAM has formed correctly on the gold substrates. In 

fact, it is possible that the progesterone-C7-4KC are not covalently bond to the gold surface, 

but they are only forming weak hydrogen bonds with the amino groups of the undesired PDL 

on the surface. Unfortunately, the S 2p peak cannot be recorded due to the presence of the 

shielding Si 2s peak, therefore the mixed SAM surface ratio cannot be calculated. 

 

Glass substrates 

The XPS analysis was performed on the glass substrates incubated in progesterone-C7-

4KC:EG6OH mixed SAMs, after the third step described before. The results of the analysis 

revealed the presence of the elemental species C, N, O and Si. The C 1s spectrum (Figure 6.20 

a) can be deconvoluted into three peaks, assignable to different binding environments334,335. 

The first peak centred at 284.8 eV corresponds to C-C and C-Si bonds, the second peak centred 

at 286.2 eV is ascribable to CONH groups, whereas the third peak at 288.0 eV is assigned to the 

C 1s photoelectron of the carbonyl moiety, C=O. The N 1s spectrum (Figure 6.20 b) can be 

deconvoluted into two peaks, the first one corresponding to amino (NH2) and amide groups 

(CONH) at 399.5 eV and the second one ascribable to protonated amino groups (NH3
+) at 400.4 

eV383. The O 1s spectrum (Figure 6.20 c) is composed by two peaks, corresponding to three 
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different binding environments334,335. The first peak at 531 eV corresponds to Si-OH moieties, 

whereas the second peak centred at 532.5 eV can be assigned to C=O and Si-O-Si groups. The 

Si 2p spectrum (Figure 6.20 d) can be deconvoluted into two peaks, the first one centred at 

102.5 eV can be ascribed to Si-OH groups, whereas the second peak centred at 103.2 eV can 

be assigned to SiOx present in the glass and Si-O-Si groups present in the silane 

chains116,334,335,383–391. The silicon peaks recorded on glass were similar to those observed for 

gold substrates after this last step, confirming that the formation of silane-PDL permanently 

affects the surface, compromising the success of the orthogonal functionalisation strategy. 

 

Figure 6.20 – XPS spectra of the a) C 1s, b) N 1s, c) O 1s and d) Si 2p regions after the 

formation of Progesterone-C7-4KC:EG6OH mixed SAMs on glass substrates. 
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However, in the region between 160.0 eV and 165.0 eV in the Si 2s spectrum, a small 

peak is visible (Figure 6.21).  

 

Figure 6.21 – XPS spectrum of Si 2s. A small peak is visible in the region of S 2p. 

 

This peak could demonstrate the presence of the mixed SAMs on the glass substrates, 

and we could hypothesise that it will compromise the sperm cell attachment on the glass 

substrates. However, if we consider the background noise the peak could be questionable and 

additional analysis needs to be done in the future. The progesterone present on glass 

substrates could interact with sperm cells and trigger their hyperactivation236,240,381. This 

phenomenon would make sperm cell to “swim away”, due to the hyper-motility acquired. To 

verify this hypothesis, cell adhesion was tested on microscope glass slides after all four steps.  

A deeper insight into the molecular coverage of the glass substrates can be obtained by 

calculating the ratios between the elements analysed by XPS.  
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The results evidence only a small increment of the nitrogen amount on the surface, 

showing a variation in the N/C ratio from 0.132±0.001 to 0.19±0.01. This small change can be 

due to the presence of some Progesterone-C7-4KC molecules on the surface. This, together 

with the possible presence of a small S 2p in the silicon spectrum, does not exclude the 

possibility of molecules of Progesterone-C7-4KC sitting on top of the silane-PDL layer, 

interacting with poly-D-lysine side chains via hydrogen bonds between amino groups. The 

interaction can be due to an insufficient percentage of triethylamine (TEA) in the mixed 

monolayer, unable to prevent the formation of the undesired hydrogen bonds. The orthogonal 

functionalisation investigated herein, as demonstrated by XPS, was not effective at promoting 

the solely attachment of PDL on the glass surfaces and the Progesterone-C7-4KC:EG6OH mixed 

SAMs on gold. Further evidence that further studies are needed in the future to optimise such 

functionalization was acquired by conducting cell adhesion experiments. 

 

6.3.4 Study of the effect of surface preparation steps on cell adhesion 

After the completion of the fourth step of the surface preparation, the treated glass 

slide was attached to the imaging chamber with vacuum grease and sperm cells were injected 

into the chamber and left incubating following the procedure described in section 5.2.1.4. The 

starting hypothesis is that the possible presence of Progesterone-C7-4KC on the glass surface 

could restrain sperm cells from adhering. This adhesion hindrance could be due to the 

interaction between the sperm cells and the progesterone. This interaction would trigger the 

hyperactivation of the sperm cells that will therefore “swim-away” due to the hyper-motility 

acquired and will be removed from the flow cell by vacuum suction. As expected from XPS 

analysis results, the fluorescence microscopy analysis of the surface revealed no presence of 

cells on the surface (Figure 6.22).  
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Figure 6.22 – Fluorescence images of cell adhered on glass slides after the completion of the 

Progesterone-C7-4KC:EG6OH mixed SAM deposition step. 

 

The failure in sperm cells attachment can be related to the sulphur peak recorded on 

the glass substrate, indicating the presence of progesterone-C7-4KC molecules, as seen in the 

previous section. 

 

6.4 Conclusions and Future Work 

In conclusion, we have firstly studied sperm cells adhesion in different conditions. PDL 

coating is the standard method used to promote cell adhesion312, but it resulted to be 

incompatible with the conditions needed for the orthogonal functionalisation of the 

micropattern that we aim to use in our future research work. We have successfully 

circumvented this issue, by creating silane-PDL layers on glass. Amide bonds were formed, 

between the carboxyl groups on silane molecules and amino groups on PDL, using different 

concentrations of PDL (0.1 mg/ml and 0.5 mg/ml), via EDC/NHS coupling strategy. Labelled 

sperm cells were then incubated on the different surfaces and the success of cell adhesion was 

analysed by fluorescence microscopy. The silane-PDL layer formed using 0.5 mg/ml of PDL was 

selected as the best one at promoting cell adhesion after overnight incubation in HPLC ethanol.  
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An orthogonal self-assembly strategy was then designed, to create a device able to 

promote sperm cells adhesion and control their hyperactivation in real-time. The detailed 

analysis of the surfaces by XPS, after each functionalisation step, allowed us to investigate how 

each step influences the performance of the next one. The information collected through the 

XPS investigation was enormous and it will be useful to plan future work. The XPS analysis of 

both clean glass and clean gold showed that working in a controlled environment (e.g. glove 

box), is fundamental to avoid undesired contamination from organic compound present in the 

laboratory environment. The functionalisation of glass surfaces with silane-PDL layers was 

successful and it is not affected by the use of KOH aqueous solution for the removal of the 

protective thiol. However, the silane and PDL molecules can contaminate the gold surfaces, 

contributing to the failure of the removal of the 11-mercapto-1-undecanol monolayer. It will 

also be important to investigate this step further, splitting it into two different analysis. Firstly, 

the removal of 11-mercapto-1-undecanol monolayer should be investigated by XPS. Secondly, 

the removal of the same monolayer should be attempted after the step involving the 

deposition of silane-PDL molecules. The cyclic voltammogram should be then recorded to verify 

that the curve corresponding to the thiol desorption is present. The investigation of the last 

functionalisation step, involving the formation of progesterone-C7-4KC:EG6OH mixed SAM, 

revealed the possible presence of progesterone-C7-4KC on the glass surface. As stated before, 

this can lead to the impossibility of achieving a correct cell adhesion on glass surfaces. It will be 

therefore worth testing different percentages of triethylamine (TEA) in the mixed SAM 

solution, to find the optimum one that can prevent the formation of hydrogen bonds between 

the amino groups of lysine groups on both PDL and progesterone-C7-4KC molecules. In 

addition, each step can be tested again by XPS after sonicating the substrates, to investigate if 

sonication could be beneficial to the functionalisation process. Finally, after the incubation of 
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both glass and gold substrates in progesterone-C7-4KC:EG6OH solution, the XPS analysis 

showed the incorrect formation of the mixed monolayer on gold substrates and the presence 

of progesterone-C7-4KC molecules on top of silane-PDL layers on glass substrates. To gain a 

better understanding of what is happening on the gold surfaces after the last step, SPR 

experiments can be performed on these surfaces. The interaction between progesterone-Ab 

and progesterone moieties can be tested in OC conditions to verify the presence of the desired 

progesterone-C7-4KC:EG6OH mixed SAMs on the gold substrates. If the OC experiments are 

successful, the feasibility of the switching can also be tested to model what we want to obtain 

once the glass-gold micropattern has been correctly functionalised. Despite the difficulties 

encountered in achieving the desired molecular system on the chosen substrates, orthogonal 

functionalisation of surfaces remains an important tool in the development of miniaturised 

devices possessing a wide range of applications. Such strategy allows the reduction in the use 

of protective groups and number of reaction step, but also the use of mild conditions. This 

study will certainly be useful in the development of new orthogonal chemistry strategies and 

new tools applicable in both cell biology and the improvement of IVF techniques.
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Chapter 7 – Conclusions and Future Work 

7.1 Conclusions 

The research work described in this dissertation was aimed at the development of novel 

biomolecular platforms able to control biointeractions upon the application of an electrical 

potential. 

 Firstly, a switchable oligopeptide mixed SAM was investigated to analyse the possibility 

of controlling the interaction between biotin end groups and neutravidin protein in solution. 

The chosen mixed SAM was composed by biotin-4KC and triethylene glycol thiol molecules. The 

4-Lys units gave the molecule a flexible and switchable backbone. In fact, lysine amino acids 

present a positive charge a pH 7 that can be exploited to induce a molecular rearrangement on 

the gold surface, upon the application of an electrical potential. The interaction between 

neutravidin and biotin in different biotin-4KC:TEGT mixed SAM were monitored by 

electrochemical SPR experiments to identify the mixed SAM ratio presenting the highest 

switching ability. 

The successful results obtained where then used to create a switchable platform to 

control, for the first time, the interaction between an antigen on the surface and its antibody 

in solution. Specifically, we studied the control of the interaction between progesterone and 

anti-mouse progesterone antibodies. Different buffers were studied to identify the best 

conditions for the switching. 

Finally, preliminary studies were performed on glass and gold substrates to investigate 

the feasibility of an orthogonal functionalisation of a micropatterned surface, with the aim of 
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developing a novel smart molecular system able to expose and conceal progesterone moieties 

on demand for the control of calcium signalling in sperm cells. 

The attachment of sperm cells on different functionalised glass substrates were also 

investigated. 

Briefly: 

Chapter 3 described the characterisation experiments and switching studies performed 

on different biotin-4KC:TEGT ratios to identify the best surface organisation conditions needed 

to have the best control over the interaction between biotin on the gold surface and 

neutravidin in solution. Furthermore, the role of the oligopeptide chain was also investigated 

to elucidate how the gap distance between the biotin end group and the ethylene glycol thiol 

matrix can influence the dynamics of the switching process. The switching behaviour of two 

different ratios of biotin-2KC:TEGT and biotin-6KC:TEGT mixed SAM were studied and compare 

to the biotin-4KC:TEGT performance. An insight into the dynamics governing the molecular 

rearrangement over the surface, when an electrical potential is applied, was obtained thanks 

to molecular dynamics simulations performed by Nanjing University. The results showed that 

the length of the oligopeptide chain has a fundamental role in the switching process and long 

switchable chains can lead to intercrossing, reducing the switching ability of the mixed SAMs. 

The matrix of ethylene glycol thiol has a fundamental role in preventing unspecific neutravidin 

binding over the surface and in spacing out the oligopeptide chains to give them enough free 

space to undergo the switching. In addition, it allows the embedding of the biotin active group 

that becomes unavailable for binding to neutravidin. On the other hand, a well-packed ethylene 

glycol thiol matrix can constrain the lysine chains from undergoing a molecular rearrangement 

upon the application of an electrical potential. 



  
CHAPTER 7 191 

 

Chapter 4 illustrated the development of a switchable system for controlling antigen-

antibody interactions. Such a system was fabricated starting from the results obtained in 

Chapter 3. Therefore, similar lysine oligopeptide chains were used to expose or conceal 

molecules of progesterone on the gold surface, under potential control. After preliminary 

studies in PBS, electrochemical SPR studies were performed on progesterone-C7-4KC:EG6OH 

mixed SAMs, in different sEBSS+BSA buffer conditions, to investigate the effect of Bovine 

Serum Albumin (BSA) on the mixed SAMs switching performance. The results showed that the 

presence of a negatively charged protein such as BSA can hinder the correct switching of the 

oligolysine chains. By removing BSA from the buffer, we were able to successfully exploit the 

mixed monolayer to control, for the first time, the interaction between progesterone and anti-

mouse progesterone antibody. 

Chapter 5 analysed, firstly, sperm cells adhesion in different conditions. A new adhesion 

strategy, based on silane-PDL layers was investigated for the first time and compared to the 

standard PDL coating method. The latter, resulted to be unsuitable for the orthogonal 

functionalisation of glass-gold micropatterned surfaces that will be the one of the next steps of 

this research work. An orthogonal surface functionalisation strategy was planned, 

characterised and analysed, step by step, to find the possible inhibiting factors of the process. 

The results showed that several factors need to be considered to achieve the desired and 

correct molecular structure on both glass and gold surfaces. The number of possible and 

necessary improvements of the strategy were described in detail in Chapter 5 conclusions 

section. The most important factor to be taken into consideration is the possible cross 

contamination of the two substrates, as a result of the functionalisation chemistry used. 
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7.2 Future Work 

The work performed in this thesis is the first effort in both controlling the interaction 

between progesterone and the anti-mouse progesterone antibody and developing an 

orthogonal functionalisation strategy to create a novel platform to control calcium signalling 

activation in human sperm cells. 

In this thesis, the factors that can influence the switching capability of different mixed 

SAMs, such as SAM components surface ratio, switching units length and buffer conditions 

were investigated. In addition, the analysis of the limitations affecting the feasibility of the 

orthogonal functionalisation process, allowed the understanding of how the functionalisation 

steps can influence each others and the data collected will be fundamental to plan out future 

work. 

Firstly, it will be important to study the switching ability of different progesterone-Cn-

4KC:EG6OH systems, to investigate the role of the alkyl spacer in the switching process. It would 

also be interesting to investigate how the alkyl spacer length could influence the response of 

sperm cells from different donors to the progesterone end group. In addition, different 

antibody/antigen systems could be studied. For example, a different host could be used instead 

of mouse (e.g. rabbit, goat) to produce monoclonal antibodies with different affinities to 

progesterone. New SPR experiments in different electrical potential conditions can be 

performed to compare the SPR response and the switching ability of the progesterone-

oligopeptide in the presence of different interacting partners in solution. 

Moreover, the concept of using switchable peptide to conceal and expose larger 

biomolecules on demand can be expanded, by investigating the application of nanobodies.398 

Nanobodies are natural single-domain antibodies, which result to be particularly attractive as 
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capturing molecules for use in biosensing. They recognise their antigens with high specificity 

and affinities similar to standard antibodies (i.e. nano- to picomolar affinities), but thanks to 

their small molecular size, they are able to recognise novel epitopes that regular-size antibodies 

cannot.398,399 In fact, nanobodies exhibit a length down to 2-3 nm and molecular weight of 

12-15 kDa, which are much smaller than those of antibodies (150-160 kDa).399 

Additionally, different types of switching can be investigated. For example, future 

research work can be aimed at the development of a double-armed molecule, exploiting 

aspartic acid moieties as switching “arms”. Aspartic acid aminoacid present negatively-charged 

side chains at pH 7. In this way, an OFF-ON switching can be studied, which will stop the need 

to have an electrical potential to control the concealment of the bioactive molecule (Figure 

7.1). 

 

Figure 7.1 – Cartoon representation of double-armed switching molecule. The aspartic acid 

oligopeptide arms (green) are connected to the alkyl chain (black) carrying the progesterone 

moiety (red) through a core central molecule (blue) in a dendron-like structure. 
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Additional research interest can also be directed to the study of more rigid charged 

backbones, such as phosphate backbones, instead of lysine-oligopeptides ones. 

Furthermore, it will be fundamental to analyse some of the orthogonal functionalisation 

steps in more detail, such as studying if sonicating the substrates could have any effect and if 

changing the percentage of triethylamine (TEA) in the last step, could reduce the formation of 

hydrogen bonds between lysine side chains. 

The switchable mixed SAMs can also be modified and functionalised with different 

antigens and find an important application in biomedicine, in the study of pathologies involving 

antibodies. 

Reversibility is still an issue and future research focus can be directed to the design of 

new molecular structures that will allow the formation of a fully reversible system. Also, the 

long-term stability of switching oligopeptides in complex biological conditions still need to be 

investigated. 

Once all the issues encountered in this research work will have been addressed and 

solved, it will be possible to develop and analyse an innovative platform, able to control the 

hyperactivation of human sperm cells, upon the application of an electrical potential. The 

results of these future studies will be then applied to the selection of “healthy” sperm cells for 

in-vitro fertilisation (IVF) techniques, increasing their success rates and reducing their costs. 
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