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Abstract 

 
Protein immobilisation represents nowadays one of the most challenging fields in 

science, and many technologies have been developed based on this idea. Biosensors, 

using the interaction of the protein with glucose, DNA, or antibody are only a few 

examples of the massive amount of applications related to the concept of protein 

immobilisation. Despite many signs of progress that have been made in this field, the best 

method to immobilise protein on the surface is still not well defined. The immobilisation 

of proteins on the surface is nowadays obtained mostly through chemical or physical 

adsorption. Both methods, even considering the considerable amount of applications that 

are possible to find nowadays, still present some disadvantages. The supramolecular 

chemistry has the potential to overcome all these problems in a very elegant, fast and 

straightforward way, implying the host-guest interaction between a scaffold molecule and 

a protein. According to this, the development of a protein immobilising technique on the 

surface represents one of the most challenging tasks nowadays. This work is focused on 

the study of supramolecular complex proteins-scaffold and on the conditions to reach a 

well-packed self-assembled monolayer of these scaffolds on a surface. This method, with 

better control of its physiological conditions, can be used for a deeper study on protein 

activity for the development of highly accurate biochips. 



 

 

 

<<Science is but a perversion of itself unless it has as its ultimate goal the betterment of 

humanity>> 

 
<<The progressive development of man is vitally dependent on invention. 

It is the most important product of his creative brain. 

Its ultimate purpose is the complete mastery of mind over the material world, 

the harnessing of the forces of nature to human needs. >> 

 
<<I am credited with being one of the hardest workers and perhaps I am, if thought is 

the equivalent of labor, for I have devoted to it almost all of my waking hours. 

But if work is interpreted to be a definite performance in a specified time according to a 

rigid rule, then I may be the worst of idlers. 

Every effort under compulsion demands a sacrifice of life-energy. 

I never paid such a price. 

On the contrary, I have thrived on my thoughts.>> 

 
<<Originality thrives in seclusion, 

free of outside influences beating upon us to cripple the creative mind. 

Be alone, that is the secret of invention; be alone, that is when ideas are born.>> 

 

 
Nikola Tesla 
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List of illustrations 

 
Fig.2.2 Examples of electrostatic interaction: Ionic Bond (left), hydrogen Bond (centre), 

halogen bond (right). 

Fig. 2.3.1 Interaction between induced-induced dipole (London Force). First, two non- 

polar molecules approach each other. The momentary and repulsions between atoms 

determine a change in the electron density, leading to induce dipole interacting between 

them. 

Fig. 2.3.2 Induced-permanent dipole (Debye Force). The permanent dipole represented 

by the molecule of water (red-blue) induces a momentary dipole in the molecule of 

oxygen(red). 

Fig. 2.3.3 Permanent-permanent dipole (Keemson Interaction). The net negative charge 

of one permanent dipole interacts with the positive pole of the near molecule. 

Fig.2.4 Examples of π interactions: π-π interaction (A), anion-π interaction (B), cation-π 

interaction (C), polar-π interaction (D). 

Fig. 2.5 Hydrophobic effect. Two apolar aggregates in an aqueous environment tend to 

aggregate to decrease their surface tension. 

Fig 3.1 The chemical structure of β-cyclodextrin (top) and its 3D projection (bottom). 

 
Figure 3.2 General synthesis of cucurbiturils (top) and its 3D-projection (bottom). The 

first synthetic step is the double addition of urea (1) to a molecule of glyoxal (2). The 

second step is the cyclisation through a condensation reaction mediated by formaldehyde 

(4) in strong acidic conditions. 



Figure 3.3 Example of a SAM molecule with a terminal group (green), backbone( black) 

and a head group (red). 

Figure 3.3.1 Formation of a SAM. The head group (thiol) first interact with the surface 

(A and B). Then, the molecules start interacting with each other among them to assemble 

as an ordered structure(C). 

Fig 3.3.2 Chemical structures of cystine and the thioctic acid molecules. 

 
Fig. 3.3.3 The pinhole defects (A) derived from a missing molecule during the assembly. 

Domain defects (B) derived when large aggregates of assembled molecules approach 

each other. Disorder defects (C) given by a non-well assembled molecule. 

Fig. 3.3.4 Example of a typical protein (green) interaction with a SAM. A surface crowded 

with the substrate (blue left) could determine an incomplete or a partial interaction 

between the SAM and the protein due to sterical problems. While instead, the addition of 

a spacer (red right) determines the lower probability of these problems to occur. 

Fig. 4.1.1 General illustration of some of the immobilisation techniques explored in this 

literature review. It is possible to distinguish the physical adsorption (left) where the 

moieties represented in the picture are in this case antibodies adsorbed with no specific 

orientation. The obtained layer does not present order, and perhaps its properties 

(specificity and physical properties) are not well defined. Chemical immobilisation or 

crosslinking (centre) via covalent bonds where the molecules may present an orientation. 

The crosslinking could be further used to obtain a bioaffinity immobilisation (right). This 

picture was taken from reference 88. 

Fig.4.1.2 The overall structure of fibrinogen and its side-off and side-on conformations. 

The shape in the plasma does not trigger an immune response as the Leukocyte 



recognition sites are masked inside the structure. The physical adsorption of the same 

protein on a graphene sheet determines the exposure and the recognition sites 

triggering the immune response. The picture was taken from reference 105. 

 

Figure 4.1.3. Molecular Dynamic of protein adsorption on single-walled carbon 

nanotubes. Depending on the diameter of the nanotube, the protein could be possibly 

adsorbed in the interior or exterior part, providing two new different protein shapes. The 

picture was taken from reference 113. 

 

Figure 4.1.4 Protein adsorption on different sizes of nanoparticles. It is possible to notice 

that for a particle with a smaller diameter (in this case 4 nm and 20 nm) the protein 

conformation was well preserved. While instead for less curved surface, thus bigger 

diameter (100 nm) the protein structure tends to change once adsorbed. This image was 

taken from reference 116. 

 

Figure 4.1.5 Corrosion process of the magnesium alloy Mg2Ca in a saline solution (A) 

and a glucose solution (B). In the first case, a layer of insoluble salts forms on the surface 

of the alloy. This is due to the Magnesium and the Calcium forming insoluble salts: 

Mg(OH)2, Mg5(CO3)4(OH)2, CaO, CaCO3. In the second case, glucose is oxidised in 

gluconic acid, reacting with the magnesium and forming magnesium gluconate that 

dissolves later into the solution. This image was taken from reference 118. 

 

Fig 4.2.1 Chemical adsorption where the protein is cross-linked to a surface via a 

functional molecule. The main strategies include the amine (1), thiol (2), and carboxyl 

crosslinking (3). The picture was taken from reference 33. 



Figure 4.2.2 Chemical crosslinking used for the biorecognition of the substrate. In this 

case, the crosslinking is immunomediated due to the use of an antibody for the 

immobilisation of the substrate. The picture was taken from reference 130. 

Fig 4.2.3 Crosslinking of two different types of glycosyltransferases. Both methods use 

the sortase enzyme that catalyses the crosslinking. The picture was taken from reference 

130. 

Fig 4.2.4 Chemical immobilisation mediated with the breaking of a disulphide bridge 

present in the protein structure. 

Figure 4.2.5 TAMRA labelling of the peptide LRRASLG. If the peptide is not 

phosphorylated does not interact with the quantum dot, and no FRET is visible. In the 

opposite case, when the peptide is phosphorylated by a protein kinase, it starts to be 

excited by the quantum dot and the FRET is observable . The picture was taken from 

reference 146. 

Fig 4.2.6 Chemical immobilisation of an enzyme for pesticides detection. The enzyme 

AChE is tagged with the peptide histidine (His), necessary for its chemical immobilisation 

on Ni/NiO nanoparticles surface. This picture was taken from reference 154. 

Fig 4.2.7 Working principle of the TNT sensor. (Up) The electrode surface is 

functionalized with a bipyridine derivative (PBB). Then the Maltose Binding Protein 

(MBP) serves as a bridge among the PPB and the enzyme nitroreductase in charge of the 

real TNT detection. (Down). The electrons exchanged among the electrode and the nitrate 

(NO2), typical of the TNT molecule, is mediated by the PPB and the nitroreductase. The 

intensity of the electric signal is proportional to the amount of NO2 present in the sample. 

The picture was taken from reference 156. 



Figure 4.3.1 (A) Chemical structure of the poly[bis(methacrylate)phosphazene] 

(PBMAP) hydrogels. (B) The swelling property is determined by the protein entrapment. 

This picture was taken from reference 167. 

Figure 4.3.2 (Up) Chemical Structure of PEG hydrogels and its derivatives. The 

derivatives are fabricated to change the polarity of the hydrogels. (A)Ethanoic Acid, 

(B)hydroxy, (C) carboxyl and (D) methoxy-terminated PEG. Two examples of polymer 

brushes based on (E) poly(MeOEGMA) and (F) poly(HOEGMA). (Bottom) The overall 

architecture of PEG hydrogels. The SAM of initiator is essential for the anchor point to 

the surface. The picture was taken from reference 179. 

Figure 4.3.3 Synthetic pathway for the fabrication of the polymerised high internal phase 

emulsion (polyHIPE), where the gel is first functionalised with the tert-butyl acrylate. In 

the second step, the acrylic group is deprotected to allow the protein binding in the third 

step. The picture was taken from reference 201. 

Figure 4.3.4 Two examples of enzyme redox hydrogel. (Left) The glucose in the sample is 

transformed in gluconolactone by the Glucose Oxidase (GOx), giving an electron to the 

DNA hydrogel. Later the electron is transported to the anode and measured (Right). The 

same principle is applied in the case the enzyme immobilised is the Glucose 

Dehydrogenase (GDH) where this time the electron is generated by the conversion of the 

NAD+ in NADH. The picture was taken from reference 221. 

Fig 4.4 Protein immobilisation mediated by a phospholipidic bilayer. The proteins (blue) 

are captured into the phospholipid bilayer macrostructure. 

Figure 4.4.1 A schematic representation of the formation of dithiothreitol (DTT) SAMs 

on gold (Au) support (a) with subsequent fusion of dimyristoyl phosphatidylcholine 



(DMPC) vesicles forming lipid bilayers; (b) horseradish peroxidase (HRP) 

immobilization on lipid bilayers supported on DTT/Au (c) and immunolabeling HRP 

immobilized on lipid bilayers (d). The picture was taken from reference 249. 

Figure 4.4.2 The scheme of the choline immobilised on bilayer for the detection of 

hydrogen peroxidase (up) and the chemiluminescence reaction occurring at the working 

area (down). The picture was taken from reference 241. 

Fig. 4.5.1 Surface immobilisation of a yellow fluorescent protein (YFP) mediated by a 

supramolecular cucurbituril-ferrocene system. The picture was taken from reference 269. 

Fig. 4.5.2 Supramolecular bioactive surfaces mediated by a self-assembled monolayer 

(red), a polymer brush (green) and a multilayered film (blue). The picture was taken from 

reference 270. 

Figure 4.5.3 Fabrication of the reversible multilayer via cyclodextrin (CD) host-guest 

interaction. The PDMS surface functionalised with cyclodextrin is then assembled with a 

biotinylated monoadamantyl molecule (compound 11), which fits into the CD cavity (i) 

and works as a linker for the subsequent immobilisation of the streptavidin (SAv) (ii). In 

order to restore the surface to its original state, fluorescent biotin (compound 10) 

assembles on the SAv (iii), determining the release of the entire supramolecular 

architecture (iv). The surface is restored using a cyclodextrin triazide (β-CD-N3). The 

picture was taken from reference 271. 

Figure 4.5.4 Glucose biosensor fabrication mediated by glucose oxidase (GOx) 

immobilisation. The Calixarene-thiol (Calix-SH) is self-assembled on the surface. The 

Calix-SH surface is activated with carboinimidazole (CDI), and then the GOx is 



immobilised on it. To increase the stability of the complex Glutaraldehyde and Bovine 

Serum Albumin (BSA) were added afterwards. The picture was taken from reference 272. 

Fig. 4.5.5 Histidine (blue line) tagging of a Red fluorescent protein (red). The amount of 

histidine tagging the protein affects the final orientation on the surface. The picture was 

taken from reference 266. 

Figure 4.5.6 Immobilisation of yellow fluorescent protein on silica. The silica is 

functionalised with a viologen-based molecule (blue line, MV2+). The protein is bonded 

to a naphtol molecule (red line). The cucurbituril (green) is the linker that keeps the 

naphtol and the viologen together for the fluorescence patterning. The picture was taken 

from reference 273. 

Figure 4.5.7 Fabrication diagram of the protein biochip. The first step is the assembly of 

a supramolecular SAM on the surface. The second step is the immobilisation of a first 

protein and formation of the surface-protein system. The third step is the formation of a 

second protein layer interacting with the first one, forming a surface-protein-protein 

macrostructure. The picture was taken from reference 274. 

Figure 4.5.8 (Left) Illustration of the preparation of the layer-by-layer (LBL) cyclodextrin 

surfaces. The first step includes an LBL formation of several polymers followed by the 

self-assembly on the cyclodextrin derivative (blue). (Right) The schematic illustration of 

the re-use property of the surface. Once the concanavalin A (ConA) is immobilised, the 

surface can be restored using sodium dodecyl-sulphate (SDS). The picture was taken from 

reference 275. 

Fig.5.1 Schematic representation of the work developed in this thesis. The cleaned gold 

surface (left) is functionalised with a scaffold molecule (centre), where the on-surface 



analysis will be performed in order to test the correct self-assembly. Then the protein is 

immobilised on a surface (right), and the interaction protein-scaffold analysed through 

SPR experiments. 

Figure 5.2 Set-up of the surface plasmon resonance used in this thesis. The flow channel 

allows the protein to interact with the scaffold (i.e. cyclodextrin) functionalised surface. 

A set of the prism and reflected light allow measuring the interaction occurring between 

the surface and the protein. 

Fig 6.1 Contact angle measurement on a gold chip (yellow), in which the surface exhibits 

hydrophilic properties, i.e. CA <90 o. 

Fig. 6.2 General illustration of an XPS apparatus. Once the beam is created and focused 

on the sample surface, the electrons emitted are captured by the detector and then 

analysed to provide the data peaks. 

Fig. 6.3 Diagram of ellipsometry. The beam is generated in the light source and is then 

polarised. Once it touches the sample, the beam is reflected, and an analyser is rotated 

until the beam is not capable of passing through and hit the detector. 

Figure 6.4 A general illustration of an SPR experiment. A laser emits a beam which is 

then totally refracted at a critical angle and then hitting a sensor. Depending on the 

matters present on the surface, the photons of the original beam and the reflected one 

will present different energy. 

Fig 6.4.1 One-to-one representation of an SPR interaction. The analyte represented by 

the red triangle interact with the SAM at the surface of the gold chip. 



Fig.6.4.2 Mass transfer effect (Kd) is an essential factor that can influence the results for 

those experiments with a high flow rate involving analytes with significant molecular 

weight. 

Fig 6.4.3 SPR experiment involving a divalent analyte which presents a double 

interaction with the SAM. 

Figure 6.6 Schematic illustration of a TOF-SIMS instrument. The ions beam is generated 

into the primary ions gun and then focused onto a specific point on the sample by the 

primary ions lens. The beam charges the molecules present at the surface sample and the 

sample molecule, once ionised, are collected and sent to the detectors through a system 

of ions lenses and mirrors that separates them in terms of mass and charge. 

Fig 6.7 Set up of a diamond anvil cell. The two diamond (blue) are close together within 

between the sample mixture, the ruby and the gasket. The pressure is applied with 

screws (yellow). 

Fig. 7.1.1 The concept of multivalency used in this thesis, where the β-CD SAM can have 

multivalent interactions with the hydrophobic moieties (shown as blue hexagons) of the 

protein. 

Fig 7.1.2 The amino acids were chosen as a possible attaching point due to their high 

hydrophobicity of the side chain. From left to right: Phenylalanine, Tyrosine, Leucine 

and Tryptophan. 

Fig 7.1.3 Cytochrome C and its possible attaching points with CD (blue) 0°-180° (up) 

180°-360° (bottom). 

Fig 7.1.4 Insulin and its possible attaching point with CD (blue) 0°-180° (up) 180°-360° 

(bottom). 



Fig 7.1.5 RNAase and its possible attaching point CD (blue) 0°-180° (up) 180°-360° 

(bottom). 

Fig 7.1.6 Chymotrypsin and its possible attaching point with CD (blue) 0°-180° (up) 

180°-360° (bottom). 

Figure 7.2 First attempting of bottom-up fabrication of the supramolecular surface. In 

the first step, the aminothiol is assembled on the surface, forming the SAM. The next step 

represents the activation of the surface with DSC, followed by the covalent 

immobilisation of the cyclodextrin on the surface. A) Surface functionalized with 

Aminoundecanethiol (AUT). B) AUT+Activator (DSC). C) AUT+Cyclodextrin. The 

picture was taken from reference 351. 

Fig 7.3.1 Dimerisation of the thiol molecules comprising either carboxyl terminated 

moieties (A) or amino terminated moieties(B). The picture was taken from reference 352. 

Fig 7.3.2 Comparison of the ellipsometry results between the two methods with and 

without the use of TEA. The method not using TEA presents a thickness of 3.5 nm and the 

10% TEA method a thickness of 1.5 nm. 

Fig 7.3.3 Contact angle of AUT surface comparing the two methods without TEA (left) 

and with TEA (right). 

Figure 7.3.4 Ellipsometry and contact angle data of the AUT+CD surface. 

 
Figure 7.3.5 Scheme of degradation steps of the synthesis of Thiol-CD. Both reagents 

reaction, Cysteamine (1) and DHS(2), and intermediary compound (3) may be degraded 

by exposition to the air or water, leading to a low yield product (4). 



Figure 7.3.6. Mass spectra of unreacted CD. Two signals can be noticed of the unreacted 

CD: 1135 m/z which is the signal for the pure CD, and 1152 m/z the signal of the 

cyclodextrin carries a sodium atom in its cavity. 

Figure 7.3.7 The secondary reaction is affecting the SAM nanofabrication. Once the SAM 

is activated with DSC (Fig 7.3.1-B), it may react with the water of the environment 

determining two scenarios unable to bind the Cyclodextrin (D and E). 

Figure 7.3.8 The β-CD–(SH)7 used in the following series of experiments. It can be 

noticed that the thiol group (SH) is now substituting the previous hydroxyl group. This is 

in order to allow the self-assembly of the cyclodextrin to the gold surface. 

Figure 7.4.1 Contact angle data of β-CD–(SH)7. The hydrophobicity increases by 

increasing concentration and incubation time, probably meaning that the β-CD–(SH)7 is 

assembly with the cavity ( the main contributor to the hydrophobic character) facing up. 

Figure 7.4.2 The eptamer β-CD–(SH)7 and the monomer TGP and their related 3D 

projection. 

Figure 7.4.3 Contact angle data of the TGP at a concentration of 0.1 and 1 mM with an 

incubation time of 12, 24 and 48 hours. 

Figure 7.4.4 Ellipsometry data of the β-CD–(SH)7 (left) and TGP (right) at a 

concentration of 0.1 and 1 mM, with an incubation time of 12, 24 and 48 hours. The 1 

mM concentration for 48h incubation is the results similar to the expected measurement 

(0.78 nm) with the smallest standard deviation either for the β-CD–(SH)7(left) and TGP 

(right). 



Figure 7.4.5 The amount of sulphur/gold ratio (left) and the percentage coverage of 

sulphur for each SAM preparation condition as analysed on the surface during XPS 

experiments. 

 
 

Figure 7.4.6 XPS sulphur signal β-CD–(SH)7 at incubation concentration of 0.1 mM (up) 

and 1 mM (down) and an incubation time of 12 hours. The peak of the unbounded sulphur 

(SH) has increased with the increasing of the concentration. 

Figure 7.4.7 XPS Sulphur signal β-CD–(SH)7 at incubation concentration of 0.1 mM (up) 

and 1 mM (down) and an incubation time of 24 hours. Again as in figure 7.5.6, the peak 

of the unbounded sulphur (SH, 164 eV) has increased with the increasing of the 

concentration. 

Figure 7.4.8 XPS Sulphur signal β-CD–(SH)7 at incubation concentration of 0.1 M and 

1 M and an incubation time of 48 hours. 

Figure 7.4.9 XPS spectra of TGP at 0.1 mM (above) and 1 mM (down) for 24 hours. The 

peak at 162 is the sulfur bonded to gold, at 164 the sulfur unbonded (SH). 

Figure 7.5.1 Scheme of the cyclic voltammetry experiment. In the first step, the surface is 

functionalized with CD, following by chip incubation into a solution of ferrocene to 

measure the electrical conductivity of the SAM. 

Figure 7.5.2 Cyclic voltagramm of SAMs fabricated with DMF solution of β-CD–(SH)7 

at the concentration of 0.1 mM, 1 mM, and bare gold (left). Coverage of the ferrocene 

over the surface at bare gold, 0.1 mM and 1 mM. 

Figure 7.5.3 Plot of the peak current vs the scan rate at different CD SAMs concentration. 

The linear trend of all the measurements indicates that the redox reactions are occurring 

only at the surface of the gold chips (electrode). 



Figure 7.5.4 The β-CD–(SH)7 dimensions. It is a basket-shape molecule with an external 

diameter of 1.54 nm, an internal diameter of 0.65 nm, and a length of 0.78 nm. 

Figure 8.1.1 SPR sensorgram illustrating several cycles of injection (0.07, 0.15, 0.3, 0.6, 

1.2, 2.5, 5 mM) and regeneration (NaOH 10 mM) and their relatively SPR response. 

Figure 8.1.2 The two possible outcomes of the SPR analysis involving either a well- 

packed assembly or incomplete self-assembly. 

Figure 8.1.3 SPR sensorgram illustrating several cycles of injection (0.15, 0.3, 0.6, 1.2, 

2.5, 5 μM) and using SDS as regeneration molecule. The baseline gap has now decreased 

from 686 RUI (figure 8.1.1) to 314 RUI. 

Figure 8.1.4 Diagram of the self-assembly of the spacer for the minimisation of layer 

imperfection. In the second step, the 2-mercaptoethanol is used in order to cover possible 

imperfections given by the first self-assembly of the cyclodextrin on the surface. 

Figure 8.1.5 SPR sensorgram illustrating several cycles of injection (0.15, 0.3, 0.6, 1.2, 

2.5, 5 μM) and regeneration after the addition of the spacer. 

Figure 8.1.6 SPR sensorgram illustrating several cycles of injection (0.15, 0.3, 0.6, 1.2, 

2.5, 5 μM) under the MES buffer with an improved baseline gap of 15 RUI. 

Figure 8.1.7 Cytochrome C comparation response with TGP SAM(left) and with β-CD– 

(SH)7 SAM (right). Experiment concentrations 20 μM (orange), 10 μM (green), 5 μM 

(blue), 2.5 μM (yellow), 1.25 μM (grey), 0.6 μM (red). 

Figure 8.1.8 Chymotrypsin comparison response between TGP SAM(left) and with β- 

CD–(SH)7 SAM (right). Experiment concentrations 20 μM (orange), 10 μM (green), 5 

μM (blue), 2.5 μM (yellow), 1.25 μM (grey), 0.6 μM (red). 



Figure 8.1.9 RNase A comparation response between TGP SAM (left) and with β-CD– 

(SH)7 SAM (right). Experiment concentrations 20 μM (orange), 10 μM (green), 5 μM 

(blue), 2.5 μM (yellow), 1.25 μM (grey), 0.6 μM (red). 

Figure 8.1.10 Insulin comparation response between TGP SAM(left) and with β-CD– 

(SH)7 SAM (right). Experiment concentrations 5 μM (orange), 2.5 μM (green), 1.25 μM 

(blue), 0.6 μM (yellow), 0.3 μM (grey), 0.15 μM (red). 

Figure 8.1.12. SPR responses from 9 SPR cycles that were performed using 2.5 μM 

Chymotrypsin PBS solution on 1 mM 24 h β-CD–(SH)7 SAMs. 

Figure 8.1.13 Injection of 2.5 µM of α-chymotrypsin on bare gold (up) and β-CD–(SH)7 

SAM (bottom). Both experiments lasted 1400 seconds in which there was a single 

injection of α-chymotrypsin followed by three regeneration steps with SDS 10 mM. The 

black line indicates the baseline. The SPR experiments include three major steps: protein 

injection (orange line), rinsing (green line), regeneration (dotted line). 

Figure 8.1.14 Injection of 2.5 µM of Cytochrome C on bare gold (up) and β-CD–(SH)7 

SAM (bottom) The black line indicates the baseline. The SPR experiments include three 

major steps: protein injection (orange line), rinsing (green line), regeneration (dotted 

line). 

Figure 8.1.15 SPR sensorgram of 2.5 µM of Insulin on bare gold (up) and β-CD–(SH)7 

SAM (bottom). For the Insulin on bare gold again, the SPR response was increased and 

the regeneration impossible. The black line indicates the baseline. Three steps can be 

noticed: protein injection (orange line), rinsing (green line), regeneration (dotted line). 



Figure 8.1.16 Injection of 2.5 µM of RNase on bare gold(up) and β-CD–(SH)7 SAM 

(bottom). The black line indicates the baseline. Three steps can be noticed: protein 

injection (orange line), rinsing (green line), regeneration (dotted line). 

Figure 8.2.1. Overlay of spectra showing glucose-terminated SAMs and β-CD–(SH)7 

SAMs with and without protein and bare gold samples. Regions of spectra focused on a) 

C5H9N2O3
+ and b)C34H33N4O4Fe+ peaks and show no advantageous contaminations from 

SAM layer. 

Figure 8.2.2. TOF-SIMS spectra of the Cyt C on a β-CD–(SH)7 SAM(red) and on glucose 

terminated SAM (blue). The different patterns between the two SAMs indicate a difference 

in orientation of the protein on the surface. 

Figure 8.2.3. (a) Pattern peak intensities for cytochrome C iron-porphyrin fragment, 

wherein the protein has been immobilised on either a glucose-terminated SAM or a β- 

CD–(SH)7 SAM. (b) Peak areas are normalised to total ion count. Each bar shows the 

peak area average of 12 measurements and standard deviation within the sample set. 

Figure 8.2.4 signals from Glucose-terminated SAM and β-CD–(SH)7 SAM. 

Figure 8.2.5 The amino acid sequence of Horse heart Cytochrome C. The dimer 

analysed (145.10 m/z) is underlined (orange). 

Figure 8.2.6 The possible orientation of the Cytochrome C. The section of the protein 

facing up (A), facing down (B) and a lateral section (C). The dimer Gly1-Asp2 is 

represented in orange. The porphyrin is represented in red. The blue circles indicate the 

β-CD–(SH)7 cavities. 



Figure 9.1 The Arginine (left) and Lysine (right) amino acids that interact strongly with 

the Cucurbituril. The bond is mostly given by the polarity of the amino group at the end 

of the side chain. 

Figure 9.1.1 Cytochrome C and its possible attaching point with CB (green) 0°-180° 

(left) 180°-360° (right). 

Figure 9.1.2 Insulin and its possible attaching point with CB (green) 0°-180° (left) 180°- 

360° (right). 

Figure 9.1.3 RNAase and its possible attaching point with CB (green) 0°-180° (left) 

180°-360° (right). 

Figure 9.1.4 Chymotrypsin and its possible attaching point with CB (green) 0°-180° 

(left) 180°-360° (right). 

Figure 9.2 Ideal orientation of cucurbituril for this study. The cavity facing up will allow 

the protein to interact with it. 

Figure 9.2.1 Common synthesis of cucurbiturils. Two ureas(1) are added to the Glyoxal 

 

(2) to form the glycouril (3). With a condensation reaction with formaldehyde (4) in the 

acidic condition, the ring is formed. 

Figure 9.2.2 Proposed synthesis of thiocucurbiturils. Only the thiourea (1) has changed 

from the original synthesis of cucurbiturils. 

Figure 9.2.3 The first (1) and the second (2) addition in the first step of the synthesis of 

the thiocucurbituril (fig 9.2.2). The first addition brings to the formation of a racemic 

solution (R, S) and (R, R). The second addition brings to the thioglycouril (2). 



Figure 9.2.4 The NMR of the first step. Each peak is marketed with a coloured mark 

related to the hydrogen of the functional group. 

Figure 9.2.5 NMR spectra after the purification and precipitation. All the peaks 

describing our molecule have essentially not changed from the previous NMR analysis 

(fig. 9.2.4). 

Figure 9.2.6 Alternative synthesis for the thioglycouril. The thiourea (1) and the glyoxal 

 

(2) form the DTI (3) and the hydroxyl groups. After that, before the second addition of 

the thiourea, the DTI is mixed with the thionyl chloride(4) or the tosyl chloride (5). Both 

reagents are used to improve the reactivity of the imidazole ring for the addition of the 

second thiourea. 

Figure 9.2.7 NMR spectra of the reaction with thionyl chloride (up) and tosyl chloride 

(down). 

Figure 9.3.1 Proposed mechanism synthesis of the thiocucurbituril. Over the entire 

molecular structure, it was theorised only to exchange the carbonyl group (C=O) for a 

thiocarbonyl (C=S). 

Figure 9.3.2 Raman Spectra of the cucurbitu[6]uril. The peaks at 444.92 cm-1 indicate 

the N-C-N vibration, at 829.03 cm-1 indicates the C-N-C vibration and at 1743.57 

indicates the C=O vibration380. 

Figure 9.3.3 Raman Spectra of Sodium Hydrogen Sulfide(NaSH). The peak at 2557.60 

represents the thiol group 381. 

Figure 9.3.4 Raman Spectra (up) of the mixture into the DAC right after the mixing at 0.6 

GPa: the entire spectra (A) and the magnification of the area (B) where the vibration 



carbon-sulphur should be visible (500-710 cm-1)384. Actual photos (down) taken at the 

microscope of the DAC chamber with the compound mixture. 

Figure 9.3.5 Raman Spectra at 5.0 GPa after one hour from the mixture. 

 
Figure 9.3.6 Raman Spectra at 9.3 GPa for 24 hours. The peak carbon-sulphur [384] is 

evident at 595.36 cm-1. 

Figure 9.3.7 Raman Spectra 7.7 GPa for 26 hours (above) and 5.0 GPa for 30 

hours(below). The carbon sulphur peak area is decreasing, showing that the two atoms 

are again splitting apart. 

Figure 9.3.8 Raman Spectra at 1.8 GPa (above) and 0.7 GPa (below). The peak now has 

completely disappeared, proving that there is no more interaction among the carbon and 

the sulphur atom. 

Figure 9.4.1 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell at 

the ambient pressure. The characteristic peak in this area is the peak of the stretch of the 

Na-S bond. 

Figure 9.4.2 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 0.6 GPa. 

Figure 9.4.3 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 1.92 GPa. 

Figure 9.4.4 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 2.94 GPa. 

Figure 9.4.5 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 4.42 GPa. 



Figure 9.4.6 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 7.78 GPa. 

Figure 9.4.7 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell at 

the pressure of 9.44 GPa. 

Figure 9.4.8 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 7.78 GPa. 

Figure 9.4.9 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 5.59 GPa. 

Figure 9.4.10 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 3.53 GPa. 

Figure 9.4.11 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 2.78 GPa. 

Figure 9.4.12 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 1.37 GPa. 

Figure 9.4.13 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 0.78 GPa. 

Figure 9.5.1 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 0.85 GPa. The peaks at 444.92 cm-1 indicate the N-C-N vibration, at 

829.03 cm-1 indicates the C-N-C vibration380
 

 
Figure 9.5.2 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 2.02 GPa. 



Figure 9.5.3 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 4.97 GPa. 

Figure 9.5.4 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 6.62 GPa. 

Figure 9.5.5 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 8.31 GPa. 

Figure 9.5.6 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 9.53 GPa. 

Figure 9.5.7 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 7.07 GPa. 

Figure 9.5.8 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 4.72 GPa. 

Figure 9.5.9 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 2.72 GPa. 

Figure 9.5.10 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil 

cell at the pressure of 1.51 GPa. 

Figure 9.5.11 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil 

cell at the pressure of 0.46 GPa. 
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1. Introduction 

 
Supramolecular chemistry is a field in chemistry focused on the study of the 

reversible interactions between molecules. While the traditional organic chemistry 

focuses on the research of covalent bonds, the supramolecular chemistry investigates 

those weak interactions capable of assembling a discrete number of compounds and their 

3D organisation. The forces in question represent weak interactions such as hydrogen 

bonding, intermolecular forces, - interactions, van der Waals forces, and electrostatic 

interactions. The investigation of non-covalent interactions is essential for a better 

understanding of many biological processes. 

Important phenomena in nature have been better explained through supramolecular 

chemistry such as host-guest chemistry, hydrophobic folding, mechanically-interlocked 

molecular architectures, molecular recognition, dynamic covalent chemistry, and 

molecular self-assembly1. The organic chemistry differs significantly from 

supramolecular chemistry also in terms of thermodynamics, and the laws of the general 

physics do not entirely describe the phenomena behind a supramolecular system. The 

supramolecular chemistry deals with artful interactions, and furthermore, high precision 

is required for the control over the processes involved. 

More specific, non-covalent interactions have low or no activation energy for the 

formation and occur spontaneously, as in the case of the self-assembly. As shown by 

thermodynamics laws and unlike the covalent bond, the creation of non-covalent 

interaction does not require an elevated temperature. Instead, due to their shallow bond 

energy, higher temperatures can determine the breaking of the non-covalent interactions 
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and, in other words, of the supramolecular complex. On the other hand, supramolecular 

chemistry allows the molecule to be distorted into a thermodynamically disfavoured 

conformation, and low temperatures could determine an undesired structure of the 

supramolecular complex. Supramolecular chemistry also finds a vast application in the 

field of surface chemistry. A surface can direct new supramolecular architectures 

changing the thermodynamics of the system altogether.  

This work is mostly based using the concept of self-assembly, molecular 

complexation, and mechanically interlocked architectures and several strategies where 

both surface chemistry and host-guest interaction are mixed to retain a protein on a 

surface. The immobilisation of the protein will be possible due to interactions between the 

protein and the surface. These interactions will maintain the protein on the surface in a 

stronger and more stable way than physical absorption. On the other hand, in a weaker 

approach than the chemical absorption, avoiding the formation of new covalent bonds 

without any perturbation in the protein structure.  

The supramolecular immobilization is an important milestone in the development of 

next generation of biosensor. In medicine, biosensors represent the first step for the 

diagnosis of a pathological condition. More accurated and precise biosensors are always 

needed to detect the smallest amount of target molecule, detecting illnesses in an earlier 

stage and increasing the outcomes for survival rates or management of the syntomps.  

In the next section, we will introduce the fundamentals of supramolecular chemistry, 

discussing the non-covalent interactions, hydrogen bonding, and molecular self- 

assembly, that constitute the core of this branch of chemistry. 
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2.  Thesis Layout 
 

The chapter 3 will be focusing on the recent advancement of the technology proposed in 

this thesis. First, concept in supramolecular chemistry will be listed for a better 

understanding of the technology. Then, an enlisting of the different and actual 

development of the different protein immobilization approaches, followed by a focus on 

the lastest advancement of the supramolecular approach.  

The chapter 4 will be focusing on the project aims of the research. 

Chapter 5 on the tools and on the techniques used for the characterization of the 

surfaces. 

Chapter 6 for the methods and the procedures in order to carry the experiments. 

Chapter 7 on the computational study of the Cyclodextrin-protein complex, on the 

fabrication and the characterization of the cyclodextrin-functionalized surface.  

Chapter 8 on the study of the affinity between the supramolecular surface and the 

proteins 

Chapter 9 on the new synthesis of a new organic compound necessary for this research. 

Chapter 10 for resuming the conclusion and proposing new idea for the future. 

Chapter 11 for the bibliography. 
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3. Literature review 
 

3.1 Concepts in supramolecular chemistry 

 
Non-covalent interactions 

 
The interactions that involve variations into the magnetic field between two or more 

molecules that do not include the sharing of two or more electrons are called non-covalent 

interactions2. The chemical energy used for the formation of non-covalent interaction is 

ranging between 1-20 kcal/mol3. Their primary role in nature is the maintenance of 

biostructure such as DNAs, the secondary, tertiary and quaternary structure of a protein. 

The non-covalent interaction is also deeply involved in the self-assembly, drug design, 

and synthesis of biometabolites2,4–6. In the next sessions will be showed that non- 

covalent interactions include a wide range of several weak interactions such as 

hydrophobic effects, electrostatic effects, π-effects, van der Waals forces2,3. 

Electrostatic interaction 

 
In chemistry, there are three types of electrostatic interactions: Ionic Interaction, 

hydrogen bonding, and halogen bonding. The ionic interactions imply the full permanent 

charges of ions or molecules of opposite signs. These bonds typically determine the 

formation of the salts and are more stable than covalent bonds due to two ions with 

different charge and the strong ionic interaction between them. However, as ions are 

highly soluble in polar solvents, this interaction falls apart in aqueous solutions or any 

other solvents with low polarity. 

In the case of the hydrogen bonding is a type of dipole-dipole attraction between 

a highly electronegative partially negative atom (fluorine atom, sulphur, nitrogen, and 

oxygen) and a partially positive hydrogen atom. The hydrogen bonding is one of the 
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strongest non-covalent interactions. The strength of the hydrogen bond is in a range of 0– 

20 kcal/mol2. 

In the case of the halogen bonding, a halogen atom acts as a nucleophile, donating 

its electron to an electrophile generating a halogen bond. For this kind of interaction, the 

nucleophilic agent is either a very electronegative (sulphur, nitrogen, oxygen) or ionic 

with a complete negative charge. 

 

 

Figure 2.2 Examples of electrostatic interaction: Ionic Bond (left), hydrogen Bond 

(centre), halogen bond (right). 

Van der Walls interactions 

 
Van der Waals Forces represent those electrostatic interactions generated by an 

induced or permanent dipole. It is possible to distinguish three kinds of dipoles: induced- 

induced dipoles, induced-permanent dipoles, permanent-permanent dipoles. The 

induced-induced dipole is the weakest type of non-covalent interaction (London forces)7. 

They are caused by oscillations of the electromagnetic field of a molecule, which are 

induced by a temporary electron repulsion by a neighbouring molecule and leading to a 

partial negative charge on one molecule and a partially positive charge on the other 

molecule5. The induced-permanent dipoles (commonly known as Debye forces) is 

generated by the approach of a permanent dipole to another apolar molecule. This 

approach causes an oscillation of the electromagnetic field of the apolar molecule, 

producing the induced dipole8. The permanent-permanent dipoles (Keemson Interactions) 
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are produced by permanent dipoles in molecules and are customarily associated with 

electronegative atoms, such as oxygen, nitrogen, sulphur, and fluorine9. Compared among 

them, the Keemson interactions are the strongest one, followed by Debye Forces and then 

the London Forces. 

 

 

Figure 2.3.1 Interaction between induced-induced dipole (London Force). First, two non- 

polar molecules approach each other. The momentary and repulsions between atoms 

determine a change in the electron density, leading to induce dipole interacting between 

them. 

 

 

Figure 2.3.2 Induced-permanent dipole (Debye Force). The permanent dipole 

represented by the molecule of water (red-blue) induces a momentary dipole in the 

molecule of oxygen(red). 

 

 

Figure 2.3.3 Permanent-permanent dipole (Keemson Interaction). The net negative 

charge of one permanent dipole interacts with the positive pole of the near molecule. 
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π-effect 

 
The π-effects are another type of interactions that can be divided into several 

categories. The π-π interactions, associated with a specific interaction between the π- 

systems of conjugated molecules such as benzene. The cation-π interactions, where a 

cation is sitting atop of a rich π-conjugated system (as in the case of the ferrocene)10. The 

anion-π interactions, which are very similar to the previous ones but reversed, where the 

anion sits atop of a poor π-conjugated system. Polar-π interactions involve molecules with 

permanent dipoles (such as water) interacting with the quadrupole moment of a π-system 

(such as that in benzene)11. 

 

 

 

 

 

 

 
A. B. C. D. 

 
Figure 2.4 Examples of π interactions: π-π interaction (A), anion-π interaction (B), 

cation-π interaction (C), polar-π interaction (D). 

 

Hydrophobic effect 

 
The hydrophobic effect is the tendency for non-polar molecules to aggregate in 

aqueous solution. This phenomenon leads to the hydrophobic particles to expose always 

the minimum surface area to the polar water molecules (typically spherical 
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droplets)12. Hydrophobic particles are allowed to keep apart and never be able to 

be mixed with water13. In the case of protein folding, structures of water-soluble 

proteins have a hydrophobic core in which side chains are buried from water, which 

stabilises the folded state. The hydrophobic effect represents one of the essential 

processes for life on earth14. 

 

 

Figure 2.5 Hydrophobic effect. Two apolar aggregates in an aqueous environment tend 

to aggregate to decrease their surface tension. 

 

 
 

Molecular self-assembly 

 
The molecular self-assembly is the building of molecular systems spontaneously 

without any imposition from an external source. Molecular self-assembly determines the 

construction of larger biochemical structures such as vesicles, membranes, and 

micelles15–17. The final self-assembled product may be derived from intramolecular self- 

assembly (interaction between two or more different groups of the same molecule) and 

intramolecular self-assembly (interaction between two or more different group of the 

different molecule). In the self-assembly process, the particles are guided to be brought 

together through non-covalent bonds. 
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3.2 The general concept of 

supramolecular biosensing and 

recognition 

 
In nature, proteins cover a vast array of functions within living organisms, including 

DNA replication and cell-cycle control,18,19 response to behavioural stimuli,20 cellular 

information exchange21, and catalysing metabolic reactions.22,23 In biochemistry and 

medicine, proteins have attracted attention due to their capacity to act as a biomarker and, 

consecutively, its presence indicates a particular disease state. More specifically, a 

biomarker expresses a change in protein state, which corresponds to the risk or 

progression of a disease and allows early detection for more effective treatments.24,25 In 

recent years, protein biochips26 have represented a promising technology in the field of 

biomedical science, to provide further information regarding protein functions and 

interactions and to provide advances, for example, of many applications in clinical 

diagnostics, proteomics, and drug delivery27–32
 

However, despite the advantages that this technique can provide in the field of 

biosensing, a facile undertaking of the immobilisation of proteins on the surface is 

lacking33–36, due to the complexity of the system and to the chemical properties of the 

protein. Using the self-assembly capacity of a scaffold thin film on the surface, there is 

the possibility to catch these proteins with high specificity. The self-assembly is a natural 

process in which a disordered system of one or several components tends to form an 

organised structure. This process occurs spontaneously as a consequence of the specific 

interactions between the single components in the system, and it is one of the main 

strategies in nature to create life from building blocks37. Recently, many signs of progress 

have been made for a further understanding of self-assembly techniques and, among 
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them, the formation of a Self-Assembled Monolayer (SAM) is one of the simple ways for 

the fabrication of an organic film38–41. 

In this thesis, supramolecular biosensing will be explored using two types of ring- 

shaped molecules: the Cyclodextrin and the Cucurbituril. 

 

The cyclodextrin family 

 
The cyclodextrin (CD) is a group of molecules with glucose as subunits linked 

between them through the α-1,4 glycosidic bonds42. CD is formed naturally by the 

enzymatic conversation of the starch. They found applications in pharmaceutical and in 

specific in drug delivery, agriculture, chemical industries and food. CD can be found in 

nature in different sizes, and molecular weights and the most common are the α- 

alpha(CD), β-beta(CD) and γ-gamma(CD) respectively made with 6,7, and 8 glucose 

monomers. 

Their production from starch43 occurs when the α-amylase, the enzyme that catalyses 

the conversion of starch cuts the sugar chains of starch into small monomers and then 

another protein, the cyclodextrin glycosyltransferase (CGTase), links the different 

glucose molecule between each other in a shaped-ring macrocyclic. The scientific interest 

of cyclodextrin is related to its host-guest chemistry of their cavity, conferring to the entire 

molecules mixed properties as it presents a hydrophobic cavity and hydrophilic walls. 

The cyclodextrin presents very low toxicity with a median lethal dose (LD50) in the 

range of grams of kilograms. Many studies have been proving evidence that cyclodextrin, 

in a mixture, can improve the overall hydrophilicity of the other molecules apart from 

https://en.wikipedia.org/wiki/Amylase
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intensifying the colour and improve light stability by shielding the molecule with their 

cavity44. A very outstanding derivative, the methyl-β-cyclodextrin (MβCD) is widely 

used to remove cholesterol in biological culture, and it is the main compound in the 

preparation of the cholesterol-free products. 

The cyclodextrin found application also in cosmetics by bind fragrances, acting as a 

trap and reducing the odour. A recent use is related to the formation of powdered alcohol 

where a single cyclodextrin molecule acts as nano-encapsulator for the single-molecule 

of alcohol45. 

 

 
 

 

Figure 3.1 The chemical structure of β-cyclodextrin (top) and its 3D projection (bottom).  

The structures are made with Pymol software. 

 
So far, one of the methods employed in this thesis for the biosensing is the cyclodextrin 

targeting to specific amino acids inside the protein. It has been demonstrated that a high 

affinity of the cyclodextrin towards hydrophobic aminoacids46. This characteristic is 

provided by the fact that cyclodextrins possess a hydrophobic cavity47 rendering them a 
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potential tool to trap any molecule that presents a marked apolar character. By using 

this peculiarity, we will be investigating amino acids that present a non-polar 

characteristic on the outside part of the protein to identify potential attaching points to 

our cyclodextrin moieties. 

The cucurbituril family 

 
The other molecule chosen for our research was the cucurbit[n]uril (CB), where 

the n indicates the number of monomers involved in the macrocyclic formation. It 

presents the same shape-ring as the cyclodextrin with the only difference that the CB has 

the glycouril monomer as a constituent. Its cavity introduces a more hydrophilic character 

compared to the cyclodextrin. The scientific interest for this molecule is, like the CD, for 

its cavity and host-guest chemistry properties. Over time, it has been established that 

cucurbiturils may represent a right candidate for molecular recognition and hence, 

biosensing48. The differences with the CD, in this case, are that the CB also presents a 

high affinity for positively charged moieties49. This high affinity of the cationic 

compounds is mostly related to the carbonyl group introduced twice in any monomer of 

the molecule. The synthesis is performed by reacting two moles of urea (1, fig 3.2) with 

one mole of glyoxal (2, fig 3.2). The reaction product is the glycouril moiety (3, fig 3.2), 

which then reacts with formaldehyde (4, fig 2.4) in strong acid conditions and with a 

reaction temperature above 110 °C, determining the formation of the hexamer: 

cucurbit[6]uril or CB[6]. For a reaction temperature between 75 and 90 °C, other CBs are 

formed with 5, 7, 8, and 10 monomers50. The main application of these compounds is in 

the pharmaceutical industries as drug delivery vehicles51 and the catalysts field as it has 

been proved that the CB can determine a specific orientation of the reagents that can 

improve the collision among the molecules and the reaction yield52. In recent years, the 
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CB is also investigated for their capabilities of modulating the acidity constant, tuning 

fluorescent dyes and increasing the photostability of many compounds53–55. 

 

 

 

 
Figure 3.2 General synthesis of cucurbiturils (top) and its 3D-projection (bottom). The 

first synthetic step is the double addition of urea (1) to a molecule of glyoxal (2). The 

second step is the cyclisation through a condensation reaction mediated by formaldehyde 

(4) in strong acidic conditions. The structures are made with Pymol software. 

 
Self-assembled monolayers 

 
Self-assembled monolayers (SAMs) are entities that form spontaneously due to 

the adsorption of a surfactant either from liquid or vapours phase on a solid support56. 

The driving force of such phenomena is the hydrostatic interaction between the surfactant 

molecule and the surface. Depending on the nature of the surface, related functional 

groups will be chosen to lead the correct packing on the surface. 

In other words, the SAM physical properties such as thickness, stability and 

surface energy, can be modulated by the molecule structure57. For example, the triethoxy 
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silanes on silicon dioxide and the thiol SAMs on gold, are two widely SAMs examples 

employed to modify the surface properties of inorganic and metallic substrates, 

respectively58. In general, the molecules implied for the fabrication of the SAM presents 

three specific parts: the head group, backbone, and terminal group. One of the molecules 

most used for SAMs is the octadecanethiol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Example of a SAM molecule with a terminal group (green), backbone( black) 

and a head group (red). 

The head group determines the adsorption of the molecule on the surface. The 

backbones determine the packing on the surface, and the terminal group defines the new 

physiochemical properties of the SAM. The terminal group can be chemically active, 

determining the anchor point for the substrate or a further step nanofabrication59–61, or 

can be passive, changing only the physical properties (i.e. hydrophobicity/hydrophilicity) 

of the surface. 

Thiols on gold 

 
One of the main system surfactant-surface used is the thiols on gold57. The 

surfactant, in this case, presents a sulphur functional group which interacts directly with 

the gold atom at the surface57. This system represents one of the most studied and widely 

spread methods to obtain a SAM on a gold surface. The thiol molecules can present an 

CH3 

SH 
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extensive range of terminal groups which make them very versatile in terms of surface 

functionalization. Apart from fundamental studies, SAMs are also employed in the 

application of sensor design, self-healing surfaces and microfluidics61. 

From the fundamental study of this architecture, it is now understood that the 

formation of SAMs goes under two different phases40. Kinetics studies of SAM formation 

illustrate that adsorption occurs mainly within minutes after the immersion of cleaned 

gold into a thiol solution 62. For relatively small alkanes, it was proved that after several 

minutes of immersion, the contact angle is already similar to about 80-90% of the final 

one62. The second step is represented by the surface packing, where it can occur after 

several hours depending on the structure of the molecule and concentration63. 

 

 
 

Figure 3.3.1 Formation of a SAM. The head group (thiol) first interact with the surface 

(A and B). Then, the molecules start interacting with each other among them to assemble 

as an ordered structure(C). 

The thiol head group leads the self-assembly process on the gold surface. The 

thiol-gold formation is energetically favourable with a stable sulphur-gold bond and an 

enthalpy of 210 kJ mol-1 64. The efficient packing is ensured by the backbone of the thiol 

molecule (using van der Waals and hydrostatic forces). These interactions represent a 

crucial factor in the formation of the SAMs by determining the configuration of a higher 

order structure on surface65. 
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However, even if this process is well investigated, further study needs to be done 

to ascertain if the sulphur-gold bond involves the formation of any radicals, ions or other 

species63. The thiol adsorption phenomena seem to be similar for other sulphur species 

such as disulphides. X-ray photo spectroscopy has been performed but, so far, it has not 

been possible to understand the differences between the disulfides and thiols adsorption66. 

However, recent studies66 have been demonstrating that the disulfides and thiols 

adsorption can occur at a different rate as the thiols are adsorbed more readily, 

determining that chemical entities are comparable. 

On the other way, disulphides can be better involved in the adsorption as they tend 

to oxidise less than the thiol group, providing more stability to the degradation67. This 

chemical stability can also simplify the nanofabrication step, as generally the protecting 

group is not needed. Another study also provides evidence that disulphides bring to less 

surfactant exchange over the surface compared to thiols to avoid possible disulphide 

molecule to be substituted by another molecule68. Several disulphide molecules are used 

nowadays, among them the cystine and the thioctic acid69–71. 

 

 

 

Figure 3.3.2 Chemical structures of cystine and the thioctic acid molecules. 

 
After the sulfur-gold interaction takes place, it is well known that the surface 

orientation of the SAMs depends on some factors, such as the structure of the surfactant 

itself, solvent parameters and morphology of the gold surface. These factors are strongly 

linked with the final organisation of the SAM58. The packing and the morphology of the 
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SAM are strictly determined by the Au-S interaction and backbones interaction72. 

Surfactants, containing a backbone chain of 12 or more carbon units, present a very well 

order scenario. This is because the backbone, excluding the terminal and the head group, 

is symmetric and offers the same grade of static force in all its atoms. However, the tilted 

configuration of the surfactant will be energetically the most favourable one, due to the 

sulphur sp3 hybridisation with a bond angle at around 109.5 degrees. 

In the case that other groups are present in the backbone of the molecules, this can 

strongly affect the final structure of the SAM as the backbone will not possess any more 

symmetry. Further studies have also been proving that functional groups, such as carboxyl 

and amine can also change the final structure even if they are contained in the terminal 

group73–76. Other studies have been showing that the shorter is the backbone chain, the 

more critical will become the terminal and head group polar activity in the formation of 

the final SAM. Other factors that can influence the final structure are the pH and the 

surfactant solvatation70,77
 

In the studies of the SAMs to simplify any practical idea, it is ideally assumed that 

the SAMs are correctly ordered systems free from defects. In a real situation, the SAMs 

are systems that present defects all over the surface. Among these defects can be 

highlighted the disorder defects, domain defects and pinhole defects58. The pinhole 

defects are SAM imperfections due to a missed molecule in between the SAMs molecules 

(fig 3.3.3A). 

Domain defects occur at the border of the crystalline lattices where SAMs 

portions, so-called “island”, meet with a different molecule orientation (fig 3.3.3b)58,78. 

Disorder defects (fig 3.3.3C) are an area of the SAM where the alkane chain is not entirely 



19  

extended keeping a gauche configuration, mostly caused by the breaking of the 

monolayer79. 

 

 

 

Figure 3.3.3 The pinhole defects (A) derived from a missing molecule during the 

assembly. Domain defects (B) derived when large aggregates of assembled molecules 

approach each other. Disorder defects (C) given by a non-well assembled molecule. 

The vast number of applications establish the SAMs as one of the most critical 

architectures in chemistry. The SAMs described so far were only SAMs carrying one 

type of molecule. Mixed SAMs can be obtained including into the SAMs solution 

different types of surfactants. The methodology of having monolayers with different 

molecules can produce hybrid properties80. One of the examples that need to be 

mentioned is the nanofabrication of the oligoethylene glycol thiol (OEGT), and 

biotinylated peptides to create surfaces for a selective desired binding and simultaneously 

avoid the non-specific adsorption of unwanted proteins81. Another application is the use 

as a spacer as the passive molecule in a SAM of active surfactants82 to decrease the risk 

of crowded substrate adsorption, determining only partial interaction between the protein 

and the SAM, due to sterical problems (fig.3.3.4). 
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Figure 3.3.4 Example of a typical protein (green) interaction with a SAM. A surface 

crowded with the substrate (blue left) could determine an incomplete or a partial 

interaction between the SAM and the protein due to sterical problems. While instead, the 

addition of a spacer (red right) determines the lower probability of these problems to 

occur. 

The same principle can also be used in the specific case of a switchable surface, 

where the switch movement can only be ensured if there is a spacer between one SAM 

domain and the other81–83. For mixed SAMs, the factor of the molecule ratio become 

another factor to take into consideration during the fabrication process because among 

two or more surfactants there will always be one that has more tendency to assemble on 

a surface than the other molecule81,84. 
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3.3 Main protein immobilisation 

techniques on surfaces 

 
In terms of weak interactions, proteins tend to make non-covalent bonds with 

surfaces in a spontaneous way. To protect their functionality, the immobilisation in a 

specific orientation is usually preferred to fabricate surfaces with a specific affinity 

antibody, enzymes and peptides85,86. However, protein immobilisation of flexible protein 

portion might induce denaturation due to an elevated interaction with the surface87. Site- 

specific immobilisation can be obtained using protein structural studies to introduce 

residues in specific protein locations88. In this section, we will be exploring the several 

strategies for protein immobilisation: physical adsorption, chemical adsorption, and 

adsorption mediated by complexed architectures such as hydrogels and lipidic 

membranes (Figure 4.1). 

 

 
Figure 4.1.1 General illustration of some of the immobilisation techniques explored in 

this literature review. It is possible to distinguish the physical adsorption (left) where the 

moieties represented in the picture are in this case antibodies adsorbed with no specific 

orientation. The obtained layer does not present order, and perhaps its properties 

(specificity and physical properties) are not well defined. Chemical immobilisation or 

crosslinking (centre) via covalent bonds where the molecules may present an orientation. 
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The crosslinking could be further used to obtain a bioaffinity immobilisation (right). This 

picture was taken from reference88. 

 

Physical adsorption 

 
The physical adsorption (or physisorption) of proteins at the interface depends on the 

nature of the protein, solution composition, and surface topography, chemistry and 

wettability89,90 . The physisorption is regulated by van der Waals forces91 thus are 

influenced by the net charge, the chemical structure, and the size of the protein33. For a 

pure solution that contains only the protein in question, the size of the protein will play 

an important role, and the bigger is the protein, the larger will be the number of binding 

sites capable of interacting with the surface92. 

 

Another important parameter to take in consideration is the net charge of the 

protein. In the past, it has been demonstrated that for higher adsorption, it is necessary to 

have the protein in a solution with a pH close to their isoelectric point due to the 

minimisation of the repulsive charges93. However, the proteins may unfold to various 

degrees leading to increased system disorder, due to the elevated hydrophobicity of a 

non-functionalized surface. This effect needs to be avoided as the protein is present not 

anymore with its natural structure, and perhaps its activity is compromised. Any degree 

of denaturation gives a major possibility of interaction point between the surface and the 

protein94. 

 

Several methods are used to study the protein structure changes on the surface 

after adsorption such as time‐of‐flight secondary ion mass spectrometry (TOF-SIMS)95 

Quartz crystal microbalance96 and atomic force microscopy (AFM)97. Extensive studies 
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have been carried on fabricating surfaces coated uniformly with several functional groups 

not only to prevent non-specific adsorption but also to fabricate biologically inert 

surfaces. Several strategies can use monolayers (e.g. SAMs) and multilayers (layer-by- 

layer) coatings with polymers carrying the functional group necessary for the bonding98. 

Previously studies reveal that the protein-surface coverage is higher in those surfaces with 

high hydrophobicity99–101. This is because a hydrophilic surface forms strong interactions 

with the water in the environment and directly influencing the desorption of the protein 

previously adsorbed. On the other hand, a too strong hydrophobic surface can determine 

a possible denaturation. 

 

In elliptically shaped proteins, the protein can find itself in the “side-on” or “side- 

off” position, depending on which axis lays down on the surface. In this study performing 

molecular simulations102, Dragneva et al. suggest that a specific orientation of fibrinogen 

(fig 4.1.2), so-called “side-on,” could trigger an immune response by exposing 

recognition sites, which are concealed in the native structure103. 

Also, recent studies104,105 showed that the protein structure, after adsorption, can 

be influenced by specific topographic patterns on the surface, such as curvature, the 

spatial arrangement between the surface nanoparticles, roughness. The recent nano- and 

microfabrication methods have been opening an entire field regarding the topography 

modification on the surface for studies in vitro106,107. Taking into account that a protein 

occupies an area of 10-100 nm2, it is not unexpected that nano featured surfaces can 

manipulate the protein adsorption and structure. 
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Figure 4.1.2 The overall structure of fibrinogen and its side-off and side-on 

conformations. The shape in the plasma does not trigger an immune response as the 

Leukocyte recognition sites are masked inside the structure. The physical adsorption of 

the same protein on a graphene sheet determines the exposure and the recognition sites 

triggering the immune response. The picture was taken from reference105. 

As proposed by other studies, the surface curvature is another parameter that needs 

to be taken in account108–110. Gu et al111,112, with the use of molecular dynamics, expanded, 

even more, this research field by showing nanostructures that could be used for protein 

immobilisation (fig 4.1.3). 

Vertegel et al.113 showed not only improved adsorption in the case of 4 nm 

diameter nanoparticles but also that these nanoparticles were capable of immobilising the 

protein in its native-like structure in comparison with the same nanoparticles of 100 nm 

in diameter. 
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Figure 4.1.3. Molecular Dynamic of protein adsorption on single-walled carbon 

nanotubes. Depending on the diameter of the nanotube, the protein could be possibly 

adsorbed in the interior or exterior part, providing two new different protein shapes. The 

picture was taken from reference113. 

Giamblanco et al114 emphasise even more the crucial importance of surface 

curvature on the protein orientation and structure, by showing that the laminin orientation 

can be predicted from “side–on” to “side-off” with a parameter curvature dependent, γ, 

and connecting it to the average height and the macromolecular gyration radius Rg. The 

study of rounded surfaces not only focused on the particles and wires size but also their 

chemical composition. 

 

Nanoparticles and wires can be used for in-vivo applications, hence need to be 

toxicologically inert and immunologically inactive. One of the materials used for this 

approach is magnesium alloys115. The magnesium surfaces seem to have very low toxicity 

and also very good biomolecule adsorption. Once the protein has been adsorbed, it also 

masks the nanoparticle from too fast degradation, as the body recognises it as their 

particles. This scenario was first illustrated by Harandi et al116, where the magnesium 
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after immersion in a solution of bovine serum albumin (BSA) the degradation was slowed 

down. 

 

Figure 4.1.4 Protein adsorption on different sizes of nanoparticles. It is possible to 

notice that for a particle with a smaller diameter (in this case 4 nm and 20 nm) the 

protein conformation was well preserved. While instead for less curved surface, thus 

bigger diameter (100 nm) the protein structure tends to change once adsorbed. This 

image was taken from reference116. 

Yamamoto et al.117 begun to study the degradation effect of organic and inorganic 

molecules in the body over the magnesium. They propose that the chelation effect and 

the related degradation were strongly influenced by specific amino acids called Eagles 

minimum essential medium (E-MEM). In contrast, thanks to the protein adsorption, the 

magnesium degradation was inhibited due to the formation of an insoluble salt layer 

magnesium surface. This salt layer acts as an effective barrier against corrosion, and it is 

strongly determined by the solution where the magnesium is immersed. 

Another scenario is presented in the case of glycoproteins118 as the corrosion rate 

increases linearly with the amount of glucose that rapidly transforms into a gluconic acid, 

which decreases the pH into the environment and determines deterioration of the protein 

layer on the surface119,120. 
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Figure 4.1.5 Corrosion process of the magnesium alloy Mg2Ca in a saline solution (A) 

and a glucose solution (B). In the first case, a layer of insoluble salts forms on the surface 

of the alloy. This is due to the Magnesium and the Calcium forming insoluble salts: 

Mg(OH)2, Mg5(CO3)4(OH)2, CaO, CaCO3. In the second case, glucose is oxidised in 

gluconic acid, reacting with the magnesium and forming magnesium gluconate that 

dissolves later into the solution. This image was taken from reference118. 

Later on, the deterioration of protein immobilised on the surface was studied by Liu 

et al.121 in a solution that mimics the condition of the body fluids, in order to study these 

surfaces in a bio-friendly environment. The inclusion of BSA in the body fluid 

significantly decreased the corrosion, leaving nanoparticles with a BSA layer properly 

immobilised. 

Physical adsorption on surfaces of proteins is a process occurring spontaneously, 

which strictly depends on the fundamental properties of the protein and surface. Physical 

adsorption represents a one-step strategy for surface functionalization and can result in a 

highly dense monolayer. However, it can also lead to an activity loss due to the multilayer 

assembly and change in protein physiological structure122. Hydrophobicity, 

hydrophilicity and roughness of the surface are parameters to take into account for 
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proteins adsorption101,123–125. If surface regeneration is needed, protein removal can be 

achieved by prolonged rinsing with highly ionic solutions, extreme pH, high 

temperatures, and detergents126–128. 

Chemisorption 

 
The chemisorption provides a better immobilisation method than physical adsorption in 

terms of improved biorecognition for the substrate in the nanomolar range129. As protein 

widely offer a functional group that can be used for interactions, chemical coupling 

represents a valid applicable approach for this type of surface functionalization. 

Examples of chemical coupling include thiol groups, amine groups, and carboxyl 

groups33. 

 

 
 

 
Figure 4.2.1 Chemisorption where the protein is cross-linked to a surface via a 

functional molecule. The main strategies include the amine (1), thiol (2), and carboxyl 

crosslinking (3). The picture was taken from reference33. 
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However, reagent concentration can bring to a protein denaturation due to an 

overcrowded surface, and is a parameter needed for keeping protein activity to the 

maximum level. As adsorption, chemical coupling does not ensure precision regarding 

the orientation of the protein at the surface and surface regeneration cannot be possible 

due to the high stability of the chemical bond. Site-specific immobilisation approaches 

of protein can be pursued by enzymatic biorecognition as an alternative approach in 

terms of concepts and design130. 

 

 
Figure 4.2.2 Chemical coupling used for the biorecognition of the substrate. In this 

case, the crosslinking is immunomediated due to the use of an antibody for the 

immobilisation of the substrate. The picture was taken from reference130. 

In this case, the coupling is between a molecule on the surface and an antibody, 

which will be used for subsequent targeting and immobilising proteins. These 

immobilisation strategies provide the surface with high specificity and simple interaction 

with the target proteins130. Ito et al.131 proposed a way to immobilise glycosyltransferases 

on a sepharose resin, where the sepharose is used as support for the coupling of the 

Glycosyltransferases. These findings were used as biosensors to detect a domain of the 

epidermal growth factor biomarker receptor132. 



30  

 

 
 

Figure 4.2.3 Coupling of two different types of glycosyltransferases. Both methods use 

the sortase enzyme that catalyses the crosslinking. The picture was taken from 

reference130. 

An alternative approach uses different enzymes such as transglutaminase and 

tyrosinase, to recognise other residues and bond lysines and tyrosines-terminated 

surfaces137. Furthermore, tyrosinase has been covalently bound to a fluorescent protein 

and tyrosine-terminated surface for antibody recognition133–135. Coupling proteins can 

achieve in-situ protein entrapment. The residues to be recognised should be well exposed 

in high flexible regions of the protein structure. Residues for enzymatic entrapment may 

be recognised from the surface, and protein engineering represents a versatile tool to add 

the desired tags to the desired protein such as sortase and the tyrosine tags131,134,136. 
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If the correct chemical groups are used, enzyme chemisorption provides a stable 

way to retain proteins with a specific orientation. This method is also useful to avoid 

surface crowding137. 

Several unnatural amino acids having azide, keto or thiol groups have been 

introduced into the protein structure reaching site-specific immobilisation on surface138–
 

142. Another method for immobilisation is to reduce the disulphide bridge of the proteins 

with reducing agent and later make them bond with the gold surface. In this scenario the 

disulphide bridge is chemically reduced to two thiols group (Fig 4.2.4); the reducing 

agents used for this kind of reactions are the dithiothreitol (DTT), 2-mercaptoethylamine 

(2-MEA) or tris(2-carboxyethyl)phosphine (TCEP)143–145. 

 

 

Figure 4.2.4 Chemical immobilisation mediated with the breaking of a disulphide bridge 

present in the protein structure. 

The disadvantages of this technique are that the disulphide bond, depending on 

the proteins, is one of the main contributors to the structure of the protein and their 

possible reduction could lead to protein denaturation. An alternative technique based on 

UV-light and the presence of an aromatic group close to the disulphide bonds have been 

studied to prevent the denaturation and preserve the biofunctional structure. The UV 

radicals should generate a rupture in the aromatic of the proximal molecule. The rupture 

of aromaticity generates a radical group which make them reacting with the gold moieties 
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on the surface and generating a chemical bond highly stable. This technique has been 

used for several proteins such as alkaline phosphatase, trypsin, prostate-specific antigen 

(PSA) and proteases144. 

Another method is to use peptides to intercross proteins on surfaces chemically. 

Peptides are molecules constituted by less than 50 amino acids, and thus their structure 

is simpler than proteins due to their smaller size. Furthermore, peptides can be 

synthesised in the laboratory, which offers the possibility of the insert into specific sites 

the desired chemical group and makes them valuable for biosensors fabrication. Lim et 

al146, a peptide was labelled with a fluorescent tetramethylrhodamine (TAMRA) group 

to fabricate a kinase biosensor that produces a fluorescent signal only when a kinase 

phosphorylates it. The surface in question is a quantum dot surface. The results were 

measured with Fluorescence Resonance Energy Transfer (FRET). 

 

 
 

Figure 4.2.5 TAMRA labelling of the peptide LRRASLG. If the peptide is not 

phosphorylated does not interact with the quantum dot, and no FRET is visible. In the 

opposite case, when the peptide is phosphorylated by a protein kinase, it starts to be 

excited by the quantum dot and the FRET is observable. The picture was taken from 

reference146. 
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Another method widely investigated is the fusion of peptides to proteins at the 

genomic level to provide a new type of affinity and a site-specific orientation, especially 

a His-tag using sulfotransferases147. This kind of peptides of different size can be used 

for several substrates from graphite148 to carbon nanotubes149, from crystalline 

nanocellulose150 to polystyrene151 and from sapphire152 to gold153. 

The peptide presents universal adaptability and stability to different chemical and 

reaction condition that can also be tagged with histidine. Ganesana et al154 immobilised 

the insecticide paraoxon on nickel through the His-tagged peptide. The results are an 

enzyme immobilisation onto Nickel nanoparticle surfaces for the detection of pesticides. 

 

 
Figure 4.2.6 Chemical immobilisation of an enzyme for pesticides detection. The enzyme 

AChE is tagged with the peptide histidine (His), necessary for its chemical immobilisation 

on Ni/NiO nanoparticles surface. This picture was taken from reference154
 

Zhang K. et at 155 proposed a polypeptide surface to immobilise glutathione-S- 

transferase tagged to Green fluorescent protein (GFP). This method not only allows 

protein immobilisation but also provide further information due to the fluorescent signal. 

Strategies similar to immobilised peptides have been offered with affinity protein (fig 

4.1.1). A simple example has been performed in a study where a maltose-binding protein 

(MBP) was fused to a nitroreductase. In this way, it was possible to functionalize an 

electrode previously treated with a bipyridine derivatives156, and a sensor for 2,4,6- 
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trinitrotoluene (TNT) was fabricated with a detection limit of 2 microM and with a similar 

affinity to the wild-type nitroreductase. The complex showed a dissociation equilibrium 

constant (KD) value of 95 microM, while instead, the wild-type version of the enzyme 

was around 78 microM in solution with TNT156. 

 

 
Figure 4.2.7 Working principle of the TNT sensor. (Up) The electrode surface is 

functionalized with a bipyridine derivative (PBB). Then the Maltose Binding Protein 

(MBP) serves as a bridge among the PPB and the enzyme nitroreductase in charge of the 

real TNT detection. (Down). The electrons exchanged among the electrode and the nitrate 

(NO2), typical of the TNT molecule, is mediated by the PPB and the nitroreductase. The 

intensity of the electric signal is proportional to the amount of NO2 present in the sample. 

The picture was taken from reference156. 

 

 

Other widely used proteins are the hydrophobins, that can be applied to 

immobilise other proteins onto polystyrene-patterned surface157. In this way, 

hydrophobins found their utility for the fabrication of a biosensor158. Hydrophobins have 

also been investigated to change the properties of both hydrophobic and hydrophilic 
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surfaces, e.g. the hydrophobicity of polydimethylsiloxane (PDMS) 159 and the 

hydrophilicity of the mercapto undecyl-ammonium chloride160. The hydrophobicity of 

gold surfaces can also be changed using gold-binding protein (GBP), a protein with a 

particular affinity for the gold atoms and surfaces. A GBP was used to bond a single- 

chain antibody for the fabrication of Surface Plasmon Resonance (SPR) sensors in an 

easy nanofabrication step with a concentration limit of 0.14 ng/ml of the hepatitis virus 

antigene153. 

In summary, the affinity peptides and proteins provide a controlled site-specific 

attachment. The advantage of the affinity peptides is mostly provided by the small size 

that makes them very stable to any condition and reagent used. Surfaces pre-treated with 

peptides or proteins that offer specific orientation are widely used in the field of immune 

sensing. Protein A and Staphylococcus aureus are intensively used for immunoglobulins 

immobilization, due to the fact that they strongly bong the Fc portion of the 

immunoglobulins. Protein A naturally interacts to the bacterial membrane and its 

specific interaction is used for sensing of bacteria concentration. 

As the immunoglobulin, it is a unique interaction and occurs with a dissociation 

constant into the nanoMolar range this kind of biosensing happens even in a mixture with 

another biomolecule of the same nature161. Protein A is widely used due to its stability at 

extreme pH values (1-11) and relatively high temperatures (80 Celsius)162. However a 

prolonged interaction with the surface can determine denaturation, loss of functionality 

and arrangement in multilayers onto silicon and cellulose surfaces163. 
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Immobilisation with hydrogels 

 
In parallel to the chemical methods to immobilise protein on the surface, an 

alternative and viable way is to take in consideration in the field of biosensing: the protein 

immobilisation mediated by hydrogels164. Hydrogels are an extensive web of a covalent 

bond and non-covalent interactions between hydrophilic polymer chains in a colloidal 

solution. The hydrogels are considered biocompatible and over time have become 

increasingly used in different ways: biointeraction with components at the nanoscale, 

reaction to an external stimulus, incorporation of varying receptors inside their structure, 

regulation of viscosity of the material. 

Hydrogel biosensors can have their biosensing property in two different ways, 

with and without receptors. Hydrogels without receptors have been quite used to develop 

ionic hydrogels for environmental analysis such as temperature, pH and electrical 

intensity165. Biosensors based on hydrogels for pH measurements are capable either to 

release or retain protons in response to an ionic potential. The value deducted for this kind 

of sensors is the swelling ratio, which represents the weight variance of the hydrogel 

before and after water absorption. In strong ionic conditions, the more protons are 

adsorbed, the more repulsion will be between the polymeric chains of the hydrogels, 

leading to either positive or negative swelling ratio166. The swelling is a property widely 

studied especially for protein entrapment167, while instead the deswelling is mainly used 

for a controlled protein delivery168
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Figure 4.3.1 (A) Chemical structure of the poly[bis(methacrylate)phosphazene] 

(PBMAP) hydrogels. (B) The swelling property is determined by the protein entrapment. 

This picture was taken from reference167. 

 

 

The hydrogels, including receptors represent a biosensor with a property of 

detecting molecules at the nanoscale. With this method, the detection of particular 

bioentities is possible, and a hydrogels biosensors can be obtained through bio-receptors 

immobilisation. Among all the hydrogels used, polyvinyl alcohol (PVA) represent one of 

the widespread hydrogels in biomedical applications. Their full usage it is mostly related 

to their biomechanical properties, polar characteristics, biocompatibility and readily 

applicable to detect hydrogen peroxide169,170 ,urea171–174, triglyceride175,176, ethanol177 and 

genetic derivatives178. 

Thanks to their flexibility and their stability in different environmental conditions, 

the hydrogels sensors can be easily compatible with soft tissues and minimise 

inflammation and fibrosis responses. Another hydrogel widely applied is the polyethene 
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glycol (PEG) and its derivatives, due to their hydrophilic properties, low interfacial 

energy, cell adhesion and ability to retain protein179–181. Nowadays, PEG and its related 

hybrids have been used for the manufacturing of optical182–189, electrochemical190–197 and 

mass-based biosensors198–201 thanks to their antifouling characteristics. 

 

 

 
Figure 4.3.2 (Up) Chemical Structure of PEG hydrogels and its derivatives. The 

derivatives are fabricated to change the polarity of the hydrogels. (A)Ethanoic Acid, 

(B)hydroxy, (C) carboxyl and (D) methoxy-terminated PEG. Two examples of polymer 

brushes based on (E) poly(MeOEGMA) and (F) poly(HOEGMA). (Bottom) The overall 

architecture of PEG hydrogels. The SAM of initiator is essential for the anchor point to 

the surface. The picture was taken from reference179. 
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By choosing different polar properties and behaviour, acrylates and acrylamides 

derivatives represent a vast category of stimulus-responsive hydrogels. As their physical 

properties change over an experiment, hydrogels can swell and deswell depending on 

their charge density of the ionic group. The patterning of these hydrogels represents one 

of the main steps into their fabrication process. Microcontact-printing, wet-etching, 

evaporation induced self-assembly and microlithography202 are only a few examples of 

methods to pattern hydrogels. 

Hydrogels of the acrylate family have been shown to promote protein 

binding203,204, allow quantitative or qualitative measurement of glucose205–207, ammonia 

208,209, and environmental measurement of pH 210–213 and humidity214,215. Their properties 

of protein affinity, metal chelation, low cost of preparation, facile fabrication render them 

as the most versatile tools for the next-generation biotechnology214. 

 

 
Figure 4.3.3 Synthetic pathway for the fabrication of the polymerised high internal phase 

emulsion (polyHIPE), where the gel is first functionalised with the tert-butyl acrylate. In 
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the second step, the acrylic group is deprotected to allow the protein binding in the third 

step. The picture was taken from reference201. 

Another application for these hydrogels is their responsiveness to the current 

passing through them 216–218. Electroconductive hydrogels have been an attractive tool for 

protein immobilisation and fabrication of biosensors, due to their unique properties of 

transporting electrons to the sensor for the generation of an electric signal. One of their 

most appreciated features is to be quite flexible even during the process of electron 

transport. 

The application of redox potential can activate the enzyme-immobilised structure 

and be modulated on demand by the users. Hence, their activity is modulated by letting 

pass an electric force through the hydrogels that alters the potential to generate a voltage. 

In addition, a doping method to change the conductivity of the hydrogels can also lead to 

variations in surface resistances, voltages, or current. Several redox hydrogels with an 

immobilised protein have been developed for the measurement of acid lactic216, DNA217, 

dopamine218, tumors219, hydrogens peroxide220, glucose221 and vitamins222. 

 

 
Figure 4.3.4 Two examples of enzyme redox hydrogel. (Left) The glucose in the sample is 

transformed in gluconolactone by the Glucose Oxidase (GOx), giving an electron to the 

DNA hydrogel. Later the electron is transported to the anode and measured (Right). The 

same principle is applied in the case the enzyme immobilised is the Glucose 
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Dehydrogenase (GDH) where this time the electron is generated by the conversion of the 

NAD+ in NADH. The picture was taken from reference221. 

 

 

Protein-hydrogels systems are mostly preferred in a considerable variety of tissue 

engineering applications such as 3D scaffolds for cell growth and immobilisation of 

growth factors. The growth factors, in particular, are widely used in tissue engineering 

thanks to their property of cellular proliferation, differentiation and regeneration and can 

be delivered via injections or immobilisation into scaffolds223. The immobilisation into 

hydrogels scaffold is generally quite preferred as a system in ensuring the cell outcome 

by keeping the stability, minimises the cost of growth factors therapies and growth factor 

signalling. Chiu et al224 demonstrate a superior growth factor performance upon 

immobilisation on hydrogels. Also, Park et al225 established that the immobilisation of the 

bone morphogenic protein-2 (BMP2) on hydrogels enhanced the osteogenic activity of 

the mesenchymal cells226, while Odedra et al. 227 revealed that the vasoendothelial growth 

factor (VEGF) on collagen-based hydrogels increase the endothelial cell migration 

activity. Furthermore, Moore et al. demonstrated that neurotrophin gradients228 on 

synthetic hydrogels increased the neurite outgrowth from chick ganglia neurons. 

Growth factor immobilisation offers the advantage instead to investigate and to 

localise the effect of the growth factor within the scaffold instead of allowing it to diffuse 

into the tissue freely. The growth factor immobilisation also offers a good method for cell 

migration as it is believed that the cell migrates to the source, towards an increased 

gradient of concentration. Miyagi et al229 successfully immobilised VEGF into a collagen- 

based hydrogel to mediate increase neovascularization in vivo for myocardial repair, by 
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showing that the hydrogels scaffold with the VEGF presents a greater vascular density 

that the controls with no VEGF. Choi and coworkers230 successfully proved that epithelial 

growth factor immobilised on polyethene glycol (PEG) promoted a greater wound healing 

in vivo. Alberti et al231 immobilised leukaemia inhibitory factor on PEG-based hydrogels 

that resulted in a greater pluripotency embryonic stem cell. 

The majority of the tissue engineering hydrogels are used to immobilise the 

protein-based growth factor and used for cellular scaffold and microenvironment. One of 

the main hydrogels used to represent a PEG-fibrinogen hybrid material as the fibrinogen 

offers the advantages of cell microenvironment and migration, while the PEG gives to the 

entire system a major elasticity232. Gonen-Wadmany et al233 reported the comparison of 

three different PEG-proteins copolymers where the cell migration was guaranteed on 

PEG-collagen and PEG-fibrinogen and not PEG-albumin due to the missing cell adhesion 

property of the albumin protein. The three hydrogels also offer different swelling, 

degradability and elasticity underlining the key parameter between the protein and the 

polymer. 

Hybrid materials composed by collagen and polyanhydrides such as 

polycaprolactone, polyglycolic acid and polylactic acid have been fabricated as fibrous 

matrices234–236, composites gels237,238, and grafted copolymers239. They are extensively 

used in the tissue engineering of cartilage and bones thanks to their biocompatible 

composition made of chitosan, fibrin, fibrinogen, agarose and hyaluronic acid240. While 

there is an already established field for physical, chemical and affinity immobilisation of 

a protein on a surface, the hydrogel approach still represents a method that needs to be 

improved. 
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The hydrogels represent a very advantageous way to overcome the other 

approaches, as the physical adsorption does not offer control over the protein orientation, 

the chemical immobilisation still represents a “too-hard” approach, determining a 

possible protein denaturation, and the affinity immobilisation remains an expensive 

method. However, further studies need to be done to show the real potential of the 

hydrogels approaches. In the overall, the protein-hydrogels interactions will allow 

designing engineered tissues for biomimetic approaches for in vivo environment. 

 

3.4 Immobilisation by a lipid bilayer 

 
The lipid membranes approach for application in biosensors represents so far the 

most intriguing way to obtain protein immobilisation. Among the several reasons for that, 

there is the fact that a lipid-based biosensor represents a biomimetic environment since it 

is made out of phospholipids, the main compound of the cell membrane. This concept is 

even more suitable since a cell membrane is the most natural host for all sorts of protein- 

derivatives. The immobilisation of molecules such as antibodies, enzymes and receptors 

can be driven by electrostatic forces, determining a change in the physical properties of 

the membrane, above all, the electrochemical properties. The immobilisation of several 

proteins on lipid bilayers leads to the fabrication of a huge variety of biosensors as 

theoretically any proteins can be possibly immobilised on a lipid membrane. 
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Figure 4.4 Protein immobilisation mediated by a phospholipidic bilayer. The proteins 

(blue) are captured into the phospholipid bilayer macrostructure. 

Several biosensors have been developed for environmental monitoring and clinical 

diagnosis241–245 using this approach. The acetylcholinesterase immobilisation on a lipid 

membrane has been extensively studied for pesticide detection246–251, while instead 

peroxidase have been used for the detection of dopamine249 (Fig. 4.4.1) and redox cascade 

in glucose oxidase248. Bioentities with the lipidic surface have been employed for the 

monitoring of the amyloid-beta protein fibrilization252. 

 

 
Figure 4.4.1 A schematic representation of the formation of dithiothreitol (DTT) SAMs 

on gold (Au) support (a) with subsequent fusion of dimyristoyl phosphatidylcholine 
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(DMPC) vesicles forming lipid bilayers; (b) horseradish peroxidase (HRP) 

immobilization on lipid bilayers supported on DTT/Au (c) and immunolabeling HRP 

immobilized on lipid bilayers (d). The picture was taken from reference249. 

 

 

Lipids and more in specific phospholipids can be used for sensing enzyme activity 

through chemiluminescence. In this study241, the authors employed a choline oxidase, 

immobilised on a luminol-based bilayer (Fig 4.4.2). The catalytic reaction between the 

oxidase and the peroxide lead to a luminescent reaction that can be optically detected. 

General immuno-platforms showed a high affinity at very low substrate concentration for 

picoMolar detection of chemical pollutants253. However, compared to the previous 

methods of protein immobilisation cited above, the lipid-based immobilisation is the 

method capable of developing the lowest background noise even at the picoMolar 

concentration254,255. 
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Figure 4.4.2 The scheme of the choline immobilised on bilayer for the detection of 

hydrogen peroxidase (up) and the chemiluminescence reaction occurring at the working 

area (down). The picture was taken from reference241. 

 

 

Apart from picomolar detection, the lipidic bilayer seems also a good way to protect 

the protein conformation from denaturation and to ensure even a signal 

amplification256,257. In general, biosensors are tools capable of transducing a biochemical 

interaction into an electric signal258. 

The interaction at the lipid interface determines a change into the lipid orientation 

inside the layer, forcing possibly changes into several characteristics of the membrane 

such as transmembrane potential, membrane fluidity, surface charge density, and dipolar 

potential. Thus, leading to significant physical and electrical properties changes between 

the two sides of the bilayer253. Briefly, an induced membrane change determines a bilayer 

ability to transduce a biochemical interaction into an electrochemical signal and 

amplifying it. In this study,259 a triazine herbicide that possesses lipophilicity 
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characteristics determines their adsorption onto lipid membranes forming aggregates 

among the molecules. This adsorption determines the alteration of the lipids packing into 

the membrane that induces a change into the membrane current. Similarly, atenolol260 and 

vanillin261 can be detected at micromolar concentration244. 

If incorporated with lipid platform, protein immobilisation mediated by lipid bilayer 

could arise for sensing of either organic and inorganic molecules262. Apart from large 

proteins also small peptides can determine changes into the lipid membrane for the 

formation of ion channels. Gramicidin A263 was used to form a channel into a metal-based 

lipid membrane for the detection of ammoniums ions. In another study,264 lysenin, 

aerolysin, and hemolysin were used for the sensing of a single molecule detector based 

on a lipidic membrane. 

This current raising interest in nanopore and ion channel should support and 

encourage the next generation of single-molecule sensors and, nowadays, represents an 

exciting field with many possibilities in terms of discoveries. However, the lipidic 

biosensor is still lacking suitable mathematical models and phenomena simulations at the 

nanoscale253. The field remains hard to explore, but it is also true that the system 

modelling, the ion transport phenomena, and the continuous characteristics changing of 

the membrane represent a huge challenge258. Shortly, the use of simulation software may 

become necessary for the development of biosensors by optimising their design and 

response time265. 

Supramolecular Immobilisation 

 
All the systems mentioned above represented an elegant way to immobilise protein on 

the surface. However, any system presented their limitations and use restrictions 
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related to active site orientation, protein structure preservation, the stability of the protein- 

SAM system newly formed. An immobilisation method that seems to outstand from all 

the others in the last years, is to be through the use of supramolecular architectures. This 

relatively unexplored strategy, although with vast potential involve the use of scaffold 

molecule, such as cyclodextrins, calixarenes and cucurbiturils or histidine tags266–268. 

Young269 et al. uses the stable supramolecular bond between the cucurbituril and the 

ferrocene to immobilise a yellow fluorescent protein on the surface (fig. 4.5.1). In this 

case, the immobilisation occurred without the protein directly interacting with the surface, 

avoiding any physical adsorption, and providing a stable and strong way to have these 

proteins on the surface. 

 

 
Figure 4.5.1 Surface immobilisation of a yellow fluorescent protein (YFP) mediated by a 

supramolecular cucurbituril-ferrocene system. The picture was taken from reference269. 

Zhan et al.270 in this study explains how, in the case of the cyclodextrins, these 

surfaces can be functionalised in three different ways: with a SAM, a polymer brush, and 

a multi-layered film (fig.4.5.2). All the three methods provide a stable way to retain a 
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guest molecule, and in our case a protein, on the surface with no problem regarding the 

protein structure being modified. 

 

 
Figure 4.5.2 Supramolecular bioactive surfaces mediated by a self-assembled monolayer 

(red), a polymer brush (green) and a multilayered film (blue). The picture was taken from 

reference270. 

Another study enforcing the idea of the use of the supramolecular approach for 

protein immobilisation is provided by Zhang et al.271 were a cyclodextrin-based 

supramolecular system was self-assembled on the surface for the successful 

immobilisation of biotin protein. Further studies also demonstrate the reversibility of the 

system and the ability to control the release on-demand only by using an adamantyl 

derivative (fig. 4.5.3). 
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Figure 4.5.3 Fabrication of the reversible multilayer via cyclodextrin (CD) host-guest 

interaction. The PDMS surface functionalised with cyclodextrin is then assembled with a 

biotinylated monoadamantyl molecule (compound 11), which fits into the CD cavity (i) 

and works as a linker for the subsequent immobilisation of the streptavidin (SAv) (ii). In 

order to restore the surface to its original state, fluorescent biotin (compound 10) 

assembles on the SAv (iii), determining the release of the entire supramolecular 

architecture (iv). The surface is restored using a cyclodextrin triazide (β-CD-N3). The 

picture was taken from reference271. 

Demirkol et al272 uses calixarenes on the surface for immobilising glucose oxidase. 

The thiol-calixarenes were self-assembled on a gold surface, and then the glucose oxidase 

immobilised (figure 4.5.4). This immobilisation on the surface is mainly used for 

biosensing application for monitoring glucose. 
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Figure 4.5.4 Glucose biosensor fabrication mediated by glucose oxidase (GOx) 

immobilisation. The Calixarene-thiol (Calix-SH) is self-assembled on the surface. The 

Calix-SH surface is activated with carboinimidazole (CDI), and then the GOx is 

immobilised on it. To increase the stability of the complex Glutaraldehyde and Bovine 

Serum Albumin (BSA) were added afterwards. The picture was taken from reference272. 

In a recent study266, proteins have been tagged with several numbers of 

hexahistidine (His6) in order to be able to control the orientation of the protein over the 

surface (fig 4.5.5). The ability to modulate the protein orientation over the surface will 

allow further insight into the protein dynamics and chemistry and to improve the 

performance of the diagnostic assay by determining the exposure of the active site266. 

This strategy gave access to a high degree of control not only over the orientation of the 

proteins on the surfaces but also to the binding strength of the proteins with the surface. 
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Figure 4.5.5 Histidine (blue line) tagging of a Red fluorescent protein (red). The amount 

of histidine tagging the protein affects the final orientation on the surface. The picture 

was taken from reference266. 

Another supramolecular way to orient the protein on the surface was explored by 

Gonzalez et al.273. In this study, a viologen-based guest molecule is self-assembled on a 

silicate surface, and the naphtol guest moiety is selectively bonded to a yellow fluorescent 

protein (fig. 4.5.6). In this paper, the cucurbituril is used as a linker between the protein 

and the surface. Stable and uniform fluorescent patterns are formed with a high ratio of 

signal-to-noise. 

 

 

Figure 4.5.6 Immobilisation of yellow fluorescent protein on silica. The silica is 

functionalised with a viologen-based molecule (blue line, MV2+). The protein is bonded 
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to a naphtol molecule (red line). The cucurbituril (green) is the linker that keeps the 

naphtol and the viologen together for the fluorescence patterning. The picture was taken 

from reference273. 

Lee et al274 fabricated a protein chip by self-assembling on surface calixarenes 

molecules that provide efficient capture proteins. The sensitivity of this surface was 

highly specific, and the substrate detection was reduced to few femtograms. In the study, 

it is showed how the supramolecular interaction protein-surface appears to be more stable 

than those protein immobilised by chemical adsorption274. After initial immobilisation 

and formation of a surface-protein system, it was possible to immobilise subsequently 

another protein determining the formation of a surface-protein-protein macrostructure 

(fig. 4.5.7) 

 

 
Figure 4.5.7 Fabrication diagram of the protein biochip. The first step is the assembly of 

a supramolecular SAM on the surface. The second step is the immobilisation of a first 

protein and formation of the surface-protein system. The third step is the formation of a 

second protein layer interacting with the first one, forming a surface-protein-protein 

macrostructure. The picture was taken from reference274. 
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Qu et al275 designs a reusable platform for selectively capture and release of 

bacteria and proteins, through a layer-by-layer fabrication method. Three types of non- 

covalent interaction can be distinguished in the fabrication of this supramolecular surface: 

the electrostatic forces between the different layers, the host-guest interactions of the 

cyclodextrin-adamantane system, and the carbohydrate-protein interaction (fig. 4.5.8). 

This platform can be regenerated and reused multiple time without loss of activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5.8 (Left) Illustration of the preparation of the layer-by-layer (LBL) cyclodextrin 

surfaces. The first step includes an LBL formation of several polymers followed by the 

self-assembly on the cyclodextrin derivative (blue). (Right) The schematic illustration of 

the re-use property of the surface. Once the concanavalin A (ConA) is immobilised, the 

surface can be restored using sodium dodecyl-sulphate (SDS). The picture was taken from 

reference275. 

Several other examples have been exploring supramolecular approaches276–280. All 

of them prove a valid scenario for the development of protein immobilisation tools. The 

ability to retain proteins in a strong way, without inducing any structure change, 

represents a considerable advantage to measure and study protein still unexplored in their 
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physiological state276, also establishing a new and revolutionary strategy to fabricate the 

next generation of biosensing technologies. 

 

Concluding remarks 

 
From the above review, the protein immobilisation on the surface has been mediated by 

different strategies. The physical adsorption presented a way to immobilise protein in a 

simple and inexpensive way. However, this method does not ensure the stability of the 

protein structure, the stability of the protein on the surface and do not ensure any control 

over the orientation. The chemical adsorption instead, provide stable immobilisation over 

the surface and, in some cases, a controlled orientation on surface. 

However, the chemical adsorption determines the generation of a covalent bond. 

This bond requires a relatively high amount of energy to be formed, that could lead to a 

change in conformation and subsequently of protein activity. Another way to immobilise 

protein on the surface was then provided by hydrogels. The hydrogels offer a stable 

interaction protein-surface preserving the original structure of the protein, mainly thanks 

to the fact that the major component of hydrogels is the water. Despite this advantage, the 

hydrogels face the problem of relatively high background signal, and its storage seems to 

be another problem in their way to commercial applications. 

On a parallel research line, the phosphate lipid bilayer can also represent an 

immobilisation tool for biomolecules. It represents relatively stable protein 

immobilisation and easy preparation. Also confers a native-like environment in the case 
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of analysis for a membrane protein, as the phospholipidic bilayer offers a very similar 

behaviour to the cell membrane. 

The lipidic bilayer also allows some control over the protein orientation as present 

either polar and apolar characteristic. The major problem related to the lipidic bilayer is 

mainly given to its storage and its stability over time, as the integrity of the macrostructure 

could be quickly deteriorated if not constantly in contact with water. 

Above all these methods, the supramolecular immobilisation represents a 

relatively unexplored strategy, although with vast potential, that involves the use of non- 

covalent supramolecular interactions between proteins and supramolecular entities (e.g. 

cucurbituril, calixarenes and cyclodextrins)266–268,270,281–283. For example, taking 

advantage of the highly stable chemistry of cucurbituril-ferrocene inclusion complexes, 

proteins have been site-specifically modified with ferrocene to be reversibly and stably 

immobilised onto a cucurbit[7]uril (CB[7]) monolayer269. In another recent example266, 

proteins have been tagged with a different number of hexahistidine (His6) at specific 

positions on the protein to understand its effect on protein orientation and binding strength 

upon interaction with nickel-nitrilotriacetic acid (Ni-NTA) self-assembled monolayers. 

These and other examples in the literature273–275 illustrate how supramolecular 

interactions and their predictability can be used to design protein immobilisation systems 

with enhanced features and improved ability to tune their properties as required. Much 

though remains to be uncovered regarding the potential of supramolecular assembly for 

devising protein immobilisation systems with emergent properties amenable to current 

needs. 
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4. Project aims 

 
The overall aim of this thesis is to design an easy fabrication method for protein 

immobilisation on the surface. The method will be exploring the supramolecular approach 

for immobilising protein on the surface. The surface will be functionalised with 

Cyclodextrin, a scaffold molecule capable to capture the amino acids protein portion into 

its cavity. Four different proteins have been chosen in our research to perform surface 

plasmon resonance (SPR), which allows monitoring binding events between molecules 

in solution and molecules immobilised on a surface.The proteins have been chosen 

differently in charge and size among them, in order to demonstrate the universality of our 

immobilisation method. Two major scaffold molecules will be investigated to reach our 

purpose: the cyclodextrin and the cucurbituril. In order to facilitate the self-assembly of 

these scaffolds onto the surface, sulphur groups will be needed as parts of the molecule. 

The Chapter 7 includes a computational study to highlight these protein portions 

that may be possibly fit into the cavity. To have satisfactory results, a stable and well- 

packed surface needs to be achieved. The nanolayer is prepared following the 

conventional method of self-assembly, one of the most popular bottom-up fabrication 

method to functionalize surfaces. It is a very versatile and easy technique that allows 

changing the functionality of the new surface. The supramolecular immobilization was 

choosen as proteins can be detached on surface in a strong way without  any structural 

damage. This approach is very important for the development of new biosensor as it will 

be possible to study those protein or even reuse them for biocatalysis purposes in their 

wild structure form. 
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Figure 5.1 Schematic representation of the work developed in this thesis. The cleaned 

gold surface (left) is functionalised with a scaffold molecule (centre), where the on- 

surface analysis will be performed in order to test the correct self-assembly. Then the 

protein is immobilised on a surface (right), and the interaction protein-scaffold analysed 

through SPR experiments. 

In the second step and after the preparation of the cyclodextrin surface, once the 

chip is entirely functionalised, the SPR is the tool that will be used to measure this 

interaction. Using this tool, we will be capable to understand the strength of interaction 

that occurs between the proteins and our surface. 

 

 
Figure 5.2 Set-up of the surface plasmon resonance used in this thesis. The flow channel 

allows the protein to interact with the scaffold (i.e. cyclodextrin) functionalised surface. 

A set of the prism and reflected light allow measuring the interaction occurring between 

the surface and the protein. 
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In the third step, we will then start exploring the possibility of using another 

scaffold molecule: the cucurbituril. As the cucurbiturils that we require is the thio- 

cucurbituril is commercially unavailable, several synthetic routes will be explored in 

order to obtain the cucurbiturils desired. Considering that traditionally synthetic pathways 

may encounter failed attempts, a new pathway synthesis will be explored using the 

Diamond Anvil Cell. The pressure inside the anvil cell will represent the driving force 

that will allow us to synthesise the molecule that is needed. 

The protein immobilisation on the surface represents a mandatory achievement to 

develop and to have a deeper biosensing understanding. The possibility to investigate 

additional protein and the ability to be able to modulate them by interaction with scaffold 

molecules, represent the most promising achievement nowadays for the development of 

the next generation of biosensors. 

In this project, supramolecular interactions between a nano-characterised surface 

and a protein were investigated to give fundamental insight into the types of interactions 

that occur between supramolecular motifs on surface and proteins. 
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5. Surface characterisation techniques 

 
5.1 Contact angle measurements with the sessile drop 

technique 

 
In a vapour-liquid-solid system, the contact angle (CA) is the angle measured 

where a liquid-vapour interface meets a solid surface. From the measurements of this 

angle, it is possible to quantify the wettability of a solid surface284. During an experiment, 

it is possible to measure two different types of contact angle: CA in static and dynamic 

condition. The static CA is the angle measured when the liquid drop is laying on the 

surface at rest. Instead, the CA in the dynamic condition is measured during the injection 

(advancing CA) or recollection (receding CA) of the liquid from the surface284,285. The 

static CA reflects the relative strength of the molecular interactions at the liquid, solid, 

and vapour interfaces. 

In dynamic CA, a difference between advancing and receding CA is observed, 

and the difference is called hysteresis, which represents a useful data for the 

understanding of surface homogeneity286. A dynamic CA with a big hysteresis means that 

the surface has heterogeneous polarity over the surface, often meaning an improper 

package during the self-assembly on the surface. Instead, a small hysteresis means a 

homogeneous polarity all over the surface and often a well-packed molecule on the 

surface. The hysteresis can be influenced by several factor such as the cleaness, the 

ionization and the roughness of the surface287. If the CA of the water on a surface is 

smaller than 60°, the surface is considered highly hydrophilic, if bigger than 60° the 

surface is considered less hydrophilic. Metallic or ceramic surfaces generally present 

hydrophilic characteristics, while instead many polymers and many halogenated 

materials exhibit hydrophobic surfaces285. 
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Figure 6.1 Contact angle measurement on a gold chip (yellow), in which the surface 

exhibits hydrophilic properties, i.e. CA <90 o. 

5.2 X-ray photoelectron spectroscopy (XPS) 

 
The XPS is a spectroscopic technique that uses an X-ray source to detect the 

kinetic energy and numbers of electrons that escape from the surface analysed288. It is a 

spectroscopic technique that provides data regarding the chemical, the empirical formula 

and electrical state of the elements involved by measuring the elemental composition of 

a surface. XPS can be a method to characterised surfaces in its as-received state or after 

a functionalization or a surface treatment such as cutting, ion beam etching, fracturing 

and scraping289. It requires high-vacuum conditions (usually in the range of 10-8 – 10-9 

millibar), and it is generally used to analyse a vast range of materials: metal alloys, 

semiconductors, catalysts, polymers, ceramics and glasses. 
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Figure 6.2 General illustration of an XPS apparatus. Once the beam is created and 

focused on the sample surface, the electrons emitted are captured by the detector and 

then analysed to provide the data peaks. 

Each element will generate a unique peak set, which will give information 

regarding the type of elements on the surface and its oxidation state290. To get a peak set 

with the minimum error, the electrons must be detected while operating at ultra-high-

vacuum conditions (Pressure<10-9 millibar) as the electrons find less matter during the 

long path between the irradiated surface and the electron detector291. The XPS is a tool 

capable of detecting only those electrons escaping from the surface292. For an electron to 

escape from the surface, the surface must be irradiated with an X-ray beam, and it is 

generally used to determine the type and the quantity of elements on the sample surface 

in the range of 1-12 nm from the top of the surface and the grade of contamination of the 

latter290,291. Furthermore, it is also used to identify the chemical state of one or more 

elements and the density and the related binding energy regarding the electronic states. 
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The high accuracy is also given by the measured area, which is strictly dependent 

on the diameter of the X-ray beam. Considering a single frequency beam of X-ray, the 

largest size is from 1 to 5 millimetres. The minimum analysis area ranges from 10 to 200 

micrometres289. 

Last improvements in the XPS analysis gives spectroscopic resolution levels 

below 200 nanometers. This kind of measurements requires the use of synchrotron 

radiation as an X-ray source293. 

5.3 Ellipsometry 

 
Ellipsometry is an optical technique used to analyse roughness, composition and 

thickness of thin films on the surface. It is an optical technique that measures the 

polarization change of a light beam on a surface294. As the polarisation change depends 

strongly on the thickness of the surface and on the relatively refractive index, the 

ellipsometry represents a universal tool for the measurement of the film thickness of any 

chemical composition295. Ellipsometry measures the thickness by the meaning of change 

in phase and amplitude of the electromagnetic wave before and after hitting the surface. 
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Figure 6.3 Diagram of ellipsometry. The beam is generated in the light source and is then 

polarised. Once it touches the sample, the beam is reflected, and an analyser is rotated 

until the beam is not capable of passing through and hit the detector. 

As in figure 6.3, the majority of the commercial ellipsometry equipment use a 

rotating polarizer (analyser) method. The light, once generated by the source, it is linearly 

polarised changing from a multi-frequency wave to a mono-frequency wave296. The beam 

hits the surface, determining a change in phase and amplitude. This change is strictly 

depended on the chemical and physical composition of the surface. The reflected beam 

goes into the analyser. The analyser is then rotated, and the amplitude of the filter changes 

until the beam is capable of passing through it. The beam then hits the detector, and the 

difference in orientation and amplitude between the polariser and the analyser gives the 

change in phase and amplitude of the light, respectively. From these two components is 

possible to calculate the polarisation change of the light, which is strictly related to the 

refractive index and the thickness of the surface. 
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5.4 Surface plasmon resonance 

 
SPR spectroscopy has been applied in a wide range of settings, even mimicking 

biological environments like membranes and surfaces with multiple binding partners297. 

It can be presented as the basis of many tools to measure the adsorption of a compound 

on a thin metal film. 

When a single-frequency laser light beam hits a glass surface coated with a noble 

metal, it is possible to observe a reflected and a refracted ray. At a critical angle, it can 

be noted a total reflexion, and no light is refracted across the interface. Basically, at the 

quantum level, the laser photons are transferring energy to the electrons of the noble 

metal on the surface, determining a formation of an evanescent wave298. This establishes 

a difference between the incident photons and the refracted ones. This difference will be 

analysed and quantified by the sensor. The evanescent wave will be eventually 

dissipated by heat, and the quantity of energy transferred will always be depending on 

the amount of matter presents at the surface297. 

Depending on the intensity of the vibration and having a measure in real-time, it 

is possible to understand the kind of interaction that is occurring on the surface and, 

including if a protein is binding to the surface299. Thanks to the SPR signal the analyte- 

host molecule association and dissociation can be observed and ultimately derived from 

providing rate constants, as well as equilibrium constants.300
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Figure 6.4 A general illustration of an SPR experiment. A laser emits a beam which is 

then totally refracted at a critical angle and then hitting a sensor. Depending on the 

matters present on the surface, the photons of the original beam and the reflected one 

will present different energy. 

During an SPR experiment, three kinetic models can be taken into consideration: 

 

 One-to-One kinetics  

 Mass-transfer kinetics  

 Divalent analyte 

 
The One-to-One kinetics (fig. 6.4.1) is the simplest model, in which there is a one 

to one interaction between the analyte and the ligand. Binding occurs when the analyte 

collides with the ligand301. The collision occurs with a higher probability when analyte 

has the correct kinetic energy and orientation. Kinetic energy and orientation can be 
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Flow 

adjusted, changing the concentration of the analyte or the flow rate. This model is applied 

when the molecular weight of the analyte can not be taken in consideration301. 

The mass-transfer kinetics (fig. 6.4.2) instead is a two-step event. First, the analyte 

is transferred out of the bulk solution towards the sensor chip surface. Second, the binding 

of the analyte to the ligand takes place301. Both events have their rate constants. The 

coefficient for mass transfer kt is the same in both directions. This model is applied when 

the analyte has a significant molecular weight (such a protein)302. 

The third model (fig 6.4.3) is the one that considers the analyte capable of bonding 

two substrates. These can be interpreted as one-to-two interaction in which an analyte can 

have two binding sites301,302: one site first binds and then it is closer to another ligand, the 

second site binds. The formation of the second binding is strictly related to the first one, 

and as bivalent analyte has two different equilibrium constants (Ka1 and Ka2). In this 

case, the divalent binding takes more importance than diffusion and molecular 

weight303. 

 
 

 

Figure 6.4.1 One-to-one representation of an SPR interaction. The analyte represented 

by the red triangle interact with the SAM at the surface of the gold chip. 
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Figure 6.4.2 Mass transfer effect (Kd) is an essential factor that can influence the results 

for those experiments with a high flow rate involving analytes with significant molecular 

weight. 

 

 
Figure 6.4.3 SPR experiment involving a divalent analyte which presents a double 

interaction with the SAM. 

Since its introduction in biochemistry, the SPR has been a highly valuable approach 

for affinity measurements of biomolecules towards a functionalized surface. The concept 
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and the idea behind it are to detect biological entities such as carbohydrates, lipids, 

proteins, DNAs, RNAs, and even entire cells. In particular, SPR has been used for the 

kinetics measurements of interactions occurring in nature such as enzyme-substrate 

kinetics304,305 ligand-receptor interactions306,307, and more in particular antibody- 

antigen308. 

The SPR use is a new field raising and evolving rapidly as the identification of 

proteomics biomarkers could lead to the detection of specific disease at low cost, avoiding 

other invasive and time-consuming methods298. Thus, further investigations are needed 

to bring to the scientific community new biomarkers for even more accurate results and 

diagnosis. 

5.5 Cyclic voltammetry 

 
The Cyclic Voltammetry is a type of electrochemical measurement that measures 

the current developed in an electrochemical cell309. By performing different cycles of 

increased-decreased potential, the experiment performs reactions of oxidation and 

reduction cyclically. It provides qualitative information based on the peak position in the 

graph on the x-axis for the potential, and quantitative data based on the intensity of the 

peaks measured on the y axis310. 

Generally, the redox analyte used for this experiment showed a reversible plot 

where all the chemical species that have undergone an oxidation reaction also undergo 

subsequentially a reduction reaction (or vice-versa). This characterisation method is 

generally used to describe the electrochemical behaviour of an analyte in solution311 or, 

in the case of this work, adsorbed on a surface. The Cyclic Voltammetry experiment 

generally implies an electrochemical cell with the three-electrode setup: the working 
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electrode, the reference electrode and the counter electrode. The working electrode is 

where the redox reaction takes place; the reference electrode is an electrode with a stable, 

well-known redox potential used to indicate the zero-potential in the reaction and the 

counter electrode used to allow the current to flow310. 

The solvents used in this kind of experiment can be different, for the test in 

aqueous solution an electrolytic salt will be needed to perform an improved electron 

transport. The analysis of cyclic voltammetry is used to investigate the stability of 

reaction products, electron transfer kinetics, the stoichiometry of a system and the redox 

potential of the analyte312. Furthermore, by plotting the intensity vs concentration, it is 

also possible to deduct the concentration of an analyte in solution. The Nernst equation 

determines the cell potential under non-standard conditions: 

 

 

 
The Nernst equation can be obtained from the equation of Gibbs free energy under the 

non-standard condition: 

 

 

Which under standard condition become: 
 

 

 

Where n is the number of electrons exchanged in a reaction (in an ideal state this number 

is equal to 1), F is the Faraday constant (equivalent to 96,500 C/mol), E is the cell 

potential, and Eo is the cell potential at standard conditions (1 atm, 298 K). 

The free energy of Gibbs is also equal to : 
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Where R is the gas constant, T the temperature and Q is the quotient of reaction. 

By substituting the free energy for nFE we obtain: 

 

 

By dividing both sides by-nF, we obtain the Nernst Equation: 
 

 

 

In the case-specific of a characterisation of a surface, the CV has been widely used 

to investigate the surface coverage of a thin film313. By having the gold chip as a working 

electrode in the three-electrode setup, it is possible to obtain information regarding the 

correct self-assembly of a molecule on the surface312. The surface coverage of the analyte 

can be related to the peak intensity by the equation: 

 
𝐼𝑝 = 

𝑛2𝐹2 𝜏𝐴𝜗 

4𝑅𝑇 
 

Where: 

 
 𝐹 is the Faraday constant, 

 

 𝜏 the surface coverage, 

 

 𝐴 the surface area of the working electrode, 

 

  𝜗 the scan rate of the electrochemical reaction, an indication of how fast the 

potential has to change during the experiment. 

Taking into account that 
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= 1,   𝐴 = 1 𝑐𝑚2 ,  𝐹  =  96 485.3329 
𝑠𝑒𝑐 𝐴

 
𝑚𝑜𝑙 

,    = 0.3   
𝑠𝑒𝑐 

, 𝑅 = 8.314 
𝐽
 

𝑚𝑜𝑙 𝐾 
, 𝑇 = 

 

298 𝐾 
 

So considering that 
 

1 𝐽𝑜𝑢𝑙𝑒 = 1 𝐴𝑚𝑝𝑒𝑟𝑒 ∗ 1 𝑉𝑜𝑙𝑡 ∗ 1 𝑠𝑒𝑐𝑜𝑛𝑑 
 

The equation is resolved to: 

 
𝐼𝑝 = 221326 

𝐴 𝑐𝑚2 

𝜏 
𝑚𝑜𝑙 

 

5.6 Time of flight – secondary ion mass spectrometry 

 
Time of Flight-Secondary ion mass spectrometry (TOF-SIMS) is a technique 

useful to investigate the chemical components of films and surfaces314. The analysis 

occurs in the first place by sputtering a focused beam on the sample surface. This 

sputtering will cause the ejection of a secondary ion from the surface315. By interpreting 

data in a mass/charge ions ratio, it is thanks to a mass spectrometer that is possible to 

characterise the molecular, elemental and isotopic surface composition with an accuracy 

of 1 to 2 nm in depth. The analysis is qualitative due to the wide variety of ionisation 

possibilities. Thanks to a limit detection range from parts per million to parts per billion, 

TOF-SIMS represents one of the most sensitive techniques for surface qualitative 

analysis. A secondary mass spectrometer is constituted by: 

1. A primary ion beam, generated by a primary ion gun (Caesium or Gallium), 

 

2. A primary ion lens that focuses the beam into the sample. 

 

3. A sample holder and a secondary ions lens which refocuses the beam 

 

4. A mirror for the separation of the ions which separates the ions by mass-to-charge 

ratio 
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5. A detector: a Faraday cup which converts the charged particles in the electric 

signal 

6. An electron gun which provides electrons to the sample surface. This is to keep 

the surface always with a net charge as a positive charge could be accumulated on 

the sample. 

 

 

Figure 6.6 Schematic illustration of a TOF-SIMS instrument. The ions beam is generated 

into the primary ions gun and then focused onto a specific point on the sample by the 

primary ions lens. The beam charges the molecules present at the surface sample and the 

sample molecule, once ionised, are collected and sent to the detectors through a system 

of ions lenses and mirrors that separates them in terms of mass and charge. 

A TOF-SIMS experiment requires pressure below 0.1 milli Pascal, to ensure the 

correct vaporisation of the molecules laying on the surface and to avoid the collision of 

the secondary ions with environmental gases on their way to the detector314. The high 

vacuum is also vital to avoid any surface contamination during the experiments. Once the 

sample is placed on the holder, and the vacuum is established, the ion beam is focused on 
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the samples and the molecules ionised. There are three ways to generate a source of ions 

for a SIMS experiment316. The first method uses Cesium (Cs) atoms that are vaporised 

and then ionised through a porous tungsten filament. The Cs ions are then used for the 

vaporisation of the sample. Another ion method uses the electrons released from a cathode 

to ionise nobles gas (such as Argon or Xenon which are ionised to Ar+ and Xe+), 

halogenated molecule (SF6 to SF5
+) and oxygen molecules (O2 to O-, O+, O2

+, O2
-). 

Another ion source is the liquid metal ion gun (LMIG) that operates with metallic alloys 

or pure metals, liquid at room temperature (Caesium, Rubidium, Francium and Gallium 

and Gallium alloys). A tungsten tip is immersed in the liquid and emits ions under the 

influence of an intense electric field. The LMIG provide a well-focused short pulsed ions 

beam (<50 nm) with moderate intensity. 

The choice of the ion beam is generally related to the kind of analysis desired. 

Caesium primary beam is often preferred to investigate electronegative elements due to 

the increased possibility of negative ions generation317. 

Regarding the mass analyser in the TOF method, the ions are separated in a field- 

free path according to their velocity. Giving the fact that all the ions will have the same 

kinetic energy provided by the primary ions, the time of flights changes according to the 

mass. The detector is a Faraday cup with an electron amplification. When the ion impacts 

a metal cup contained into the sensor, it starts an electron cascade, generating a signal of 

108 electrons recorded straightway. The SIMS represents a characterisation technique 

with a relatively low detection limit for the most trace elements318 in between 1012 and 

1016 per cm3. The limit value changes depending on the primary ion beam, the area 

analysed, and the type of instrumentation used. The amount of surface removed from the 
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beam depends on the dimensions of the primary beam itself and the current (either 

continuous or pulsed)316. 

5.7 Diamond anvil cell 

 
The diamond anvil cell (DAC) is a device used to study the physical and chemical 

reactions at high pressures. Any cell can determine the compression of a sample from 3- 

4 GPa to typically up to 100-200 GPa. However, recent applications showed that with a 

DAC, it is possible to reach 750 GPa319. The tools have been mostly used to simulate the 

pressure inside stars and planets and to observe physical and chemical behaviour of 

atoms, molecules and cells at extreme pressures such as the observation of metallic 

phases of Xenon320 and hydrogen321 and the formation of polymeric nitrogen322. One of 

most notable example is the discovery of a new phase of water in the solid-state, so-

called ICE X, portrayed by Mao and coworkers323. By compressing the ice and its 

deuterated form at a maximum pressure of 210 GPa, it was observed a phase transition at 

60 GPa. This step marks a new insight into the world of physical chemistry as a new water 

phase was obtained. The DAC potential can also be appreciated in the formation of 

metallic phases of hydrogen claimed by Eremets and Troyan324. The hydrogen once 

reached a pressure of 220 GPa, and it transformed into metal as became opaque and 

capable of conducting electricity. At 300 GPa, the hydrogen particles showed to reflect 

the light. Eremets and Troyan also claim the discovery of a polymer form of a nitrogen322, 

with a non-molecular phase capable of working as a semiconductor at pressures up to 240 

GPa. Moreover, they also succeed to recover the pure nitrogen polymer at a temperature 

below 100 K but ambient pressure. 
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The DAC field keeps improving, constantly setting new frontiers in the field of 

organic chemistry and physical chemistry, including pressures in the range of 

TeraPascal (TPa)325. Innovative use of the DAC also occurs on the analysis of the 

durability and sustainability of life under high pressures. Cells are investigated for their 

possible sustainability and survival on exoplanets. In 2002, Jennifer Couzin tested strains 

of Escherichia coli at the pressure of 1.6 GPa and analysed their survival after 30 hours326. 

Even if only 1% of the bacteria survived, these bacteria were capable of adapting to 

extreme conditions for a long time. 

Two diamonds form a DAC with the sample chamber in between the two tips of 

the diamonds. The pressure is measured by the method of ruby fluorescence, where ruby 

is inserted into the sample chamber, and its changing in refractive index corresponds to a 

specific pressure value. The pressure applied into the DAC can be transformed into 

hydrostatic pressure using a transmitting medium such as hydrogen, xenon, argon and 

helium327. 

 

 
Figure 6.7 Set up of a diamond anvil cell. The two diamond (blue) are close together 

within between the sample mixture, the ruby and the gasket. The pressure is applied 

with screws (yellow). 
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One of the most significant advances that the diamond offer is the possibility to 

observe the sample directly and to perform any characterisation during the experiment: 

from photoluminescence to optical absorption, X-ray diffraction to fluorescence and 

Raman scattering. It is possible to attach electrodes to the cell or applying an external 

microwave field allowing magnetical and electrical measurements and heating the sample 

to 7000K with the laser-induced heating or cooling down to millikelvins328. The DAC is 

a tool which relies on the principle: 

𝐹 
𝑝 = 

𝐴
 

 

Where p is the pressure, F the applied force and A the area where the force is applied, in 

the system of the DAC, A is represented by the two diamond tips of the cell which range 

typically from 100 to 250 micron in diameter. In this way, even moderate forces can 

induce relatively high pressure on the sample. The use of the diamond is necessary to 

avoid deformations or disruptures of the compressing material. A diamond is one of the 

hardest material ever known. 

The main components of the DAC are a device for the force generation, two 

diamonds in opposed position among each other, the gasket and a medium for the pressure 

in the case of a DAC designed for hydrostatic pressure. Screws or lever arm mainly 

constitute the tool for force generation. For much higher forces, hydraulic pressure to a 

membrane can be used. The two opposing diamonds generally weigh from 25 to 70 mg 

with the tips (culets) facing parallel one to another to avoid non-uniform pressure or 

deformations. A thin metal foil of generally 0.3 mm in thickness, in between the two 

culets serves as the gasket for the experiment. The material used for the gasket typically 

is rhenium steel or tungsten. These material are cheaper, but they do not allow the X-ray 
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to pass through it. If an X-ray analysis is required will be then necessary use gasket of a 

much-appropriated material for this kind of analysis such as boron329 boron nitride330or 

even diamond331. The primary function of the gasket is to serve as a sample chamber 

and to trap the molecules in between the two diamond culets. Regarding the medium 

inside the sample chamber, it is meant to be a fluid to provide to the sample a 

homogeneous hydrostatic pressure. Hydrostatic pressure is always favoured for high-

pressure experiments as, at that extreme conditions, even a smaller pressure variation 

can cause different molecular behaviour. A suitable DAC medium will be an inert fluid 

compressible to high pressures such as silicone oil, helium, argon, neon and nitrogen. 

The pressure is calculated by measuring the fluorescence lines shift of a ruby 

inserted in the chamber332. In the case of higher temperature experiment, the X-ray 

diffraction is preferred where the equation of state of a compound is known in function 

of both pressure and experiment333. This technique can be used at high and low pressure 

and temperatures. However, the disadvantage is represented by the fact that it needs an 

X-ray source, and it required longer times for the calculation.Before the invention of the 

DAC, static high-pressures devices needed relatively large hydraulic pressures. It needed 

specialised laboratories and with a weight in the order of several tons. The DAC 

introduced a completely new and different approach transforming the high-pressure 

chemistry in a more viable science field. Thanks to its design, the DAC found a wide 

variety of applications: from the cryostat applications for the study of superconducting 

materials334 to a huge range of spectroscopic experiment (X-ray333, Infrared335, 

Raman336, UV-Visible337) due to the diamond transparency. 
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6. Methods 

 
Chemicals and Materials. Commercially available chemicals and solvents were 

purchased from Aldrich Chemicals, Sigma Aldrich, Fisher Chemicals and used as 

received. The heptakis-(6-deoxy-6-thio)-β-cyclodextrin was acquired from Cyclodextrin- 

Shop (Tilburg, Netherlands) to > 97% purity. The 6-thio-D-glucopyranose was acquired 

from CarbonSynth, USA (Illinois, USA) to 95% purity. Phosphate buffered saline (PBS) 

solution was prepared from a 10× concentrated PBS solution (1.37 M sodium chloride, 

0.027 M potassium chloride, and 0.119 M phosphate buffer) from Fisher Bio-Reagents. 

 

Polycrystalline gold substrates were purchased from George Albert PVD, Germany and 

consisted either of a 30 nm gold layer deposited onto glass covered with a thin layer (5 

nm) of titanium as the adhesion layer (for contact angle and cyclic voltammetry analysis) 

or 100 nm gold layer on 100-4inch-silicon wafer, precoated with titanium as the adhesion 

layer (for ellipsometry and XPS analysis). Polycrystalline gold substrates employed in 

SPR were purchased from Reichert Technologies, USA, consisted of 49 nm gold with 1 

nm chromium. 

SAM Preparation of the Aminoundecanethiol cyclodextrin. The gold substrates were 

cleaned by immersion in piranha solution (70% H2SO4, 30% H2O2) at room temperature 

for 8 minutes, rinsed with ultra-high quality (UHQ) water and dried with argon flow. For 

the preparation of the AUT SAM, the clean gold substrates were immersed first in a 

solution of 1 mM of aminoundecanethiol (AUT) overnight. After that, the gold substrates 

were rinsed with Ethanol and UHQ water and subsequently immersed in a DMF solution 

of DHS 50 mM. Next, the gold substrates were not rinsed to avoid further degradation 

and immediately immersed in a solution of 1mM of β-cyclodextrin. The SAM 

preparation was performed by the author of this thesis. 
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SAM Preparation of the β-CD–(SH)7 SAM. The gold substrates were cleaned by 

immersion in piranha solution (70% H2SO4, 30% H2O2) at room temperature for 8 

minutes, rinsed with ultra-high quality (UHQ) water and dried with argon flow. For the 

preparation of the heptakis-(6-deoxy-6-thio)-β-cyclodextrin SAMs, the clean gold 

substrates were immersed for 12, 24 and 48 h in 0.1 mM or 1 mM DMF solutions of 

heptakis-(6-deoxy-6-thio)-β-cyclodextrin. Subsequently, the gold substrates were rinsed 

with DMF and ultra-high quality (UHQ) water and dried under an argon flow. For the 

preparation of the glucose-terminated SAMs, the clean gold substrates were immersed for 

24 h in 1 mM DMF solutions of 6-thio-D-glucopyranose. Subsequently, the gold 

substrates were rinsed with DMF and UHQ water and dried under an argon flow. The 

SAM preparation was performed by the author of this thesis. 

 

Contact Angle. Contact angles were determined using a contact angle Attension 

apparatus, equipped with a Navitar camera that was attached to a personal computer for 

video capture. The dynamic contact angles were recorded as a 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. Oneattension software was used for the analysis of the 

contact angle of a droplet of UHQ water at the three-phase intersection. The contact angle 

averages and standard errors were determined from three different surfaces of each type 

of SAM (in triplicate). The CA was performed by the author of this thesis.  
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Ellipsometry. The thickness of the deposited monolayers was determined by 

spectroscopic ellipsometry. 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. The Delta-Psi software was employed to 

determine the thickness values, and the calculations were based on a three-phase 

ambient/SAM/Au 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 three different surfaces 

of each type of SAM (in triplicate), with the errors reported as standard deviation. The 

ellipsometry experiment was performed by the author of this thesis. 

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were obtained on the K-Alpha 

(Thermo Scientific, East Grinstead, UK) instrument based at the University of Newcastle 

(NEXUS), UK. XPS experiments were carried out using a microfocused monochromatic 

AlK source (Energy/Voltage/Current/Power: 1486.6 eV/12 kV/3 mA/36 W) at an 

emission angle of zero degrees and a spot size of 0.32 mm2. Samples were analysed with 

charge neutralisation. The survey spectra were recorded with a pass energy of 150 eV, 

step size of 0.4 eV and dwell time of 10 ms. The high-resolution spectra were collected 

with a pass energy of 40 eV, the step size of 0.1 eV and a dwell time of 100 ms. For each 

surface type (β-CD–(SH)7 SAMs formed using different concentrations (0.1 mM and 1 

mM) and times (12 h, 24 h and 48 h)), 3 measurements each from 2 individual chips were 

taken. XPS fitting was performed using the CASA XPS processing software. Sensitivity 

factors used in this study were: Au 4f 17.12; S 2p, 1.68. The XPS experiment was 

performed by the staff of HarwellXPS at the Research Complex at Harwell Rutherford 

Appleton Laboratory. 

Electrochemistry. The cyclic voltammetry (CV) experiments were performed with a 

Gamry Instrument Reference 600 potentiostat. The reference electrode (Silver/Silver 
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Chloride Reference Electrode) and the cable (Reference 3000 Main Cell Cable Kit 60 

cm) were both purchased from Gamry Instruments. The CV data were acquired using the 

Gamry Instruments Framework software and analysed with Gamry Echem Analyst 

software. After SAM formation, the modified gold surfaces were immersed in a 0.1 M 

DMF solution of ferrocene carboxylic acid( (FCA) (purity 97%) for 4 hours. 

Subsequently, the immersed samples were rinsed in UHQ water. Cyclic voltammetry was 

performed on the gold modified surfaces using 0.2 M sodium sulfate as supporting 

electrolyte. The potential was scanned between 0 V and −0.8 V at a scan rate of 0.3 V/s. 

The CVs were performed in triplicate, with each replicate being a new gold modified 

surface as a working electrode. The geometric area was controlled by the use of a 1 cm 

diameter O-ring. In order to demonstrate that the reaction was only occurring at the 

surface and not in the electrolyte solution, the CV experiments were performed at 

different scan rates on the 1 mM β-CD–(SH)7 SAMs, showing linearity in the progression 

between scan rate and anodic peak current (for ferrocene oxidation). The linearity 

observed indicates that the ferrocene associated with the obtained faradaic response is 

confined to the β-CD–(SH)7 SAM gold surface. The electrochemistry experiment was 

performed by the author of this thesis. 

 

Surface Plasmon Resonance. SPR experiments were performed with a Reichert 

SR7000DC Dual Channel Spectrometer (Buffalo, NY, USA) at 25˚C. For the insulin 

experiments, PBS was used as a buffer, while 2-ethane sulfonic acid (MES) buffer was 

employed for the α-chymotrypsin, RNase A and cytochrome C studies. The MES buffer 

was prepared by dissolving 1 g of MES in 250 ml UHQ water and adjusting the pH to 6 

with 10 M sodium hydroxide solution. An aqueous 10 mM sodium dodecyl sulfonate 

(SDS) solution was employed as the regeneration solution. Before the binding studies 

between the gold-modified surfaces and the different proteins, the sensor chips were 
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2 3 

washed by exposure to three SDS injections for 30 seconds. The proteins were then 

injected at various concentrations over the sensor chip for 8 min, followed by injection of 

buffer for 8 min to allow any dissociation of the protein from the surface. The surfaces 

were re-used multiple times by conducting a regeneration step involving three SDS 

injections for 30 seconds. The flow rate was kept constant at 15 µl/min throughout all the 

SPR experiments. The SPR experiment was performed by the author of this thesis. 

 

 

Time of Flight Secondary-Ion Mass Spectrometry (TOF-SIMS). The 1 mM 24 h β- 

CD–(SH)7 SAMs and 1 mM 24 h glucose-terminated SAMs were immersed in a 1 mM 

Cytochrome C in PBS solution for 2 h. Following protein immobilisation, the samples 

were washed with PBS buffer followed by submersion in UHQ water for 1 min. The 

samples were then dried under argon. ToF-SIMS spectra were acquired using ToF-SIMS 

IV (ION-TOF GmbH, Munster, Germany). 25 keV Bi3
+ primary ions were used for 

analysis. Static conditions were maintained to analyse only outermost 2 nm of the surface. 

Three samples of each type were analysed with 4 areas of 250x250 μm measured per 

sample. Three control samples, glucose-terminated SAMs and β-CD–(SH)7 SAMs 

without protein and bare gold were analysed to exclude the possibility of advantageous 

contaminants. The TOF-SIMS experiment was performed by Dr. David Scurr at the 

University of Nottingham.  

Statistical Analysis of TOF-SIMS Results. The mass scales of the positive ion ToF- 

SIMS spectra were calibrated to the CH3
+, C H +, C3H5

+, and C7H7
+ peaks. Principal 

component analysis (PCA) was performed to compare peak intensity patterns in the 

cytochrome C glucose-terminated SAMs and cytochrome C β-CD–(SH)7 SAMs. For 

statistical analysis, a peak search was done in SurfaceLab and peaks of intensity above 

100 ion counts and signal to noise ratio (S/N)>3 were added to peak list. Ion peaks are 
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known to be unrelated to protein, such as 23 m/z (sodium), and 39 m/z (potassium) were 

removed from the list. Peak areas normalised to total ion count were extracted and loaded 

into Matlab R2017b. PCA was run using a Matlab GUI, simsMVA. Results of the 

principal component analysis are shown in. First principal component (PC1) explains 

86.56% of the variance in the whole dataset. Loadings and scores are co-localized. 

Therefore peaks on the positive side of loadings correspond to glucose-terminated SAM 

and peaks on the negative side of loadings correspond to β-CD–(SH)7 SAMs. Spectral 

intensity patterns of two types of samples are significantly different from each other, with 

positive loadings representing peaks more prevalent in protein on glucose-terminated 

SAMs and negative loadings representing peaks more prevalent in protein on β-CD– 

(SH)7 SAMs. Statistical Analysis was performed by Anna Kotowska at the University 

of Nottingham. 

Synthesis of thiocucurbituril. All the reagents and solvents were purchased from Sigma- 

Aldrich. Glyoxal solution (20 ml, 0.13 mol), and thiourea (16 g, 0.26 mol) were added to 

tetrahydrofuran (20 ml) and left overnight at 60 degrees. The mixture then was cooled 

down and filtered to obtain a yellow compound which revealed to be the 4,5-dihydroxy- 

2-thioketoimidazoline (17.74 g, 0.11 mol). The second attempt was focused on making 

the imidazoline cycle more reactive with chlorinating agents. 4,5-dihydroxy-2- 

thioketoimidazoline (2.68 mg, 20 mmol) and thionyl chloride (1.460 ml, 20 mmol) were 

mixed to a solution of tetrahydrofuran (10 ml). In another reaction, the solution was left 

for 4 hours, forming a brown-black precipitate making difficult any kind of separation. 

For the other chlorinating reaction, p-Toluenesulfonyl chloride (3.8 g, 40 mmol) and 4,5- 

dihydroxy-2-thioketoimidazoline (2.68 mg, 20 mmol) were mixed to a solution of 

tetrahydrofuran (10 ml). After 4 hours, the reaction showed a brown precipitate (3.1 g), 

which was filtered and washed with ethanol first and the water. The synthesis was 
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performed by the author of this thesis. 

Diamond Anvil Cell experiment. The cell used for this experiment is known as a 

LeToullec style membrane diamond anvil cell, made by BETSA company. Specifically, 

we used such a diamond anvil cell with 700 or 900 micron diameter culets (culet is the 

name of the anvil face pressing the sample), steel gaskets pre-indented to about 100 

micron thickness, with a 500 micron hole drilled into it with a spark drill (EDM – electric 

discharge machine), ruby fluorescence to measure the pressure and no pressure medium. 

The diamond anvil cell experiment was performed by Dr. Dominik Daisenberg at the 

Diamond Light Source, Didcot, Oxfordshire.  
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7. Design and characterisation of the SAMs 

 
The data reported in chapter 7 and 8 were published in the manuscript “Reversible, 

High-Affinity Surface Capturing of Proteins Directed by Supramolecular Assembly” 

Giuseppe Di Palma, Anna M. Kotowska, Lewis R. Hart, David J. Scurr, Frankie J. 

Rawson, Stefano Tommasone, and Paula M. Mendes. ACS Appl. Mater. Interfaces 

2019, 11, 8937−8944. 

 

 
 

7.1 The theoretical study of the complex Protein-Cyclodextrin 

 
Before proceeding to have a thorough understanding of the supramolecular 

interactions occurring between our protein and the surface, a theoretical study on the 

possible protein-cyclodextrin interactions was first conducted. As the proteins are 

constituted by amino acid entities and the scaffold molecules will complex through the 

inclusion of the amino acid side chains, we wanted to understand how these interactions 

occur and eventually take advantage of such interactions. Kahle et al. carried out the first 

studies analysing these complexes by potentiometric titration338. 

CDs are macrocyclic host molecules that, due to their apolar cavity,339 showed a 

remarkable selectivity with other hydrophobic chemical species. It is well investigated 

that β-CDs form complexes at the protein surface, through host-guest chemistry, with 

hydrophobic amino acids, namely leucine (Leu), tyrosine (Tyr), tryptophan (Trp) and 

phenylalanine (Phe)339–343. These amino acids form complexes with mM binding 

affinity344 meaning that the association constant (Ka) is 1000 times higher than 

dissociation constant Kd, and can be included with high specificity into the β-CD 

cavity. Indeed, it has been demonstrated that the protein interaction with β-CD 
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represents a valuable way to prevent protein denaturation, restore initial protein 

structure and increase protein stability344–347. These advantages have been widely used 

in drug    delivery348 and pharmaceutical proteins formulations349. 

However, there are many ways in which these non-covalent interactions between 

β-CD and proteins can be utilised to the assembly and modulation of proteins. Under 

these expectations, we explored a field that demonstrates previously unmatched 

versatility, capability and simplicity to create stable and reversible protein surface 

structures. Taking in account that proteins present multiple hydrophobic amino acids at 

their surfaces, we have adopted and made use of the concept of multivalency350 to 

modulate the binding of numerous well-oriented β-CD moieties tethered onto a gold 

surface to several amino acids on the protein. 

 

 
Figure 7.1.1 The concept of multivalency used in this thesis, where the β-CD SAM can 

have multivalent interactions with the hydrophobic moieties (shown as blue hexagons) of 

the protein. 

The surface was functionalised with a β-CD derivative, in order to increase the 

affinity of the surface towards the proteins, without compromising the physiological 

structure of the latter. This scenario, in order to occur, needs to have the β-CD cavity 

exposed at the interface, facilitating the binding of the amino acid residues from the 
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protein surface inside the cavity. Four model proteins, namely cytochrome C, insulin, 

chymotrypsin and RNase A, which are distinct in structure and property and display 

randomly distributed hydrophobic amino acids throughout their surfaces for β-CD 

binding, were investigated to assess the generality of our observations. Only the amino 

acids at the protein surface were considered, being the only ones that can have an 

interaction with the environment. The amino acids selected as attaching point for the CD 

molecule were: Tyrosine, Phenylalanine, Leucine and Tryptophan as their side chains 

presents a particular affinity for the cyclodextrin338. The different hydrophobic amino 

acids on the surfaces of the proteins are also present at a different percentage (Table 1). 

Thus, it further highlights that the chosen four proteins can serve as general models for 

understanding protein - β-CD-SAM interactions. 

 

Figure 7.1.2 The amino acids were chosen as a possible attaching point due to their high 

hydrophobicity of the side chain. From left to right: Phenylalanine, Tyrosine, Leucine 

and Tryptophan. 
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Table 1 – Percentage of the different hydrophobic amino acids on the surfaces of 

proteins (i.e. Phe, Tyr, Leu and Trp) for -chymotrypsin, insulin, RNase A and 

cytochrome C. The percentages were generated using PyMol.Above a list of the 

Molecular Weight (MW) and Isoelectric point(Ip) of each protein. 

Protein MW (KDa) Ip   

-Chymotrypsin 25 8.8   

Insulin 5.7 5.3   

RNAse A 13.7 8.6   

Cytochrome C 11.7 9.6   

     

Protein % Phe %Tyr %Leu %Trp 

 -Chymotrypsin 26.1 20.2 35.0 18.7 

Insulin 32.8 47.4 19.8 0 

RNAse A 12.2 54.6 30.0 3.2 

Cytochrome C 28.7 44.6 21.0 5.7 

 
 

As a result of this theoretical study, we were able to investigate further the CD in 

the 3D structure of the protein. In figure 7.1.3, 7.1.4, 7.1.5 and 7.1.6 the hydrophobic-side 

chain amino acids have been marked with blue coverage in order to highlight them from 

the rest of the biomolecule. The blue coverage represents the attaching points of the CD 

cavity with the protein. The Cyt C (Fig. 7.1.3) presents a relatively high number of 

attaching points. The Leucine is the most present hydrophobic-side chain amino acid at 

the surface, followed by Phenylalanine, Tyrosine and Tryptophan. 

The Insulin (Fig. 7.1.4) shows several attaching points for the CD with a major 

presence in the order Tyr > Phe > Leu, as shown in Table 1. As the amino acids are quite 
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external to the protein, this might indicate that likely no histeric issues will occur during 

the complexation. 

In the case of the RNAse A (Fig. 7.1.5), the protein shows several attaching points 

with no sterical impedance with a major presence of Tyr > Leu > Phe > Trp. It was also 

assumed that due to the high number of attaching point, this protein would have a strong 

interaction with our surface. 

The Chymotrypsin (Fig. 7.1.6) also showed an elevated presence of attaching 

point, giving us the same conclusion as in the case of the RNAse A . All the attaching 

points seems to have no hysterical impedance with a major presence of Leu > Phe > Tyr 

> Trp. Backed up by these initial theoretical studies, we started the nanofabrication of our 

first cyclodextrin SAM. 



91  

 

 
 

 
 

 

Figure 7.1.3 Cytochrome C and its possible attaching points with CD (blue) 0°-180° (up) 

180°-360° (bottom). 
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Figure 7.1.4 Insulin and its possible attaching point with CD (blue) 0°-180° (up) 180°- 

360° (bottom). 
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Figure 7.1.5 RNAase and its possible attaching point CD (blue) 0°-180° (up) 180°-360° 

(bottom). 
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Figure 7.1.6 Chymotrypsin and its possible attaching point with CD (blue) 0°-180° (up) 

180°-360° (bottom). 
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7.2 Nanofabrication of the cyclodextrin SAMs 

 
Once the proteins were investigated through computational studies, the next step 

was the nanofabrication of the surface responsible for the protein immobilisation. The 

nanofabrication of the SAM used in this thesis was previously reported by Campiña et al. 

351 (fig.7.2) It was a bottom-up fabrication in which a monolayer of aminoundecanethiol 

(AUT) is self-assembled on the gold surface and rinsed with ethanol. Then the surface is 

immersed in a solution of dihydroxy succinimide (DSC) which render it active for the 

next and final addition of cyclodextrin. 

 

 
Figure 7.2 First attempting of bottom-up fabrication of the supramolecular surface. In 

the first step, the aminothiol is assembled on the surface, forming the SAM. The next step 
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represents the activation of the surface with DSC, followed by the covalent 

immobilisation of the cyclodextrin on the surface. A) Surface functionalized with 

Aminoundecanethiol (AUT). B) AUT+Activator (DSC). C) AUT+Cyclodextrin. The 

picture was taken from reference351
 

7.3 Characterisation of the Cyclodextrin SAM 

 
The results showed a monolayer thicker than the length of the theoretical one. The 

theoretical value of the AUT molecule is 1.75 nm, the one measured by ellipsometry was 

3.5 nm. It was assumed that the monolayer obtained was effectively assembling as a dimer 

on the surface. It was later understood that it might due to the amino group of one 

molecule interacting with the amino group of the next one as shown in Figure 7.3.1.352. 
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Figure 7.3.1 Dimerisation of the thiol molecules comprising either carboxyl terminated 

moieties (A) or amino terminated moieties(B). The picture was taken from reference352. 

A 10% of trimethylamine (TEA) was added to this step. As indicated by literature 

TEA reacts with the amino terminated molecule352 and thus prevents other thiols from 

interacting with the amino group. Then the chips were rinsed with ethanol and 10% acetic 

acid, to clean off the surface from the triethylamine. The ellipsometry, in this case, 

showed much better results: with a thickness of around 1.5 nm, which correspond to our 

aminoundecanethiol oriented at a certain angle on the surface as indicated by literature40. 
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Figure 7.3.2 Comparison of the ellipsometry results between the two methods with and 

without the use of TEA. The method not using TEA presents a thickness of 3.5 nm and the 

10% TEA method a thickness of 1.5 nm. 

Also, the contact angle showed much better results in comparison with the lack of 

TEA during preparation due to a decreased in hysteresis in the case of the 10% TEA 

nanofabrication method. The smaller hysteresis (the difference between advancing and 

receding angle) provides evidence of a better surface packing286. 
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Figure 7.3.3 Contact angle of AUT surface comparing the two methods without TEA (left) 

and with TEA (right). 
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As the results showed a high-quality AUT monolayer, the second step was 

performed. No characterisation was made on this new surface (AUT+Activator) due to 

the high reactivity of the activator dihydroxysuccinimide (DHS) with water and oxygen, 

bringing to an unsuitable monolayer for the next step. Once leaving the AUT chip into 

the activation solution overnight, the chip was straightway put in the new solution of CD, 

for the last step, as indicated in Campina et al351 (Fig 7.2). 

Following functionalization, the characterisation of the AUT+CD monolayer was 

performed. The analysis was conducted on three chips with six measurements for each 

chip. We were considering an expected length of 2.1 nm for the molecule AUT+CD351. 

The average of all the measurement gives us a thickness of 2.9 nm with a standard 

deviation of 2.2 nm. The results were very different from the desired value. The high 

standard deviation at 2.2 nm indicates a heterogeneous film on the surface. The advancing 

angle contact angle was 57o and under 20 degrees for the receiving angle: 

 

Ellipsometry Contact Angle 

Thickness = 2.9 nm Adv = 57° Rec < 20° 

 
 

St Dev = 2.2 nm 

St Dev Adv = 10° 
 

St Dev Rec = 5° 

 

 

Figure 7.3.4 Ellipsometry and contact angle data of the AUT+CD surface. 

 
No significant changes were observed in the contact angle data comparing with 

the AUT surface. This provides the first indication that the cyclodextrin functionalisation 

may have failed, with the water from the analysis washing off the cyclodextrin from the 

surface. Substantial changes in the ellipsometry data confirm instead the presence of the 
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cyclodextrin on the surface but with a standard deviation too high (2.2 nm) to prove the 

correct chemical adsorption of the cyclodextrin on the AUT surface. 

An innovative and different approach was needed, as it was assumed that the 

problems might be related during the activation step due to faster degradation of the 

DHS351, determining the CD unable to attach the surface. To prove that, a parallel 

synthesis was performed in solution at a higher concentration trying to understand if the 

activator was not degrading too fast and the CD was capable of bonding to our surface 

covalently. Cysteamine (2-carbon chain) (1) instead of AUT (12-carbon chain) was used 

as it presents a higher solubility at higher concentrations and the amino and thiol groups 

exhibit the same reactivity in both molecules. The Cysteamine 0.5 M and the DHS 0.5 M 

(Fig 7.3.5 compounds 1 and 2) were mixed in 5 ml DMF, after two hours CD 0.5 M was 

added to the solution. 

 

 

Figure 7.3.5 Scheme of degradation steps of the synthesis of Thiol-CD. Both reagents 

reaction, Cysteamine (1) and DHS(2), and intermediary compound (3) may be degraded 

by exposition to the air or water, leading to a low yield product (4). 
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A mass spectra showed only the cyclodextrin non-functionalized. From the mass 

spectra, it was expected a signal at 1237 m/z related to compound 4 in figure 7.3.5.It was 

evident that the cyclodextrin has not been reacting with the succinimidyl Cysteamine 

(compound 3 fig 7.3.5) as it presents two signal belonging to the original molecular 

weight 1135 m/z and 1152 m/z (fig 7.3.6). This proves that the DHS degrades too fast to 

provide an efficient synthesis, as also theorised by this study351. 

 

 

 

 

 
Figure 7.3.6. Mass spectra of unreacted CD. Two signals can be noticed of the unreacted 

CD: 1135 m/z which is the signal for the pure CD, and 1152 m/z the signal of the 

cyclodextrin carries a sodium atom in its cavity. 

Although this represented a novel fabrication technique, there are inherent issues 

with the system as shown previously. The activator used in the second step goes fast under 
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degradation, inducing many imperfections in the system after the nanofabrication, as was 

also confirmed by literature351. Another problematic aspect is represented by the self- 

assembly of thiolated amines, due to their tendency to dimerise as commented by Riet et 

al36. They proposed that the strong hydrogen bonding between two amino groups or two 

acid groups, resulting in dimers, is the cause of the formation of a bilayer during the self- 

assembly on the surface (fig 7.3.1). 

 

 
Figure 7.3.7 The secondary reaction is affecting the SAM nanofabrication. Once the SAM 

is activated with DSC (Fig 7.2-B), it may react with the water of the environment 

determining two scenarios unable to bind the Cyclodextrin (D and E). 

As the monolayer presents many difficulties in fabrication, it was decided to 

simplify the nanofabrication method by functionalizing the cyclodextrin directly with the 
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thiol due to their high affinity to gold353.With this new approach the entire carbon chain 

of the aminoundecanethiol is completely removed (molecule C fig 7.2) and now the thiol 

group is part of the glucose monomer (fig 7.3.8). From Stoddart’s work 354, the chemical 

absorption of the Heptakis-(6-deoxy-6-mercapto)-beta- Cyclodextrin (β-CD–(SH)7) on 

the surface was analyzed, even if some imperfections onto the layer were observed by 

Cyclic Voltammetry. 

Based on these results, new surface design and concept were created. New 

molecules were designed to provide a facile bottom-up fabrication, avoiding the use of 

any highly reactive molecule. In this way, no degradation can interfere with the correct 

packing of the SAM. In this new strategy, the CD is functionalized directly with the thiol 

group forming the β-CD–(SH)7 (fig. 7.3.8). 
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Figure 7.3.8 The β-CD–(SH)7 used in the following series of experiments. It can be 

noticed that the thiol group (SH) is now substituting the previous hydroxyl group. This is 

in order to allow the self-assembly of the cyclodextrin to the gold surface. 
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7.4 Nanofabrication and characterisation of the β-CD–(SH)7 

SAM 

 
7.4.1 Contact angle, ellipsometry and XPS characterisation 

 
The molecule used for the new functionalization method was the β-CD–(SH)7. First 

studies were performed for obtaining the best conditions for SAM formation. Several 

chips were used for these experiments at different concentrations and incubation times: 

 0.1 mM in Dimethylformamide (DMF) for 12h 

 

 0.1 mM in DMF for 24h 

 

 0.1 mM in DMF for 48h 

 

 1 mM in DMF for 12h 

 

 1 mM in DMF for 24h 

 

 1 mM in DMF for 48h 

 
DMF was selected to have the maximum solubility power. For the contact angle 

data, the β-CD–(SH)7 SAM shows a hydrophilic property (Figure 7.4.1), due to their 

value lower than 90°, as hydrophobic surfaces are the one exposing a contact angle above 

90°355. These hydrophilic surface characteristics are due to the hydroxyl groups on the 

external wall of the CD molecules. It is possible to observe a decreasing in their 

hydrophilicity and in other words an increasing in hydrophobicity, with an advancing 

contact angle varying from 250 degrees for the 0.1 mM 12 h, to 550 degrees for the 1 mM 

48 h sample. 
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Figure 7.4.1 Contact angle data of β-CD–(SH)7. The hydrophobicity increases by 

increasing concentration and incubation time, probably meaning that the β-CD–(SH)7 is 

assembly with the cavity ( the main contributor to the hydrophobic character) facing up. 

The sample incubated at 0.1 mM for 12 h, showed the highest hydrophilicity 

among all the other samples with an advancing angle of 25.6 degrees with a standard 

deviation (SD) of ±2.5, and a receding angle of ≅18 degrees and a SD of ±2.1. This is 

likely since the cyclodextrin is laying on the surface but with the side walls facing the 

surface. The samples 0.1 mM for 24 and 48 h and the sample 1mM for 12 hours showed 

a pretty similar polarity, showing an advancing contact angle respectively of 40.1, 39.7 

and 38.9 degrees with a SD of ±1.5, 1.8 and 1.3 respectively, and a receding angle of 26.7, 

27.9 and 23.4 degrees with a SD respectively of ±1.6, 1.9 and 2.0. With the samples of 1 

mM for 24 h, the hydrophilicity decreased even further with an advancing angle of 45.1 

degrees and a SD of 4.5 and a receding angle of 29.3 degrees and a SD of ±3.6. The last 

sample measured was the 1 mM for 48 h that showed the lowest hydrophilicity with an 
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advancing angle of 53.2 degrees and a SD of 3.6, and a receding angle of 39.3 degrees 

and a SD of ±2.7. These increased trending in hydrophilicity can provide some 

indication of the orientation of the CD macrocycle on the surface with a more exposed 

hydrophobic cavity at the interface. Remarkable differences were observed between 0.1 

mM for 24h and 1 mM for 48h; the other conditions show comparable (intermediate) 

advancing and receding contact angles. 

The hysteresis, which means the difference between the advancing and the 

receding angle (θAdv -θRec), for all the β-CD–(SH)7 SAMs range between 80 to 15o (fig 

7.4.1). This relatively small hysteresis indicates the possibility of a SAM with an 

ordered self-assembly and low amount of imperfections. 

From the contact angle data, it is possible to see an increase in the hydrophobic 

property by increasing the concentration and the incubation time. Based on the fact that 

the cyclodextrin has a hydrophobic cavity with a hydrophilic external part, it is possible 

that not only the cyclodextrin is retained on the surface, but it is also facing up the cavity. 

These data suggest that the cyclodextrin is also acquiring the ideal orientation to make 

the surface interact expectedly with our proteins. 

The β-CD–(SH)7 results were compared with the 6-thiol glucopyranoside (TGP) 

which represents the monomer of the β-CD–(SH)7. This approach was chosen to verify 

if the cavity or the rigidness of the molecule provides certain specific characteristics to 

the SAM (fig.7.4.2). 

The same conditions and concentration solutions were kept with the only difference 

that instead of β-CD–(SH)7, TGP was used for SAM formation. Again, the solutions used 

were: 
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 0.1 mM in (Dimethylformamide) DMF for 12h 

 

 0.1 mM in DMF for 24h 

 

 0.1 mM in DMF for 48h 

 

 1 mM in DMF for 12h 

 

 1 mM in DMF for 24h 

 

 1 mM in DMF for 48h 
 

 

 

 

 
 

 

Figure 7.4.2 The eptamer β-CD–(SH)7 and the monomer TGP and their related 3D 

projection. 

Different behaviour was observed in the case of TGP contact angle measurements 

(fig. 7.4.3). For the 0.1 mM for 12h, it was possible to observe an advancing angle of 

25.2±2.3 degree and a receding angle of 20.5±3.7 degree. Slightly increased 

hydrophobicity was observed in 1mM 24 h sample with an advancing angle of 33.2±1.8 
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degrees and a receding angle of 27.3±2.6. Similar polarity was observed in the other 

samples 0.1 mM 48 h and 1 mM 12, 1 mM 24, and 1mM 48 h, which showed respectively 

an advancing angle of 29.1±1.7, 28.5±1.6, 32.1±1.8, 33.3±1.6 degrees and a receding 

angle of 28.9±1.8, 25.1±1.6, 30.5±1.9, 24.9±1.3. In the case of the β-CD–(SH)7, it was 

noticed a crescent hydrophobicity by increasing the concentration and incubation time 

(fig 7.4.1). Instead for the contact angle of the TGP (fig 7.4.3), relatively high 

hydrophilicity was observed, and no trends were possible to be suggested as the results 

are similar among them despite different concentrations and incubation times. However, 

the hysteresis seems to be relatively small also in this case (fig 7.4.3), suggesting that also 

TGP surface possesses a relatively high grade of the order. 

 

 

 

 
Figure 7.4.3 Contact angle data of the TGP at a concentration of 0.1 and 1 mM with an 

incubation time of 12, 24 and 48 hours. 

Following contact angle analysis, the studies progressed to understand how the 

thickness changes for all different SAM preparation conditions. The ellipsometry data 
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show thickness values close to the theoretical dimensions of the CD molecules, i.e. 0.78 

nm356, except for the 0.1 mM 12h sample. These findings are in agreement with these 

SAMs being packed with the CD orientated with the macrocycle parallel to the plane of 

the gold surface. The theoretical outer diameter of the CD is approximately 1.54 nm356, 

suggesting that for the 0.1 mM 12h β-CD–(SH)7 SAM the macrocycle might be 

orientated perpendicular to the gold surface. The experiment were conducted with 3 

sample surface for each condition change, with the thickness measured in three different 

spot for every surface.  The surfaces were cleaned with piranha solution and then 

immersed into different β-CD–(SH)7 solutions.  The sample of the β-CD–(SH)7 (Fig 

7.4.4 left) of 0.1 mM for 12 h showed a thickness of 1.61±0.19 nm. Samples of 0.1 mM 

24 h with a thickness of 0.79±0.21 nm. The 0.1 mM 48h condition shows a thickness of 

0.78±0.16 nm. 1 mM 12 h : 1.05±0.10 nm. 1 mM 24 h: 0.99±0.11 nm. 1mM 48 h: 

0.92±0.07 nm. The ellipsometry data of TGP (Fig.7.4.4 right) showed a thickness of : 

1.00±0.09, 0.78±0.11, 0.79±0.07, 0.58±0.08, 0.78±0.07, 0.93±0.03 nm respectively for 

0.1 mM 12, 24, 48 h and 1 mM 12, 24 and 48 h. Differences, especially for the 0.1 mM 

12h, were noticed between the ellipsometry data of TGP (Fig.7.4.4 right) and β-CD– 

(SH)7 (Fig 7.4.4 left), but all of them relatively close to the theoretical value of β-CD– 

(SH)7 and TGP of 0.78 nm. So far, with the ellipsometry data and the contact angle data, 

we were capable to assume respectively that the SAM formation is taking place on the 

surface and that the β-CD–(SH)7 is orienting with the cavity facing up for higher 

concentration and time incubation. 



111  

Th
ic

kn
es

s 
(n

m
) 

Th
ic

kn
es

s 
(n

m
) 

 

 

 

 

 

 
 

 
 

2 2 

1.8 1.8 

1.6 1.6 

1.4 1.4 

1.2 1.2 

1 1 

0.8 0.8 

0.6 0.6 

0.4 0.4 

0.2 0.2 

0 
 

 

0 
 

 

 

Figure 7.4.4 Ellipsometry data of the β-CD–(SH)7 (left) and TGP (right) at a 

concentration of 0.1 and 1 mM, with an incubation time of 12, 24 and 48 hours. The      

1 mM concentration for 48h incubation is the results similar to the expected measurement 

(0.78 nm) with the smallest standard deviation either for the β-CD–(SH)7(left) and TGP 

(right). 

The XPS experiments provided a further understanding of the SAMs packing. 

XPS data confirms the formation of the β-CD–(SH)7, showing on all surfaces signals 

from binding energies of the S (2p), (Fig 7.4.6, 7.4.7, 7.4.8). In all the pictures it was 
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evident a peak in the area of 162 eV and another at 164 eV, which indicated the presence 

respectively of sulphur bonded to gold and sulphur unbounded in the form of the thiol 

group (SH)66. It was possible to notice that in the case of the samples with higher 

incubation concentration (1 mM 12h, 24h and 48h) if compared with those at lower 

concentration 0.1 mM 12 h, 24h and 48h), the peak at 164 eV increased in area, proving 

that more unbounded sulphur was observable by increasing the concentration incubation. 

Interestingly, also the ratios of S/Au (Fig 7.4.5 left) and bound (S-Au) to unbound (SH) 

sulfur (Fig 7.4.5 right) vary, depending mainly on the concentration used. Taking into 

account the ratio S/Au for the samples 0.1 mM 12 h and 0.1 mM 24h we observed a 

similar value: 0.059±0.005 and 0.058±0.002 respectively. For the 0.1 mM 48h, we 

observed an increased ratio of S/Au of 0.071±0.009. These initial numbers determine that 

more β-CD–(SH)7 and thus more thiol groups, are laying on the surface but not all the 

thiol groups are bounding to it. This increase in S/Au ratio was even more remarkable for 

the 1 mM concentration samples. For 1 mM 12 h we had a ratio S/Au of 0.099±0.009. 1 

mM 24 h with a ratio of 0.110±0.004 and for 1 mM 48h a ratio of 0.139 ±0.019). More 

evidence of β-CD–(SH)7 laying down on the surface without bonding to it completely 

was pointed out by calculating the percentage coverage of sulfur bounded and unbounded. 

For the 0.1 mM 12h, we calculated a 72/28 % bounded/ unbounded sulfur. For the 0.1 

mM 24h: 75/25% , 0.1 mM 48h: 63/27%, 1mM 12h: 51/49%, 1mM 24h: 52/48%, and 1 

mM 48h: 41/59%. 

The SAMs created by incubation of a 0.1 mM β-CD–(SH)7 solution exhibited the 
 

highest ratio of bound sulfur, even after only 12 h of incubation. Taking into account that 

β-CD–(SH)7 has a total of 7 thiol group (SH), and counting that the 0.1 mM has a 

percentage 72, 75 and 63 % of bounded sulfur (respectively for 12, 24 and 48 h). We 
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assumed that the β-CD–(SH)7 is bounding the surface via an average of five or four sulfur 

group. The same observation, in the case of the 1 mM we calculate 51, 52 and 41 % of 

bounded sulfur. Leading us to think that β-CD–(SH)7 is bounding the surface via an 

average of 3-4 sulfur group. 

As previously reported357, this difference in the number of covalent bonds formed 
 

can affect lateral diffusion during SAM formation and consequently surface molecular 

coverage. Indeed, the increased mobility restrictions imposed by the multiple thiol 

anchors associated with SAMs fabricated from 0.1 mM solutions could explain the lower 

sulfur content at these surfaces as established by calculating the XPS S/Au ratios. On the 

other hand, the higher sulfur content in SAMs formulated in a 1 mM solution indicates a 

more tightly packed monolayer when compared with the SAMs formed from the 0.1 mM 

concentration. This characteristic is essential for protein surface immobilisation since 

sparsely packed CDs on the surface could lead to non-specific binding. 
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Figure 7.4.5 The amount of sulphur/gold ratio (left) and the percentage coverage of 

sulphur for each SAM preparation condition as analysed on the surface during XPS 

experiments. 
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Figure 7.4.6 XPS sulphur signal β-CD–(SH)7 at incubation concentration of 0.1 mM (up) 

and 1 mM (down) and an incubation time of 12 hours. The peak of the unbounded sulphur 

(SH) has increased with the increasing of the concentration. 

 

 

 

 

 

 

 

 

 

 

 

167 166 165 164 163 162 161 160 159 

Binding energy (eV) 

 

 

 

 

 

 

 

 

 

 

 
167 166 165 164 163 162 161 160 159 

Binding Energy (eV) 

in
te

n
s
it
y
 (

a
.u

.)
 

In
te

n
s
it
y
 (

a
.u

.)
 



115  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4.7 XPS Sulphur signal β-CD–(SH)7 at incubation concentration of 0.1 mM (up) 

and 1 mM (down) and an incubation time of 24 hours. Again as in figure 7.4.6, the peak 

of the unbounded sulphur (SH, 164 eV) has increased with the increasing of the 

concentration. 
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Figure 7.4.8 XPS Sulphur signal β-CD–(SH)7 at incubation concentration of 0.1 mM 

and 1 mM and an incubation time of 48 hours. 

 
 

The XPS of the TGP was taken at 0.1 mM and 1 mM for 24 hours. The analysis 

was done to prove the self-assembly of the sulfur-based molecules was effectively 

occurring on the surface. The same behaviour was observed for both example 

concentration 0.1 mM and 1 mM TGP where the surface coverage of bounded sulphur 

was higher of the unbounded sulfur. 
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Figure 7.4.9 XPS spectra of TGP at 0.1 mM (above) and 1 mM (down) for 24 hours. The 

peak at 162 is the sulfur bonded to gold, at 164 the sulfur unbonded (SH). 

 

 

7.4.2 Cyclic Voltammetry 

 
Cyclic Voltammetry (CV) studies were carried out to further ascertain the density 

or permeability of the β-CD–(SH)7 SAMs. Since β-CD moieties are known to form stable 

complexes with ferrocene and its derivatives354, ferrocene carboxylic acid (FCA), which 
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is water-soluble, was used as a redox-active molecule to quantify the β-CD surface 

coverage or potential space between β-CDs. The chips were incubated as usual in the β- 

CD–(SH)7 solutions following the first step procedure of cleaning the gold in a piranha 

solution for 8 minutes, then washed with Milli-Q water and dried under an argon flow. 

The chips were also incubated in solutions of 0.1 & 1 mM of β-CD–(SH)7 for 12, 24 and 

48h and then directly incubated for 4 hours in a solution of 0.1 M of FCA in DMF. 

 

 

 

Figure 7.5.1 Scheme of the cyclic voltammetry experiment. In the first step, the surface is 

functionalized with CD, following by chip incubation into a solution of ferrocene to 

measure the electrical conductivity of the SAM. 

 

 
After the incubation, the chip was washed gently again with Milli-Q water to 

eliminate the excess of FCA accumulated on the surface. During the FCA incubation, the 

electrochemical chamber for the CV experiment was prepared. The electrolytic solution 

used during the CV experiment was a solution of 0.2 M of sodium sulphate previously 

degassed with continuous argon flow. The analysis was conducted in a range of 0.1 V 

and 0.8 V at different scan rates going from 300 mV/sec to 3 mV/sec. Subsequently, the 
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oxidation and the reduction processes of FCA at the modified gold surfaces were 

investigated by cyclic voltammetry (Figure 7.5.2). 

The cyclic voltammograms associated with surfaces modified with 1 mM SAM 

displayed the lowest anodic and cathodic current peak intensities. Interestingly, the peak 

separation observed at CVs obtained with the bare gold and at the 0.1 mM and 1 mM 

SAM-modified surfaces yielded peak separations of 49 mV, 41 mV and 32 mV 

respectively. When peak separations fall below 59 mV, this is indicative of an 

electrochemical surface-bound process358. This is also supported by the data in Figure 

7.5.2, which represents the average of anodic peak currents obtained at varying scan rates 

of the different concentration at different incubation time (i.e. 0.1 mM for 12h, 24h, 48h 

and 1 mM for 12h, 24h, 48h). 
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Figure 7.5.2 Cyclic voltagramm of SAMs fabricated with DMF solution of β-CD–(SH)7 

at the concentration of 0.1 mM, 1 mM, and bare gold (left). Coverage of the ferrocene 

(right) over the surface at bare gold, 0.1 mM and 1 mM. 
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Linearity in the growing of peak current with scan rate indicates that the ferrocene 

is bound to the surface354 (Figure 7.5.3). If it were under diffusion control, the peak 

current would be predicted to grow in an exponential rate. Interestingly, the higher 

concentration of CD results in a lower peak separation, which is indicative of a faster 

electron transfer kinetics vs the modified surface with the lower concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5.3 Plot of the peak current vs the scan rate at different CD SAMs concentration. 

The linear trend of all the measurements indicates that the redox reactions are occurring 

only at the surface of the gold chips (electrode). 

 
 

Based on the CV data collected for all different SAM conditions (i.e. 0.1 mM, 

12h, 24h and 48h and 1 mM, 12h, 24h and 48h) significant peak intensity signal could be 

observed only in the cases of different SAM concentrations (0.1 mM and 1 mM) but not 

for different incubation times (12h, 24h, 48h). The surface coverages (Γ) were determined 

according to the Laviron-derived equation for surface-confined electroactive species359: 

Γ = 
 Ip4RT  

n2F2Aν 
(1) 

600 500 400 300 

Scan Rate (mV/s) 

200 100 

y = 0.0881x + 2.0372 
R² = 0.9944 

0 

y = 0.047x - 0.4552 
R² = 0.9886 

y = 0.3515x + 0.7072 
R² = 0.9958 

Bare Gold 0.1 mM 1 mM 

200 

180 

160 

140 

120 

100 

80 

60 

40 

20 

0 

P
ea

k 
C

u
rr

en
t 

(m
ic

ro
A

) 



121  

Where Ip represents the peak current, R the gas constant, T the temperature, n the 

number of electrons involved in the Fe redox reaction (n=1), F the Faraday Constant, A 

the electroactive area (A= 0.785 cm2) and 𝜈 the scan rate (𝜈 = 0.3 V/s). 

 

 
 

 

Figure 7.5.4 The β-CD–(SH)7 dimensions. It is a basket-shape molecule with an external 

diameter of 1.54 nm, an internal diameter of 0.65 nm, and a length of 0.78 nm. 

 
 

For reference purposes, we calculated the maximum theoretical ferrocene 

coverage (MTFC) on a β-CD–(SH)7 SAM. It was determined by considering the 1:1 

complexation between the CD and ferrocene and a theoretical outer diameter of the β-CD 

of 1.54 nm 356 (Figure 7.5.4). The MTFC found to be 8.9 x 10-11 moles/cm2 as 

demonstrated by the following: we take into consideration the outer diameter of the 

cyclodextrin to assume that the area occupied by a single cyclodextrin molecule (ACD) 

standing up is equal to the area of the circle. 

 
 

ACD= 𝜋 𝑟2 (1) 

 

 
where r = 0.77 nm, considering a diameter of 1.54 nm 

 

ACD=  1.86 𝑛𝑚2 (2) 
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All converted in cm2
 

 

ACD= 1.86 𝑒10−14 𝑐𝑚2 (3) 
 

We multiply the ACD for the Avogadro constant (NA) to know the area occupied 

by one mole of β-CD–(SH)7 (Amol) 

𝐴𝑚𝑜𝑙  =  𝑁𝐴   ∗ 𝐴𝐶𝐷 

 

𝐴𝑚𝑜𝑙 = 6.022 𝑒1023 ∗ 1.86 𝑒10−14 
 

𝑐𝑚2 
𝐴𝑚𝑜= 11.21 𝑒109    

𝑚𝑜𝑙 
 

And then inverted as we want to express the surface coverage of a determined 

amount of moles over 1 cm2
 

𝛤 = 8.9 𝑒10−11 
𝑚𝑜𝑙

 
𝑐𝑚2 

(4) 

 
 
 

When comparing this value with the higher values obtained for the 0.1 mM SAMs, 

it becomes evident that on the 0.1 mM SAMs the ferrocene is also interacting directly 

with the gold surface, thus increasing the overall current associated with the ferrocene 

electrochemistry. This behaviour is likely to be due to entrapment of ferrocene between 

the CD moieties indicated by the relatively larger peak separation. 

In cyclic voltammetry, the resultant current has two contributions. One is faradaic, 

and another is capacitance (charging currents). The charging current is higher (~16.2 µA) 

at the surface modified with the lower concentration of CD versus higher concentration 

(~8.0 µA). This behaviour occurs due to the lower packing density of the SAM, meaning 

that ions can migrate to and from the electrode surface more readily in a given time, giving 

rise to the observed increase in charging current.360–362  Thus, the results suggest that the 

0.1 mM SAMs form loosely-packed structures, wherein the spaces between β-CD–(SH)7 
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molecules are large enough for the ferrocene molecules to partake in the electrochemical 

reaction at the bare gold surface. This brings to an electrochemically active area greater, 

which results in the larger currents. In contrast, the 1 mM SAMs display ferrocene surface 

coverages below but closer to the MTFC on a CD SAM, thus suggesting that ferrocene 

mainly complexes with CDs on the surface due to the presence of a close-packed 

monolayer. The results comparison indicates that the optimal condition was reached when 

a CD concentration of 1 mM. Among all the samples in 1 mM concentration the 24h was 

the one closer to the MTFC and thus the sample that was chosen for our SPR analysis. 

 

 

7.5 Conclusions 

 
In this chapter, a protein structure survey was performed in order to determine 

possible attaching points on the protein, capable of fitting into the cavity of the β-CD– 

(SH)7. In all of the proteins analysed, there were several attaching points that render the 

protein suitable for our cyclodextrin surface. Once this was established, the analytical 

techniques on the surface provided information regarding the packing and orientation of 

the CDs on the different β-CD–(SH)7 SAMs (i.e. 0.1 mM, 12h, 24h and 48h and 1 mM, 

12h, 24h and 48h). The ellipsometry provided information regarding the SAM thickness, 

and it was close to the one expected for almost all the samples except for 0.1 mM 

concentration for 12 hours. The contact angle indicates that the cyclodextrin is exposing 

the cavity during the self-assembly at high concentrations and for longer periods (1 mM 

for 24 and 48 hours). The cyclic voltammetry provided information regarding the surface 

coverage. Different peak signals could be observed only in the cases of different SAM 

concentrations (0.1 mM and 1 mM) but not for different incubation times (12h, 24h, 48h), 

and providing an optimal behaviour for the samples incubated at 1 mM. The XPS, as the 
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cyclic voltammetry, also indicate as optimal surface those samples incubated at 1 mM, 

since they exhibit more surface diffusion, which leads to a better surface packing. Each 

of the analytical techniques provided information regarding the packing and orientation 

of the CDs on the different β-CD-(SH)7 SAMs. Based on hydrophilicity, the thickness of 

the monolayers, and the number of bound thiols, the CDs in both 0.1 and 1 mM SAMs 

are predominantly oriented with the macrocycle cavity exposed at the interface. This 

orientation allows for maximum contact between the hydrophobic amino acid in the 

protein and the apolar CD cavity. However, the concentration used for SAM formation 

affects the packing of the CDs on the gold surface. As highlighted by the reduced amount 

of S/Au ratio and increased permeability as demonstrated by CV, SAMs fabricated with 

0.1 mM solutions exhibited a less well-packed structure of CDs. Among all the 1 mM 

series analysis performed with the cyclic voltammetry (fig 7.5.2 right) the 24 hours 

incubation was the one that showed a surface coverage closest to the theoretical one (page 

115 equation 4).Thus, based on these findings, 1 mM SAMs incubated for 24 h was 

chosen as the optimum surface to promote high protein binding while simultaneously 

limiting the nonspecific binding through the presence of a packed CD surface. 
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8. Affinity characterisation of the protein-surface 

system 

 
Now that the optimised conditions of SAM formation have been defined, the 

second phase of the research work was to demonstrate that protein immobilisation on the 

surface could occur. In this chapter, the attention will be focused on the interaction of the 

surfaces with the proteins. Two kinds of analysis were conducted to demonstrate the 

protein interaction with cyclodextrin-functionalised surfaces: 

i) surface plasmon resonance (SPR) for the plasmonic detection of the 

protein-surface interaction, 

ii) Time of flight secondary mass spectrometry (TOF-SIMS) to give data 

on the chemical composition of the surface after the interaction with the 

protein. 

For any analysis, we will briefly introduce the recent advances of these tools to 

demonstrate the effectiveness and the importance of the related data to our research. 

Thanks to the TOF-SIMS and by analysing the data, we will also suggest an indirect 

observation of the possible protein orientation (Cyt C) on our supramolecular surface. 

The experiments were carried out by Dr David J. Scurr and Anna M. Kotowska at School 

of Pharmacy, University of Nottingham. 
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8.1 Surface plasmon resonance (SPR) 

 
The β-CD–(SH)7 surface was investigated by SPR to identify the binding affinity 

of this functionalised surface with different proteins. The experiments were performed on 

1 mM for 24h. The cleaned surface was immersed into a solution of 1 mM of β-CD– 

(SH)7 in DMF. The surface was rinsed with MilliQ water and inserted into the sample 

chamber of SPR. The experiment was performed at 15 µl/min flow rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.1.1 SPR sensorgram illustrating several cycles of Cyt C injection (0.07, 0.15, 

0.3, 0.6, 1.2, 2.5, 5 mM) and regeneration (NaOH 10 mM) and their relatively SPR 

response. 

 

 
 

Figure 8.1.1 shows an increased baseline on the last injection of 686 RUI. The 

protein was injected several times, each time with a double-increased concentration (0.07, 

0.15, 0.3, 0.6, 1.2, 2.5, 5 mM). Between any protein injection, a regeneration step was 

needed to restore the surface from any possible protein traces. The regeneration step was 
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a five-time injection of sodium hydroxide 10 mM. The surface was not completely 

restored due to two possible factors: the first is represented by a regeneration solution that 

is not capable of breaking the interaction between the protein-surface. 

The second problem to consider is that the non-well packed surface exposes the 

bare gold to the protein interaction (physical adsorption) (fig 8.1.2). This could represent 

a problem giving the fact that metal square surfaces can denaturate proteins113 

compromising the SPR analysis. To discard both problem possibilities, it was used 

sodium dodecyl sulphate (SDS) 10 mM solution for three injections, as indicated in the 

literature for protein desorption on surface363. 

 

 

 

 

 

Figure 8.1.2 The two possible outcomes of the SPR analysis involving either a well- 

packed assembly or incomplete self-assembly. 

Fig 8.1.3 showed improved experimental conditions. The baseline gap has 

decreased compared to the previous experiment, and the regeneration cycles from 5 times 

were dropped to 3. This effect represents an improvement as it proves that the SDS is 

regenerating the surface in a better way than NaOH. 
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Figure 8.1.3 SPR sensorgram illustrating several cycles of Cyt C injection (0.15, 0.3, 

0.6, 1.2, 2.5, 5 μM) and using SDS as regeneration molecule. The baseline gap has now 

decreased from 686 RUI (figure 8.1.1) to 314 RUI. 

After the first series of experiments, it was believed that the imperfections in the 

SAM were still too crucial in the interactions between the surface and the protein. To 

minimise this problem, an additional step was introduced before using the chips on the 

SPR. The chips were incubated in a solution of 2-mercaptoethanol 1 mM for 2 hours to 

fill up the bare gold spaces (fig 8.1.4). 

 

 
Figure 8.1.4 Diagram of the self-assembly of the spacer for the minimisation of layer 

imperfection. In the second step, the 2-mercaptoethanol is used in order to cover possible 

imperfections given by the first self-assembly of the cyclodextrin on the surface. 
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Figure 8.1.5 SPR sensorgram illustrating several cycles of Cyt C injection (0.15, 0.3, 

0.6, 1.2, 2.5, 5 μM) and regeneration after the addition of the spacer. 

In case of only cyclodextrin contribution in the interaction, we should observe an 

initial exponential growth of the signal followed by a plateau. The plateau indicates that 

the surface is saturated and no more signal growth can be observed by increasing the 

concentration. However, the protein signals in the figure 8.1.5 present a linear growth in 

compared to the protein curves in fig 8.1.3, and major concentration of protein is needed 

to reach a saturation point. This was due as the spacer is not inert and now plays an 

essential role during the SPR experiment. By not letting the protein anymore to be 

retained on the surface with a specific bond, now the saturation point and the plateau are 

much more difficult to reach as the spacer play an even more prominent role than the 

cyclodextrin cavity. The sensorgram, in this case, showed a decrease in affinity for the 

surface-protein system. By considering this scenario, the spacer was not further explored 

as a viable way to fill up the potential imperfections on the surface. 
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Another possibility to improve the general surface performance was to explore 

other buffers. The phosphate buffer was changed to the 2-(N-morpholino)ethanesulfonic 

acid (MES) buffer as proved to be suitable for SPR experiments364. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1.6 SPR sensorgram illustrating several cycles of Cyt C injection (0.15, 0.3, 

0.6, 1.2, 2.5, 5 μM) under the MES buffer with an improved baseline gap of 15 RUI. 

The baseline gap dropped to 15 RUI after six injections, indicating that the MES 

buffer was performing better than PBS for the overall outcome of the experiments. This 

condition was applied to the other proteins investigated in this study. 

Once we adjusted the best conditions for our proteins, we were capable of 

extrapolating the SPR curves. Again as for XPS, contact angle and ellipsometry, the β- 

CD–(SH)7 surfaces were compared with the TGP. For the preparation of the glucose- 

terminated SAMs, the clean gold substrates were immersed for 24h in 1 mM DMF 

solutions of 6-thio-D-glucopyranose. Subsequently, the gold substrates were rinsed with 
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DMF and UHQ water and dried under an argon flow. The formation of the CD inclusion 

complexes with hydrophobic amino acids on the protein’s surface has a significant 

contribution to the SPR response, and other non-covalent interactions, such as hydrogen 

bonding, between the protein and the CD glucose units, also play a role. This effect has 

been demonstrated by creating a gold-tethered SAM of glucose moieties and conducting 

SPR analysis upon exposure to the different proteins. CDs are comprised of glucose 

monomers, and thus the glucose-terminated SAM embodies similar functionalities at the 

interface but where the apolar cavity is not present. All the proteins bind to the glucose- 

terminated SAMs even if the SPR response is significantly lower than that seen for the β- 

CD–(SH)7 SAMs. 
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Figure 8.1.7 Cytochrome C comparation response with TGP SAM(left) and with β-CD– 

(SH)7 SAM (right). Experiment concentrations 20 μM (orange), 10 μM (green), 5 μM 

(blue), 2.5 μM (yellow), 1.25 μM (grey), 0.6 μM (red). 

From the experiment with cytochrome C, it is visible a remarkable improvement 

on the protein-surface affinity, due to increased response for the curves with the same 

concentration. The increased response was observed in both association and dissociation 

phase. 
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Figure 8.1.8 Chymotrypsin comparison response between TGP SAM(left) and with β- 

CD–(SH)7 SAM (right). Experiment concentrations 20 μM (orange), 10 μM (green), 5 

μM (blue), 2.5 μM (yellow), 1.25 μM (grey), 0.6 μM (red). 
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Figure 8.1.9 RNase A comparation response between TGP SAM (left) and with β-CD– 

(SH)7 SAM (right). Experiment concentrations 20 μM (orange), 10 μM (green), 5 μM 

(blue), 2.5 μM (yellow), 1.25 μM (grey), 0.6 μM (red). 
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Figure 8.1.10 Insulin comparation response between TGP SAM(left) and with β-CD– 

(SH)7 SAM (right). Experiment concentrations 5 μM (orange), 2.5 μM (green), 1.25 μM 

(blue), 0.6 μM (yellow), 0.3 μM (grey), 0.15 μM (red). 

 
 

Protein immobilisation studies using SPR demonstrate the assembly of the 

chymotrypsin, insulin, RNase A and cytochrome C proteins on the β-CD–(SH)7 SAMs. 

The binding properties are dependent on the protein characteristics, but all proteins bound 

to the functionalized surfaces with high nanomolar/low micromolar dissociation 

constants (KDs) as shown in Table 2. 

The KDs were calculated based on the SPR responses at equilibrium (Req), which 

were plotted against the concentration of injected protein (Cp) and fitted to a 1:1 steady- 

state affinity model. The model utilises a nonlinear least-squares regression method to fit 

data to the Langmuir adsorption isotherm (Equation 2). The equation not only allows 

calculating KD but also the surface saturation response, Rmax. 
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Table 2. SPR-derived KD values for the interaction between the 1 mM β-CD–(SH)7 SAM 

and the different proteins and protein binding capacity of the surface. 

 

 
 

Protein 

KD (μM) Protein binding 

capacity 

(ng/nm2) 

Chymotrypsin 

Insulin 

RNase A 

 
Cytochrome C 

0.63 ± 0.20 

 
0.82 ± 0.35 

 
1.12 ± 1.04 

 
3.21 ± 0.90 

1.93 

 
0.55 

 
1.48 

 
1.78 

 

 

 

 

 
 

Req 
=  (

   Cp ) R 
Cp+ KD 

 

max (2) 

 

The interaction between a single CD and a hydrophobic ligand on the surface of 

a protein is weak, with KDs lying in the mM range.23 Thus, the recognition events 

occurring between the studied proteins and the CD–(SH)7 SAMs are characterised by 

multiple interactions acting simultaneously, affording more than 1000-fold increase in 

affinity. Chymotrypsin, insulin and RNase A display, within the error, comparable binding 

affinities, while cytochrome C binds to the surface with the lowest affinity (KD=3.21 μM). 

The lowest affinity obtained for cytochrome C might be associated with the lowest surface 

percentage
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of hydrophobic amino acids in this protein (insulin 25.5%; RNase A 19.9%; chymotrypsin 

19.0%; cytochrome C 15.6%). However, other parameters, which can include type, 

orientation and accessibility of hydrophobic amino acids at the protein surface, might 

play a role in the overall affinity obtained. 

As anticipated, the SPR response for the β-CD–(SH)7 SAMs and the different 

proteins is dependent on the molecular protein weight (Mw), with the lower Mw insulin 

displaying the lowest response. By considering Rmax and that 100 response units (RUs) 

are equivalent to 0.1 ng/mm2 38-39, the maximum protein binding capacity of the β-CD– 

(SH)7 SAM can be determined. As illustrated in Table 2, the β-CD–(SH)7 SAM possess 

a high capacity for protein binding with protein densities ranging from ~0.5 ng/mm2 to 

~2 ng/nm2, which are mainly dependent on the protein Mw. 

Moreover, due to the noncovalent nature of the CD–amino acid interactions, the 

captured proteins could be quickly released from the surface by exposure to sodium 

dodecyl sulfate (SDS). The sodium dodecyl sulphate is a surfactant capable of interacting 

with the cavity of the cyclodextrin weakly, but strong enough to remove any other 

hydrophobic moieties inside the cavity365. This makes the sodium dodecyl sulphate 

perfect for regenerating cyclodextrin cavities already occupied, and this “use-regenerate” 

cycle could be repeated multiple times with the minimal loss of binding capability. 

(Figure 8.1.12) 
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Figure 8.1.12. SPR responses from 9 SPR cycles that were performed using 2.5 μM 

Chymotrypsin PBS solution on 1 mM 24 h β-CD–(SH)7 SAMs, with three cycles of 

regeneration. 

 
 

To further demonstrate the effect and the importance of the β-CD–(SH)7 SAM 

for protein immobilisation, similar experiments were performed on clean gold surfaces, 

i.e. non-functionalised surfaces. The gold substrates were immersed in a piranha solution 

for 8 minutes and rinsed with alcohol and straightway analysed on the SPR. For the 

protein injection, a concentration of 2.5 μM for each protein was chosen and compared 

with the ones that were carried on a β-CD–(SH)7 SAM. 
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Figure 8.1.13 Injection of 2.5 µM of α-chymotrypsin on bare gold (up) and β-CD–(SH)7 

SAM (bottom). Both experiments lasted 1400 seconds in which there was a single 

injection of α-chymotrypsin followed by three regeneration steps with SDS 10 mM. The 

black line indicates the baseline. The SPR experiments include three major steps: protein 

injection (orange line), rinsing (green line), regeneration (dotted line). 

As the bare surface presents a high hydrophobicity, the protein tends to denaturate, 

meaning that also other protein parts start to interact with the surface104,105,122. It induces 

an increase in the SPR response when compared to the CD SAM surface. This interaction 

also seems more challenging to disrupt as the protein is not easily removed from the 

surface compared with the CD SAM surfaces (Fig. 8.1.13, 8.1.14, 8.1.15 and 8.1.16). The 
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injection signal on bare gold resulted in higher intensity when compared to the CD SAM. 

This fact, together with the impossibility to restore the surface, indicates a non-specific 

interaction between any protein analysed and the bare gold. 
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Figure 8.1.14 Injection of 2.5 µM of Cytochrome C on bare gold (up) and β-CD–(SH)7 

SAM (bottom) The black line indicates the baseline. The SPR experiments include three 

major steps: protein injection (orange line), rinsing (green line), regeneration (dotted 

line). 
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Figure 8.1.15 SPR sensorgram of 2.5 µM of Insulin on bare gold (up) and β-CD–(SH)7 

SAM (bottom). For the Insulin on bare gold again, the SPR response was increased and 

the regeneration impossible. The black line indicates the baseline. Three steps can be 

noticed: protein injection (orange line), rinsing (green line), regeneration (dotted line). 
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Figure 8.1.16 Injection of 2.5 µM of RNase on bare gold(up) and β-CD–(SH)7 SAM 

(bottom). The black line indicates the baseline. Three steps can be noticed: protein 

injection (orange line), rinsing (green line), regeneration (dotted line). 

For these SPR experiments we were capable to finally have a better understanding 

between the surface and the protein. SPR experiments performed with TGP SAM and 

with β-CD–(SH)7 SAM highlight the fact that the cavity plays an essential role in the 

interaction surface-protein. In some cases the SPR signal increased twice for the 

experiments using the β-CD–(SH)7 SAM. Later on, another control experiment was 

performed using the bare gold as surface with no SAM functionalising it, To further 

demonstrate the effect and the importance of the β-CD–(SH)7 SAM for protein 
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immobilisation. The signal appears to be higher than any experiment conducted with the 

SPR. This is since any group of the protein is interaction with the surface (not only the 

hydrophobic side chains) and the unspecific bonding such as (hydrogen bonding and 

dipole-dipole interaction are the main interaction for this kind experiments. On the 

contrary the use of β-CD–(SH)7 SAM allows us to have specific bonding by aiming only 

to hydrophobic side chains, allowing us to have a strong interaction without any protein 

denaturation. 

8.2 The TOF-SIMS analysis 

 
The TOF-SIMS experiment was performed by Dr David J. Scurr and Anna M. 

Kotowska, School of Pharmacy, University of Nottingham. 

TOF-SIMS studies were conducted to understand whether the β-CD–(SH)7 SAM 

can induce a particular protein orientation on the surface. Static TOF-SIMS, which allows 

analysing the outermost 2 nm of the surface with high chemical specificity, has been 

previously used366,367 to investigate the identity and orientation of surface-tethered 

proteins and a similar strategy was employed herein. 

Cytochrome C, which contains a rigid porphyrin ring coordinated with a single 

iron atom, was used as the model protein to be studied by TOF-SIMS. The SAM 

fabricated by incubation of a 1 mM solution of β-CD–(SH)7 for 24 hours was exposed to 

a 1 mM cytochrome C solution in PBS for 2 hours and subsequently rinsed in UHQ water. 

As a control, glucose-terminated SAMs were also exposed to identic cytochrome C 

incubation conditions. As further controls, TOF-SIMS analysis was also performed on 

bare gold and both β-CD–(SH)7 and glucose-terminated (TGP) SAMs (Figure 8.2.1). 
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Figure 8.2.1. Overlay of spectra showing glucose-terminated SAMs and β-CD–(SH)7 

SAMs with and without protein and bare gold samples. Regions of spectra focused on a) 

C5H9N2O3
+ and b)C34H33N4O4Fe+ peaks and show no advantageous contaminations from 

SAM layer. 

 

Since two types of chips, cytochrome C on glucose-terminated SAMs and 

cytochrome C on β-CD–(SH)7 SAMs, have the same overall chemical composition, 

statistical analysis was required to identify more subtle differences between samples. 

Variance patterns within the TOF-SIMS secondary ion peak intensities between 

cytochrome C on the β-CD–(SH)7 SAM and the glucose-terminated SAM were analysed 

by multivariate analysis to understand if differences in protein orientation could be 

inferred368,369. The TOF-SIMS relative ion intensities for cytochrome C on a β-CD–(SH)7 

SAM and cytochrome C on a glucose-terminated SAM are significantly different from 

each other (Figure 8.2.2) meaning that proteins are immobilised in two different way. To 

obtain more detailed information about protein orientation, the distinctive iron-porphyrin 

fragment (C34H33N4O4Fe+, 617.27 m/z) of cytochrome C was examined on both surfaces 

(Figure 8.2.3). 
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a) b) 

 

 
 

Figure 8.2.2. TOF-SIMS spectra of the Cyt C on a β-CD–(SH)7 SAM(red) and on glucose 

terminated SAM (blue). The different patterns between the two SAMs indicate a difference 

in orientation of the protein on the surface. 

 

 

Figure 8.2.3. (a) Pattern peak intensities for cytochrome C iron-porphyrin fragment, 

wherein the protein has been immobilised on either a glucose-terminated SAM or a β- 

CD–(SH)7 SAM. (b) Peak areas are normalised to total ion count. Each bar shows the 

peak area average of 12 measurements and standard deviation within the sample set. 

 
 

The ion intensity of the iron-porphyrin (Mw = 618 Da) in both protein surfaces 

are remarkably different, with a lower ion intensity for the protein immobilised on the β- 

CD–(SH)7 functionalized SAM (Figure 8.2.3 a). As static TOF-SIMS collects chemical 

information from outermost 2 nm of the surface, these results indicate that on the β-CD– 
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(SH)7 functionalized SAM, the cytochrome C prevalently adopts an orientation with the 

porphyrin ring pointing down towards the CD molecules and less available to the primary 

ion beam. On the glucose-terminated SAMs, the cytochrome C porphyrin ring is more 

exposed to the analytical probe, resulting in higher peak intensity. To support this 

hypothesis, other distinct fragments of cytochrome C were calculated using the following 

table from a previous study366. 

 

Table 3 The fragments signal list used to interpret the TOF-SIMS data. The table was 

taken from reference366. 

 

 

We focused on the signal at 145.10 m/z (C5H9N2O3
+), as a different behaviour was 

observed during the analysis on both glucose-terminated and β-CD–(SH)7 SAMs as the 
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peak is in this case is higher in the β-CD–(SH)7 SAMs (Figure 8.2.3 b). Following the 

table 3, the signal could correspond to tryptophan (W). However, it did not correspond to 

what we found (Figure 8.2.4) as if the signal at 145 is the tryptophan, also the signals at 

159 and 170 should have the same behaviour as they are fragments coming from the same 

molecule. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2.4 signals from Glucose-terminated SAM and β-CD–(SH)7 SAM. 

 

It was clear from the beginning that something else was influencing the signal at 145.10, 

as 145.10 should have the same trends as 159.08 and 170.07 m/z in both SAM samples. 

It was supposed that a dimer or even a trimer of amino acids should influence the analysis. 

Through combinatorial calculus of all the amino-acids with the peptide fragmentation 

calculator, it was discovered that the signal at 145.10 can also indicate the Gly1-Asp2 

residue at the beginning of the amino-acid chain of the cytochrome C (Figure 8.2.5), 

which is located at the opposite side of the cytochrome C compared to the porphyrin ring 

(Figure 8.2.6). In this case, the trend in both protein surfaces is inverted, with a higher ion 

intensity for the protein immobilised on the β-CD–(SH)7 SAM (Figure 8.2.3b). This 

suggests that the CD cavities in the β-CD–(SH)7 functionalized SAM are capable of 

inducing a defined protein orientation, which is different from that caused by other non- 

covalent interactions as in the case of the glucose-terminated SAM. There is the 
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likelihood that, this orientation is dictated by the position of the hydrophobic amino acids 

on the protein surface that can form stronger interactions with the surface-tethered CDs. 

10 20 30 

GDVEKGKKIF VQKCAQCHTV EKGGKHKTGP 

40 50 60 

NLHGLFGRKT GQAPGFTYTD ANKNKGITWK 

70 80 90 

EETLMEYLEN PKKYIPGTKM IFAGIKKKTE 

100 104 

REDLIAYLKK ATNE 

Figure 8.2.5 The amino acid sequence of Horse heart Cytochrome C. The dimer 

analysed (145.10 m/z) is underlined (orange). 

 

 

Figure 8.2.6 The possible orientation of the Cytochrome C. The section of the protein 

facing up (A), facing down (B) and a lateral section (C). The dimer Gly1-Asp2 is 

represented in orange. The porphyrin is represented in red. The blue circles indicate the 

β-CD–(SH)7 cavities. 
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8.3 Conclusions 

 
Herein, a surface molecular design was devised and developed that harnessed 

supramolecular chemistry to enable, for the first time, the construction of reversible, high- 

affinity protein assemblies on material surfaces solely through tailor-designed non- 

covalent interfaces. The simple approach does not require any protein modification 

process. While this study used gold-thiol SAMs, the methodology is sufficiently flexible 

to be applied to other substrate geometries (e.g. nanoparticles) and chemistries. Even 

though the exact binding properties and orientation of the protein on the CD-modified 

surface will always be dictated by the protein structure (i.e. unique distribution of 

hydrophobic groups on the surface of proteins), the strategy can be applied to a wide 

range of proteins, immobilize single or multiple proteins and provide high nanomolar to 

low micromolar dissociation constants. 

Additionally, while the proteins are tightly bound to the surface due to the specific 

formation of inclusion complexes and multivalency, the CD-terminated surfaces can be 

readily addressed to regenerate the free CDs. Moreover, the surface can be reused for 

protein immobilisation post-regeneration. Considering all these attributes of broad 

applicability and versatility of CD-terminated surfaces to immobilise proteins, this work 

opens up unprecedented routes to develop advanced bioanalytic platforms, in which the 

stable, reversible protein layer can act to efficiently promote the catch and release of target 

cells or other biological entities for downstream analysis370. Furthermore, the stability and 

recyclability associated with the new protein immobilisation process provide a basis for 

meeting the demand for building re-usable biosensors and diagnostic devices371. 
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9. The Synthesis of thioCucurbituril 

 
9.1 The theoretical study of the complex Protein-Cucurbituril 

 
After having functionalized the gold surface with cyclodextrin derivatives, we 

start exploring the idea to modulate the affinity of our surface towards the proteins, by 

changing the functional molecule during the self-assembly of our SAM. In another 

study372, a supramolecular interaction of the cucurbituril (CB) with the amino acid in 

vapour phases, showed that the CB might complex with any amino acid but with high 

specificity for those amino acids having a positive side chain, due to an Ion-Dipole 

interaction. This effect is given by the high density of electron at the two scaffold 

entrances of the CB373, giving to the molecule a high affinity for those molecule lacking 

in electrons such as a positive ion. The amino acids selected as attaching point for the 

CB molecule were Arginine and Lysine as they present a high affinity for cucurbiturils372. 

 

 

Figure 9.1 The Arginine (left) and Lysine (right) amino acids that interact strongly with 

the Cucurbituril. The bond is mostly given by the polarity of the amino group at the end 

of the side chain. 
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Figure 9.1.1 Cytochrome C and its possible attaching point with CB (green) 0°-180° 

(left) 180°-360° (right). 
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Figure 9.1.2 Insulin and its possible attaching point with CB (green) 0°-180° (left) 180°- 

360° (right). 
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Figure 9.1.3 RNAase and its possible attaching point with CB (green) 0°-180° (left) 

180°-360° (right). 
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Figure 9.1.4 Chymotrypsin and its possible attaching point with CB (green) 0°-180° 

(left) 180°-360° (right). 
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9.2 The traditional synthetic approach 

 
Since the cucurbituril structure was clarified in 1981, several approaches have 

been proposed for the synthesis of new cucurbiturils derivatives. Kim et al374 expanded 

the field by synthesising and isolating cycles of 5,7 and 8 glycourils monomers. Other 

studies explored the idea of functionalizing the cycle in a different way, among them: 

cucurbiturils substituted on methylene bridge375, hydroxyl addition376, amino and phenyl 

functionalisation377. In our case, none of the functionalisation already proposed could be 

adapted to our purpose. They all propose a type of functionalisation that would not ensure 

our cucurbituril to assemble in the correct way on the surface, with the cavity facing up 

the surface (fig 9.2). 

 

 
Figure 9.2 Ideal orientation of cucurbituril for this study. The cavity facing up will allow 

the protein to interact with it. 

We designed a new type of cucurbituril, so-called thiocucurbituril, with a sulphur 

atom on the ring substituting the oxygen atom. To achieve this, we investigated the use 

of the universal cucurbituril synthesis50 and replaced the urea (fig 9.2.1 compound 1) for 

the thiourea (fig. 9.2.2 compound 1). An equivalent of glyoxal was mixed with two 

equivalents of thiourea (fig 9.2.2 step 1) in tetrahydrofuran (THF) solution. 
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Figure 9.2.1 Common synthesis of cucurbiturils. Two ureas(1) are added to the Glyoxal 

 

(2) to form the glycouril (3). With a condensation reaction with formaldehyde (4) in the 

acidic condition, the ring is formed. 

 

 
 

Figure 9.2.2 Proposed synthesis of thiocucurbiturils. Only the thiourea (1) has changed 

from the original synthesis of cucurbiturils. 

The first thiourea addition determines the formation of a racemic solution (Fig 

 

9.2.3 product 1) followed by a second thiourea addition forming, the monomer of the 

cucurbituril: the thiolglycouril (fig 9.2.3 product 2) 
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Figure 9.2.3 The first (1) and the second (2) addition in the first step of the synthesis of 

the thiocucurbituril. The first addition brings to the formation of a racemic solution (R, 

S) and (R, R). The second addition brings to the thioglycouril (2). 

 

 

 
 

From the NMR spectra (fig 9.2.4) it is clear that only the first thiourea addition 

has occurred. A broad peak at 7.0 ppm indicates that there is still some thiourea non- 

reacting with the product. All the peaks indicated a high concentration of the 4,5- 

dihydroxy-2-thioketo-imidazole (DTI) in racemic solution (fig 9.2.3, first step). The 

reaction was left overnight to let the second thiourea addition to occurr and then 

precipitated with pure water. The mixture was then filtered, dried and then dissolved in 

deuterated chloroform for the NMR analysis. From the NMR spectra (fig 9.2.5) it was 
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clear that only the intermediary product was formed and that the subsequent addition of 

thiourea did not occur. The two spectra (fig 9.2.4 and 9.2.5) are similar and only the 

thiourea peak at 7.0 ppm has disappeared as results of the previous purification and 

precipitation. 

 

 

Figure 9.2.4 The NMR of the first step. Each peak is marketed with a coloured mark 

related to the hydrogen of the functional group. 
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Figure 9.2.5 NMR spectra after the purification and precipitation. All the peaks 

describing our molecule have essentially not changed from the previous NMR analysis 

(fig. 9.2.4). 

 

 
 

After these results, it is likely that the reaction is not occurring due to the low 

reactivity of the DTI to reach the second thiourea. To resolve this issue, the synthesis 

strategy was focused on making the imidazole derivate more reactive. The idea to 

substitute the two hydroxyl groups with two halogens using the sulphonyl chloride was 

investigated (Figure 9.2.6) 
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Figure 9.2.6 Alternative synthesis for the thioglycouril. The thiourea (1) and the glyoxal 

 

(2) form the DTI (3) and the hydroxyl groups. After that, before the second addition of 

the thiourea, the DTI is mixed with the thionyl chloride(4) or the tosyl chloride (5). Both 

reagents are used to improve the reactivity of the imidazole ring for the addition of the 

second thiourea. 

In both cases, the most challenging step was the purification of the compound 

after the reactions addressed in figure 9.2.6. Specifically on those steps that require the 

purification of the tosylate derivative  (compound 6) from the tosyl chloride (compound 

5) and  the chloride derivative (compound 7) from the thionyl chloride (compound 4) 
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Both NMR spectra (fig. 9.2.7) presented several peaks making it difficult to carry out any 

kind of detailed analysis. 

 

 

 
Figure 9.2.7 NMR spectra of the reaction with thionyl chloride (up) and tosyl chloride 

(down). 
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As the traditional synthetic pathway was demonstrated not to be viable, an entire 

different synthetic strategy was investigated. The cucurbiturils possess unique host-guest 

features that can cover a vast range of applications such as catalysis, chemical sensing, 

and metal complexation. Based on these characteristics, it is quite surprising that few 

attempts have been proposing for the synthesis of the thiocucurbituril. It highlights the 

difficulties of synthesising the sulphur derivatives of the cucurbituril378. The inclusion of 

a sulphur atom into the structure of macrocycles seems to be a successful strategy capable 

of leading to several molecules with unique and very peculiar features. As proposed in 

this thesis and also by Stoddart et al.,354 the inclusion of the thiol group into the carbon-6 

of the glucose unit of the β-CD–(SH) offers unique characteristics and specific binding 

to surfaces. Calixarene molecules having a thiophenol as monomer instead of the 

common phenol seems to provide new insights into the field of host-guest chemistry379. 

9.3 The diamond anvil cell synthesis approach 

 
Although the cucurbituril is a stable compound, the synthesis of the sulphur 

derivative has proven to be significantly challenging. To face this challenge, the 

functionalisation step was performed in a Diamon Anvil Cell (DAC) at a reaction pressure 

of 9 GigaPascal (GPa). This approach was considered for its extreme pressure, which 

could represent the driving force of the reaction to occur. Since its design, the diamond 

anvil cell has served an advancing tool for chemical and physical discoveries327. 

In our work, the aim of using the DAC was coming from the fact that attempts to 

synthesise the cucurbituril, following the traditional organic synthesis methods, has 

failed. For the DAC synthesis, we started directly from the cucurbit[6]uril already 

synthesised and tried to change the ketone group for a thioketone group (fig 9.3.1). 
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Figure 9.3.1 Proposed mechanism synthesis of the thiocucurbituril. Over the entire 

molecular structure, it was theorised only to exchange the carbonyl group (C=O) for a 

thiocarbonyl (C=S). 

This strategy was taken to reduce the synthetic steps into the DAC to one reaction 

only. The reactive for the sulphonation process was sodium sulphide. The 10 milligrams 

(10.1 μmol) of cucurbit[6]uril and 6.7 milligrams (120 μmol) of Sodium Hydrogen 

Sulphide (NaSH) were mixed and grinded in an argon atmosphere as the sodium sulphide 

seems to be particularly hygroscope if exposed to air. For the two compounds, a ratio of 

1:12 in moles was chosen as the carbonyl group is repeated 12 times in a single molecule 

of cucurbit[6]uril. Then the mixture was inserted into the DAC together with the ruby for 

the pressure detection. The mixture was measured at different pressures and analysed 

through Raman Spectroscopy. We took first a Raman Spectra of the initial compounds 

before the mixing inside the diamond anvil cell in order to have our peak assignment 

compared with the literature. 
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Figure 9.3.2 Raman Spectra of the cucurbitu[6]uril. The peaks at 444.92 cm-1 indicate 

the N-C-N vibration, at 829.03 cm-1 indicates the C-N-C vibration and at 1743.57 

indicates the C=O vibration380. 
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Figure 9.3.3 Raman Spectra of Sodium Hydrogen Sulfide (NaSH). The peak at 2557.60 

represents the thiol group381. 

These two preliminary measurements were taken at ambient pressure in order to 

be capable of visualising and assigning the peaks of our interest. As the analysis inside 

the cell chamber cannot be performed with NMR, we used instead Raman spectroscopy 

and the peaks were assigned based on previous literature studies382,383, and our desired 

thioketone peak384 should be found at 500-710 cm-1 . Following analysis of the individual 

components, Raman analysis was performed on a mixed compound. The first spectrum 

was taken at the 0.6 Gigapascal(GPa), showing the expected385 diamond peak at 1332 

cm-1 , the peak of the S-H bond at 2557.60 cm-1 (both at figure 9.3.4 left) and the peak of 

the Na-S stretch in between 400 and 500 cm-1 (indicated with a circle in figure 9.3.4 

right).381 
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Figure 9.3.4 Raman Spectra (up) of the mixture into the DAC right after the mixing at 0.6 

GPa: the entire spectra (A) and the magnification of the area (B) where the vibration 

carbon-sulphur should be visible (500-710 cm-1)384. Actual photos (down) taken at the 

microscope of the DAC chamber with the compound mixture. 

As the peak of the interaction carbon-sulfur was not observed, it was decided to 

increase the pressure and perform further analysis. Finally, after one hour at the pressure 

of 5.0 GPa, the thiocarbonyl group peak was observed. The interaction between the 

carbon and the sulphur was observed at 575.09 cm-1 (Fig. 9.3.5). To explore in more 

detail this reaction, the pressure inside the system was further increased. The DAC was 

raised to 9.3 GPa and left overnight. Following 24 hours under reaction, another Raman 

Spectra was taken showing moderately higher peak (figure 9.3.6). 

Na-S 

stretching 
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Figure 9.3.5 Raman Spectra at 5.0 GPa after one hour from the mixture. 
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Figure 9.3.6 Raman Spectra at 9.3 GPa for 24 hours. The peak carbon-sulphur384 is 

evident at 595.36 cm-1. 

All the peaks seem to have a shift of 30-20 cm-1. This is the expected behaviour 

of any DAC experiments as the interaction between atoms tend to increase with the 
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increase of the pressure386. As the pressure increase and the distance between atoms 

decrease, the sulfur forms a bond with the carbon, generating a peak found to be at 710- 

580 cm-1 after literature investigation387. After this, the pressure inside the DAC was 

decreased at 7.7 GPa and then 5.0 GPa, 1.8 GPa and 0.7 GPa to observe if the molecule 

may exist at ambient pressure. 
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Figure 9.3.7 Raman Spectra 7.7 GPa for 26 hours (above) and 5.0 GPa for 30 

hours(below). The carbon sulphur peak area is decreasing, showing that the two atoms 

are again splitting apart. 
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Figure 9.3.8 Raman Spectra at 1.8 GPa (above) and 0.7 GPa (below). The peak now has 

completely disappeared, proving that there is no more interaction among the carbon and 

the sulphur atom. 
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By decreasing the pressure, it was observed a decrease in the peak intensity until it 

disappeared at the pressure of 0.7 GPa. These analyses suggest that, at a pressure similar 

to the ambient pressure, the molecules reverse back to their initial state with the carbon 

binding the oxygen, giving again the cucurbituril in its original chemical composition and 

with no new functionalised group. 

 

 

Figure 9.3.9 Raman Spectra at 0.7 GPa, 5.0 GPa and 9.0 GPa. The black arrow 

indicates the new peak formed. The small shift of the entire spectra between 0.7 GPa 

and 5.0 GPa indicates an increased interaction between atoms.  
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9.4 The blank experiments of the NaSH salt 

 
In order to prove the validity of the high-pressure functionalisation, even if only at 

high pressure, we ran two different experiments where the chemicals were inserted inside 

the anvil cell as a single component. The Raman spectra were observed at different 

pressures in order to prove that the peak at 595.36 cm-1 in the figure 9.3.6 was a peak 

obtained by mixing the two reagents and not from an intermolecular reaction of one of 

them. The first reagent analysed was the NaSH salt. The compound was ground into an 

argon inert environment. Once the powder was fine enough, it was introduced into the 

anvil cell chamber together with the ruby. The Raman spectra were performed at different 

pressure conditions focusing again on the area of our interest where the peak C-S was 

spotted (400-600 cm-1). The first Raman spectra were taken at ambient pressure (fig. 

9.4.1), then the pressure was initially increased at 0.6 GPa (fig. 9.4.2) and then at 1.96 

GPa (fig. 9.4.3). From these three analyses, only the peak of the Na-S stretching was 

spotted at around 400-450 cm-1. By applying pressure, it was initially noticed a change in 

peak intensity and shifted due to the interactions of the atoms being changed. The pressure 

then was further increased to 2.94 GPa (figure 9.4.4), 4.42 GPa (figure 9.4.5), 7.78 GPa 

(figure 9.4.6) and 9.44 GPa (figure 9.4.7). The changing in shape of the peak was easily 

noticed proving again that the pressure was high enough to create different vibration 

among atoms. At the pressure 9.44 GPa was noticed a small peak at 590.36 cm-1 similar 

to the one of our interest. This peak was believed coming from the interaction of the 

sulphur probably start to interact with the carbon at the surface of the diamond. However 

this interaction was excluded from being the same interaction observed in figure 9.3.5 

and 9.3.6 for a simple reason: the peak coming from the mixture (fig 9.3.5 & 9.3.6) started 

to be observed at the anvil pressure of 5.0 GPa, in opposition with the NaSH analysed as 

single component which starts to be observed only at the pressure 9.44 GPa (figure 9.4.7). 



171 

 

 

After this analysis the pressure was brought back at near-ambient pressure observing the 

peak at 590.36 cm-1 disappearing entirely and the spectra assuming its overall original 

shape at the pressure of 7.78 (fig. 9.4.8), 5.59 (fig. 9.4.9), 3.53 (fig. 9.4.10), 2.78 (fig. 

9.4.11), 1.37 (fig. 9.4.12) and 0.78 GPa (fig. 9.4.13). 
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Figure 9.4.1 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell at 

the ambient pressure. The characteristic peak in this area is the peak of the stretch of the 

Na-S bond. 
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Figure 9.4.2 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 0.6 GPa. 
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Figure 9.4.3 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 1.92 GPa. 
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Figure 9.4.4 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 2.94 GPa. 
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Figure 9.4.5 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 4.42 GPa. 
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Figure 9.4.6 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 7.78 GPa. 
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Figure 9.4.7 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell at 

the pressure of 9.44 GPa. 
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Figure 9.4.8 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 7.78 GPa. 
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Figure 9.4.9 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 5.59 GPa. 
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Figure 9.4.10 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 3.53 GPa. 
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Figure 9.4.11 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 2.78 GPa. 
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Figure 9.4.12 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 1.37 GPa. 
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Figure 9.4.13 Raman spectra 0-1000 cm-1 area of the NaSH salt in a diamond anvil cell 

at the pressure of 0.78 GPa. 

 

 
 

9.5 The blank experiment of the Cucurbituril 

 
After the analysis of the NASH salt, we performed the analysis of the cucurbituril 

molecule as a single compound into the DAC. For the preparation, it was followed by 

the same procedure as the NaSH in the previous section. The cucurbituril powder was 

finely grinded in an argon atmosphere in order to avoid any possible hygroscopicity that 

the compound could present, interfering with our analysis. Once inserted into the DAC 

the molecule was initially observed at the pressure of 0.85 GPa. The first Raman spectra 

present similarity with the one observed into the figure 9.3.2. The pressure was then 

increased in order to possibly encounter in any trace of the peak at 595.36 cm-1. Again it 

was observed a change in peak shape and Raman shift, proving that the pressure was high 

enough to create a sort of disturbance into the ground state of the molecule. The pressure 
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was slowly increased at 2.02 (fig. 9.5.2), 4.97 (fig. 9.5.3), 6.62 (fig. 9.5.4), 8.31 (fig. 

9.5.5), and 9.53 GPa (fig. 9.5.6). However, no peak at 595.36 cm-1 was observed proving 

further that the peak coming from the mixture in the figure 9.3.6, was effectively the one 

indicating the C-S stretching. The pressure inside the DAC was subsequently decreased 

in the order of 7.07 (fig. 9.5.7), 4.72 (fig. 9.5.8), 2.72 (fig. 9.5.9), 1.51 (fig 9.5.10), and 

0.46 GPa (fig. 9.5.11). The molecular behaviour observed was in accordance with the one 

observed in the previous DAC experiments, where at the decreasing of the pressure, the 

Raman analysis reacquires their initial spectra. 
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Figure 9.5.1 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 0.85 GPa. The peaks at 444.92 cm-1 indicate the N-C-N vibration, at 

829.03 cm-1 indicates the C-N-C vibration380. 
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Figure 9.5.2 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 2.02 GPa. 
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Figure 9.5.3 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 4.97 GPa. 
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Figure 9.5.4 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 6.62 GPa. 
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Figure 9.5.5 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 8.31 GPa. 
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Figure 9.5.6 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 9.53 GPa. 
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Figure 9.5.7 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 7.07 GPa. 
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Figure 9.5.8 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 4.72 GPa. 
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Figure 9.5.9 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil cell 

at the pressure of 2.72 GPa. 
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Figure 9.5.10 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil 

cell at the pressure of 1.51 GPa. 
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Figure 9.5.11 Raman spectra 0-1000 cm-1 area of the cucurbituril in a diamond anvil 

cell at the pressure of 0.46 GPa. 
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 9.6 Conclusions 

 
In this chapter, the synthesis of thiocucurbituril was attempted in order to obtain 

a new molecule for capturing proteins. The previous methods of thiocucurbituril common 

synthesis have failed despite the numerous trials. It is believed that the failure is given by 

the fact that the new reagent introduced (thiourea) presents a much lower reactivity and 

much higher temperature instability compared to the oxygen derivate molecule (urea). A 

different and new synthetic approach was explored by DAC. The DAC can offer elevated 

pressure levels that can be used as a driving force for the reaction to occur. This method 

provided us with new inputs and encouraging data to keep exploring further this new 

approach. The DAC provides that pressure capable of approaching atoms among each 

other, even in the case of the condensed matter, determining the formation of new 

interactions and bonds. However, even if the experiment was successful at the beginning, 

it was impossible to observe at ambient pressure the peak we were looking for. The data 

collected until now suggested that the functionalisation might occur if the reaction can 

be brought at elevated pressure and the blank experiment further demonstrate that the 

peak at 595.36 cm-1 was effectively the one indicating an interaction among the carbon of 

the cucurbituril and the sulfur of the NaSH salt. The pressure inside the DAC chamber 

may be not the only variable needed to have this compound also at ambient pressure. In 

order to challenge this problem, a new sulphur donor may be chosen instead of the 

sodium hydrosulfide, capable of pushing the equilibrium towards the formation of the 

bond carbon sulphur. 
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10. Overall conclusions and future works 

 
In this thesis, a new way of immobilising proteins on surfaces was investigated. The 

approach involved a supramolecular method different from the previous methodologies 

(i.e. physical adsorption, chemical adsorption). The supramolecular approach is needed 

in order to ensure the preserving of the physiological protein structure during 

immobilisation. The molecule chosen for our supramolecular surface was the 

cyclodextrin: a ring-shaped molecule capable of capturing the amino acids present in the 

outer part of the protein. The first attempt to fabricate the supramolecular surface involved 

a synthesis of the layer directly on the surface. The fabrication method was constituted 

by 4 steps. A long carbon chain was firstly assembled on the surface (AUT). It was then 

activated (DHS) to allow the cyclodextrin to react with it. Every single step presents a 

certain amount of error that at the end of the fabrication, brought us a non-well designed 

surface. The first surface underwent characterisation, showing a heterogeneous surface in 

terms of thickness, polarity and chemical composition. 

In order to overcome the problems encountered with a multi-step nanofabrication 

procedure, we adopted a different approach that simplifies all the procedure by reducing 

the fabrication steps from 4 to one. The β-CD–(SH)7 was then chosen as a viable route, 

having the two key features needed to succeed in this project: the cavity to trap proteins 

and the thiol group to increase the affinity of the cyclodextrin towards the gold surface. 

The characterisation methods, for higher concentration and incubation time, showed a 

homogeneous thickness and decreased polarity of the surface. The thickness is important 

to prove a well-packed SAM, the decreasing of the polarity to prove that the single 

component of the SAM is assembling with the orientation desired, in other words with 
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the cavity facing up. SPR studies were performed to prove the affinity of the surface 

towards proteins. As the thiol glucose is the monomer of the β-CD–(SH)7 the only 

difference among these two surfaces was the cavity-shaped surface typically of the 

cyclodextrin. The results showed an increased affinity for the β-CD–(SH)7 in compared 

with the surface functionalised with the thiol glucose. These results highlight the 

importance of having a cavity-shaped molecule on surface for the supramolecular 

complex and thus the immobilisation desired in this thesis. Without the cavity-shaped 

molecule the surface will only be capable of forming hydrogen bonds with the protein, 

leading to unspecific binding and a weak interaction that can be easily broken with any 

procedure. 

After this encouraging results, we investigated if the affinity of the surface towards 

different proteins could be modified by changing the cyclodextrin for the cucurbituril. 

Again in order to have the cucurbituril assembling on a gold surface, a sulphur group on 

the molecules was needed. To meet this requirement, the thiocucurbituril was designed 

and the synthesis attempted. After several failed attempts, the synthetic concept was 

completely changed, and the DAC used to obtain the cucurbituril derivative by increasing 

the pressures. The Raman data of the mixture cucurbituril-NaSH salt showed that the 

interaction carbon sulphur has occurred, but it was not possible to bring this compound 

to ambient pressure. The Raman data of the single component analysed inside the DAC 

further prove that the functionalisation of the sulfur on the cucurbituril might have 

occurred. In the future, new sulphur compounds which react irreversibly should be 

investigated to prevent the reversibility of the reaction and obtain a product stable at 

ambient pressure. Another potential approach will also be to push the reaction by 

decreasing the diameter of the particles reagents involved in the reaction, in this way the 
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surface area of any single particle will be increasingly favouring the number of hits 

necessary for the advancing of any reaction. Advanced grinder methods could be studied 

and performed to achieve this objective. 

Once this molecule is synthesised, SPR studies could be performed to fully 

understand how protein immobilisation can be controlled with cucurbituril-functionalised 

surfaces. Finally, more SPR experiments could be carried out also using different types 

of disease biomarkers to further demonstrate the diagnostic applicability of our 

supramolecular surfaces. 
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