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“The plan is nothing,  

planning is everything.” 

  D. D. Eisenhower 
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Abstract  

Germinal Centres (GCs) play a central role in adaptive immunity; involving processes 

of cell migration, clonal expansion, hypermutation, and selection. To elucidate the 

role of affinity in regulating these processes, a technique for measuring B cell 

receptor affinity maturation in GCs in situ was developed. To facilitate interrogation of 

individual antibody-antigen interactions, atomic force microscopy (AFM) was chosen, 

offering nanometre positional resolution, and pico-Newton force sensitivity.  

Specificity of gold-coated AFM cantilevers towards the targeted receptors was 

achieved via a bespoke modification scheme, using self-assembled amine-

terminated alkanethiol to facilitate attachment of the receptor specific antigen NP ((4-

hydroxy-3-nitrophenyl)acetyl). Influences on molecule deposition and subsequent NP 

addition were investigated, as were control measures facilitating identification of 

successful modifications (Chapter 4). 

Effects of sample preparation techniques on AFM adhesion measurements were 

investigated (Chapter 5). Subsequently, the developed AFM technique was applied in 

interrogation of B cells and hybridomas – expressing receptors of varying affinity 

towards NP – and two GCs in tissue sections (Chapter 6). For the automated and 

unbiased evaluation of large amounts of varying AFM data, bespoke data analysis 

methods were developed. 

The project finds that AFM is capable of quantifying specific antibody-antigen 

interactions, but was unable to measure these in tissue sections. Possible reasons 

preventing such measurements are discussed.  
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1 Introduction 

1.1 Germinal Centres 

Germinal centres (GCs) are a central part of the adaptive immune system. They are 

transient structures 1 that form in response to the detection of antigen in the body 2,3. 

The initiating antigen can be in the form of a protein or polysaccharide, and 

microorganisms, such as viruses and parts of bacteria.  

Formation of GCs occurs in the secondary or peripheral lymphoid organs, such as 

lymph nodes and the spleen, where mature naïve lymphocytes are maintained. The 

GC is the site where B-lymphocytes proliferate, differentiate, undergo 

immunoglobulin gene hypermutation, and class switching, all of which ultimately 

leads to the production of antibodies with affinities high enough to successfully bind, 

and mark for destruction, the antigen that initially triggered the reaction 4. 

Shown diagrammatically in Figure 1, is a GC; composed of a light zone (LZ) and a 

dark zone (DZ). Naïve B cells enter the DZ where they proliferate vigorously, coupled 

with somatic hypermutation of their immunoglobulin genes 5. This process produces 

B cell populations that are expressing a wide range of B cell receptors (BCRs) on 

their cell surfaces with a range of affinities towards the initiating antigen. The cells 

exit the cell cycle and transit to the LZ of the GC 6,7, where, based on the affinity of 

their mutated BCRs, they reiterate further cycles of mutation and selection, or are 

selected to differentiate into plasma cells or memory B cells 2,3,8. Cells that cannot 

present advantageous mutations of their BCRs in selection undergo apoptosis.  

Cells that have differentiated into plasma cells will no longer express the BCR on the 

cell surface, but instead produce a soluble version that does not contain the 
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membrane anchor, which will be secreted into the system as mature antibody. Cells 

differentiated to memory B cells retain the evolved BCR and distinguish themselves 

through their longevity. They ensure that if the system were to be exposed to the 

same antigen again in the future, an accelerated response to it can be effected. 

 
Figure 1 – Schematic of a GC.  

Antigen-activated B cells are recruited to the GC and enter the DZ for proliferation and somatic hypermutation, 

transit to the LZ for selection and subsequent differentiation into antibody producing B cells or memory B cells. 

Image source: https://commons.wikimedia.org/wiki/File:Germinal_center.svg 

After selection B cells can also re-enter the DZ, in a process called cyclic re-entry, for 

further iterations of proliferation and somatic hypermutation. Each additional iteration 

gives B cells the opportunity to further tune their receptors for improved affinity 

towards the antigen. This process ultimately leads to high affinity BCRs and 

represents true Darwinian evolution on a cellular level.9 

1.2 B Cell Receptors and Antibodies 

The BCR is the surface bound form of antibody, whose affinity towards the initiating 

antigen is developed while the cell resides in the GC. Once sufficient affinity is 
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demonstrated, the B cell receives instruction to leave the GC and differentiate. One 

of the differentiation fates is differentiation into a plasma cell, which produces, and 

secretes as soluble antibody, the previously surface bound BCR.  

Antibody is a large, globular protein, ~150 kDa in molecular weight, which is 

composed of two different polypeptides called the heavy and light chain. The heavy 

and light chains each comprise a constant region, that is identical in amino-acid 

sequence from one immunoglobulin to the next, and a variable region, for which the 

amino-acid sequence is different from one immunoglobulin to the next.10 Shown 

diagrammatically in Figure 2 is the characteristic “Y”-shape structure of an antibody, 

illustrating how the constituent components are held together by disulfide bonds.  

 

Antibodies owe their functionality to their complex 3-dimensional structure; to 

illustrate Figure 3 shows an example of an IgG antibody, where the heavy chains are 

shown in blue and red, and the light chains in green and yellow. The variable regions 

at each tip of the “Y” are the antigen binding sites, their conformation defining 

specifically the antigen that an antibody can bind. The constant region of an antibody 

at the stem of the “Y” defines the functionality of an antibody, and, in its membrane 

bound form as a BCR, facilitates membrane insertion. 

 

Membrane insertion is due to the expression of a small additional membrane 

targeting peptide chain in BCR molecules. The membrane bound BCR can sense 

antigen-binding and transmit signals into B cells.  
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Figure 2 – Schematic of an IgG Antibody 

Antibody is a large, globular protein that is composed of heavy (red) and light (green) chains, which each 

comprise a constant and a variable region. The constituent components are held together by disulfide bonds. 

Image taken from 11. 

 
Figure 3 – 3-Dimensional Structure of an IgG Antibody 

Protein structure of an IgG antibody, showing the heavy chains in red and blue, and light chains in green and 

yellow. PDB reference: 1IGT. Image source: https://commons.wikimedia.org/wiki/File:Antibody_IgG2.png. 

The antibody schematics shown in Figure 2 and Figure 3 are examples of IgG 

antibody, which is one of several antibody isotypes. The structure of the antibody is 

determined by its isotype. IgG antibody, for example, presents in monomeric form, 
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where possible alternative structures are dimers and pentamers. The structures of 

isotypes present in mice and humans are shown in Figure 4.  

 
Figure 4 – Different Antibody Isotypes and Their Structures.  

Different antibody isotypes present with different structures, possible variations include monomers, dimers and 

pentamers; with resulting numbers of antigen binding sites of 2, 4 and 10 respectively. Image source: 

https://commons.wikimedia.org/wiki/File:Mono-und-Polymere.svg 

Antibodies can change their isotype through a process called isotype switching. This 

process involves the removal of a portion from the constant region of the antibody 

heavy chain locus, and re-joining of the gene segments surrounding the deleted 

portion, to retain a functional antibody gene; leaving the variable region of the heavy 

chain unchanged. The resultant locus now expresses a different isotype, but has 

retained its affinity and specificity towards the antigen.  

This means that the progeny of a single B cell can produce antibodies that are all 

specific towards the same antigen, but with the ability to produce different effector 

functions appropriate to the antigenic challenge, e.g. recruitment of phagocytes for 

microbe destruction, or eosinophil and natural killer cell recruitment for granule 

release for the destruction of infected cells or parasites that are too large for 

phagocytosis.4 

As an example of isotype switching, the scheme for an antibody switching from an 

IgM isotype to an IgG1 isotype is presented in Figure 5.  
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Figure 5 – Schematic for Antibody Isotype Switching  

Schematic for isotype switching from IgM to IgG1. A portion from the chromosome for the constant region of the 

heavy chain is removed; and segments surrounding the deleted portion are re-joined to retain a functional 

antibody gene. Altering only the constant region of the antibody can change the effector function of the antibody, 

but allows it to retain its specificity and affinity.  

Image source: https://commons.wikimedia.org/wiki/File:Class_switch_recombination.png. 

1.3 Antibody Binding  

The binding of antibody to antigen is often likened to an interaction of lock and key. It 

is based on non-covalent interactions being formed, such as hydrophobic, H-bonds, 

and van der Waal’s forces, where a combination of multiples of these interactions will 

ensure a tight binding. As none of the interactions involved in the binding of antibody 

and antigen are covalent, the reaction is reversible.12-14 Equation 1 describes the 

reaction, where antibody (Ab) and antigen (Ag) bind, to form an antibody-antigen 
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complex (AbAg). The association rate constant (kon) and dissociation rate constant 

(koff) carry units of M-1s-1 and s-1 respectively 

      

   

 
    

     

Where:  

Ab = antibody  

Ag = antigen  

AbAg = antibody-antigen complex  

kon = association rate constant [M-1s-1] 

koff = dissociation rate constant [s-1] 

Equation 1 – Reversible Antibody to Antigen Association  

The binding of antibody (Ab) to antigen (Ag), to form an antibody-antigen complex (AbAg), is based on non-

covalent interactions, such as hydrophobic, H-bonds, and van der Waal’s forces, and hence is reversible. The 

association rate constant (kon) and the dissociation rate constant (koff) carry units of M-1s-1 and s-1 respectively. 

The ratio of kon and koff yields the equilibrium dissociation constant KD, as shown in 

Equation 2, which describes the affinity of the antibody to antigen reaction. KD carries 

units of M, which denotes the concentration at which half the ligand binding sites are 

occupied. The lower the value of KD, the higher the affinity. 

    
    

   
 

Where:  

KD = equilibrium dissociation constant [M] 

kon = association rate constant [M-1s-1] 

koff = dissociation rate constant [s-1] 

Equation 2 – Equilibrium Dissociation Rate Constant 

The ratio of the dissociation rate constant (koff) and association rate constant (kon) yields the equilibrium 

dissociation rate constant (KD), carrying units of M, which is a measure for the affinity of the antibody for the 

antigen. Its molar units denote the concentration at which half of the ligand binding sites are occupied. The lower 

the value of KD, the higher the affinity. 
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Strictly, the affinity refers to the strength of interaction between single antigenic 

determinants and one antibody binding site. However, depending on the isotype, 

each antibody unit has at least two binding sites, and therefore multivalent binding 

can occur. The term used to describe the overall strength of binding due to 

multivalent binding is avidity. The difference between affinity and avidity is illustrated 

in Figure 6. The interaction shown in (A) is representative of affinity, involving only 

the interaction between a single antibody binding site and one antigenic determinant. 

The interactions shown in (B) and (C), on the other hand, are increasingly dominated 

by avidity. At equal affinity, the overall binding strength increases synergistically 

through multivalent binding. 12 

 
Figure 6 – Affinity vs Avidity 

Affinity refers to the strength of binding between a single antibody binding site and a single antigenic determinant. 

Such an interaction can be seen in (A). Antibodies, however, depending on their isotype, have at least two binding 

sites, allowing for multivalent binding to occur. The overall strength of binding due to multivalent binding is termed 

avidity. Interactions which are increasingly dominated by avidity are shown in (B) and (C), where the avidity in the 

shown scenarios is greater than just the sum of the affinities of the individual interactions. Image taken from 12. 

Techniques that assess the affinity of antibodies in solution, measure the bulk 

properties, which will be representative of avidity. To compensate for the 

multivalence of the examined antibodies, mathematical models are employed to 
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determine values of affinity. Currently such models are available only for the lower 

valence IgG antibodies that possess only two binding sites per antibody. 

1.4 Imaging Germinal Centre Dynamics and B Cell Development 

The GC reaction and the evolutionary path of B cells as they migrate through the GC 

during receptor maturation has been the focus of many research groups, and a 

diverse range of modalities has been employed in trying to image the development. 

 

The approach chosen by Küppers, et al., 15, was to pick individual cells from 

histological sections of GCs in mouse lymph nodes, and sequence their DNA using 

polymerase chain reaction (PCR). From this it was possible to construct genealogical 

trees explaining the relationship between clonally related sequences and show that 

somatic hypermutation is an on-going process that occurs at very high rates of one or 

more mutations per cell division.  

There are, however, problems with the method. Due to the high sensitivity of PCR, 

cross contamination from individual target molecules can lead to false positives. 

Further, when attempting to pick out individual cells from frozen sections that are a 

cell diameter in thickness, it can occur that the nucleus of the picked cell is missing. 

This means that no information can be obtained for this cell, which is a substantial 

loss when considering the small number of samples that can be collected within 

reasonable timeframes.  

Furthermore, based on the assumption that cells presenting disadvantageous 

mutations are steered towards an apoptosis fate, it can be tempting to infer the 

opposite, that highly mutated clones were expanded in the GC due to presenting 
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mutations that provided increased affinity. However, while the DNA sequence of an 

antibody variable region gene does give information on the genealogical history of 

the studied B cell clone, there is no information on the real affinity. 

However, recently established techniques for high-throughput DNA sequencing of 

immunoglobulin genes may well overcome this shortcoming. Cloned immunoglobulin 

genes from isolated B cells can be used to express the antibody protein, allowing for 

its characterisation. This can alternatively also be achieved through the cloning and 

immortalisation of the B cell.16 Thus, the previously collected information of the 

genealogical origin of clones can now be supplemented with functional information 

on the expressed antibodies. 

 

A study by Hauser, et al., 17, is concerned in particular with the migration patterns of 

GC B cells between the distinct compartments of DZ and LZ and whether the 

processes of differentiation and somatic hypermutation are restricted to their 

respective zones. Because the static nature of GC histological sections does not 

allow the study of the dynamics of motile cells, this study employed multiphoton 

microscopy in live anaesthetised mice. 

Based on the findings of this study, a revised model of the migration routes of GC B 

cells was suggested. The traditional model for the movement of GC B cells dictates 

that DZ B cells transition to the LZ between iterations of division and mutation, in 

order to satisfy the conditions of mutation occurring in the DZ and antigen acquisition 

in the LZ.18-20 The rapid rate of affinity maturation however indicates very high 

efficiency of selection of high affinity variants, and computer simulations suggest that 

selection would need to occur after every iteration for such high efficiencies to be 
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plausible.21,22 Employing their own computer simulations, using experimentally 

determined estimates for cell division rate and time spent in each cell cycle phase, 

Hauser, et al., 17, determined 17 % of cells to be moving across the DZ/LZ boarder 

each hour. The fact that far fewer such transitions were observed in experiments 

posed good reason to propose changes to the established model of intrazonal 

migration.  

In the revised model according to Hauser, et al., 17, GC B cells are primarily 

recirculating within either the DZ or LZ. The model includes infrequent transition of B 

cells between the zones, but it does not rely on it for multiple iterations of mutation 

and selection to occur.  

While through the use of multiphoton microscopy the dynamics of cell migration can 

be observed, this is only possible for several hours before the mice finally die, 

allowing collection of only limited amounts of data. Further, several hours are 

relatively short time frames in the context of an immune response that spans two 

weeks, and subsequent studies did in fact suggest that the data presented by 

Hauser, et al., 17, was insufficient to support the conclusions on intrazonal 

migration.23,24 

 

A similar study focussing on the dynamics and migratory behaviour of GC cells was 

conducted by Schwickert, et al., 25, who employed two-photon laser scanning 

microscopy for the direct visualisation of B cells in lymph node GCs in live mice.  

The study found that the majority of antigen-specific B cells were, while physically 

restricted to the GC, motile and migrated bi-directionally between DZ and LZ. 

Additionally, it was found that the open structure of GCs can enhance competition by 
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allowing the recruitment of high affinity antigen-specific B cells to an on-going GC 

reaction.  

 

Two-photon microscopy was employed by Allen, et al., 6, to study GC cell migration 

and interaction dynamics in mouse lymph nodes. This study also found that GC B 

cells possessed great motility and transitioned between the DZ and LZ. GC B cells 

proliferated in both the DZ and the LZ, although they would only remain for short 

amounts of time in the LZ where antigen is displayed. The findings of the study were 

interpreted such that the access to helper T-cells is a limiting factor driving the 

selection of higher affinity B cells. Based on these conclusions a model is suggested 

were newly mutated high affinity GC B cells obtain and process more antigen and 

ultimately outcompete surrounding B cells for the attention of GC T-cells.  

 

While the above studies have contributed to advancing our understanding of the 

dynamics of the GC reaction, the datasets that their conclusions were based on were 

limited; i.e. the data acquisition of the employed techniques was limited by either the 

number of samples that could be collected within reasonable time frames or the 

length of time over which they could be employed.  

Further, the discussed studies were primarily focussed on the migration of GC B cells 

within the DZ, or LZ, and between the zones, but there is as of yet no established 

method that enables immunologists to extract information about the affinity of BCRs 

of GC B cells with respect to their location within the GC.  
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Evidence that the affinity of BCRs affects GC dynamics was shown by Zhang,          

et al., 9. This was shown by injecting antibodies during ongoing immune responses 

that were of varying affinities but with the same specificity; for the initiating antigen         

(4-hydroxy-3-nitrophenyl)acetyl (NP). Injection of low affinity antibody at the early 

stages of the response, helped accelerate affinity maturation by guiding selection 

pressure towards higher affinity B cell variants; as did the injection of antibodies of 

intermediate affinity at more mature stages of the response. Conversely, the injection 

of high affinity antibodies would lead to the termination of GCs as maturing BCRs 

could not outcompete the antibodies for access to antigen required for their survival.  

 

Further understanding where, and when, affinities are higher in the GC, and how they 

increase over time, could help improve current models of the GC reaction. The only 

imaging modality that is suitable for making such measurements is atomic force 

microscopy (AFM). It provides great force sensitivity and spatial resolution, and 

through semi-automated data acquisition routines enables the acquisition of large 

amounts of data for whole GC sections that would not be feasible with techniques 

requiring a higher degree of supervision. 
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2 Aims and Objectives 

Germinal centres (GCs) involve migration, and selection through cellular interactions 

in different microenvironments, leading to B cell differentiation. How these processes 

are regulated has not been studied in detail. As the differentiation of B cells in GCs 

depends on the affinity of the B cell receptor (BCR) 9, it would be desirable to be able 

to observe BCR affinity in histological specimens in order to track location and affinity 

of individual B cells in this environment. Developing such a method was the aim of 

the current project. 

 

Proposed as novel was employing atomic force microscopy (AFM) for the 

interrogation of GCs, to study BCR affinities in situ; in order to complement specificity 

data, which can be obtained through the use of optical microscopy modalities, with 

affinity data.  

 

To enable such investigations, the aim was to develop: 

1. A bespoke scheme of modification of AFM probes for the detection of 

interactions specific for (4-hydroxy-3-nitrophenyl)acetyl (NP). 

2. Control measures that enable the verification of successful AFM probe 

modification. 

3. Data analysis methods for the automated and unbiased evaluation of large 

amounts of AFM data. 
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3 Atomic Force Microscopy 

3.1 Atomic Force Microscopy 

The atomic force microscope (AFM) is an extension to the scanning tunnelling 

microscope that was developed in 1982 by Binnig and Rohrer 26; for which they were 

awarded the Nobel Prize in Physics in 1986 27. Unlike its predecessor, the AFM 28 

does not require the sample to be conductive, opening up a great range of new 

potential applications.  

The introduction of scanning probe microscopy into the biological sciences was 

advocated by Hansma 29, in 1988, referring to publications by Albrecht, et al., 30, who 

published the first atomic resolution image of an insulator, and Marti, et al., 31, who 

produced images allowing differentiation of features 0.5 nm apart in a polymerised 

monolayer, as demonstration that scanning probe microscopies were able to 

interrogate non conducting, and hence biological samples, at molecular resolution. 

3.1.1 Working Principle 

The generalised setup of a standard AFM is depicted diagrammatically in Figure 7. It 

consists of a stylus on the end of a cantilever, where the radius of the apex of the 

stylus tip is typically on the order of 10 nm and can be as low as 1 nm for high 

resolution imaging probes. The cantilever movement is controlled through piezo-

electric crystals providing positional control with nanometre accuracy. A laser-

photodetector pairing is used to quantify the deflection that the cantilever 

experiences due to contact with the sample. The laser is positioned on the top 

surface of the cantilever - approximately one third of the cantilever length away from 
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the cantilever’s free end - from which the laser is reflected onto a position-sensitive 

photodetector. Upon deflection of the cantilever, the reflected path of the laser is 

altered, changing the incident position on the photodetector and hence the voltage 

read-out from the photodetector. Through calibration of the photodetector sensitivity 

against a hard surface, whose effective stiffness is orders of magnitude greater than 

the cantilever stiffness, the change in voltage read-out from the photodetector can be 

quantified as a distance of deflection of the cantilever. Subsequent determination of 

the cantilever specific spring constant allows for that distance to be expressed as 

force of deflection of the cantilever. The relationship of these parameters is shown in 

Equation 3, an adaptation of Hooke’s Law in which the deflection is comprised of two 

terms: the deflection sensitivity as measured in m/V, and the deflection as measured 

in V. 

 
Figure 7 – Diagrammatic Depiction of an AFM Setup  

The simplified set up of an AFM, comprised of a cantilever with a stylus at its free end, piezo-electric crystals for 

positional control of the cantilever, and a laser-photodetector pairing for quantification of cantilever deflection. 

Image source: https://commons.wikimedia.org/wiki/File:Atomic_force_microscope_block_diagram.svg. 
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Where:  

F = force [N] 

k = cantilever specific spring constant [N/m] 

S = sensitivity of the position-sensitive photodetector [m/V] 

Δx = deflection [V] 

Equation 3 – Converting Measured Deflection Into Force.  

In AFM measurements where the cantilever experiences deflection due to contact with the sample, the force (F), 

is comprised of the cantilever specific spring constant (k), the photodetector sensitivity (S), and the cantilever 

deflection (Δx) as quantified through the change in voltage read-out from the photodetector.  

The process that the AFM will repeatedly cycle through for every point interrogation 

when scanning across a sample is depicted in Figure 8. The cantilever will initially be 

in the retracted baseline position, with sufficient distance between the cantilever and 

the sample for there to be no interaction between the two (A). The cantilever is then 

approached towards the surface, until the distance between the tip and the sample is 

sufficiently small for van der Waal’s forces to dominate. The small interaction forces 

that exist between the tip and the sample at that point, cause the tip to snap into 

contact with the sample 32, deflecting the cantilever in the negative direction (B). The 

cantilever approach is continued, first relaxing the ‘snap-in’ cantilever deflection, then 

pushing into the sample, deflecting the cantilever in the positive direction. The 

positive cantilever deflection increases until a pre-specified set point is reached, 

which depending on the setup of the AFM operating software can be in either force 

[N] or deflection [m] (C). Upon reaching of the set point, the cantilever retraction is 

begun. As before, the cantilever deflection is relaxed until it reaches unstrained 

baseline level and then, when the tip experiences adhesion to the sample, is 

deflected in the negative direction (D). As the cantilever retraction continues, the 

cantilever deflection continuingly increases until the elastic energy built up in the 
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cantilever overcomes that associated with the tip-sample interaction. At this point the 

tip-sample connection is ruptured (E) and the cantilever returns to an unstrained 

position, and hence the deflection returns to the baseline value (F).  

 

 
Figure 8 – Idealised Tip-Sample Interaction. 

Diagrammatic description of an idealised tip-sample interaction; as drawn by Shahin, et al.,33. The cantilever 

approaches towards the sample from an initially retracted position (A), until the distance between the tip and the 

sample is sufficiently small for van der Waal’s forces to take effect, which causes the tip to snap into contact with 

the sample (B). The tip is pushed into the sample until a pre-specified set point is reached (C), upon which the 

cantilever is retracted (D). When the tip experiences adhesion to the sample, the cantilever is increasingly 

deflected with continuing retraction, until the elastic energy built up in the cantilever is sufficient to overcome that 

associated with the tip-sample interaction (E). After rupture of the connection the cantilever returns to its 

unstrained baseline state (F). Scanning across the surface of the sample, this cycle is repeated for every point 

interrogation. 
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3.1.2 Cantilever Calibration 

As evident from Equation 3 (p.17), the experimentally determined force of interaction, 

and associated interaction descriptors, depends heavily on the cantilever spring 

constant. This spring constant is specific to each cantilever that is used, and the 

nominal values that are provided by the manufacturers have been found to be by a 

factor of 2 in error 34. Therefore a quick and robust method for determining the spring 

constant value individually for each cantilever is required to ensure accuracy of 

obtained results while not expending valuable instrument usage time with time-

consuming calibrations.  

Due to the rapid branching out of AFM into increasingly more specialised 

applications, an increasing number of cantilever variations are commercially 

available, and the field investigating methods for calibrating said cantilevers has 

grown accordingly. Some discourse remains over which is the most reliable method. 

A comprehensive review by Clifford, et al., 34, identifies the three main categories of 

methods for cantilever calibration as (1) dimensional, (2) static experimental, and     

(3) dynamic experimental. Dimensional analysis requires detailed knowledge of the 

cantilever material composition and its geometry for use with simplified equations or 

finite element models to determine the spring constant. In the case of laminated 

cantilevers, as used here, however, the exact thickness of the different layers is not 

easily accessible, which makes constructing trustworthy models difficult. Static 

experimental methods determine the spring constant of a cantilever by applying a 

constant force and measuring the resulting deflection. The constant force, however, 

is typically applied using reference cantilevers that need to have been pre-calibrated 

using other more laborious methods. Lastly, dynamic experimental techniques work 
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by measuring the resonant frequency of a cantilever, and through the change in 

resonant frequency resultant from the addition of known masses can determine the 

cantilever spring constant. While this may produce accurate values, it is a time-

consuming process and the addition of masses to the cantilever would interfere with 

its modification and hence its function.  

 

The method that was employed for determining cantilever spring constants 

throughout this project was that described by Bowen, et al., 35, that has specific 

application to the calibration of laminated, rectangular cantilevers. This method is in 

the category of dynamic experimental, using the cantilever’s resonant frequency to 

determine its spring constant, but does so without changing the conformation of the 

cantilever. The method is based on the assumption that along with the resonant 

frequency of the cantilever, values of its width and length are easily accessible, and 

that the cantilever material properties are the same as the bulk properties of that 

material as stated in the literature.  

As illustrated in Figure 9, the method achieves good correlation between the 

calculated and measured spring constant in the case of unlaminated rectangular 

cantilevers and rectangular cantilevers that had microparticles added to their apex. 

The spring constant of Cr and Au laminated rectangular cantilevers, however, is 

systematically underestimated, where the measured spring constant is typically twice 

the calculated spring constant.  

The errors associated with the determined spring constant when using this method 

have been quantified to be approximately 10 %, and are comparable to other 

methods.35 On account of the time and resources that are required being very limited, 
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however, the associated errors were deemed acceptable, and considerations for use 

of alternate calibration techniques were reserved for when the accuracy of the 

cantilever spring constant was found to detrimentally affect the obtained results. 

 
Figure 9 – Comparing Measured and Calculated Spring Constants.  

The comparison of the measured and calculated spring constants for all investigated cantilevers using the method 

described by Bowen, et al., 35, shows good correlation between calculated and measured spring constants for 

unlaminated rectangular cantilevers (clear squares) and rectangular cantilevers that at their apex had 

microparticles added (solid circles). In the case of laminated cantilevers (solid triangles) there is a systematic 

underestimation of the calculated spring constant; where the measured spring constant is systematically twice the 

calculated spring constant. Image taken from 35. 

3.1.3 Atomic Force Microscopy in Biomedical Applications 

The commercialisation of the AFM made the technique considerably more accessible 

and promoted a branching out into a variety of disciplines, including that of 

biomedical research. Realising AFM’s capability for probing interaction forces at 

single molecule level, several studies were since able to elucidate biologically 

relevant processes by probing their associated chemical interactions. 

An extensively employed interaction in biological sciences is that of streptavidin with 

biotin. Due to their strong binding with each other, the streptavidin-biotin interaction 
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also posed an accessible mechanism for interrogation via AFM. One such study by 

Wong, et al., 36, performed direct force measurements of the interaction, looking at 

both long and short range adhesive interaction. Another study by Ludwig, et al., 37, 

used the streptavidin-biotin mechanism to establish their new ‘affinity imaging’ 

method whereby the extraction of topography, adhesion, and sample elasticity can 

be extracted from local force scans.  

Other early studies by Allen, et al., 38, and Harada, et al., 39, looked at the interaction 

between ferritin and anti-ferritin antibodies that had been immobilised onto solid 

substrates and found that the interaction force of that system was 49 pN and 63 pN 

per antibody-antigen pairing respectively. Both studies also describe the data to 

possess periodicity, suggesting the force of the interaction is quantised with the 

number of binding events occurring at each interrogation; allowing distinction 

between single and multiples of binding events. Such quantisation of forces 

associated with specific binding events was first shown by Florin, et al., 40.  

Vastly more specific and subtle interactions have since been interrogated via AFM. 

Fichtner, et al., 41, investigated the adhesive functionality of E-cadherin; a calcium-

dependent cell-cell adhesion molecule. Tsapikouni, et al., 42, interrogated the binding 

forces of P-selectin with its ligand, an essential mechanism in extravasation (the 

recruitment of white blood cells from the vasculature), and migration of leukocytes, 

and Wildling, et al., 43, employed AFM to determine the binding forces between 

serotonin transporter and a potent cocaine analogue to study antidepressant binding. 

The literature far extends beyond these studies, and comprehensive reviews have 

been published in specialising areas of AFM in biomedical applications.  
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An extensive article published by Engel and Gaub, 44, in 2008, discusses the insights 

that AFM investigations have been able to provide into the structure and mechanics 

of membrane proteins. The very same topic that Baclayon, et al., 45, reviewed in 

2010. 

Müller and Dufrêne have published separate reviews in collaboration with each other 

in 2009 and 2013 respectively 46,47, in which they, similarly, discuss AFM’s 

contribution to furthering insights into how cells can interact with their environment by 

probing cell surface receptors and their functional states. Further, in a review by 

Marszalek, et al., 48, published in 2012, force spectroscopy studies of 

polysaccharides are included alongside those focussing again on cell surface 

proteins, and, in a review by Allison, et al., 49, the AFM’s position as a very versatile 

imaging modality in the biological sciences is broadly reviewed. And this is just to 

name a few. 

Lastly, another noteworthy article is that by Eifert, et al., 50, discussing the further 

advanced insights that can be gained through the hyphenation of AFM; by which is 

meant the integration of AFM with complementary imaging modalities. Already, AFM 

is routinely integrated with optical microscopies – including super-resolution 

techniques such as total internal reflection fluorescence microscopy (TIRF), 

photoactivated localisation microscopy (PALM), and stimulated emission depletion 

microscopy (STED) – but has more recently also been further enhanced through 

integration with Raman and IR spectroscopy, electron microscopy, and, through the 

use of a heatable probe, even mass spectrometry. 

 



24 

3.1.3.1  Determining Antibody Affinity from AFM Force Measurements 

Cellular adhesion is mediated by reversible bonds between specific molecules that 

are based on weak non-covalent interactions. The physics of such cellular adhesion 

interactions and their behaviour in response to applied forces, as in force 

spectroscopy experiments, were elucidated by Bell and Evans.51,52 While the 

theoretical foundation of the stipulated principles is not easily accessible to readers 

unversed in fundamental physics, one consequence of their application is the ability 

to estimate the dissociation rate constant (koff) for the interaction between specific 

molecules from measurements of force required to break their connection. As has 

already been highlighted in §1.3 (p.6), the parameter koff is involved in determining 

the affinity of an antibody, described by KD; to which it is directly proportional.  

 

A study by Schwesinger, et al., 53, is one example where results from AFM force 

measurements were used to estimate koff for a range of molecular interactions. In the 

study, nine different single-chain Fv fragments (scFv) were investigated, determining 

their association and dissociation rate constants in solution, as well as the unbinding 

forces that they produce in AFM force measurements. The scFv are not actual 

fragments of an antibody, but instead the fusion of the heavy and light chain variable 

regions of an antibody. Even though they are missing the constant region, the 

proteins retain the affinity and specificity of the original antibody.  

The study demonstrated a strong correlation of the unbinding forces produced by the 

different investigated molecules to their values of koff, and showed that values of koff 

determined from measurements of unbinding force were in good agreement with 

values of koff determined in solution.  
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The study further concluded that, because koff is the primary determinant of affinity, 

values of koff determined from AFM force measurements were suitable to rank single 

molecules according to their affinity, and even had relevance in predicting their 

equilibrium behaviour in solution.  

 

As has been pointed out in §1.3 (p.6), values of affinity describe the strength of 

interaction between one antibody binding site and single antigenic determinants. The 

forces of interaction that are measured via AFM are between such individual 

associations and hence directly allude to affinity. Other techniques that, for example, 

assess the affinity of antibodies in solution, measure bulk properties, and 

consequently have to compensate for the multivalence of the examined antibodies 

through the use of mathematical models. Such models are currently only available for 

the lower valence IgG antibodies that possess two binding sites per antibody. 

3.2 Cantilever Modification 

The studies discussed in §3.1.3 (p.21) demonstrate the versatility of AFM in 

biomedical research, but what they have in common is that they all rely on bespoke 

chemical modification of the used cantilevers, because the cantilevers are not 

naturally specific towards the targeted receptors. That same challenge was faced in 

this project. The biological systems that were interrogated in this project were all 

specific towards the antigen (4-hydroxy-3-nitrophenyl)acetyl (NP) and therefore it was 

required to develop means by which AFM cantilevers could be equipped with the NP 

antigen in order to interact specifically with the targeted receptors.  
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Several ways in which AFM cantilevers may be modified have been described in the 

literature 54, where the intended end application is the principal determinant for which 

approach is best suited. When for example the use of bare silicon tips is appropriate, 

functionalisation can be achieved through silanisation. Most commonly used, 

however, are cantilevers that are pre-coated in gold (Au). Here, functionalisation can 

be achieved through the use of alkanethiols, which, over the course of several hours, 

will form stable and densely packed self-assembled monolayers (SAMs) on the Au 

substrate due to the strong specific interaction of Au with sulfur (S). The SAM 

formation by alkanethiolate adsorption and self-assembly on Au substrates is 

discussed further in §4.1 (p.31). 

To date, the only other study that could be identified in which NP-specific systems 

have been interrogated via AFM was conducted by Natkanski, et al., 55. As far as was 

possible to determine from the published study and its accompanying supplemental 

information, the cantilevers that were used in this study were pre-coated in Au, and in 

order to achieve specificity towards the targeted receptors were first equipped with 

streptavidin, which was later used for the attachment of biotinylated antigen. A 

detailed protocol for the functionalisation of the cantilevers, however, could not be 

collated from the available documentation. Personal communication with the senior 

author 56 of the study further revealed that the preparation of the cantilevers needed 

to be carried out just prior to experiments, and required cantilevers to be kept wet at 

all times. Consequently, this made planning and preparing experiments difficult, and 

in the case of failed cantilever modification could see precious samples, e.g. those 

obtained from animals, go to waste.  
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The cantilever modification scheme that was already being developed for this project 

at the time the study by Natkanski, et al., 55, was published in 2013 overcomes these 

issues, as the modification scheme does not involve the use of proteins that need to 

be kept hydrated at all times. The advantages of having more flexibility in planning, 

preparing, and conducting experiments were deemed reason enough to further 

pursue the protocols already in place. The details of the cantilever modification 

scheme developed in this project are outlined in the subsequent section. 

 

3.2.1 Proposed Cantilever Modification Scheme 

The cantilever modification scheme that was developed for this project is based on 

the use of cantilevers pre-coated in Au. These are now routinely manufactured with 

good consistency and hence provide a reliable basis for reproducible preparations. 

The modification scheme is depicted in Figure 10, and is based on the use of an 

amine-terminated alkanethiol (ATAT). When cleaned cantilevers are immersed in the 

ATAT solution, over time, the ATAT molecules will form a SAM on the Au substrate, 

where the S group forms a strong covalent bond with the Au substrate, leaving the 

amine group exposed (A). The exposed amine group is the target for the subsequent 

attachment of NP, which is achieved by immersing the cantilevers in solution of        

(4-Hydroxy-3-nitrophenyl)acetyl-O-succinimide ester 57-59 (NP-OSuc). The NP will 

attach to the amine group via a bond that is also covalent. The by-products of the 

reaction and any excess are removed during subsequent washes (B). After 

completed modification, the cantilevers are dried and stored in the dark under 

ambient conditions.  
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Figure 10 – Proposed Cantilever Modification Scheme 

The modification scheme is based on the use cantilevers pre-coated in Au. Immersion of cleaned cantilevers in 

solution of ATAT will allow a SAM to form, where the S group forms a strong covalent bond with the Au substrate, 

leaving the amine tail group exposed (A). The exposed amine group is the target for the subsequent attachment 

of NP, which is achieved through immersion of the cantilevers in NP-OSuc solution. NP will attach to the amine 

group, forming a bond that is also covalent, and by-products of the reaction and any excess are removed in 

subsequent washes (B). After completed modification, cantilevers are dried and stored in the dark under ambient 

conditions.  

The modification scheme is based on covalent bonds being formed at both 

modification steps, and these have been reported to require between 1-10 nN of 

force to be ruptured.38,46,60,61 The magnitude of the interaction forces that are to here 

be investigated are expected to be on the order of no more than 100 pN, as the force 

of the interaction between biotin and avidin, which is considered one of the strongest 

interactions encountered in biological investigations, is reported to be ~250 pN.36  

 

With the forces involved in the cantilever modification scheme being approximately 

an order of magnitude higher than the forces that are to be probed, the proposed 

modification scheme should provide sufficient stability to be well suited for the 
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planned investigations. Further, a more recent study by Teulon, et al., 62, did in fact 

show that the routinely determined interaction forces for the (strept)avidin-biotin 

complex on the order of 100 pN are in fact not representative of single molecule 

associations, but rather are the product of multiple parallel bonds occurring. Hence, 

the stability of the covalent bonds that link the constituent components in the 

cantilever modification scheme should even more so be unaffected by the force 

exerted by individual interactions that are expected to be encountered. 

Furthermore, the modification scheme avoids the use of proteins, which are very 

susceptible to damage upon dehydration.63 This is beneficial as it avoids the need for 

modified tips to be kept hydrated and be used right after completed modification; 

allowing for more flexibility in planning, preparing, and conducting experiments. 

 

The protocol that was developed for the preparation of the cantilevers can be found 

in Appendix 8.1.1 (p.206). The details of the protocol were developed in extensive 

investigations, which are discussed in the following chapter. 
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4 Confirmation of Successful Modification and Quality Control 

One of the main concerns encountered in this project was that of confirming 

successful functionalisation of atomic force microscopy (AFM) tips with (4-hydroxy-3-

nitrophenyl)acetyl (NP). The cantilever itself, and the tip especially, are too small to 

be interrogated directly, therefore an alternate medium was required that would 

provide substantial enough area on which the different chemical modification steps 

could be tested. For this purpose Au-coated silicon wafers (purchased from Georg 

Albert PVD – Beschichtungen, Silz, Germany) were chosen, because their Au 

coating provide the same characteristics as the Au coating on the cantilevers. 

Additionally, they provide a significant planar surface with minimal surface roughness 

(nominal RMS surface roughness < 1 nm) that enables the application of a range of 

techniques for the testing of the different applied chemical modifications.  

The range of different surfaces that were prepared in this way is hereinafter referred 

to as a control surface (CS), and they are to serve a dual purpose. Firstly, they are to 

be used in the investigation of the individual chemical modification steps that are 

required in the proposed cantilever modification scheme. Secondly, they are to also 

serve as a robust counter-surface, with consistent chemical properties, against which 

the interaction with NP functionalised cantilevers can be measured in order to build 

up an interaction profile that can be used to easily distinguish between successfully 

and unsuccessfully prepared cantilevers before their use in the interrogation of 

biological samples for which specificity of the AFM probe is required.  
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4.1 Control Surfaces 

The different CSs that were prepared in this project are all based on alkanethiolate 

molecules forming self-assembled monolayers (SAMs) on an Au substrate. The 

general process of SAM formation is briefly explained in Appendix 8.2 (p.214), and 

when considering specifically the formation of alkanethiolate SAMs on Au substrates 

is based on the strong interaction between S and Au providing adhesion of the 

molecule to the substrate, where the organisation and packing of the molecules in 

the monolayer is driven by van der Waal’s forces.64 The group in the molecule that 

facilitates adhesion of the molecule to the substrate is referred to as the head group. 

The group exposed at the surface of the SAM is referred to as the tail group, and is 

the group that defines the functionality of the SAM.  

The different CSs that were prepared in this project are depicted in Figure 11, and 

individually are hereinafter referred to by their tail group:  

 1: CS-CH3 

 2: CS-NH2 

 3: CS-COOH 

 4: CS-OH 

 5: CS-NP 

 

Further, the prepared CSs can be separated into two groups. CS-NH2 and CS-NP 

are the constituent steps required in the proposed cantilever modification scheme, 

and CS-CH3, CS-COOH, and CS-OH were added specifically for NP functionalised 

cantilevers to be tested against. 
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Figure 11 – Chemical Modifications of the Different CSs 

All of the different chemical modifications of the CSs are based on the use of alkanethiols that due to the strong 

interaction between S and Au will form SAMs on the Au-coating of the silicon wafer substrates. CS-NH2 (2) and 

CS-NP (5) are the constituent steps required in the proposed cantilever modification scheme, and CS-CH3 (1), 

CS-COOH (3), and CS-OH (4) were added specifically for NP functionalised cantilevers to be tested against. 

All AFM experiments are conducted in phosphate buffered saline (PBS), which is a 

buffer providing ionic strength and acidity similar to physiological conditions. While 

this is not required for the experiments in which NP functionalised cantilevers are 

tested against CSs, it is required for the maintenance of sensitive biological samples. 

Hence, in order to maintain comparability of different experiments, the same 

conditions were applied throughout.  

 

The different compounds used for the preparation of the CSs were chosen on the 

basis that after successful SAM formation they are expected to produce surfaces with 

specific surface charges and wetting properties that yield distinct interactions when 

interrogated with NP functionalised cantilevers. 
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NP functionalised cantilevers are equipped with a nitro (O=N-O) and a hydroxyl (OH) 

moiety as part of the added NP. These moieties are both highly electronegative and 

hence NP functionalised cantilevers are expected to possess a negative electrostatic 

charge.  

 

While CS-NH2 was prepared primarily to investigate the first of the constituent steps 

of the cantilever modification scheme, NH2 terminated SAMs are also routinely 

employed to model positively charged surfaces.65 This means that with the inclusion 

of CS-NH2, there are four different surfaces available for NP functionalised 

cantilevers to be tested against. The chosen surface modifications are used 

frequently, where CH3 and OH terminated SAMs are used to model hydrophobic and 

hydrophilic neutral surfaces, and NH2 and COOH terminated SAMs are used to 

model positively and negatively charged surfaces, respectively.66 The bulk wetting 

properties for both NH2 and COOH terminated SAMs are expected to be 

hydrophilic.67 

 

Due to the different properties of the different CSs, the interactions that are expected 

to be produced in interrogation with NP functionalised cantilevers vary. The 

interactions produced in interrogation of the neutral CS-CH3 and CS-OH are 

expected to be determined by their differing wetting properties, whereas interactions 

produced in interrogation of the hydrophilic CS-NH2 and CS-COOH are expected to 

be determined by their electrostatic charge.  
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CS-NP was used only for interrogating the quality of the deposited surface 

modification and not for interrogation with NP functionalised cantilevers; as both are 

equipped with the same surface modifications. Literature describing the behaviour of 

NP terminated SAMs could not be found, however, based on the electronegativity of 

the contained nitro and hydroxyl moieties it is expected that the SAM will exhibit 

hydrophilic bulk properties.  

 

To be able to infer characteristics from the collected data with confidence, the CSs 

themselves had to be assessed for their quality. The different techniques that were 

employed to assess the quality of the prepared CSs were ellipsometry, sessile drop 

contact angle, and X-ray photoelectron spectroscopy. The working principles of these 

techniques and the insights into the quality of the prepared surface modifications they 

provide are outlined in the subsequent sections (§4.1.1  - §4.1.3; pp.37-42)  

 

In order to obtain different theoretical insights to the used molecules, that 

experimentally obtained results could be compared against, software package 

ChemBioDraw Ultra (v14.0.0.117, CambridgeSoft (Perkin Elmer)) was used to model 

the individual molecules, and software package ChemBio3D Ultra (v14.0.0.117, 

CambridgeSoft (Perkin Elmer)) was used to measure the molecules’ lengths as they 

would be observed when unstrained in free space. The molecule structures as 

obtained from software are attached in Appendix 8.3 (p.215), and calculations for 

theoretical SAM thicknesses for the different molecules are attached in Appendix 8.4 

(p.222). Predicted SAM thicknesses are determined using the theoretically 
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determined molecule length and a characteristic tilt angle of 30° of the molecule 

backbone from the surface normal for alkanethiols on Au(111).68  

An overview of the different properties for the different molecules can be found in 

Table 1. 
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Table 1 – Collation of Property Information on CSs 

The information collated in this table details properties for the molecules used in the preparation of the different CSs. For each CS the name of the compound used for 

SAM preparation and its chemical formula is given. The wettability of the prepared SAM and the corresponding contact angle are determined by the molecule tail group, 

and literature values for contact angles are given where available. The lengths of the different molecules were determined using computer software, the values of which 

were used to determine likely SAM thicknesses based on characteristic SAM molecule tilt angles.  

Label Compound Chemical Formula Water Wettability Predicted Contact 
Angle [°] * 

Molecule Length 
[nm] ** 

Predicted SAM 
Thickness [nm] *** 

CS-CH3 Dodecane-1-thiol HS(CH2)11CH3 hydrophobic Θs 
Θa 

108.7 ± 0.6 69 
117.4 ± 0.2 67 1.609 1.393 

CS-NH2 
11-

Mercaptoundecan-1-
aminium chloride 

HS(CH2)11NH2HCl hydrophilic Θs 
Θs 

  42.0 ± 3.0 70 
  43.0 ± 5.0 66 1.595 1.381 

CS-COOH 11-Mercapto-
undecanoic acid HS(CH2)10COOH hydrophilic Θs 

Θa 
<10.0         66 
<10.0         71 1.581 1.369 

CS-OH 11-Mercapto-1-
undecanol HS(CH2)11OH hydrophilic Θs 

Θs 

  44.0 ± 2.0 70 
  20.0 ± 2.0 69 1.583 1.371 

CS-NP 

2-(4-Hydroxy-3-
nitrophenyl)-N-(11-
mercaptoundecyl) 

acetamide 

HS(CH2)11NH-
C8H6NO4 

(hydrophilic)  n/a 1.511 + 0.631 1.309 - 1.855 

* literature values ** according to ChemDraw software packages  *** using theoretical molecule length and characteristic tilt angles.  

Θs - sessile drop contact angle  Θa - advancing contact angle   



37 

4.1.1 Ellipsometry 

Ellipsometry assesses the thickness of thin surface modification layers deposited 

onto flat and smooth substrates. Quantifying the thickness of said layers, allows 

comparison to theoretical values of ideal monolayer thickness of each individual 

surface modification, and hence insight into whether a monolayer has indeed been 

achieved or if there is evidence of multiple molecule stacking.  

4.1.1.1  Working Principle 

Ellipsometry is a non-destructive optical technique that is typically conducted under 

ambient conditions. The basic set up for ellipsometry is depicted in Figure 12, and is 

comprised of a light source and polariser, and an analyser and detector. The light 

source steps through the light wavelength range of 250-800 nm, which is polarised 

before it hits the sample. The polarised light is reflected by the Au substrate, but its 

phase and amplitude is altered during interaction with the surface thin film. This 

change in amplitude and phase is quantified by the analyser-detector pairing, and 

subsequent fitting of mathematical models to the experimental data allows 

determining unknown sample parameters like the thickness of deposited thin films.72 

The ellipsometry technique and its underlying fundamental principles are discussed 

further in detail in Appendix 8.5. 

Ellipsometry investigations were performed using a spectroscopic ellipsometer 

(Jobin-Yvon/Horiba, UK), operating with DeltaPsi v2.0.8 software, under ambient 

conditions. Measurements were taken in non-overlapping positions on the sample, 

where visibly damaged areas of the sample were avoided. Measurements where 

mathematical models could not be successfully fitted to the data were omitted from 
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the analysis. Considerations for the omission of measurements are discussed in 

more detail in §4.2.2.2 (p.63). 

 
Figure 12 – Diagrammatic Depiction of Ellipsometry Setup  

The typical ellipsometry set up is comprised of light source-polariser, and analyser-detector pairings. Light in the 

wavelength ranges of 250-800 nm is polarised before it is incident on the sample. The light is reflected by the Au 

substrate, but its amplitude and phase are altered by interaction with the surface thin film. The change in 

amplitude and phase is quantified by the analyser-detector pairing and subsequent mathematical modelling of the 

data provides values of the thin film thickness.  

4.1.2 Sessile Drop Contact Angle 

Sessile drop contact angle measurements are a quick characterisation tool assessing 

the surface chemistry of the investigated CSs, providing insights into the 

hydrophobic, or hydrophilic, qualities of the interrogated surface. With regards to the 

here investigated CSs it provides further information on the quality of the deposited 

SAMs by testing for the presence of the desired tail group moieties at the thin film 

surface, which due to their electrostatic potential produce distinct wetting properties.  

More commonly used than sessile drop contact angle measurements are advancing 

and receding contact angle measurements. These are a more detailed interrogation 

of the quality of surface chemistries, but were not carried out in this project as 
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equipment that could facilitate such measurements was not available. Beyond the 

necessary equipment not being available, however, these measurements are also 

more time consuming and would have been beyond the time constraints of this 

project. It does however mean that available literature will more commonly quote 

values of advancing and receding contact angles for common surface chemistries, 

which is reflected in the information collated in Table 1 (p.36). 

4.1.2.1  Working Principle 

The setup for contact angle measurements is depicted in Figure 13. The sample is 

placed between a light source and a camera. A small droplet of water is then 

deposited on the sample using a syringe. The back-illumination makes the contours 

of the deposited droplet more easily distinguishable on the images that are taken with 

the camera. The sample rests on a height-adjustable stage which is used to ensure 

that in the field of view of the camera the sample is level. The volume of the water 

droplet dispensed from the syringe is kept to be small, but because the dispensing 

process is manual rather than automated, there are inevitably variations of the 

dispensed volume. It has however been shown for a range of droplet sizes that the 

measured contact angle is unaffected by the volume of the droplet, so long as the 

droplet is small enough that surface tension determines droplet shape rather than 

gravitational forces.69 

The images acquired in contact angle measurements are later quantified using the 

image analysis software ImageJ (v1.49u, Wayne Rasband). Considerations for the 

image analysis process are shown in Figure 14. Using the ‘angle-tool’, a line is drawn 

between the two contact points of the free droplet arc with the sample, and the freely 

moveable line is then moved to draw a tangent with the droplet arc, where the 
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resulting angle between the two lines defines the contact angle of the droplet with the 

sample. 

 
Figure 13 – Contact Angle Measurement Setup 

The setup for contact angle measurements is comprised of a syringe with which to deposit a droplet onto the 

sample. The sample is placed between a light source and a camera, which ensures that the droplet contours are 

more easily distinguishable in the acquired images. The sample rests on a height-adjustable stage to ensure that 

the sample is level in the field of view of the camera.  

 
Figure 14 – Measuring Droplet Contact Angle in ImageJ 

A small droplet of water is deposited on the sample (A). The height of the movable stage upon which the sample 

is placed is adjusted until in the field of view of the camera the droplet is seen in a quasi-2D view (B), in which the 

image is acquired. Using the ‘angle tool’ in ImageJ, a line is first drawn between the two contact points of the free 

droplet arc with the sample. The freely moveable line is then moved such that it draws a tangent with the droplet 

arc. The angle between the two lines defines the contact angle of the droplet with the sample.  

Height-adjustable 
stage

Light Source Camera

Syringe

Sample

Water 
droplet

Θ

A B



41 

4.1.3 X-Ray Photoelectron Spectroscopy 

The technique of X-ray photoelectron spectroscopy (XPS), also known as Electron 

Spectroscopy for Chemical Analysis (ESCA), determines the elemental composition 

of surface layers of up to 10 nm deep. In the interrogation of the CSs such data 

determines the presence of the deposited molecules and their electronic states, but 

will also show the presence of (environmental) contaminants.  

The XPS measurements carried out for this project were conducted at the Leeds 

EPSRC Nanoscience and Nanotechnology Research Equipment Facility (LENNF) on 

the 14th of October 2014, under LENNF application 118 (see Appendix 8.5 (p.223) for 

proposal acceptance)  

All samples interrogated via XPS at LENNF were prepared at Birmingham University, 

transported to LENNF, and prepared for experiments at LENNF by myself. The 

experiments at LENNF and the subsequent processing of the data were conducted 

by Dr Kellye Curtis. Analysis and interpretation of the results was again conducted by 

myself. 

4.1.3.1  Working Principle 

In XPS measurements a focussed beam of X-rays, of approximately 500 m in 

diameter, is used to irradiate the sample inside a high vacuum chamber. Highly 

energetic photons interacting with the sample cause electrons to be ejected from 

their orbitals into the vacuum. The energy of the electrons ejected into the vacuum is 

measured when they are detected and spectra of electron energies and their 

frequency of occurrence can be constructed. The electron energies are not only 

specific to the element from which they were ejected, but further specific to their 

chemical and electronic states. This means that XPS can not only give insight into 
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the elements present in the interrogated surface layers but also their bond structures 

and oxidation states.73 

As the technique can only penetrate up to 10 nm of material, and the nominal 

thickness of the Au coating on the silicon wafers is 30 nm, everything other than Au 

that is detected in XPS interrogation can with confidence be assigned to the surface 

layers. 

 
Figure 15 – X-Ray Photoelectron Spectroscopy 

The diagram depicts the XPS measurement process, where the sample is irradiated inside a high vacuum 

chamber using a focussed X-ray beam. High energy photons cause electrons to be removed from their orbitals 

and be ejected into the vacuum. Measuring the energy of the ejected electrons allows building up energy spectra 

for the interrogated surface chemistry, where each peak distinctly corresponds to not only specific elements but 

also their chemical and electronic states.  

Image source: https://commons.wikimedia.org/wiki/File:XPS_PHYSICS.png 
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4.2  Results 

4.2.1 Consistency of Control Surface Preparation 

Consistency in preparing the CSs is important with regards to both being able to 

reproducibly prepare good quality counter-surfaces to test NP functionalised 

cantilevers against, as well as demonstrating that successful cantilever modification 

itself can be achieved repeatedly with good consistency.  

For this purpose, each of the five different CSs was independently prepared three 

times and interrogated using ellipsometry, sessile drop contact angle analysis, and X-

ray photoelectron spectroscopy. 

One NP functionalised cantilever was prepared alongside each CS-NP, and 

subsequent AFM measurements were conducted where the modified cantilevers 

were tested against one of each of the CSs.  

4.2.1.1 Ellipsometry Results 

The prepared CSs were first assessed via ellipsometry to determine the layer 

thicknesses of the deposited SAMs, where comparison against the predicted values 

shown in Table 1 (p.36) provides indication if the SAMs are in the correct 

conformation.  

The results are shown in Figure 16, where each sample was measured in at least 

three non-overlapping positions; the values are attached in Appendix 8.7 (p.231). 

The data shows that CS-CH3, CS-COOH, and CS-OH exhibit good consistency of 

SAM thicknesses close to the expected values as shown in Table 1 (p.36), with mean 

values of 1.85 ± 0.20 nm, 1.72 ± 0.17 nm, and 1.63 ± 0.21 nm, respectively. The 

determined values are above the predicted SAM thicknesses presented in           



44 

Table 1 (p.36), by 0.46 nm (33%), 0.35 nm (25%), and 0.26 nm (19%), respectively. 

While the percentage differences appear substantial, it must be considered that the 

absolute differences are in fact approaching the sensitivity limit of the instrument. 

Further, the determined values are in a range where even the very low surface 

roughness of the substrate of <1 nm becomes an influential factor. Considering, 

further, that the determined values are averages for areas of several mm², the 

consistency of the values indicate that good SAMs were achieved.  
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Figure 16 – Consistency of CS Preparation Assessed via Ellipsometry 

The consistency of the CS preparation was assessed via ellipsometry, where each of the CSs was prepared three 

times, independently. Each CS was measured in at least three non-overlapping positions. Each measurement is 

represented by a marker on the graph, and black bars mark the mean for each group. CS-CH3, CS-COOH, and 

CS-OH exhibit good consistency and are in the expected SAM thickness range, as compared to theoretical 

values. The SAM thickness of CS-NH2 is above the expected value. A distinct further increase in layer thickness 

can be observed for CS-NP compared to CS-NH2. 

 



45 

The obtained thickness values for CS-NH2 are much more clearly above the 

expected values, with a mean value of 4.12 ± 0.59 nm. Compared to the predicted 

SAM layer thickness from Table 1 (p.36) of 1.38 nm, the obtained values are 2.74 nm 

(199%) above the expected values. For the SAM thickness to be multiple molecule 

lengths above the expected values is a strong indication that the SAM did not form 

correctly.  

It follows that the thickness values obtained for CS-NP are also affected, as CS-NP 

builds on the same SAM that is deposited for CS-NH2. The values obtained for      

CS-NP are above even those for CS-NH2, and with a mean value of 6.17 ± 0.94 nm, 

is at least 4.30 nm (230%) above the predicted values shown in Table 1 (p.36). As 

previously for CS-NH2, this calls into question the quality, and conformation of the 

surface modification. Assuming, however, that the underlying NH2 SAM for CS-NP is 

comparable to that measured for CS-NH2, a mean increase in layer thickness of     

2.05 nm between CS-NH2 and CS-NP would be observed, suggesting layer growth 

through NP addition. 

4.2.1.2 Contact Angle Analysis Results 

To test whether the correct water wetting properties were exhibited by the CSs, which 

indicates if the molecule tail group is correctly exposed at the sample surface, contact 

angle analysis was performed. The results are presented in Figure 17.  

The contact angles determined for hydrophobic CS-CH3 are 93 ± 2°, and for the 

hydrophilic CS-COOH and CS-OH, 26 ± 4° and 35 ± 7°, respectively. Contact angles 

determined for CS-NH2 and CS-NP are very similar at 68 ± 4°, and 68 ± 3°, 

respectively. The images acquired for the contact angle assessment are shown in 

Appendix 8.8 (p.232). 
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Figure 17 – CS Contact Angles 

Contact angles were measured for three independently prepared samples of each of the five different CS 

preparations. Hydrophobic CS-CH3 presents with contact angles of 93 ± 2°, and the hydrophilic CS-COOH, and 

CS-OH, present with contact angles of 26 ± 4° and 35 ± 7° respectively. Contact angles for CS-NH2 and CS-NP 

are very similar at 68 ± 4°, and 68 ± 3°, respectively. 

The results obtained for CS-CH3 and CS-OH are in good agreement with the 

literature values presented in Table 1 (p.36), where small discrepancies are ascribed 

to the use of less sophisticated instrumentation. Thus wetting properties exhibited by        

CS-CH3 and CS-OH are as expected, and thereby further consolidate the 

ellipsometry findings that these SAMs have formed correctly.  

While the ellipsometry results for CS-COOH showed that the SAM layer thickness 

was within expected values, the contact angle results suggest that the surface 

chemistry of the SAM is not as expected, with contact angles above expected values. 
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Confidence in the correct assembly of the deposited SAMs is only established if both 

ellipsometry and contact angle interrogations produce the expected results.  

The results obtained for CS-NH2 differ from the expected values by a considerable 

margin, further consolidating the observation that the deposited SAM has not formed 

correctly. Ellipsometry results for CS-NH2 showed the SAM thickness to be multiple 

molecule lengths above expected values, suggesting that multiple layers of the 

deposition molecule assembled on the surface. Here, the orientation of the deposited 

molecules will have an impact on the resulting contact angles, and both the amine tail 

group of the molecule, as well as the thiol (SH) head group of the molecule could be 

exposed at the SAM surface. A search of the literature determined possible contact 

angles for SH terminated SAMs to be 71 ± 3° (Θa)74, which is much closer to the 

values produced by CS-NH2. The contact angles produced by CS-NH2 would suggest 

that a majority of the groups at the surface are SH, but in order to assess the 

orientation of the deposited molecules a much more detailed study with more 

sophisticated instrumentation would need to be conducted. A technique that could be 

employed for such a study would be angle-resolved XPS.  

While there are no published or predicted contact angles for NP, the results obtained 

for CS-NP are not considered representative for only NP being exposed at the SAM 

surface. It is assumed that the attachment of NP is only achieved at exposed NH2 

groups, but as discussion of the CS-NH2 results has highlighted, it is difficult to 

predict or confirm the correct orientation of the molecules of the underlying NH2 SAM, 

and hence similarly difficult to predict the orientation of deposited NP groups, as well 

as the ratio of the SH, NH2, and NP groups that could be exposed at the SAM 

surface. The produced contact angles are considered to be the result of a 



48 

combination of these groups being exposed at the SAM surface, but as for CS-NH2, a 

more detailed study would need to be conducted to determine their ratios and 

distribution. 

4.2.1.3  AFM Interrogation Results 

Treated cantilevers, that were prepared alongside each of the independent CS-NP 

preparations, were used in the interrogation of one of each of the different CSs. 

However, the investigation of the consistency of the prepared surface modifications 

revealed that the NH2 SAM cannot be considered to have formed correctly. Similarly, 

results for the subsequent NP addition, which builds on the NH2 SAM, also indicated 

that correct conformation was not achieved (§4.2.1.1; p. 43 & §4.2.1.2; p. 45). 

Therefore, the interactions that were measured between treated cantilevers and CSs 

cannot be assumed to be characteristic of the intended surface modifications, and 

were subsequently omitted from the analysis. The results are included for 

completeness in Appendix 8.9 (p.235). 

4.2.1.4  XPS Results 

XPS analysis was employed to identify the elemental composition of the SAMs 

deposited on the CSs, and thereby determine if besides the deposited molecules any 

contaminants were present on the CSs.  

The number of samples that was interrogated via XPS had to be limited due to the 

limited amount of time available at the LENNF. Hence, only one of each of the 

different CSs could be interrogated. The results are shown (pp. 56-60) and discussed 

on the following pages, where each figure shows a survey spectrum with subsequent, 

additional high resolution spectra for the elements of interest detected in the survey 
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scan. Reference values of binding energies that are stated below have been taken 

from the table75 attached in Appendix 8.10 (p.238).  

The XPS results for CS-CH3 are shown in Figure 18 (p.56), where high resolution 

scans were taken for Au, S, C, and O. As mentioned previously in §4.1.3 (p.41), the 

presence of Au is expected to be dominant in these spectra. Electron binding 

energies for Au in the range of the survey spectrum between 0-1200 eV are stated as 

57.2; 74.2; 107.2; 84.0; 87.6; 335.1; 353.2; 546.3; 642.7; and 762.1 eV; of which 

those shown in bold can be clearly attributed to peaks seen in the survey spectrum. 

The high resolution scan of Au is included with the interrogation of every sample to 

serve the purpose of quality control. Demonstrating that the distinct 84.0 eV and 87.6 

eV peaks are at the correct values, as well as their characteristic distance apart, 

provides confidence that the instrument is set up correctly and that no undesired 

charging of the sample is occurring. 

With regards to the analysis of the SAM deposited for CS-CH3, the peaks observed 

for S are in the expected positions at 162.5 eV and 163.6 eV; which is evidence for 

successful SAM deposition. The peak for C is intense and narrow, and is only slightly 

shifted from its position, as stated in the literature, at 284.2 eV76,77, with a small 

shoulder towards higher binding energy. This slight separation of the C peak can be 

attributed to the structure of the deposited molecule. The majority of the C in the 

molecule is linked to other C and gives rise to the intense peak. However, one C is 

linked to the S that attaches the molecule to the Au substrate, which gives rise to the 

small shoulder that can be observed on the main C peak. The electrons shared 

between S and C are drawn towards the S due to its electronegativity, making it more 
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difficult for electrons to be ejected from the C in this pairing, resulting in the small 

shoulder being at a higher binding energy. 

The presence of O with CS-CH3, however, is unexpected, as the deposited molecule 

does not contain any. It is unlikely that the presence of O is due to oxidation of the 

SAM, as the spectra for both S and C show no indication of such. The more likely 

source is defects in the substrate itself that can easily be caused through ordinary 

handling of the samples. Small defects expose the underlying Si layer that will readily 

oxidise, but it cannot be said with certainty without further testing, such as for 

example collecting a detailed spectrum for Si. 

 

The results shown in Figure 19 (p.57) are of the interrogation of CS-NH2, which forms 

the basis for subsequent functionalisation of AFM cantilevers with NP. While the high 

resolution scan for Au shows that the instrument is set up correctly, a distinct 

reduction in signal intensity can be observed in the survey spectrum, suggesting that 

fewer electrons are escaping from the Au layer. This implies that the thickness of the 

adsorbed SAM layer is increased compared to what was observed for CS-CH3. A 

thicker SAM layer atop the Au layer increases the path length for electrons ejected 

from Au orbitals, decreasing the probability of said electrons to reach the vacuum in 

which they can be detected.  

The S spectrum confirms that S is present and hence that SAM deposition has 

occurred, but the two discernible peaks that were seen for CS-CH3 cannot be 

observed here. This suggests that not all the S that is present on the sample is in the 

correct conformation, and hence it cannot directly be inferred that the SAM has 

formed correctly. The quality of the SAM is further called into question by the 
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significant presence of O. The combination of the altered S spectrum and the 

presence of O with this SAM implies that some of the present S has oxidised, which, 

considering the increased SAM layer thickness, is plausible, as more of the 

deposition molecule is present than can be directly bound to the Au substrate. The O 

peak is shifted to lower binding energy as that quoted for elemental O at 543.1 eV, 

but it agrees with the value quoted in the literature for a (C-O) bond at 531.5 eV -

532.0 eV.76 This value however also overlaps with that of SiO2, which typically makes 

a deconvolution of the O peak into its constituents not possible. Similarly as for the O 

peak, the N peak is shifted towards lower binding energy than would be expected for 

elemental N, but is close to what would be expected for a (C-NH2) bond at ~400eV.76 

The high resolution C spectrum shows a distinct narrow peak associated with the C 

in the C chain of the molecule, as has also previously been seen for CS-CH3. In 

addition, however, two small shoulders towards higher binding energy can now be 

observed. As before, one C of the molecule is attached to an electronegative S, 

increasing the energy required to eject electrons from that C, but in addition now one 

C is attached to a N which has an even higher electronegativity; giving rise to the 

leftmost shoulder. Both the main C peak and the first shoulder have an increased 

intensity as compared to what was observed for CS-CH3. This is however in keeping 

with an increased SAM layer thickness, composed of an increased amount of 

deposited molecule. 

 

The results of the interrogation of CS-COOH are shown in Figure 20 (p.58). High 

signal intensity that is dominated by the characteristics of Au can again be observed 

in the survey spectrum, suggesting that the SAM layer thickness is low. The high 
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resolution Au spectrum confirms that the instrument is set up correctly, and the two 

peaks in the S spectrum confirm that SAM deposition has occurred correctly. 

The C spectrum shows an intense peak associated with the C in the C chain of the 

molecule, with two small shoulders shifted to higher binding energies that can be 

associated with the (C-S) bonds and (C-O, C=O) bonds in the molecule respectively.  

The spectrum for O shows an intense peak at the expected level, where 

characteristic values for (C-O) and (C=O) bonds are at 532.0 eV and 533 eV. While it 

is expected for both bond types to be present in this sample, their distance apart is 

too small to be deconvoluted sufficiently in the spectrum.  

Interrogation of CS-COOH also revealed an unexpected presence of N with the 

sample. This may be due to cross-contamination occurring in the sample preparation, 

where CSs were prepared in sequence, as they are shown in Figure 11, 1 through 5. 

In spite of thorough rinses of the used forceps with both H2O and EtOH in between 

each step, some amount of molecule used in the preparation of CS-NH2 may have 

been retained on the forceps, and was carried across into the preparation of 

subsequent CSs such as CS-COOH. 

 

The results of the interrogation of CS-OH are shown in Figure 21 (p.59), and, as for 

CS-COOH, high signal intensity of the survey spectrum suggests that the layer 

thickness of the formed SAM is low, and the high resolution spectra for Au and S 

suggest that the instrument is set up correctly and that the SAM has formed correctly. 

As before for CS-COOH, an unexpected presence of N is detected with this sample, 

but the intensity is reduced compared to what was observed for CS-COOH. This is in 

keeping with the hypothesis of cross-contamination in the sample preparation to 
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explain the presence of N with CS-COOH and CS-OH, as the intensity of N 

decreases the further along the sample is in the sample preparation sequence.  

The spectrum for O confirms that O is present and at the expected level. The 

intensity of the peak is reduced as compared to CS-COOH, suggesting that a smaller 

amount is present, which is as expected from the structures of the deposition 

molecules.  

The spectrum for C also presents as would be expected, with an intense peak that is 

associated with the majority of C present in the molecule C chain, and two small 

shoulders associated with the (C-S) and the (C-O) bonds respectively.  

 

Figure 22 (p.60) shows the results for CS-NP, which is the preparation in which both 

steps of the proposed cantilever modification scheme have been applied. The first 

step is the same treatment as was investigated with CS-NH2, and indeed the spectra 

for CS-NP show very similar characteristics. The survey spectrum shows a reduced 

signal intensity, suggesting that the SAM layer thickness is increased, and the S 

spectrum does not reveal two discernible peaks, which implies that the SAM has not 

formed correctly.  

The spectrum for C again shows an intense peak with two smaller shoulders, where, 

as before, they could be attributed to the majority of the present C being in the C 

chain of the molecule deposited in the first step, and the smaller shoulders to the       

(C-S) and (C-N) bonds occurring in that molecule respectively. With the addition of 

NP in the second step of this preparation, additional C, in slightly different 

conformation, is added, but its presence cannot be confirmed from this spectrum. 
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The presence of O with this sample is expected, and while the level of the O peak 

agrees with (C-O) bonds that would characteristically occur at 533 eV, a 

deconvolution of the O spectrum to confirm the presence of (N-O, N=O) bonds, that 

would have been added with the addition of NP, is not possible. 

The N spectrum confirms the expected presence of N, and is at an expected level, 

however, it does not allow for the differentiation of the N that is deposited with the 

first step of the preparation from the N that is deposited in the second step.  

 

The interrogation of each of the different CSs via XPS has primarily confirmed the 

findings that had already been established via ellipsometry and contact angle 

analysis.  

For CS-CH3 and CS-OH the presence of the expected elemental species was 

confirmed, and their associated binding energies suggest that the deposited SAMs 

are in the correct conformation. Similarly, for CS-COOH, the XPS results suggest that 

the deposited SAM is in the right conformation; however, the correct contact angles 

were not achieved. Hence, in spite of ellipsometry and XPS results that suggest that 

good quality SAMs are achieved for CS-COOH, the presence of the correct surface 

chemistry is not proven.  

The XPS results for CS-NH2 and CS-NP are also in keeping with the ellipsometry and 

contact angle analysis findings, showing increased SAM layer thicknesses, and 

electron binding energies for the present elemental species that show the SAMs to 

not be in the right conformation.  

The correct orientation of the deposited molecules, and by extension the presence of 

the correct surface chemistry, cannot be determined with the type of XPS that was 
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employed. An alternative type of XPS would be angle-resolved XPS, as was 

employed by Lee, et al.,78, with which it is possible to collect spectra at different 

depths of SAMs. The use of such a technique would allow determining the presence 

of deposition molecule head and tail groups at the SAM surface or near the 

substrate.  
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Figure 18 – XPS Spectra for CS-CH3 

XPS spectra for CS-CH3, showing from top to bottom and left to right: one survey spectrum, and additionally high 

resolution spectra for Au, S, C, and O. The spectrum for Au shows the expected distinct peaks that are the 

characteristic distance apart. The two discernible peaks in the S spectrum suggest that the SAM formed correctly. 

The spectrum for C shows an intense narrow peak associated with the C in the C chain of the molecule, with a 

small shoulder attributed to the C linked to the S. The presence of O with this CS is unexpected, as the structure 

of the deposited molecule does not contain any.    



57 

 
Figure 19 – XPS Spectra for CS-NH2 

XPS spectra for CS-NH2 showing from top to bottom and left to right: one survey spectrum, and additionally high 

resolution spectra for Au, S, C, O, and N. A reduction in the signal intensity in the survey spectrum is evidence 

that a thicker layer has been deposited, allowing fewer electrons from Au orbitals to escape into the vacuum. The 

S spectrum confirms the presence of S and hence SAM deposition, but absence of two discernible peaks 

suggests that the SAM did not form correctly. The C spectrum shows an intense peak associated with the C in the 

C chain of the molecule, and small shoulders towards higher binding energies for (C-S) and (C-N) bonds 

respectively. The N spectrum is as expected for a (C-NH2) bond. The presence of O is unexpected.    
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Figure 20 – XPS Spectra for CS-COOH 

XPS spectra for CS-COOH showing from top to bottom and left to right: one survey spectrum, and additionally 

high resolution spectra for Au, S, C, O, and N. Strong signal in the survey spectrum suggests that a thin film has 

formed on the Au substrate, and the two discernible peaks in the S spectrum confirm the presence of the 

deposition molecule and that the SAM has formed correctly. The C spectrum presents characteristically for the 

deposited molecule, with an intense peak for the C in the C chain of the molecule, and two small shoulders 

towards higher binding energies for (C-S) and (C-O) bonds respectively. The O spectrum is as expected for (C-O) 

and (C=O) bonds. The presence of N is unexpected.   
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Figure 21 – XPS Spectra for CS-OH 

XPS spectra for CS-OH showing from top to bottom and left to right: one survey spectrum, and additionally high 

resolution spectra for Au, S, C, O, and N. Strong signal in the survey spectrum suggests that a thin film has 

formed on the Au substrate, and two discernible peaks in the S spectrum confirm the presence of the deposition 

molecule, and that the SAM has formed correctly. The C spectrum presents with one intense peak, which is 

attributed to the C in the molecule’s C chain, and two small shoulders towards higher binding energies for (C-S) 

and (C-O) bonds respectively. The spectrum for O is at the expected level, and a decreased intensity suggests 

that less O is present as compared to CS-COOH. The unexpected presence of N was also detected.   
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Figure 22 – XPS Spectra for CS-NP 

XPS spectra for CS-NP showing from top to bottom and left to right: one survey spectrum, and additionally high 

resolution spectra for Au, S, C, O, and N. Reduced signal intensity in the survey spectrum suggests the presence 

of a SAM with increased layer thickness. The S spectrum confirms the presence of the deposition molecule, but 

the absence of two discernible peaks suggests that the SAM did not form correctly. The C spectrum presents an 

intense peak, attributed to the C in the molecule C chain, with two small shoulders at higher binding energies, 

attributed to (C-S) and (C-N) bonds respectively. The spectra for O and N confirm the presence of the species 

that would be expected from the deposition of a NH2 SAM and the subsequent addition of NP.   
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4.2.2 Assessment of the Influence of Ellipsometry Modelling Parameters 

The investigation of the consistency of the CS preparation has revealed that through 

ellipsometry alone a quick and easily accessible preliminary assessment can be 

made on whether the SAMs have formed correctly, by determining if the SAM layer 

thickness indeed corresponds to a monolayer.  

Employing ellipsometry as the main experimental method for quality control for 

successful CS preparation warranted a brief investigation of the influence of the 

different parameters involved in the measurement process and subsequent 

mathematical modelling. 

4.2.2.1  Effect of Modelling or Pre-Setting the Au Substrate Thickness 

The mathematical models used to determine SAM layer thickness from ellipsometry 

data allow for the defining of different parameters. Both the SAM layer thickness as 

well as the Au substrate layer thickness can be determined through fitting of these 

mathematical models; as explained in more detail in Appendix 8.5. However, the Au 

substrate layer thickness can be pre-set to a reasonable value – such as the nominal 

value stated by the manufacturer – to reduce the number of modelled variables and 

thereby reduce the required computational time. Using the data shown previously in 

§4.2.1.1 (p.43), the influence of modelling or pre-setting the Au-substrate layer 

thickness on the obtained results was investigated. The results are shown in Figure 

23.  

Results shown in Figure 23 demonstrate that the obtained SAM thicknesses vary 

only minimally between when pre-setting the Au layer thickness, compared to when 

the Au layer thickness is modelled alongside the SAM layer thickness. The average 

difference across all 3 groups is 2.02 %, however, examining the absolute values 
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(shown in Appendix 8.11; p.244) reveals that this equates to differences on the order 

of 0.01 nm.  
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Figure 23 – Effect of Modelling or Pre-Setting Au Substrate Thickness 

Shown are the SAM thicknesses as obtained when the Au substrate thickness was fixed (crosses), compared to 

when the Au substrate thickness was freely modelled (circles). For this comparison the data was used that was 

collected for assessing the consistency of the CS preparations. 

Based on this assessment, subsequent modelling of SAM layer thicknesses was 

conducted with the Au layer thickness pre-set at the nominal 30 nm thickness 

provided by the manufacturer. To further consolidate this as a reasonable 

assumption, the Au layer thickness itself was assessed alongside the above 

experiments, with results shown in Figure 24 (values attached in Appendix 8.12; 

p.246). The Au substrate layer thickness was found to be adhering closely to the 30 

nm quoted by the manufacturer. There appears to be a systematic underestimation of 
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the Au layer thickness for CS-OH, but this behaviour was not investigated further, 

because, albeit interesting, it has no tangible influence on the subsequent 

experiments. 
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Figure 24 – Modelled Au Layer Thickness 

Thickness of the Au layer as determined through fitting of mathematical models to ellipsometry data. The 

determined thicknesses of the Au layer are adhering closely to the 30 nm nominal Au layer thickness quoted by 

the manufacturer. A systematic underestimation of the Au layer thickness can be observed for CS-OH. Individual 

measurements are represented by a marker each, and black bars mark the mean for each group.  

4.2.2.2  Effect of Spectroscopic Step Size 

The ellipsometer can be set up to take a measurement every 2 nm, or every 5 nm, as 

it steps through the whole wavelength range. The influence of this parameter was 

investigated in a separate experiment where two CS-CH3 samples were interrogated. 

CS-CH3 samples were chosen for this investigation as previous results have shown 
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that the deposited SAM consistently forms with good quality. The results of the 

experiment are shown Figure 25. 

 

Figure 25 – Effect of Spectroscopic Step Size 

Two CS-CH3 samples were interrogated via ellipsometry using 2 nm (A), and 5 nm (B) step sizes. The reduced 

point density obtained using the larger 5 nm step size continues to describe the curve shape sufficiently. 

Use of the smaller 2 nm step size produces a high point density (A), whereas use of 

the larger 5 nm step size produces data of a sparser point density (B). Despite the 
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reduced point density, however, the shape of both curves in (B) continues to be 

described with good detail.  

As detailed in the description of the ellipsometry technique in Appendix 8.5, the stage 

critical to determining unknown sample parameters like the film thickness, is the 

fitting of appropriate models to the experimental data. These models are fitted to 

parameters Is and Ic, and the goodness of fit (GOF) of the models to the experimental 

data is quantified in . Shown in Figure 26 are examples of well and poorly achieved 

fits to data acquired using the larger 5 nm step size.  

The panels in Figure 26 show examples for the good (A) and bad (B) fitting of 

mathematical models (solid lines) to experimental ellipsometry data, where both data 

sets were obtained using the larger 5 nm step size. The quality of the obtained fit is 

expressed by , which assesses the distance of the points in the data set to the line 

of the obtained fit. Large values for allow for the identification of measurements 

where models could not be fitted to experimental data sufficiently well, based on 

which they are subsequently omitted from analysis.  

The time required for individual scans is 7 mins, and 3 mins, for scans using 2 nm, 

and 5 nm, step sizes, respectively. This is a considerable difference when taking into 

account the amount of samples that are being interrogated.  

Based on the substantial time saving, the continued detailed description of the 

curves, and that measurements for which mathematical fits cannot be achieved 

sufficiently well can readily be identified using , subsequent interrogations were 

conducted using the 5 nm step size. 
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Figure 26 – Examples of Well and Poorly Achieved Fits to Experimental Ellipsometry Data 

Examples of well, and poorly, achieved mathematical fits are shown in (A) and (B) respectively. The lines of fit are 

shown as solid lines, compared to the experimental data shown as markers. The quality of the fit is expressed in 

parameter  (A:  = 0.044; B:  = 147.5), which allows for the identification of measurements for which models 

could not be fitted sufficiently well without the need for visual inspection.  
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4.2.3 Effect of Sonication 

In an effort to improve the SAM formation for CS-NH2, and by extension for CS-NP, 

the literature was consulted to help identify improvements in the preparation 

protocols. In a study by Lee, et al., 78, investigating the preparation of NH2 terminated 

SAMs, a sonication step was included in the SAM preparation protocol. The 

sonication step was included as a rigorous washing step, to remove excess 

deposition solution and any non-specifically bound molecule. Prepared samples were 

sonicated for 3 minutes immediately after they were removed from the deposition 

solution.  

This sonication step was added to the preparation protocols for CS-NH2 and         

CS-NP, where samples were sonicated immediately after removal from NH2 SAM 

deposition solution. The results are shown in Figure 27, which shows SAM thickness 

values as obtained via ellipsometry. For ease of comparison, previously obtained 

SAM thickness values for CS-NH2 and CS-NP are shown alongside the results for 

the new, differently prepared samples. 

As shown in Figure 27, only approximately half of the measurements, for samples 

subjected to sonication after removal from NH2 SAM deposition solution, return 

reduced SAM layer thickness values. While XPS results for CS-NH2 that was 

subjected to sonication (attached and discussed in Appendix 8.13; p.247) suggest 

that the formed SAM is in the correct conformation, as compared to the earlier 

discussed preparation without sonication (Figure 19), there is no consistent 

improvement of SAM layer thicknesses discernible from the ellipsometry results; with 

large variations even across individual samples. The addition of the sonication step 

therefore does not efficiently aid in the preparation of these CSs. 
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Furthermore, attempts to incorporate the sonication step into the cantilever 

modification scheme, where ultimately it would need to have been applied, resulted in 

a large proportion of cantilevers being sheared off from the chip. This, overall, makes 

the sonication step both inefficient and wasteful, and it was not considered further for 

the preparation protocols.  
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Figure 27 – Effect of Sonication on Layer Thickness 

SAM layer thicknesses for CS-NH2 and CS-NP are shown, for samples that were subjected to sonication after 

NH2 SAM deposition, compared to previous samples that were not sonicated. For ease of comparison, previously 

obtained results for both CSs are shown alongside results for samples subjected to the newly included sonication 

step. For samples subjected to sonication after removal from NH2 SAM deposition solution, only half of the 

measurements produced reduced SAM layer thicknesses. Individual measurements are represented by a marker 

each, and black bars mark the mean for each group. 
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4.2.4 Effect of HCl in Deposition Solution on NH2 SAM Formation  

As the intermediary step, that facilitates attachment of NP to AFM probes, the NH2 

SAM is of great importance in the proposed cantilever modification scheme, thus 

confirmation of its correct formation remained a primary concern. Continued search 

for improvements to the NH2 SAM preparation protocol identified problems in the 

reproducible preparation of NH2 SAMs to be prevalent in the literature. 65-67,79,80 

In general, the reason for incorrect formation of NH2 SAMs is that in their amine form 

the molecule tail groups are able to enter interactions other than those intended. 

Specifically, the lone electron pair of the amine can donate electrons to form covalent 

Au-N bonds, distorting the alignment of the SAM molecules and enabling exposed S 

groups to oxidise78, and additionally, that through interplane H-bonding between 

adsorbed molecules and free molecules in the bulk, additional layers of deposition 

molecule on top of the adsorbed SAM are created 66.  

The study by Lee, et al., 78, addressed the issue with the addition of hydrochloric acid 

(HCl) to the deposition solution. Through protonation of the amine groups to form 

ammonium ions, covalent Au-N interactions are prohibited. Further, amine group 

dimer formation through H-bonding is prohibited, where instead the positively 

charged ammonium groups repel each other; preventing multilayer formation.  

 

To further investigate the NH2 SAM formation, and determine whether the use of HCl 

produces SAMs of improved quality, a time series was conducted using deposition 

solution both with and without the addition of HCl. Separate samples were prepared 

for each time point in both series, which were each interrogated via ellipsometry in six 

non-overlapping positions. The results of the experiment are shown in Figure 28. 
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Figure 28 – The Effect of HCl in Deposition Solution on NH2 SAM Formation 

SAM thicknesses as determined via ellipsometry are shown, for samples prepared from deposition solution with 

added HCl (red circles), and deposition solution without added HCl (blue squares). One sample was prepared for 

each time point of each series, and each sample was measured six times in non-overlapping positions. Each 

measurement is represented by a marker on the graph, and black bars mark the mean for each group. 

As seen in Figure 28, the SAM formation behaviour is the same for both the 

preparation with and without the addition of HCl for the first 4 h, where an initial 

increase in SAM layer thickness is followed by a subsequent reduction. The mean 

increase for the two series combined is 0.31 nm, followed by an equal reduction. This 

was thought to be comparable to what was reported by Yeung, et al., 81, where a 

change in SAM thickness over time could also be observed. Conversely, the variation 

in SAM thickness was an initial decrease, followed by an increase, which ultimately 

plateaued at the expected thickness value. This gradual change in SAM thickness 

was attributed to SAM organisation and growth that plateaued once the SAM was 



71 

fully formed. It is probable that the change in SAM layer thickness observed in    

Figure 28 over the first 4 h is also due to progressions in SAM organisation, however, 

measurements of similar samples in subsequent experiments did not produce 

comparable behaviour.  

After 4 h the series diverge in the obtained SAM thickness values. Results for 

samples prepared from deposition solution without added HCl consistently show 

increased SAM thicknesses with increased variability of values obtained for individual 

samples. This means that the formed SAMs are no longer in the desired 

conformation, where the formation of multiple layers of deposition molecule on top of 

the adsorbed SAM – due to the aforementioned interplane H-bonding between the 

amine groups – is the likely cause for the increased layer thicknesses.  

Samples prepared from deposition solution with added HCl, for the most part, 

produce thickness values that are consistently in the range of expected values, 

where the results for samples removed from the deposition solution after 8, 15, 21, 

and 24 h of incubation were 1.61 ± 0.04 nm, 1.67 ± 0.07 nm, 1.66 ± 0.03 nm, and 

1.71 ± 0.09 nm, respectively. These values are on average 0.28 nm (20%) above the 

predicted SAM layer thickness of 1.38 nm stated in Table 1 (p.36), but as previously 

discussed in §4.2.1.1 (p.43) this difference is within acceptable margins. Further, 

based on the consistency of the results, the SAMs that formed on these samples are 

considered to be in the correct conformation. 

Samples that were removed from deposition solution with added HCl after 12 h and 

18 h of incubation were distinctly above the expected values at 3.86 ± 2.65 nm, and 

2.52 ± 0.31 nm, respectively, with increased variability of values obtained for 

individual samples. This was not reproducible, however, and repeated preparation of 
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samples at these time points (see Appendix 8.14; p.249) produced improved SAM 

layer thicknesses with good consistency.  

From this it can be concluded that the use of HCl helps produce better quality NH2 

SAMs with more consistent layer thicknesses, although an inherent failure rate 

remains. 

4.2.5 Repeatability of NH2 SAM Preparation and Layer Growth Through 

Subsequent NP Addition 

As the preceding results in §4.2.4 (p.69) have demonstrated, samples prepared from 

NH2 SAM deposition solution with added HCl more consistently present with good 

quality SAMs, however, an inherent failure rate in the preparation remains. In an 

effort to quantify this failure rate, 10 samples were prepared independently under the 

same conditions, and were interrogated via ellipsometry. The chosen time of 

immersion in deposition solution for these samples was 4 h, because the results from 

the NH2 SAM formation time series indicate that this provides sufficient time for the 

SAM to form fully, as well as preventing excessive deposition that occurs during 

longer times of immersion. 

Additionally, those same samples were later also subjected to the addition of NP, in 

an effort to quantify the layer growth as a result of NP addition. The samples were 

again assessed via ellipsometry, where the first and second interrogations of the 

samples were in non-identical, but similar, positions. The results are shown in     

Figure 29.  

From the results shown in Figure 29, the inherent failure rate to the preparation of 

NH2 SAMs can be estimated at 30%, as samples 6, 8, and 10, present layer 
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thicknesses well above predicted values, as well as increased variability of results for 

individual samples. There is a strong connection between the consistency of the NH2 

SAM layer thicknesses and the consistency of layer thicknesses after subsequent 

addition of NP. The average increase in layer thicknesses due to NP addition is    

0.174 ± 0.081 nm (p=0.035) for all samples, which decreases to 0.096 ± 0.041 nm 

(p=0.023) after the exclusion of samples 6, 8, and 10. 
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Figure 29 – Repeatability of NH2 SAM Preparation, and Layer Growth Through NP Addition 

Shown are the layer thicknesses as assessed via ellipsometry for 10 independently prepared samples. Samples 

were first measured after 4 h of immersion in NH2 SAM deposition solution (blue squares), and again after 

addition of NP to the same samples (red circles). Individual measurements are represented by a marker each, 

and black bars mark the mean for each group. 

The samples for which correct conformation of the NH2 SAM was not achieved, still 

show a mean increase in layer thickness after NP addition of 0.357 ± 0.222 nm (n.s.). 

This indicates that incorrectly bound NH2 SAM deposition molecules that are forming 

additional layers on top of the adsorbed SAMs, are later not displaced in the addition 
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of NP; further emphasising the importance of achieving correct NH2 SAM formation 

prior to NP addition. 

4.2.6 Effect of HCl Concentration 

While the previous results have demonstrated that the use of NH2 SAM deposition 

solution with added HCl produces samples of better quality, it does not manage to 

completely prevent occasional failures in the sample preparation. 

To investigate whether using different concentrations of added HCl will improve its 

effect in producing better quality samples, deposition solutions with different 

concentrations of added HCl were prepared. Samples were immersed in the 

deposition solution for between 1 and 8 h, producing short time series for each of the 

different deposition solutions. As in the previous experiment in §4.2.5 (p.72), samples 

were first interrogated using ellipsometry after immersion in NH2 SAM deposition 

solution, and were interrogated a second time after subsequent addition of NP; 

where each time every sample was measured in three non-overlapping positions. 

For means of comparison, a short time series of SAM formation was also prepared 

for CS-CH3, which is known to readily produce consistent layer thicknesses, and 

hence provides a reliable baseline against which other results can be compared. The 

results are shown in Figure 30.  

The results in Figure 30 show the SAM thicknesses for CS-CH3 increasing steadily 

during the first 4 h of incubation, by 0.105 ± 0.037 nm from 1 h to 2 h (p=0.045), and 

by 0.219 ± 0.056 nm from 2 h to 4 h (p=0.017). Beyond 4 h of incubation, the SAM 

thickness plateaus, at 1.84 ± 0.097 nm, which indicates completed assembly and 



75 

organisation of the SAM. A grey line across the graph was marked at this value to aid 

in comparison of the results. 
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Figure 30 – Effect of HCl Concentration 

SAM thicknesses assessed via ellipsometry are shown for samples prepared from NH2 SAM deposition solution 

with different concentrations of added HCl, with times of immersion between 1 and 8 h (blue markers). The same 

samples were assessed again via ellipsometry after subsequent addition of NP (grey markers). CS-CH3 samples 

were prepared for the same times of immersion (red circles) to provide a baseline SAM layer thickness for 

comparison of the data. This is marked by the grey line across the graph and is defined by the plateaued SAM 

thickness of CS-CH3. Individual measurements are represented by a marker each, and black bars mark the mean 

for each group. 

The results for the NH2 SAMs demonstrate that with increasing concentration of HCl 

the obtained layer thicknesses decrease. The average decrease in SAM layer 

thickness between samples prepared from deposition solution with no added HCl 

compared to samples prepared from deposition solution with 0.1 M HCl added is 

0.141 ± 0.038 nm (p=0.0009). Additional decreases in SAM layer thicknesses of 
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0.108 ± 0.055 nm (p=0.063), and 0.529 ± 0.112 nm (p<0.0001), are observed with 

each further 10-fold increase in concentration of added HCl. 

For samples prepared from deposition solution with 10 M HCl added, however, the 

mean layer thickness is not an appropriate assessment, as for those samples a 

reduction in SAM layer thickness over time can be observed that is not apparent for 

the other groups. Within the first 2 h of incubation, the produced SAM layer 

thicknesses are comparable to the experiment baseline value determined from       

CS-CH3 samples, but for incubation times beyond 2 h SAM layer thicknesses even 

below that are produced. Layer thickness values below the determined baseline 

suggest that instead of a densely packed SAM, a sparser distribution of the 

molecules is assembled on the surface.  

The layer thicknesses that were determined after subsequent NP addition to the NH2 

SAM samples show great variability, and many measurements were excluded 

because mathematical models could not be fitted to the data sufficiently well. The 

most consistent results were obtained for NP addition to samples prepared from NH2 

SAM deposition solution with 10 M HCl added. However, layer thicknesses after NP 

addition are increasingly greater for samples for which lower NH2 SAM thicknesses 

were previously determined. This suggests that more NP binds to more sparsely 

assembled NH2 SAMs. One scenario in which this behaviour is plausible, is that for 

densely packed SAMs, the density of amines exposed at the surface is too great, and 

steric effects are impeding the attachment of NP. With increasing sparsity of the 

exposed amine groups, the proportion of amine groups to which NP can bind 

increases also, enabling an overall greater amount of NP to be retained.  
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From these results it can be concluded that an increase in the concentration of the 

HCl added to the NH2 SAM deposition solution aids in producing better quality SAMs 

that are presenting with layer thicknesses that more closely adhere to predicted 

values. This also positively influences the subsequent addition of NP, where layer 

thicknesses in the range of predicted values are obtained with increased consistency. 

Based on these findings, the best preparations are achieved using NH2 SAM 

deposition solution with 10 M HCl added, combined with increased incubation times.  
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4.3 Discussion of Tip Modification Verification and Quality Control 

The surface area of AFM cantilevers is very limited, and hence not accessible for 

common interrogation techniques. Therefore, in order to inspect the chemical 

modifications applied to cantilevers, and confirm their correct conformation, an 

alternative medium was required. Au-coated silicon wafers were chosen as substitute 

substrates, as their Au coating provides the same chemical properties that are 

expected from the cantilever Au coating. Furthermore, they provide a substantial 

planar surface on which surface modifications can be interrogated with commonly 

available techniques.  

 

The five different CSs that were prepared in this manner could be divided into two 

groups: 1—CS-NH2 and CS-NP were prepared to investigate the constituent steps of 

the proposed cantilever modification scheme outlined in §3.2.1. (p.27), and 2—CS-

CH3, CS-COOH, and CS-OH were prepared as robust counter surfaces with 

consistent surface chemistries against which modified cantilevers could be tested, in 

order to establish characteristic interaction profiles that would allow identifying 

successfully NP functionalised cantilevers. As previously discussed in §4.1 (p.31), 

CS-NH2 was to be used in both groups, such that four different CSs would be 

available against which NP functionalised cantilevers could be tested.  

CS-CH3 and CS-OH are routinely used to model hydrophobic and hydrophilic 

surfaces, respectively, that carry a neutral charge.65 Hence, interactions with NP 

functionalised cantilevers are expected to be determined by the different wetting 

properties. Similarly, CS-NH2 and CS-COOH are used to model positively and 

negatively charged surfaces, respectively, that are both hydrophilic.65 Hence, 



79 

differences in interactions with NP functionalised cantilevers are expected to be 

determined by the different surface charges.  

 

To be able to use CSs as reliable quality control measures, their preparation needs to 

be reproducibly of good quality. Hence, the first conducted investigation was of CSs, 

to demonstrate that the SAMs for each of the different surface modifications formed 

well, and with good consistency.  

The results for CS-CH3 and CS-OH showed that under the used preparation 

parameters the SAMs formed well reproducibly. Ellipsometry results showed that thin 

films were adsorbed onto the Au substrates, with layer thicknesses within the range 

of theoretically predicted values, and the results of the contact angle analysis 

confirmed that the assembled surface chemistries were exhibiting the expected 

wetting properties. Together, confirming that the SAM is in the correct conformation.  

Prepared CSs were primarily interrogated using ellipsometry and contact angle 

measurements, because the readily obtainable insights allow for the identification of 

good quality samples. However, samples were only considered to be in the correct 

conformation when tests from both techniques produced the expected results. This is 

exemplified by the results for CS-COOH. Ellipsometry results determined SAM layer 

thicknesses for CS-COOH to be well within the range of predicted values, but contact 

angle analysis did not produce the expected results. Hence, the correct conformation 

of the deposited SAM could not be inferred.  

A selection of samples could also be interrogated via XPS, the insights from which 

largely confirmed the findings from ellipsometry and contact angle measurements. 

The XPS results for CS-CH3, CS-COOH, and CS-OH all presented with high signal 
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intensities in their survey spectra, confirming thin layer thicknesses for the SAMs 

adsorbed onto the Au substrates. Further, the XPS results confirmed the presence of 

the elemental components of the different deposition molecules, and the two 

discernible peaks in each of their S spectra suggested that the SAMs had formed 

correctly. The XPS results for CS-COOH could not confirm incorrect conformation of 

the SAM, not showing peaks in the S spectrum characteristic for unbound or oxidised 

S.65,82 However, the XPS results can also not be used to infer correct conformation of 

the SAM as it does not provide information on the orientation of the molecules. 

Therefore, despite XPS and ellipsometry results suggesting that the SAM on          

CS-COOH had formed correctly, it is not considered to be in the correct 

conformation, and in this instance the contact angle results remain deterministic in 

calling the quality of the SAM into question. Further, while XPS results may be more 

detailed, the technique is also not available to provide continuous assessment of 

samples for quality control throughout the project.  

 

XPS results for CS-COOH and CS-OH did determine the presence of N on the 

interrogated samples, which was unexpected as neither of the deposition molecules 

contains any. The most plausible cause for the presence of N on these samples was 

through cross-contamination in the sample preparation. In the preparation, samples 

were handled in sequence, 1 through 5, as shown in Figure 11 (p.114).  

Although the forceps that were used to handle the samples were washed in both H2O 

and EtOH in between samples, some traces of the N containing molecule used in the 

preparation of CS-NH2 likely remained. The absence of N on CS-CH3, and the 
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intensity of the detected N peak decreasing from CS-COOH to CS-OH, supports this 

hypothesis.  

To prevent cross-contamination in future sample preparations, a small amount of 

piranha solution, used to clean the Au substrates, was retained for rinsing of the 

forceps in between handling samples, in addition to the rinses in H2O and EtOH. 

Additionally, when different CSs needed to be prepared, they were no longer 

prepared in sequence. The required amount of replicate samples for each of the 

different chemical modifications was prepared together, and all rinsing solutions were 

replaced, and handling tools cleaned, before preparing samples of the next chemical 

modification.  

 

The investigation of the consistency of CS preparations revealed that SAMs on        

CS-NH2, and by extension those on CS-NP, did not form correctly. Ellipsometry 

results for both showed that the thicknesses of the adsorbed layers were distinctly 

above the predicted values. While distinct increases in layer thickness could be 

observed for CS-NP compared to CS-NH2, suggesting that addition of NP was 

occurring, it could not be assumed that the surface modifications were in the 

designed conformation. Results from contact angle analysis confirmed that CS-NH2 

did not possess the correct surface chemistries, where both CS-NH2 and CS-NP 

produced contact angles that were more characteristic for SH groups being exposed 

at the SAM surface.74  

 

XPS results for CS-NH2 and CS-NP support the ellipsometry findings, where reduced 

signal intensities in the survey spectra suggest that films with increased layer 
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thicknesses have been adsorbed. The S spectra for both CSs further confirm that the 

SAMs did not form correctly, lacking two discernible peaks, and are characteristic of 

unbound SH groups rather than oxidised S.66,78,82  

The S spectra confirming that no oxidised S is present on the sample, however, 

leaves the presence of O on CS-NH2 unexplained. A study by Baio, et al.,65, 

addressed this issue specifically, investigating the source of significant amounts of O 

commonly found on NH2 SAMs. Detailed multi-technique analysis of NH2 SAMs 

found that only fractional amounts of O, below the detection limit of XPS, are present 

due to oxidation of species in the deposition molecule, and determined that the 

majority of detected O is due to O containing coadsorbates at the SAM surface, such 

as tightly bound water. 

With the addition of NP on CS-NP, the presence of O is expected, but a 

deconvolution of the O spectrum into the different conformations of O is not possible, 

and the applied type of XPS does not provide information on the location of O in the 

SAM. Hence, while the XPS results confirm the presence of the elemental 

components of the deposition molecules, they do not allow for a distinction between 

the parts that are deposited in the individual steps of the surface modifications. 

 

To improve on the quality of prepared CS-NH2, and by extension CS-NP, 

modifications to the preparation protocols were considered.  

In the preparation of NH2 SAMs described by Lee, et al., 78, samples were sonicated 

for 3 min after SAM deposition in order to remove any excess of solution and loosely 

bound molecule. While the XPS results from interrogation of a CS-NH2 sample 

subjected to sonication after removal from NH2 SAM deposition solution suggest that 
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thinner layer thicknesses are achieved, the ellipsometry results for a group of 

samples prepared in that fashion reveal that this is not the case for all samples. 

Variability is observed for individual samples, and across samples, where only 

approximately half of the measurements yield layer thickness values that are within 

range of predicted values. The remainder of the measurements determine layer 

thicknesses to be above the expected values, much like the values that are obtained 

for samples that were prepared without sonication. In addition to variability in the 

produced results, attempts to apply the sonication step to AFM cantilevers resulted in 

approximately half of the cantilevers being sheared off from the chip in the process. 

Hence the inclusion of the sonication step was determined to be ineffective and not 

considered further.  

 

Another modification of the CS-NH2 preparation protocols that was considered was 

the addition of HCl to the SAM deposition solution. In its amine form the N can 

donate a lone pair of electrons to Au to form covalent Au-N bonds, which 

compromises the correct alignment of the molecules and disrupts the structure of the 

SAM on the Au substrate. Added HCl protonates the amine to form ammonium ions, 

which does not bond covalently to Au.78 Further, the formation of amine dimers is 

disrupted, which previously easily formed through H-bonding between the H and the 

N’s lone pair of electrons. Instead the positively charged ammonium groups repel 

each other, which prevents multilayers from forming.66,78  

 

A comparative time series between deposition solutions with and without added HCl 

first highlighted the beneficial effects of added HCl. The results for the different 
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preparations were comparable for shorter incubation times, but the effects became 

increasingly pronounced for extended incubation times. The preparation with added 

HCl continued to produce samples that, for the most part, presented with SAM layer 

thicknesses in the range of predicted values, whereas samples prepared from 

deposition solution without added HCl produced layer thicknesses increasingly 

variable and distinctly above predicted values.  

While the preparation with added HCl provided better quality samples more 

consistently, an inherent failure rate remained. A subsequent assessment of the 

repeatability of preparations approximated this failure rate at 30 %.  

A subsequent investigation of the effects of concentration of HCl added to NH2 SAM 

deposition solution revealed that improved results are obtained by increasing the 

concentration of added HCl. Best results were obtained for samples prepared from 

NH2 SAM deposition solution with 10 M HCl added. Increased times of immersion 

produced SAMs with increasing sparsity of deposited molecules. Beneficial effects of 

increased sparsity were observed for the subsequent addition of NP, allowing an 

increased amount of NP to be retained on the samples.  

 

Evidence of successful addition of NP can be seen for all CS-NP samples compared 

to CS-NH2, but correct conformation of the complete modification cannot be assumed 

for preparations where there is evidence that the NH2 SAM did not form correctly. 

While improved results were obtained through altering and adapting different 

parameters of the preparation, the possibility of preparations failing cannot be 

eliminated; emphasising the need for means whereby which successfully modified 

cantilevers can be identified.  
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Out of the four different CSs that were initially to be used for this purpose, results 

showed that CS-CH3 and CS-OH can reproducibly be prepared with good quality. 

Freshly prepared surfaces for testing modified cantilevers against will be tested using 

ellipsometry and contact angle analysis, as these techniques are readily available 

and provide sufficient information to assess the quality of the preparation. Correct 

SAM layer thicknesses confirm that the SAM has formed correctly and the correct 

water wetting properties confirm that the correct tail group moieties are present at the 

sample surface. Results from both techniques are required to match expected values 

for samples to be considered in the correct conformation.  
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5 Preparation and Interrogation of Biological Samples via AFM 

This chapter discusses the preparation of biological samples for atomic force 

microscopy (AFM) adhesion measurements, and what sample preparation 

techniques are most favourable for those purposes. The computational means 

developed for the analysis of large amounts of AFM data are presented, and their 

functionalities are introduced. 

5.1 Hybridoma Cell Lines 

During the development and testing of the technique, a control target was required 

that would remain consistent across different experiments to ensure that results are 

comparable. For this purpose the use of hybridoma cell lines was chosen. The 

hybridoma technique was developed in 1975 by Milstein and Köhler 83, and is briefly 

described in Appendix 8.15 (p.250). The hybridoma technique yields monoclonal, 

immortal cell lines that produce monospecific antibodies, and is since its inception 

employed routinely in research and diagnostics applications.  

The hybridoma cell lines that were used in this project are described in Table 2, and 

were provided to the Toellner lab in 2008, by Claudia Uthoff-Hachenberg, of Cologne 

University. The cell lines were chosen to all be of the same isotype (IgG1), in order to 

limit the number of variables being introduced. The IgG1 isotype is the monomeric 

form of antibody, and was chosen because it is associated with higher affinity 

antibodies that emerge at progressed stages of an immune response and hence is 

expected to produce more distinct interactions, but also because it is the lowest 

valence form of antibody with only two antigen binding sites, which reduces the 
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number of combinations of possible binding interactions compared to other isotypes 

such as IgM, which is pentavalent and as such has 10 potential antigen binding sites. 

Prior to use of the cell lines in experiments, flow cytometry was employed to confirm 

their isotype as well as their specificity towards (4-hydroxy-3-nitrophenyl)acetyl (NP) 

(data shown in Appendix 8.16; p.252). The results in Table 2 show the percentages 

of the assessed populations positive for each. Further, the relative affinity of the 

different cell lines was assessed via surface plasmon resonance (SPR), using 

purified antibody secreted by the respective cell lines (the data, which were kindly 

provided by Dr Jennifer Marshall, and a brief introduction to SPR can be found in 

Appendix 8.17; p.254). 

Table 2 – Hybridoma Cell Lines 

The table details properties of the different hybridoma cell lines that were used in experiments. All cell lines were 

of the IgG1 isotype, and specific towards the antigen NP. Both cell line isotype and NP-specificity were confirmed 

via flow cytometry, showing the percentage of the assessed populations positive for each. Relative affinity of the 

cell lines was assessed via SPR, using purified antibody secreted by the respective clones.  

Cell Line S24.1.47 N1.G9 B1.48 18.1.16 

% IgG1+ 99.9 96.6 99.8 98.5 

% NP+ 97.4 95.5 97.0 95.5 

Relative affinity High Medium-High Medium-Low Low 

5.2 Sample Preparation 

For the preparation of samples suited to interrogation via AFM, a number of different 

requirements needed to be considered.  
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One of the main characteristics of AFM is that the probe is in physical contact with 

the sample. That means that for every tip-sample interaction, at every point 

interrogation, a force is exerted on the sample. While the applied compressive force 

is chosen such that no plastic deformations are incurred in the sample, the possibility 

remains that the force is sufficient to cause displacement. For cells specifically, this 

means that while the force exerted on a cell will not be sufficient to damage the cell, it 

can be sufficient to move the cell from its location, prohibiting repeated interrogations. 

Therefore, sample preparation techniques were required that provided sufficient 

immobilisation; prohibiting lateral displacement of cells upon (repeated) interrogation, 

as well as prohibiting cells from detaching from the sample holder during the loading 

of adhesion events.  

The next consideration was the location of facilities. The culturing of cells, 

preparation of samples, and interrogation of prepared samples on the AFM, needed 

to each be conducted in separate departments. Cells would remain in cell culture 

medium after harvesting, which made the transport between departments 

unproblematic. However, sample preparation techniques were required that produced 

samples robust enough for short term storage and transport prior to interrogation.  

Lastly, the practical application of the method being developed was considered. 

While during initial testing cultured cells were interrogated, the ultimate goal is to 

employ the developed technique in the interrogation of tissue sections. Therefore, 

aspects of sample preparation technique similar to those used for tissue sections 

need to be used for the samples used in initial testing and characterisation of the 

technique. Preparation of tissue sections typically involves fixation in order to 

preserve tissue structure and antigens that may be detected by immunohistological 
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staining techniques. Therefore, a range of fixation methods was tested to determine 

which was best suited for samples interrogated via AFM. 

5.2.1 Cell Monolayer Preparation 

There are two main techniques for the preparation of samples using (cultured) cells, 

1—cytospins, where cells in tissue culture medium are gently accelerated towards 

the sample holder through centrifugal force, forcing adhesion upon contact with 

microscope slides, and 2—sedimentation, where cells are allowed to sediment onto 

the sample holder from a cell suspension and adhesion is aided through a coating of 

the sample holder surface.  

For the preparation of samples used in this project, 1 G sedimentation was chosen 

over centrifugal force assisted sedimentation. The used hybridoma cells contain 

copious amounts of NP-specific antibody. The strain that is put on the cells during 

cytospins may rupture their plasma membranes, making the internal antibody 

accessible to the NP-equipped AFM probe. As internal antibody is not anchored in 

the cell membrane, unlike the cell surface receptors studied here, it may, after 

binding to the NP on the probe, remain attached to the probe when the probe is 

retracted. This would lead to the NP-equipped probe becoming saturated with NP-

specific antibody; causing the probe to lose its specificity. 

The protocol for the preparation of cell monolayers through sedimentation can be 

found in Appendix 8.18 (p.258), where, in an adaption of the techniques employed by 

Shaw, et al., 84,85, Ø13 mm glass coverslips were coated in polylysine to aid in the 

adhesion of the cells to0 the coverslips.  
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5.3 Measurement Process 

The AFM is operated in contact mode. With the aid of low magnification top-down 

optics, the cantilever is positioned near the cell (or cluster of cells) that is to be 

interrogated, before it is approached to the surface. Target cells are subsequently 

identified using the AFM in force mapping mode.  

 
Figure 31 – Localising Target Cells. 

Topographical maps are built up of the sample surface to identify target cells. Using the force mapping mode, a 

coarse scan reveals the approximate location of cells (A), which is subsequently determined more accurately with 

a finer scan of a smaller region, providing a description of the shape of the cell (B). The finer scan is used to 

select a 3.2 µm x 3.2 µm surface area, centrally, on the cell (C), in which, in the force spectroscopy mode, the cell 

is interrogated with 16 x 16 evenly spaced point interrogations.  

As illustrated in Figure 31, a coarse topographical map of the sample surface is built 

up to identify target cells (A). Subsequently, a finer scan of smaller regions covering 

individual identified cells provides a more accurate description of the cell’s shape and 

location (B). The finer scan of the identified cell is used to select the desired scan 
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region. A 3.2 µm x 3.2 µm area is selected on the surface of the cell; centrally, in an 

effort to minimise the effects of the curvature of the cell (C).  

Switching to the force spectroscopy mode, the selected surface area is interrogated 

with an evenly spaced grid of 16 x 16 point interrogations. At each location, force-

distance curves are acquired at 1 µm/s moving speed. The probe is in contact with 

the sample only during the indentation and retraction phase, with no additional in-

contact pauses. The used cantilevers were CSC17/Cr-Au (MikroMasch, USA), and 

OMCL-RC800PB (Olympus, USA), for which the typical radii of curvature of the tip 

are <35 nm 86, and 30 nm 87, respectively; as stated by the manufacturer. 

5.4 Data Processing 

For every point interrogation a force curve, as was shown diagrammatically in     

Figure 8, is produced, from which the desired information needs to be extracted. As 

has been detailed in the description of the measurement process in §5.3 (p.90), 

hundreds of force curves are recorded for every interrogated cell, producing many 

thousands of force curves in every experiment. This volume of data cannot be 

analysed manually within realistic timeframes, and even larger volumes of data are 

expected to be collected in the interrogation of tissue sections. It was therefore 

necessary to develop robust, automated analysis routines that are able to process 

the acquired data.  

Using the example of a data set from a real interrogation point, the developed 

algorithms are described below. Shown in Figure 32(A) is an example of data 

collected for one point interrogation, which for the purpose of analysis is divided into 

its constituent components: the approach curve (B) and the retraction curve (C).  
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Figure 32 – Example Data Point 

Example of a real data point (A) that has been divided into its constituent components; showing the approach 

curve (B) and the retraction curve (C) individually.  

The analysis focuses almost exclusively on the retraction curve, shown in more detail 

in Figure 33, as the majority of the parameters describing the tip-sample interaction 

are extracted from here.  

Baseline Determination – To be able to determine differences, references need to 

first be established. The main reference against which calculations are made is the 

value of the baseline of the un-deflected cantilever in its unstrained state. The 

baseline value is determined by first calculating the mean of an initial cluster of 100 

data points starting at (A). Progressively, the size of this initial baseline cluster is 

increased. Sequentially, the mean of additional clusters of 10 data points is 

determined. If the mean of the additional cluster is within 3 standard deviations (SDs) 

of the mean of the baseline cluster, the two clusters are merged and the overall mean 

is re-determined. This allows the baseline cluster to grow, increasing the accuracy of 

the determined baseline value, and advancing the amount of points considered in its 

determination towards (B). Once the mean of the next considered 10 point cluster lies 

outside 3 SDs of the baseline cluster, the baseline cut-off point (B) has been found. 

No further additions to the baseline cluster are made, and the final baseline value is 
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calculated using only the previously considered points. Graphically, as shown in 

Figure 33, the baseline value is shown by the black line, and the green lines either 

side mark 3 SDs from the baseline.  

Force of Interaction – The force of interaction is determined using the difference 

between the peak cantilever deflection and the baseline. The peak cantilever 

deflection is taken as the lowest point in y of the retraction curve data set (C) that is 

to the left hand side of the previously determined baseline cut off (B). The absolute 

difference in y between the peak cantilever deflection and the baseline, multiplied by 

the known cantilever spring constant, subsequently yields the force of adhesion 

associated with the tip-sample interaction.  

Event ‘Significance’ – The ‘significance’ of adhesion events is assessed by 

expressing the distance between the peak cantilever deflection and the baseline in 

multiples of SD of the baseline (Equation 4).  

    
     

  
 

Where:  

    = event ‘significance’  

      = maximum cantilever deflection [N] 

   = SD of the retraction curve baseline [N] 

Equation 4 – Event ‘Significance’ 

The ‘significance’ of adhesion events is assessed by expressing the maximum cantilever deflection in multiples of 

SD of the retraction curve baseline.  

The event ‘significance’ is determined to aid in the interpretation of results. Large 

adhesion forces detected for a sample being accompanied by values of low event 

‘significance’ are a good indication that large variations exist in the retraction curve 

baselines, and hence call into question the reliability of the obtained results. 
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Conversely, if the adhesion forces that are detected are low, but are accompanied by 

high values of event ‘significance’, it can be assumed with confidence that there are 

only small variations in the retraction curve baselines, and hence that results are 

reliable.  

Event Selection – Point interrogations are classed based on their event 

‘significance’. If the value is found to be less than 3 (SDs), the interrogation is classed 

as a ‘zero’-interaction event, because the value that is found as the peak cantilever 

deflection is within the noise level of the baseline. When this occurs, all values that 

would otherwise be calculated are automatically set to zero. 

Conversely, point interrogations for which the event ‘significance’ is above 3, are 

classed as positive adhesion events.

Energy of Interaction – The energy associated with a tip-sample interaction is 

defined by the area between the retraction curve and the baseline (D), multiplied by 

the known cantilever spring constant. This area is calculated as the sum of the 

distances between points and the baseline, each multiplied by the spacing between 

points. Points considered in the determination of the area (D), must be to the left 

hand side of the baseline cut-off (B), and below the determined baseline value.  

Apparent Loading Rate – The point at which the baseline crosses the retraction 

curve at (E) marks the start of negative cantilever deflection in adhesion events. The 

line (F) between points (C) and (E) is used to determine a loading gradient for the tip 

sample interaction, which takes into account the speed at which the cantilever is 

retracted. Determination of this parameter is inspired by, but not directly comparable 

to, the loading-rate parameter that is used to describe the energy-landscape of 

agonistic interactions.  
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Overview Maps – To allow for the quick inspection of data collected for individual 

samples, a selection of parameters, such as force, energy, and event ‘significance’, 

are displayed on results maps, as for the example shown in Figure 34. Determined 

parameters are shown on the same grid on which interrogation occurred, which, as is 

discernible from the point ID map, occurs in a snake-like fashion.  

The maps for force and energy show that, for this particular measured cell, only the 

results for a small number of point interrogations stand out. These are the points 

which were classed as positive adhesion events. The values for the remaining point 

interrogations in the force and energy maps were set to zero, as the event 

‘significance’ associated with these point interrogations was less than 3. 

The point ID map, accompanying each overview map, aids in the identification of 

points of interest. Upon selection of the position of a point of interest in the point ID 

map, the index for that point is shown. This index is also included in the image file 

produced for every analysed force curve, which allows for the detailed inspection of 

specific points of interest. In the example overview map shown in Figure 34, the 

indices for the points of interest are 56, 35, and 19; and the images for their analysed 

force curves are shown in Figure 35, and Figure 36(A) and (B) respectively. 

 

Points of Interest – The images in Figure 35, and Figure 36(A) and (B), show the 

analysed data for only the point interrogations that were identified as points of 

interest in Figure 34, but an image is produced for every single point interrogation. 

Graphically marked in the images are landmark values determined in the analysis, 

such as: 1—the baseline value (red line) ± 3 SDs (green lines), 2—the baseline cut-

off point (black dotted vertical line), 3—the baseline cross-over point (bold black 
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cross), 4—point of maximum cantilever deflection (bold black cross), 5—gradient line 

of loading (solid black line); where 1 through 3 are determined for both the approach 

and the retraction curves, and 4 and 5 are determined on the retraction curve only.  

Further, the values of calculated parameters are printed into the graph legend. As 

detailed in Figure 35, showing the point of interest with index number 56, the graph 

legend in each image states: 1—the point interrogation index, 2—the force [N] and 

3—the energy [J] associated with the point interrogation, 4—the approach and the 

5—the retraction curve baseline SDs [N], and 6—the loading gradient [N/s]. The title 

of each graph shows the file name of the corresponding data point to ensure that 

data files associated with each point interrogation can easily be located.  
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Figure 33 – Retraction Curve Analysis 

The majority of parameters describing the tip-sample interaction at each interrogation point are extracted from the 

retraction curve. The baseline of the retraction curve is determined by incrementally increasing the number of 

points considered, in the direction of the arrow starting at (A). An initial baseline cluster is sequentially expanded 

with additional 10 point clusters, if the mean of the additional cluster is within 3 SDs of the baseline cluster. Once 

the mean of the additional cluster is outside 3 SDs of the baseline cluster, the baseline cut-off point (B) has been 

found, and no further additions to the baseline cluster are made. The peak cantilever deflection at (C) is defined 

as the lowest point in y on the retraction curve, to the left hand side of the baseline cut off (B). The distance 

between the peak cantilever deflection and the baseline, multiplied by the cantilever spring constant, yields the 

force associated with the tip-sample interaction. The energy associated with the tip sample interaction is given by 

the area between the retraction curve and the baseline (D). The area is calculated as the sum of the distances 

between points and the baseline, each multiplied by the spacing between points, for every point that is below the 

baseline and to the left hand side of the baseline cut off. The retraction curve crosses the baseline at point (E), 

marking the position where in adhesion events negative cantilever deflection starts. The line (F) between points 

(C) and (E) is used to determine a loading gradient for the tip-sample interaction. 
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Figure 34 – Sample Overview Map 

For quick inspection of results for a sample, overview maps are automatically produced by the analysis 

algorithms. A choice of parameters is displayed on the same grid that the data was acquired. This example 

overview map displays force [N], energy [J], and event ‘significance’, alongside a point ID grid. As can be seen in 

the maps for force and energy, only a small number of points stand out, which are the points that were classed as 

positive adhesion events. The remaining interrogation points were classed as ‘zero’-interactions, and their values 

were set to zero. The point ID grid is included to allow for the quick identification of points of interest. Upon 

selection, the interrogation point index is displayed, which is also printed into the image files produced for every 

analysed force curve; as is depicted further in Figure 35. 
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Figure 35 – Point of Interest – Index 56 

From sample overview maps, points of interest can easily be identified using their index as determined from the 

point ID map. Here, the point of interest identified in the example overview map with index number 56 is shown. 

Images like this are generated to allow for the quick visual inspection of specific data points, and confirmation that 

landmark values were determined correctly. Shown for both the approach and retraction curves are the baseline 

value (red line) ± 3 SDs (green lines), the baseline cut-off point (black dotted vertical line), and the baseline cross-

over point (bold black cross). When only one baseline (red line) is apparent, the approach and retraction curve 

baselines overlap. Shown for the retraction curve only are the point of maximum cantilever deflection (bold black 

cross), and the gradient line of loading (solid black line). The values of calculated parameters are printed in the 

legend of each graph, stating the values for: point ID, force [N], energy [J], SD of both the approach and retraction 

curves [N], and the loading gradient [N/s]. The title of each graph states the file name of the corresponding data 

point.  
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 Figure 36 – Points of Interest – Indeces 35 and 19 

Shown are the points of interest with indeces 35, and 19, in (A), and (B), respectively; as identified in the example 

overview map shown in Figure 34. As detailed in Figure 35, images show the baseline value (red line) ± 3 SDs 

(green lines), the baseline cut-off point (black dotted vertical line), and the baseline cross-over point (bold black 

cross), for both the approach and retraction curves, and the point of maximum cantilever deflection (bold black 

cross), and the gradient line of loading (solid black line), for the retraction curve only. The values of calculated 

parameters are printed in the legend of each graph, from top to bottom stating the values for: point ID, force [N], 

energy [J], SD of both the approach and retraction curves [N], and the loading gradient [N/s]. The title of each 

graph states the file name of the corresponding data point. 
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5.5 Effects of Fixation  

Fixation was used in the preparation of cell samples for interrogation via AFM. As 

previously discussed, the final application of the technique is in the interrogation of 

tissue sections. Therefore, the cell samples used in the testing and characterisation 

of the AFM technique needed to be prepared using sample preparation techniques 

that could also be applied to tissue sections.  

Fixatives that are routinely used in the preparation of biological samples are acetone 

and formaldehyde (FA), where acetone is commonly used for fixation of tissue 

sections, and FA is used for fixation of cells in solution. 

Under standard ambient temperature and pressure FA (HCHO) is a gas, but it readily 

dissolves in water, and is typically kept as a 40 % (by weight) aqueous solution; 

which is called formalin. In aqueous solution, FA reacts with water to form methylene 

hydrate (HO-CH2-OH), which over time can react together to form precipitates of 

paraformaldehyde (OH(CH2O)nH). This process of polymerisation is inhibited in 

commercially available solutions through the addition of methanol. Due to the slow 

degradation of formalin, freshly prepared solutions should be used for optimal results.  

When applied to biological samples, the aldehyde groups form a -CH2- cross link 

between the nitrogen, and other constituent atoms, of proteins. The formation of this 

so called methylene bridge constitutes the fixative action of formaldehyde, which 

creates an insoluble matrix of cross-linked proteins that traps other substances such 

as carbohydrates, and lipids that remain chemically unchanged unless exposed to 

formaldehyde for weeks.88,89 

Due to the water based nature of the FA fixative, the sample does not experience 

any dehydration, or shrinkage due to dehydration. 
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Acetone (CH3COCH3 or H3CC(=O)CH3) is an organic solvent, whose mode of action 

lies in the physical chemistry, and is comparable to that of alcohols. In solution, 

acetone interferes with the hydration cloud of charged proteins that keeps them 

soluble, causing them to precipitate, and it is furthermore a good solvent for lipids; 

removing exposed lipid components that are not tightly bound.90 Acetone must be 

used cold (0-4°C)91, as acetone that is used at room temperature can unravel the 

tertiary structure of proteins that depends on hydrogen bonding. Much like alcohols, 

acetone is a dehydrating agent, and as such can cause shrinkage of samples.90,91 

 

The following experiments were conducted to determine the effects of the different 

fixatives on samples prepared from cultured cells, and what the effect of the 

introduced conformational changes are on subsequent AFM adhesion 

measurements. 

In the following experiments, cell samples were prepared as previously described in 

§5.2.1 (p.89), and subsequently either: fixed using acetone, fixed using 10 % 

formalin, or left unfixed.  

Cells from each of the different sample preparations were then interrogated via AFM, 

using three different cantilever modifications. The chemical modifications of the used 

cantilevers were equivalent to those of CS-NH2, CS-COOH, and CS-NP. 
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5.5.1 Cell Elasticity  

Computationally, the extraction of elasticity values from AFM force-displacement data 

is not as trivial as the extraction of force and energy values that has been described 

in §5.4 (p.91), but it is equally readily accessible. Commercial AFM systems are 

provided with analysis software containing a range of built-in deformation models that 

can be applied to experimental data. The process for quantifying cell elasticity that 

has been employed, and its underlying principles, is discussed in detail in Appendix 

8.19. In short, measurements of the applied load and the resulting depth of 

penetration of the indenter into the specimen are used to inform a Hertzian contact 

mechanics model; shown in Equation 5 below.  

  
 

    

    

 
  

    

Where:  

F = applied load [N] 

E = Young’s modulus [Pa] 

 = Poisson’s ratio  

RC = radius of curvature of the indenter tip [m] 

ht  depth of penetration [m] 

Equation 5 – Hertzian Model of Deformation for Determination  of Specimen Elasticity  

The employed Hertzian model of deformation shows the relationship of the applied load F, the depth of 

penetration of the indenter into the specimen h, the Poisson’s ratio  and the Young’s modulus E of the specimen, 

and the radius of curvature of the tip of the indenter RC. F and h are experimentally determined values,  and RC 

are assumed to be prior knowledge and appropriate values are specified for use in the model. A value of E that 

produces the least discrepancy between the model and experimental data is subsequently determined through 

computational means  

As is shown on the example curve in Figure 37, the model of deformation is fitted to 

the approach curve. Shortly after initial contact the model fit starts to deviate from the 

experimental data. The indentation and deformation associated with the tip-sample 
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contact only adheres to the assumption of purely elastic deformations during the 

application of very small forces, and is primarily governed by visco-elastic behaviour. 

Another indication that the deformation of the specimen is not purely elastic is the 

difference between the approach and retraction curves. If only purely elastic 

deformations were occurring, and in the absence of adhesion hyteresis, the approach 

and retraction curves should be identical. Rarely desirable plastic deformations can 

occur during the application of larger forces.  

 
Figure 37 – Determination of Cell Elasticities 

Example of force-displacement data, showing the approach curve in magenta, and the retraction curve in blue. 

The green curve shows the fitting of the deformation model (presented in Equation 5) that is fitted to the approach 

curve. The model fit starts to deviate from the experimental data shortly after initial contact. The RMS value 

(assessing the goodness of the model fit to the experimental data) for this representative data point is 35.69 pN. 
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While it is acknowledged that research into determining optimal experimental 

parameters for measurements of cell elasticities 92-94, as well as furthering the 

accuracy of accompanying mathematical models 92-96, is active and ongoing, the 

already available means were deemed sufficient. Given that the experimental 

conditions are the same throughout the investigation, a comparative assessment of 

the effect of the different fixatives on the samples can be made.  

 

The cell elasticities were determined using the Hertzian deformation model shown in 

Equation 5, using the assumption of a paraboloid tip shape with a radius of curvature 

of the tip of 35 nm (RC = 35 nm), and a specimen Poisson’s ratio of 0.5 ( = 0.5). The 

obtained elasticity values are given as Young’s modulus, which describes the 

relationship between the linearly elastic deformations of a material proportional to the 

force per unit area that is applied to it.  

 

5.5.1.1 Cell Elasticity Results  

The results shown in Figure 38 were collected by interrogating hybridoma cells from 

all of the different sample preparations with each of the different cantilever 

modifications. Cells that were left unfixed, or were fixed using acetone or formalin, 

are shown in blue, red, and green respectively, with different shadings of the colours 

marking the different cantilever modifications.  

Figure 38 shows that clear differences are discernible between the cells’ Young’s 

moduli as a result of acetone or formalin fixation, where the Young’s moduli 

determined for samples prepared using acetone fixation are an order of magnitude 

greater than what is observed for samples prepared using formalin fixation.  
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The results that were obtained for cells left unfixed varied widely, with differences in 

Young’s moduli for individual cells of up to three orders of magnitude. 
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Figure 38 – Young’s Modulus of Hybridoma Cells due to Fixation 

Cells from each of the different sample preparations were interrogated using each of the different cantilever 

modifications; showing unfixed cells, and cells that were fixed using acetone or formalin, in blue, red, and green 

respectively. Different shadings of the colours mark the different cantilever modifications, showing COOH, NH2, 

and NP functionalised cantilevers with light, intermediate, and dark shades respectively. Boxes show 25th 

percentile, median, and 75th percentile, and whiskers show the minimum and maximum values. Each box and 

whiskers plot represents one cell, and comprises data from 100 indentations. 

To assess the differences between the different sample preparations, data were 

grouped for cells that were prepared under the same conditions. Although differences 

within the groups can be observed, the different cantilever modifications are 

considered to have no impact on the determined Young’s moduli, as the indentation 

behaviour of the cantilevers should not be altered. The results are shown in       

Figure 39. 
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Figure 39 – Young’s Modulus of Hybridoma Cells Grouped by Sample Preparation 

Based on the assumption that the different cantilever modifications do not impact the indentation behaviour of the 

cantilevers, the data from Figure 38 were grouped for cells prepared under the same conditions. Boxes show 25th 

percentile, median, and 75th percentile, and whiskers show the minimum and maximum values. Results show 

that the differences in Young’s modulus, due to different sample preparation, are highly significant (p<0.0001). 

The results in Figure 39 show the previously identified difference in Young’s moduli 

for cells prepared using acetone fixation and cells prepared using formalin fixation to 

be highly significant (p<0.0001), with the mean values for cells fixed in acetone 

(         Pa) being approximately 50 times larger than those for cells fixed in 

formalin (         Pa). 

A likely source for the differences in Young’s modulus is the different mode of action 

of the two used fixatives that has previously been highlighted in §5.5 (p.101). 

Acetone is a dehydrating agent, where the dehydration effects, and the thereby 

incurred shrinkage of the sample, are likely the cause for the observed increase in 
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Young’s modulus. Samples fixed using formalin do not experience dehydration due 

to the water based nature of the fixative, and the shape of cells is to a greater extent 

preserved through the matrix of cross-linked membrane proteins that traps the 

constituent components of the cell.  

 

Statistical assessment of the grouped data in Figure 39 further revealed the 

difference in Young’s modulus between cells left unfixed and cells subjected to 

fixation to also be highly significant (p<0.0001). However, the results that were 

obtained for cells left unfixed were highly variable (Figure 38, p.106), ranging from 

values comparable to cells subjected to acetone fixation, to several orders of 

magnitude below what was determined for cells subjected to formalin fixation. 

Consequently, due to the great variability of the results obtained for unfixed cells, the 

significance of the difference between unfixed cells and fixed cells is acknowledged 

with reservations. Because, while it is expected that fixed cells produce significantly 

different behaviour due to conformational changes as a results of fixation, the here 

obtained results for unfixed cells are not seen as representative. 

The great variability in the results obtained for unfixed cells is likely due to the cells 

remaining more susceptible to environmental conditions. As previously discussed in 

§5.2 (p.87), sample preparation, and interrogation of samples, needed to be 

conducted in separate facilities. This exposed sample cells to deterioration and death 

during short term storage as well as transport between facilities.  

Further, the continued ability of live cells to respond to environmental stimuli means 

that cells may be adversely affected by interrogation itself, where the repeated 

application of compressive forces may cause apoptosis.97 
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In a similar experiment, isolated primary murine B cells were used instead of 

hybridoma cells, which were again either left unfixed, fixed using acetone, or fixed 

using formalin. In this experiment samples were interrogated using only a NP 

functionalised cantilever. The data is presented in Figure 40, and again shows the 

determined Young’s moduli for cells that were left unfixed, and cells that were fixed in 

acetone, or fixed in formalin, in blue, red, and green respectively.  
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Figure 40 – Young’s Modulus of B Cells due to Fixation 

Samples from isolated primary murine B cells were prepared using the different preparation methods, showing 

unfixed cells, and cells that were fixed in acetone, or fixed in formalin, in blue, red, and green respectively. Boxes 

show 25th percentile, median, and 75th percentile, and whiskers show the minimum and maximum values. Each 

box and whiskers plot represents one cell, and comprises data from 100 indentations. 

The results presented in Figure 40 show clear differences between the Young’s 

moduli in response to the different preparation methods, where the results obtained 

for each of the different preparation methods show good consistency.  
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The Young’s moduli determined for cells prepared using formalin fixation are an order 

of magnitude greater than what is observed for cells prepared using acetone fixation; 

which is the converse behaviour of what was previously observed for hybridoma 

cells.  

The results obtained for cells left unfixed are much less variable than what was 

previously observed for hybridoma cells, with Young’s moduli distinctly below what is 

observed for cells subjected to acetone fixation.  
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Figure 41 – Young’s Modulus of B Cells Grouped by Sample Preparation 

The data from Figure 40 were grouped for cells prepared under the same conditions, showing unfixed cells, and 

cells fixed using acetone, or fixed using formalin, in blue, red, and green respectively. Boxes show 25th 

percentile, median, and 75th percentile, and whiskers show the minimum and maximum values. Results show 

that the differences in Young’s modulus due to different preparation methods are highly significant (p<0.0001). 
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To again assess the differences between the different preparations, data were 

grouped for cells prepared under the same conditions, and the results are shown in 

Figure 41. 

The results in Figure 41 show the differences between the different sample 

preparations to be highly significant (p<0.0001). The mean Young’s modulus for 

unfixed cells (         Pa) is two orders of magnitude smaller than what was 

determined for cells subjected to acetone fixation (         Pa); and the highest 

Young’s moduli were determined for cells subjected to formalin fixation               

(         Pa), which were an order of magnitude greater even than what was 

observed for cells subjected to acetone fixation.  

 

In this experiment, the results obtained for unfixed cells showed less variability than 

what was previously observed for hybridoma cells, and can with increased 

confidence be viewed as representative of unfixed cells. Unfixed cells were 

determined to have a distinctly lower Young’s modulus than cells subjected to 

fixation, where conformational changes due to fixation are the likely cause of the 

increased Young’s modulus of fixed cells.  

The difference in Young’s modulus of cells fixed in acetone compared to cells fixed in 

formalin is comparable in magnitude to the difference that was observed for 

hybridoma cells, but is the converse in behaviour. Compared to cells fixed in acetone, 

the Young’s moduli for B cells fixed in formalin is an order of magnitude greater, 

whereas it is an order of magnitude lower for hybridoma cells fixed in formalin. In 

both experiments only little variability was observed in the results for fixed cells, 

therefore the observed difference in behaviour of the two different cell types is not 
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likely due to measurement artefacts, but rather because the two different cell types 

react differently to the different sample preparation methods. 

 

While for both cell types the observed differences in Young’s modulus are up to two 

orders of magnitude, the obtained values are in keeping with results reported in the 

literature. Isolated unfixed cells under compression in AFM experiments exhibited 

Young’s moduli of 3.2 ± 0.5 kPa 98, 3.3 ± 0.2 kPa 99, 1.14 ± 0.32 kPa 100, and 1.2 ± 

1.25 kPa 101, which compare well to the 2.42 ± 1.31 kPa obtained for unfixed isolated 

B cells presented in Figure 41 (p.110) above.  

Cell elasticity values for cells subjected to fixation are a lot more sparse in the 

literature, but formalin fixation has been reported to substantially increase the 

Young’s modulus of cells. Lulevich, et al., 102, reports Young’s modulus values of 10 – 

35 MPa for cells subjected to formalin fixation, which is an order of magnitude greater 

than the results for formalin fixed hybridomas (107 ± 95.7 kPa) presented in Figure 

39 (p.107), but is in good agreement with the results for formalin fixed B cells (2.06 ± 

0.825 MPa) presented in Figure 41 (p.110). The stated reason for the substantial 

increase in Young’s modulus is the formation of covalent imine bonds through the 

reaction of aldehyde groups with primary amines in membrane and cytoskeletal 

proteins 88,89; as was postulated with the description of the mode of action of the 

formalin fixative in §5.5 (p.101). 

The mode of action is also the principal determinant for the elasticities displayed by 

cells fixed in acetone. Besides the removal of loosely bound lipids to expose protein 

targets, and its dehydrating effects, acetone also permeabilises the cell membrane 

103. That means that the inner fluid in cells can no longer transduce the compression 
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pressure homogeneously, which means that the compression mechanics of 

permeabilised cells are dictated by the compression of the cell interior rather than 

that of the cell membrane.102 Young’s modulus values for permeabilised cells are 

reported at 150-230 kPa 102, which are an order of magnitude lower than the results 

for acetone fixed hybridomas (4.96 ± 10.1 MPa) presented in Figure 39 (p.107), but 

in good agreement with the results for acetone fixed B cells (130 ± 127 kPa) 

presented in Figure 41 (p.110). 

The differences in response of the two cell types to the different fixatives are likely 

due to their structural differences, which is discussed in more detail in §5.6 (p.125). 

5.5.2 Frequency of Interactions  

The results presented next were produced from further analysis of the data obtained 

in the aforementioned interrogation of the hybridoma cells using three differently 

functionalised AFM cantilevers.  

 

Each cell that was measured, was first interrogated using a relative set point (RS) of 

1 nN, and subsequently, on the same grid of point interrogations, using a RS of        

10 nN. As described with Figure 8 in §3.1.1 (p. 18), the RS is the pre-specified 

compressive force with which the cantilever is pushed into the sample before contact 

with the sample is considered to have been achieved, and cantilever retraction is 

begun.  

 

First, the effects of fixation on event selection were assessed. Shown in Figure 42 is 

the percentage of point interrogations that were classed as positive adhesion events, 
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out of all point interrogations made; showing, separately, values for interrogations 

made using RSs of 1 nN (RS-1), and 10 nN (RS-10). Cells that were left unfixed, 

fixed using acetone, or fixed using formalin, are shown in blue, red, and green 

respectively, with different shadings of the colours marking the different cantilever 

modifications. 
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Figure 42 – Frequency of Interaction 

Cells from each of the different sample preparations were interrogated using each of the different cantilever 

modifications; showing unfixed cells, cells fixed using acetone, and cells fixed in formalin, in blue, red, and green, 

respectively. Different shadings of the colours mark the different cantilever modifications; showing COOH, NH2, 

and NP functionalised cantilevers with light, intermediate, and dark shades, respectively. Cells were interrogated 

using RSs of 1 nN (RS-1) and 10 nN (RS-10). Results for all different experimental conditions show the 

percentage of point interrogations classed as positive adhesion events from all point interrogations made; where 

every marker represents the results for one cell.  

The results presented in Figure 42 show that the highest rates of positive adhesion 

events are produced for interrogations made using the NH2 equipped cantilever. 
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Using this cantilever, similar results are produced for unfixed cells (RS-1: 27 %,      

RS-10: 78 %) and cells fixed in acetone (RS-1: 30.5 %, RS-10: 58 %), however, a 

much higher frequency of positive adhesion events is produced in interrogation of 

cells fixed in formalin (RS-1: 90.3 %, RS-10: 95 %). 

The results obtained from interrogations using the COOH equipped cantilever are 

similar for the different sample preparations at low indentation forces, with 7 %,       

3.7 %, and 10 % at RS-1 for unfixed cells, cells fixed in acetone, and cells fixed in 

formalin, respectively. At higher indentation forces, however, for the same samples, 

the results differ distinctly, with 5 %, 49 %, and 79 % at RS-10, respectively. 

For samples interrogated with the NP equipped cantilever, the differences between 

interrogations with smaller (RS-1) and greater (RS-10) forces of indentation are not 

as pronounced, where the highest rates of positive adhesion events are observed for 

unfixed cells (RS-1: 29 %, RS-10: 43 %), followed by cells fixed in acetone            

(RS-1: 9.5 %, RS-10: 19 %), and the lowest rates are observed for cells fixed in 

formalin (RS-1: 2.3 %, RS-10: 5.7 %) 

 

A trend that is observed for all pairings of sample preparation and cantilever 

modification (except only unfixed cells interrogated with the COOH equipped 

cantilever) is that higher rates of positive adhesion events are produced for 

interrogations using higher forces of indentation (RS-1<RS-10). This behaviour can 

be expected, as with higher forces of indentation the surface area of contact between 

the cantilever tip and the sample is increased, thus increasing the probability of 

molecular interactions occurring.  
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When using the specific NP equipped cantilever, the number of interactions occurring 

is greater for unfixed cells compared to cells subjected to fixation. A likely cause for 

that behaviour is the freedom of movement of the targeted B cell receptors (BCRs). 

Conformational changes of the cells, introduced through fixation, could reduce the 

freedom of movement of the BCR, hence reducing the probability that the BCR can 

successfully bind the NP antigen. The results presented in Figure 42 suggest that this 

effect is more pronounced for cells fixed in formalin, as compared to cells fixed in 

acetone. The conformational changes introduced through fixation are, however, not 

limited to altering cell elasticity. As discussed in the introduction of the modes of 

action of the different fixatives in §5.5 (p.101), formalin covalently cross-links cell 

surface proteins and may interfere with the targeted receptors, and acetone can 

unravel the tertiary structure of proteins, which would leave the targeted receptors 

non-functional. These possible hindrances to successfully measuring receptor 

binding are discussed in more detail in §5.6 (p.125). 

 

Conformational changes introduced through fixation are likely also the reason for the 

differing behaviours in response to interrogation with the COOH and NH2 equipped 

cantilevers. Based on the results in Figure 42, the effects of acetone fixation are less 

influential, causing only a small increase in the number of unspecific interactions 

when probed with the COOH equipped cantilever, whereas formalin fixation yields 

distinct increases in the number of unspecific interactions for interrogations with both 

the COOH and NH2 cantilevers.  
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5.5.3 Magnitude of Interactions  

The following section examines in more detail the point interrogations that were 

identified as positive adhesion events. Specifically, the magnitudes of the forces and 

energies associated with these events were inspected. 
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Figure 43 – Force of Interaction 

Individual cells (denoted by letters) from each of the different sample preparations were interrogated using RSs of 

1 nN (RS-1) and 10 nN (RS-10). Unfixed cells, cells fixed in acetone, and cells fixed in formalin are shown in blue, 

red, and green, respectively. Different shadings of the colours mark the different cantilever modifications; showing 

COOH, NH2, and NP functionalised cantilevers with light, intermediate, and dark shades, respectively. Boxes 

show 25th percentile, median, and 75th percentile, and whiskers show the minimum and maximum values. 

Results show the peak forces associated with positive adhesion events only. 

Shown in Figure 43 are the peak forces that were measured for individual cells from 

the different sample preparations, showing separately results for interrogations with 

low (RS-1), and greater (RS-10), forces of indentation. Cells from the different 
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sample preparations are shown in different colours, where different shadings within 

mark the different cantilever modifications with which they were interrogated.  

 

The results shown in Figure 43 reveal there to be an order of magnitude difference 

between adhesion events detected when using the non-specific cantilevers equipped 

with COOH, or NH2, functional groups, compared to cantilevers equipped with the 

BCR specific NP. For unfixed cells, and cells fixed in acetone, the separation 

between specific and non-specific adhesion events is distinct, whereas for cells fixed 

in formalin the separation is not as clear, as a greater variation in the obtained results 

is observed. 

Differences in forces for interrogations conducted with different forces of indentation 

were determined to be mostly non-significant. Significant differences were 

determined to be no greater than            N, and as low as            N, and 

were found only for cells G*, H**, K*, M**, N*, P**; which are all interrogations 

conducted with non-specific cantilever modifications.  

 

While the differences between interrogations conducted with different forces of 

indentation were significant for some cells, the absolute differences were deemed 

small enough for the data to be considered similar. In order to assess the differences 

between the different sample preparations, similar data were grouped. This is shown 

in Figure 44. 

The results in Figure 44 show the differences between the different sample 

preparations to be significant. The peak forces associated with non-specific adhesion 

events measured on unfixed cells (COOH:            N; NH2:            N) and 
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cells fixed in acetone (COOH:            N; NH2:            N) are comparable. 

The differences between the two non-specific cantilever modifications are significant 

(unfixed: p=0.0019; acetone: p=0.0174), where the greater peak forces are produced 

when using the NH2 equipped cantilever.  
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Figure 44 – Statistical Differences in Forces of Interaction 

The data from Figure 43 were grouped for similar samples, showing peak forces associated with positive 

adhesion events only. The number of positive adhesion events contained in each box and whiskers plot is given 

by n. Cells left unfixed, fixed in acetone, and fixed in formalin, are shown in blue, red, and green, respectively. 

Different shadings of the colours mark the different cantilever modifications; showing COOH, NH2, and NP 

functionalised cantilevers with light, intermediate, and dark shades, respectively. Boxes show 25th percentile, 

median, and 75th percentile, and whiskers show the minimum and maximum values. Differences between non-

specific (COOH, NH2) and specific (NP) adhesion events are highly significant (p<0.0001).  

The peak forces associated with non-specific adhesion events measured on cells 

fixed in formalin (COOH:            N; NH2:            N) are greater compared 

to the other two sample preparations, where the difference between the two 
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cantilever modifications is determined to be highly significant (p<0.0001), and the 

greater peak forces are again produced when using the NH2 equipped cantilever.  

 

The peak forces associated with specific adhesion events (unfixed:            N; 

acetone:            N; formalin:           N) are distinctly greater than what is 

observed for the non-specific adhesion events. The forces produced using the NP 

equipped cantilever are 5.4, 4.7, and 4.0 times greater than forces produced using 

the NH2 equipped cantilever for unfixed cells, cells fixed in acetone, and cells fixed in 

formalin, respectively, and these differences were determined to be highly significant 

(p<0.0001). 

 

Shown in Figure 45 are the energies associated with the positive adhesion events for 

which the forces were inspected in Figure 43. As before, the graph shows data for 

individual cells from the different sample preparations, showing separately results for 

interrogations with low (RS-1), and greater (RS-10), forces of indentation. Cells from 

different sample preparations are shown in separate colours, where different 

shadings within mark the different cantilever modifications with which they were 

interrogated.  

The results in Figure 45 show that the differences between the different cantilever 

modifications and different sample preparations are not as distinct as previously seen 

in Figure 43.  

For unfixed cells, and cells fixed in acetone, there is still a discernible difference 

between energies measured using the non-specific cantilevers equipped with COOH, 

or NH2, functional groups, compared to when using the BCR specific cantilever 
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equipped with NP. For cells fixed in formalin, however, greater variability of the 

results is observed, which prevents such distinctions.  
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Figure 45 – Energy of Interaction 

Individual cells (denoted by letters) from each of the different sample preparations were interrogated using RSs of 

1 nN (RS-1) and 10 nN (RS-10). Unfixed cells, cells fixed in acetone, and cells fixed in formalin are shown in blue, 

red, and green, respectively; where light, intermediate, and dark shades represent COOH, NH2, and NP equipped 

cantilevers, respectively. Boxes show 25th percentile, median, and 75th percentile, and whiskers show the 

minimum and maximum values. Results show the energies associated with positive adhesion events only. 

Differences in the magnitudes of the energies produced in interrogations conducted 

with different forces of indentation were again determined to be mostly non-

significant; where significant differences were determined only for cells H*, M*, P**. 

As before, data for these cells represent interrogations conducted with non-specific 

cantilever modifications, and their absolute differences are considered small enough 

for the data to be considered similar.  
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To assess the differences between the different sample preparations, similar data 

were again grouped, despite significant differences having been determined for the 

three aforementioned samples; the results are presented in Figure 46. 
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Figure 46 – Statistical Differences in Energies of Interaction 

The data from Figure 45 were grouped for similar samples, showing energies associated with positive adhesion 

events only. The number of positive adhesion events contained in each box and whiskers plot is given by n. 

Unfixed cells, cells fixed in acetone, and cells fixed in formalin are shown in blue, red, and green, respectively. 

Different shadings of the colours mark the different cantilever modifications; showing COOH, NH2, and NP 

equipped cantilevers with light, intermediate, and dark shades, respectively. Boxes show 25th percentile, median, 

and 75th percentile, and whiskers show the minimum and maximum values.   

The results presented in Figure 46 show the differences between the different sample 

preparations to be significant. The most distinct differences are observed for unfixed 

cells, where the energies associated with specific adhesion events (NP:            

J) are up to two orders of magnitude greater than non-specific adhesion events 
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(COOH:            J; NH2:            J); a difference that was determined to be 

highly significant (p<0.0001). 

While it remains significant (acetone: p=0.0014; formalin: p=0.0011), the difference 

between specific and non-specific adhesion events for fixed cells diminishes as the 

variability of the obtained results increases.  

 

The differences between the two non-specific cantilever modifications are again 

determined to be significant for all sample preparations (unfixed: p=0.0001 acetone: 

p=0.0014; formalin: p=0.0011), where the greater energy values are produced when 

using the NH2 equipped cantilever in interrogation of fixed samples, and when using 

the COOH equipped cantilever in interrogation of unfixed samples.  

Overall, the results obtained for cells fixed in formalin suggest that formalin fixation 

promotes the occurrence of non-specific adhesion events; producing the highest 

number of events when interrogated with the non-specific COOH, or NH2, cantilever 

modifications out of all tested sample preparations, and the corresponding 

magnitudes of these events exhibit the greatest variability. A likely cause for the 

increased variability may be that multiple molecular interactions are occurring during 

individual tip-sample contacts, which increases the range of detectable values, and 

would be concurrent with an overall increased probability of events occurring for cells 

fixed in formalin. This hypothesis is further supported by both force and energy 

values associated with non-specific adhesion events being consistently greater for 

measurements conducted with greater forces of indentation, even though these 

differences were determined to be significant only in isolated instances.  
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More importantly, interrogations of samples fixed in formalin produce the lowest 

number of specific adhesion events out of all tested sample preparations. A likely 

cause for this behaviour is the mode of action of the formalin fixative that, as 

described in §5.5. (p.101), cross-links proteins by forming methylene bridges 

between constituent atoms of said proteins. This interaction with surface proteins is 

likely to also introduce conformational changes in the targeted BCRs, preventing 

successful binding to NP on the probe.  

 

Conversely, the results obtained for cells fixed in acetone suggest that acetone 

fixation is preferable for preparation of samples for interrogation in AFM adhesion 

experiments. The interaction behaviour that is produced more closely resembles that 

of unfixed cells, with a smaller increase in the number of unspecific adhesion events, 

and a smaller reduction in the number of specific adhesion events. A distinct 

separation between specific and non-specific adhesion events is maintained, and 

results for both exhibit greater consistency.  

As for formalin, acetone causes conformational changes on the sample as part of its 

fixative action. As described previously in §5.5. (p.101), this can include unravelling 

of the tertiary structure of proteins through disruption of constituent H-bonds, and 

may be a likely cause for the reduction in specific adhesion events that is observed 

for samples fixed in acetone. However, acetone also aids in exposing protein targets 

by dissolving lipids 90, which may be the reason for the reduction in the number of 

specific events being smaller for samples fixed in acetone as compared to formalin 

fixation.   



125 

5.6 Discussion of Preparation and Interrogation of Biological Samples 

The ultimate goal of this project is to adapt the AFM technique for the interrogation of 

BCRs in tissue sections. This requires tissue fixation, which is essential in preserving 

tissue structure and immunohistological staining applied for the identification of 

regions of interest.  

While the preparation of tissue sections for examination via light microscopy is well 

established, it could not be assumed that samples prepared under the available 

protocols exhibit characteristics that allow for accurate AFM adhesion 

measurements. Hence, different sample preparation techniques were tested, and 

their effects on AFM adhesion measurements investigated, to determine which 

sample preparation technique produces the most favourable results.  

 

For testing and establishing adaptations to the AFM technique, a consistent 

biological target was required to ensure that results were comparable across 

experiments. For this purpose hybridoma cells were chosen. These can be 

maintained in cell culture indefinitely, and are hence available for experiments as 

needed. Further, their monoclonal nature implies that all cells in culture are 

genetically identical, and hence are expressing NP-specific receptors that are all of 

the same affinity. Several different hybridoma cell lines were available to this project, 

which were tested for their affinity via SPR (Table 2; p.87). In the investigation of the 

effects of sample preparation on AFM adhesion measurements only the cell line with 

the highest affinity (S24.1.47) was used. 
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Alongside development of the AFM technique, bespoke algorithms for computerised 

analysis of the collected data were developed. These were shown to not only be able 

to process the large amounts of data being produced, but furthermore, to 

automatically identify points of interest. Further, overview maps produced from whole 

data sets for individual cells allow for the quick identification of points of interest for 

more detailed inspection where required.  

 

The experiments in the investigation of the effects of different sample preparation 

techniques were conducted using three different AFM cantilever functionalisations. 

Cantilevers were equipped with COOH, NH2, and NP functional groups; where the 

NP functionalisation is designed for detecting NP-specific BCRs, and measure the 

strength with which they bind to the probe.  

The NH2 functionalisation was included to quantify the interactions that should be 

expected from incomplete or unsuccessful NP functionalisation. As described in 

§3.2.1 (p.27), the functionalisation of AFM cantilevers with NP is a two-step process, 

in which cantilevers are first equipped with NH2, onto which NP is attached in the 

second step. Measuring the interaction profile for both constituent steps of the 

modification scheme was aimed at producing reference data that will aid in the 

identification of successfully and unsuccessfully functionalised cantilevers.  

Additionally, the NH2 functionalisation was also included as a non-specific control 

alongside the COOH functionalisation. The NH2 and COOH functionalisations carry a 

positive and negative charge respectively 65,66, expected to produce distinct 

interactions with the negative surface charge of cells 104; where detecting changes in 



127 

these interactions would allow assessing conformational changes on cells introduced 

by fixation. 

 

The fixation methods that were tested were acetone and formalin fixation. These 

were compared against samples that were left unfixed, to better assess the effects of 

the different fixation methods. The use of unfixed tissue sections, however, is not 

feasible, as lack of mechanical stability makes the tissue sections susceptible to 

degradation during lengthy scans as well as spatial drift; which would hinder 

subsequent spatial registration of the AFM data to optical images of the tissue 

sections. 

 

The first characteristic that was examined was how the Young’s modulus of cells is 

altered as a result of being subjected to the different fixation methods. This 

information was extracted from data collected in adhesion measurements, not from 

separately conducted experiments. Thus, the experimental conditions would not be 

considered tailored to measurements of cell elasticity, where, for example, micro 

spheres attached to cantilevers would be used for compression of cells to more 

closely emulate the Hertz model of deformation.102,105,106 A setup which would have 

been more conducive to cell elasticity measurements was not employed because of 

the designed end application of the developed AFM method, where specific 

interactions are to be detected in tissue sections. In this application it is required to 

chemically modify AFM probes to achieve specificity, and while through the diverse 

methods of probe functionalisation available 54 even the chemical modification of 

colloidal microsphere probes could be achieved, cantilevers pre-coated in Au were 
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chosen, as here functionalisation can more readily be achieved. Much more 

importantly, however, it is an application in which the size of the probe is a 

determining factor for the resolution that can be achieved by the imaging system. The 

diameter of the microspheres attached to colloidal probes is on the order of 1-10 µm 

102,105,106, which compared to the tip radius of ~30 nm of the cantilevers employed in 

this project is several orders of magnitude larger. The inevitably greater area of 

contact between the probe and the sample would be accompanied by an inherent 

loss in spatial resolution in the detection of specific binding events. 

However, as discussed in Appendix 8.19, the employed model parameters reflected 

the experimental conditions and the produced results allowed for a comparative 

assessment of the effect of the different fixatives on both B cells and hybridomas.  

Cell elasticity data both for hybridoma cells, which were used for the majority of the 

conducted experiments, as well as for isolated primary murine B cells, showed that 

the Young’s modulus for fixed cells is increased compared to unfixed cells. However, 

it was found that the two different cell types are affected differently by the two 

investigated fixatives. For hybridoma cells it was found that the increase in Young’s 

modulus caused by acetone fixation is more than an order of magnitude (46x) greater 

than for formalin fixation (Figure 39; p.107); whereas for B cells the increase in 

Young’s modulus due to acetone fixation is more than an order of magnitude (16x) 

lower than for formalin fixation (Figure 41; p. 110). Considering the properties of the 

two cells types it becomes apparent that, beyond their specificity towards the antigen 

NP, hybridomas and B cells do not share many similarities, and that their structural 

differences are likely responsible for the difference in the obtained results.  
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As is described in Appendix 8.15 (p.250), the used hybridoma cell lines are fusions 

comprised of antibody producing splenocytes and non-producing plasma cytoma 

cells (NS0), both of which have the ability to impart structural properties. Considering 

the myelomal portion of the cell fusion, it has been shown that the bulk properties of 

cancerous tissues demonstrate a significant increase in Young’s modulus compared 

to the non-invaded surrounding tissue 107,108, however, studies investigating changes 

in Young’s modulus of cancerous material compared to benign material on a cellular 

level, consistently find that cancerous cells are of lower Young’s modulus compared 

to their non-malignant counterparts.109-111 The lower Young’s modulus of cancerous 

cells is attributed to significant reductions in well-defined actin filaments, resulting in a 

weaker cytoskeletal structure; which is hypothesised to give these cells the ability to 

more easily migrate through surrounding tissue matrices and capillaries.109 These 

properties are, however, not beneficial to cells maintained in culture, where high 

levels of stress experienced by the cell, amongst others induced by agitation, have 

been shown to lead to cell necrosis and apoptosis.112 The NS0 cell line has now 

been maintained in cell culture for several decades, where through steady genomic 

drift a selection towards more resilient cells will have occurred. This will have direct 

implications on the structural properties that the myelomal portion of the fusion 

imparts on the hybridoma. Conversely, the structural properties of B cells are 

adapted solely to the environment they were extracted from, where no such pressure 

for selection towards increased resilience existed.  

One easily observed difference is in the size of the two cell types, which has been 

approximately measured in Appendix 8.19 (p.260) using representative force scan 

maps from each cell type. This shows that hybridoma cells are larger than B cells, 
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with approximate diameters of ~14 µm and ~8 µm respectively. The difference in size 

implies that hybridoma cells are comprised of more material, including a larger 

amount of water internally. The increased Young’s moduli of hybridoma cells as a 

result of acetone fixation are possibly due to the dehydrating effects, where, 

analogous to grapes and raisins, the remainder of the cell after water extraction is a 

denser, stiffer mass.102 While it was possible to show that there is a size difference 

between hybridoma cells, and B cells, post fixation with acetone, the change in size 

of the two cell types as a result of acetone fixation was not assessed. This should be 

quantified in future experiments. Further, the varying progress in differentiation and 

maturation of the two cell types should be considered. In the evolution of a naïve B 

cell into an antibody producing plasma cell, the BCR – the surface bound form of the 

later produced antibody – is expressed at progressively lower levels, as it is thought 

that BCR signalling does not play any further role for the survival of the finally 

differentiated plasma cell.113 This means that, in similar fashion, fewer different 

receptors need to be expressed on the cell surface with increasing commitment 

towards a maturation fate. The plasma cell fused into the hybridoma has progressed 

through several stages of differentiation, which means that many different receptors 

are no longer expressed on the surface. 

Conversely, primary B cells are comprised of cells over a range of differentiation 

stages, which have not yet lost the expression of many of their surface receptors.  

It is that difference in the amount of membrane bound protein that may cause the 

differing Young’s moduli obtained for the two cell types in response to formalin 

fixation. As detailed in §5.5 (p.101), the fixative action of formalin comprises the 

cross-linking of proteins, of which for B cells a larger amount is expected to be 
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present on the surface. This creates a denser matrix of cross-linked proteins, likely 

responsible for the increased Young’s moduli observed for B cells in comparison to 

hybridoma cells.  

 

The next parameter that was examined was the frequency with which positive 

adhesion events were detected between the different pairings of cantilever 

functionalisations and sample preparations. The results revealed that the number of 

events that was detected using the BCR specific NP functionalisation, in general, was 

considerably lower than the number of events detected using the non-specific COOH, 

or NH2, functionalisations; where the only exception was observed for unfixed cells 

(Figure 42; p.114).  

The reduction in the frequency of specific events for fixed cells, compared to unfixed 

cells, is ascribed to the conformational changes on the samples caused by fixation, 

where the cross-linking of surface proteins that occurs as part of formalin fixation 

interferes with the BCRs to a greater extent than the disruption of H-bonds caused by 

acetone fixation (9.0x and 2.5x reductions, respectively).  

The conformational changes on the samples introduced by fixation also affected the 

frequency with which non-specific events were detected. This was particularly 

pronounced for cells fixed in formalin, where, when using the positively charged NH2 

cantilever functionalisation, twice as many events were produced as compared to 

unfixed cells and cells fixed in acetone; suggesting that formalin fixation produces an 

increased negative surface charge on the cells. 
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Self-selectivity - Particularly interesting, however, is the distinct difference in the 

frequency of events (Figure 42; p.114) between the non-specific NH2 

functionalisation and the specific NP functionalisation (unfixed: 1.5x; acetone: 3.1x 

formalin: 23.2x). It implies that through the addition of NP in the second step of the 

cantilever modification, specificity towards only the targeted BCR is imposed, and 

that as such the modified cantilevers are inherently self-selective towards only 

specific interactions. This fulfils objective 1 as stated in §2 (p.14).  

Inspection of the magnitudes of the detected binding events further supports the 

observation of modified cantilevers being inherently self-selective; where the high 

number of binding events detected with the non-specific COOH, or NH2, 

functionalisations correspond to low force interactions, and, conversely, the low 

number of binding events detected with the specific NP functionalisation correspond 

to high force interactions (Figure 43; p.117).  

The separation of specific and non-specific binding events by magnitude of force is 

most clearly observed for unfixed samples, where the force values obtained for 

specific events (NP:            N) are an order of magnitude greater than for non-

specific events (COOH:            N; NH2:            N). While this difference 

remains clearly discernible for fixed samples, the separation of specific and non-

specific events is, especially for samples fixed in formalin, less pronounced.  

 

The energies that correspond to the detected binding events do not show as clear a 

difference between the specific and non-specific events as was observed for the 

associated force values. The determination of interaction energies, does not only 

depend on maximum cantilever deflection, but also takes into account the distance 
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over which the cantilever had to be retracted to produce the force that ultimately 

causes rupture. As was seen in §5.5.1.1 (p.105), the cell elasticity changes in 

response to the different sample preparations, which means that the distance that the 

cell membrane upon which is pulled can move varies. Therefore comparison between 

different samples based on the determined interaction energies should only be made 

cautiously.  

 

Consistently seen across all sample preparations is the effect of using increased 

forces of indentation (RS-10) in experiments. The number of events, as well as their 

associated force and energy values, is increased for interrogations conducted with 

higher force of indentation (RS-10). The increased force of indentation means that 

the probe is pushed into the sample further, increasing the depth of indentation and 

concurrently the surface area of contact between the probe and the sample; where 

the increase in contact area increases the probability of molecular interactions 

occurring. Upon retraction, a greater force is required to rupture the increased 

number of molecular interactions made. This is illustrated diagrammatically in Figure 

47. Initially, in (1), there is no applied force, and no area of contact exists between 

probe and specimen. In (2), a compressive force is exerted on the specimen by the 

probe, where in Scenario A the application of a small compressive force FA-C is 

depicted, and in Scenario B the application of a large compressive force FB-C (FA-C < 

FB-C). Due to the application of a larger force, a greater depth of indentation is 

achieved in Scenario B, producing a greater area of contact between probe and 

sample (AA < AB). As, in (3), the applied force is removed, the different produced 

areas of contact are maintained. Upon retraction of the probe, in (4), an adhesive 
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force is experienced, where the adhesive force FA-A in Scenario A is smaller than the 

adhesive force FB-A experienced in scenario B (FA-A < FB-A). 

 
Figure 47 – Effects of Small and Large Compressive Forces on Produced Adhesive Forces 

Illustrated are the effects that different forces of indentation have on the subsequently produced force of adhesion 

experienced by the probe. (1) In both scenarios, no initial compressive force is applied, and no initial area of 

contact exists. (2) In scenario A, a small compressive force FA-C is applied, that produces a small area of contact 

AA. In scenario B, a large compressive force FB-C is applied (FA-C < FB-C), producing a larger area of contact AB (AA 

< AB). (3) Upon the removal of the applied compressive force, the produced areas of contact are maintained. (4) 

During retraction, the probe experiences a small adhesive force FA-A in Scenario A, and a large adhesive force FB-A 

in Scenario B (FA-A < FB-A). 

While these results are contrary to what the Hertzian contact mechanics model would 

predict, in which the contact area should return to zero as the load is reduced to zero, 

the Hertzian model omits the consideration of adhesive forces (including ubiquitous 

van der Waal’s forces). 
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Experimental contradictions to the Hertz theory adequately describing the unloading 

and separation of the contact between two bodies were reported as early as 1968 by 

Kendall 114, and Roberts 115, where contact areas between two bodies were 

considerably larger than those predicted by Hertz and tended towards a finite value 

as the load was reduced to zero. Jointly with Johnson, Kendall and Roberts 

formulated a revised model of elastic contact (the JKR model) that was inclusive of 

adhesive forces, and Johnson, et al., were able to corroborate their newly formulated 

analytical solution experimentally.116 

A simple analogy would be to imagine pressing one’s finger onto the sticky side of a 

piece of Sellotape. With increasing applied pressure, the surface area of contact is 

increased, increasing the number of adhesive connections. At the removal of the 

initially applied pressure the contact area does not return to zero, and ultimately a 

larger force is required to separate the connection.  

 

Overall, the conclusion from this work was that acetone fixation provides preferable 

results in AFM adhesion measurements, showing a clearer separation between 

specific and non-specific interactions, as well as a higher number of specific events, 

as compared to formalin fixation. Thus, acetone fixation was used for sample 

preparations in subsequent experiments. 

 

Most confidence in the technique was drawn from the self-selecting characteristics of 

the cantilever modification, where substantial reductions in the number of adhesion 

events were seen between NH2, and NP, functionalised cantilevers.  
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The finding that fully functionalised cantilevers exhibit specificity towards the targeted 

receptors as well as prohibit non-specific binding, gave sufficient confidence to 

progress with the developed technique, and investigate its sensitivity in the 

application to a greater range of biological systems. The experiments and results are 

discussed in the subsequent Chapter 6.  
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6 Testing of NP Functionalised Cantilevers and Their 

Application to Biological Samples. 

Results from experiments presented in the previous Chapter 5 indicated that the 

proposed cantilever modification scheme (§3.2.1; p.27) produces atomic force 

microscopy (AFM) probes that are inherently self-selecting towards specific 

interactions. Presented here in Chapter 6 are experiments aimed at matching 

successfully functionalised cantilevers to distinct interaction profiles in interrogation of 

control surfaces (CSs), testing the sensitivity of the AFM technique in differentiating 

between high and low affinity interactions with biological samples, as well as testing 

of the AFM technique in the interrogation of tissue sections.  

6.1 Testing of NP Functionalised Cantilevers 

Based on the self-selecting qualities of the adapted AFM technique towards only 

specific interactions – as described in the previous Chapter 5 – it was decided that 

adhesion measurements on cells expressing B cell receptors (BCRs) specific 

towards (4-hydroxy-3-nitrophenyl)acetyl (NP) are a good identifier of successfully 

functionalised cantilevers. The preparation and interrogation of biological samples, 

however, remains laborious when compared to that of the CSs that were introduced 

in Chapter 4. Therefore, it was not deemed feasible to prepare and interrogate 

biological samples as a means to confirm successful cantilever modification ahead of 

experiments reliant on receptor specific probes. Thus, the experiments in the current 

section were conducted in an effort to match successful adhesion measurements on 

cells with a characteristic interaction profile against CSs, in order to be able to utilise 
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CSs as readily available quality control measures through which successful cantilever 

functionalisation can be demonstrated. 

For this purpose, AFM cantilevers were prepared under slightly varied preparation 

parameters, and were subsequently used in the interrogation of cells of the already 

previously described high affinity hybridoma cell line (S24.1.47), and a selection of 

CSs (CS-CH3, and CS-OH).  

Cell samples were prepared as before, with fixation in acetone, according to the 

protocol shown in Appendix 8.18 (p.258).  

 

In the preparation of the CSs, three identical samples were prepared for each of the 

surface modifications, in order to mitigate against variations, due to self-assembled 

monolayers (SAMs) not forming correctly, or samples becoming unusable, e.g. 

through accidental contamination. The prepared CSs were interrogated via 

ellipsometry to ensure that good quality SAMs were achieved.  

The results of the ellipsometry interrogation of the CSs prepared for the current 

experiment are shown in Figure 48. The results indicate that good quality SAMs were 

achieved, as the SAM thicknesses (CS-CH3:           nm; CS-OH:           nm) 

are very close to the predicted values (Table 1; 36); and are in fact adhering closer to 

the predicted values than previous results (Figure 16; p.44).  

The samples chosen for use in experiments were sample 1 from the CS-CH3 

preparation, and sample 2 from the CS-OH preparation, as SAM thickness across 

these samples showed the lowest variability (SD of 0.048 nm, and 0.086nm, 

respectively).  
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Figure 48 – Ellipsometry Results for CSs 

Results show SAM layer thicknesses for CS preparations CS-CH3 (blue), and CS-OH (green). Three samples 

were prepared for each of the surface modification (1-3). Each sample was interrogated in three non-overlapping 

positions (each interrogation represented by a marker), and black bars shows the mean layer thickness for each 

sample.  

The different cantilevers and the conditions under which they were prepared are 

detailed in Table 3, where the parameters in the preparation protocol that were varied 

are: the length of time that cantilevers were immersed in NH2 SAM deposition 

solution, and the concentration of HCl that was added to the deposition solution.  

Previous investigation of the NH2 SAM (§4.2.4; p. 69 & §4.2.6; p.74) revealed that 

both the length of time of immersion, as well as the concentration of HCl added to the 

deposition solution, affect the formation of the SAM. The aim of varying these 

parameters in the preparation of these cantilevers was to quantify their effect on AFM 

adhesion measurements in interrogation of biological samples. 
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Table 3 – Cantilever Preparations - I. 

Detailed below are the different NP functionalised cantilevers, and the conditions under which they were 

prepared. The parameters that were varied were length of time of immersion in NH2 SAM deposition solution, and 

the concentration of HCl added to the deposition solution.  

Cantilever Concentration of added HCl [M] Time of Immersion [h] 

NP 1 1 2 

NP 2 1 4 

NP 3 10 2 

NP 4 10 4 

 

The results presented in the previous chapter (Figure 43 in §5.5.3; p. 117) showed 

that good distinctions between specific and non-specific interactions could be made 

based on the measured force of adhesion. Therefore, the force of adhesion 

(determined as detailed in §5.4; p. 91), produced by the different NP functionalised 

cantilevers in interrogation of the CSs (CS-CH3, CS-OH), and hybridoma cells 

(S24.1.47), was inspected, and the results are shown in Figure 49.  

Figure 49 shows that the previously seen self-selecting qualities of the cantilever 

functionalisation are not apparent in this experiment. The interrogation of hybridoma 

cells (S24.1.47) produces a higher frequency of positively classed adhesion events, 

which has increased at least 2-fold, to ~40 % of point interrogations producing 

adhesion events, from ~10-20 % previously seen for samples fixed in acetone 

(Figure 42; p.114). 

As described in §5.4 (p.91) – ‘Event Selection’, point interrogations are classed as 

positive adhesion events when the peak cantilever deflection is greater than at least 

three times the SD of the baseline. The mean value of this selection threshold was 
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determined for all cantilevers (       nN) and is marked by the red line across the 

graph to aid in the interpretation of the results.  
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Figure 49 – NP cantilevers – I 

AFM cantilevers were functionalised with NP (shown in different colours) under varied preparation parameters. 

Each cantilever was tested against CS-CH3, CS-OH, and hybridoma cells (S24.1.47), marked by light, 

intermediate, and dark shading, respectively. Five hybridoma cells, and five non-overlapping positions on CSs    

(1-5), were measured with each cantilever, using a grid of 16 x 16 evenly spaced point interrogations. Black bars 

show the mean for each sample. The number of positively classed adhesion events, the total number of point 

interrogations, and the corresponding percentage ratio, is given for each cantilever-sample pairing; where each 

positive event is represented by a marker on the graph. The average limit for positive classification for all 

cantilevers is shown by the red line across the graph.  

Many of the peak forces produced in the interrogation of cells are found around the 

nN range, where previously (Figure 43; p.117) specific interactions with S24.1.47 

hybridoma cells were located. This suggests that specific interactions are occurring. 

However, the majority of peak forces lie just above the threshold for positive 

classification, indicating that primarily non-specific interactions are occurring. 
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In the interrogations of CS-CH3 high frequencies of events are observed, with almost 

every point interrogation producing an adhesion event. The peak forces associated 

with these events are clustered primarily at high magnitudes (NP1:            nN; 

NP2:            nN; NP3:            nN; NP4:            nN), however, a 

considerable proportion of determined interaction forces do not fall within those 

clusters; where the cantilever for which least deviation was observed is NP1.  

In the interrogation of CS-OH, overall, the lowest frequencies of events are observed 

(NP1: 44.1 %; NP2: 3.7 %; NP3: 11.6 %; NP4: 9.1 %). The peak forces associated 

with these events are at low magnitudes, just above the threshold for positive 

classification (NP1:            nN; NP2:            nN; NP3:            nN; NP4: 

           nN); distinctly below the main cluster of peak forces produced in the 

interrogation of CS-CH3. 

 

As outlined in §4.1 (p.31), CS-CH3, and CS-OH, are model hydrophobic and 

hydrophilic neutral surfaces, respectively, thus interactions with the expected 

hydrophilic NP functionalisation of the AFM cantilevers are expected to be 

determined by their wetting properties. 

In the approach of functionalised cantilevers against CS-CH3, the effects of the 

hydrophobic surface chemistry of the CS are ‘felt’ as the separation between 

cantilever tip and CS is reduced to only a few water molecules. In order for the tip to 

be fully approached against CS-CH3, H-bonded water molecules surrounding the tip 

have to be shed, creating an initially repulsive contact. The adhesive force 

experienced during cantilever retraction is due to the surface area of contact between 
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tip and surface ‘resisting’ rehydration, where the force of adhesion increases with 

increasing hydrophobicity of the surface.117  

Conversely, for interrogations of CS-OH low forces are expected, as both the 

hydrophilic tip and hydrophilic CS allow H-bonded water molecules on their surface. It 

has been shown that in water, the adhesive forces between two hydrophilic surfaces 

are very small 118, not dissimilar to what was measured here, and this characteristic 

interaction has in fact been used to demonstrate successful deposition of SAMs.117 

 

Ultimately, in the absence of the self-selecting qualities of the modified cantilevers in 

interrogation of cells, successfully modified cantilevers could not be identified, and 

thus could not be matched to a distinct interaction profile in interrogation against CSs. 

Based on the data available, the behaviour of NP1 was considered most preferable. 

While it did produce the highest frequency of events in interrogation of CS-OH, the 

magnitudes of these events did not exceed what was produced by any of the other 

cantilevers, and lie just above the threshold for positive classification. Further, many 

of the events produced in interrogation of cells are in the range of what has 

previously been seen for specific interactions with S24.1.47 hybridoma cells. Lastly, 

interrogations of CS-CH3 produced the most consistent cluster of events out of all 

tested cantilevers. 

 

In the continued effort to match successfully modified cantilevers to a distinct 

interaction profile in interrogation against CSs, and to provide an independent 

reproduction, the experiment was repeated with cantilevers prepared under the 

previously employed conditions and, additionally, with cantilevers prepared from 
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deposition solution with no added HCl. While previous investigations (Figure 30; 

p.75) had shown that high concentrations of HCl added to the NH2 SAM deposition 

solution had preferable effects on SAM formation, the results presented in Figure 49 

indicate that cantilevers prepared from deposition solution with lower concentrations 

of HCl demonstrate preferable behaviour in AFM adhesion experiments, 

concurrencies that, while unexpected, are not mutually exclusive as different 

parameters are being assessed. Hence, the second group of cantilevers that was 

prepared included a condition where no HCl was added to the NH2 SAM deposition 

solution. The different cantilevers and their preparation parameters for this 

experiment are detailed in Table 4.  

 

Table 4 – Cantilever Preparations - II 

Detailed below are the second group of different NP functionalised cantilevers and the conditions under which 

they were prepared; where the parameters that were varied are, as before, the length of time of immersion in NH2 

SAM deposition solution, and the concentration of HCl added to the deposition solution. Cantilevers NP5, and 

NP8, got damaged in preparation of experiments, and hence are crossed out, as complete data sets could not be 

collected. 

Cantilever Concentration of added HCl [M] Time of Immersion [h] 

NP 5 0 2 

NP 6 0 4 

NP 7 1 2 

NP 8 1 4 

NP 9 10 2 

NP 10 10 4 
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Cantilevers NP5 and NP8 are crossed out from the list as these cantilevers got 

damaged in preparation of the experiment, specifically during attempts of mounting 

the cantilevers in the AFM cantilever holder. The spring-loaded mechanism has to be 

operated with tweezers, and small inaccuracies can lead to cantilevers being ejected 

and becoming damaged. This prevented data sets from being collected for these 

cantilevers; an eventuality that was unfortunately not mitigated against. 

The available cantilevers were, as before, used for the interrogation of CSs (CS-CH3, 

CS-OH), and hybridoma cells (S24.1.47). The results of the experiment are 

presented in Figure 50. 

 

The results presented in Figure 50, closely resemble those of the previous 

experiment presented in Figure 49, where again the self-selecting qualities of 

functionalised cantilevers in the interrogation of cells was not observed, for which in 

fact the frequency of events has increased further (NP6: 76.1 %; NP7: 78.6 %; NP9: 

94.5 %; NP10: 88.9 %). The peak forces associated with these events are again 

found over a wide range. Many of the interrogations have produced peak forces in 

the nN range, where previously (Figure 43) specific interactions with S24.1.47 

hybridoma cells were seen, but the majority of the peak forces are an order of 

magnitude smaller, located just above the threshold for positive classification. This 

indicates that some specific interactions, but primarily non-specific interactions, are 

occurring.  

The mean threshold for positive classification for the second group of cantilevers was 

        nN, and is marked by the red line across the graph to aid in comparison of 

the results.  
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Figure 50 – NP cantilevers – II 

Multiple AFM cantilevers (shown in separate colours) were functionalised with NP with varied preparation 

parameters. Each cantilever was tested against CS-CH3, CS-OH, and hybridoma cells (S24.1.47), denoted by 

light, intermediate, and dark shadings respectively. A minimum of five hybridoma cells, and five non-overlapping 

positions on CSs, were measured with each cantilever, using a grid of 16 x 16 evenly spaced point interrogations; 

black bars show the mean for each sample. The number of positively classed adhesion events, the total number 

of point interrogations, and the corresponding percentage ratio, is given for each cantilever-sample pairing; where 

each positive event is represented by a marker on the graph. The average limit for positive classification for all 

cantilevers is shown by the red line across the graph. 

As before, the highest frequency of events is observed in the interrogation of         

CS-CH3, with almost every point interrogation producing an adhesion event. The 

peak forces associated with these events (NP6:            nN; NP7:            

nN; NP9: 0          nN; NP10:            nN), are clustered at high magnitudes 

for NP6 and NP7, with very few values outside of those clusters. For NP9, and NP10, 
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however, the peak forces are reduced, and show greater variability, and thus the 

correct conformation of their surface chemistries is called into question. 

The lowest frequency of events, again, is observed in the interrogation of CS-OH 

(NP6: 17.7 %; NP7: 13.1 %; NP9: 7.6 %; NP10: 22.9 %), for which the associated 

peak forces are of low magnitude, just above the threshold for positive classification 

(NP6:            nN; NP7:           nN; NP9:            nN; NP10            

nN). 

 

While the interaction profiles of NP6, and NP7, suggest that hydrophilic surface 

chemistries were assembled on these cantilevers, indicating that functionalisation 

was successful, neither of these cantilevers demonstrated self-selecting qualities in 

the interrogation of cells. Hence, successfully functionalised cantilevers could again 

not be identified, and therefore could not be matched to distinct interaction profiles in 

interrogation of CSs. 

From the available data, however, the interaction profile of cantilever NP7 was 

considered most preferable. Interrogations of CS-CH3 produced densely clustered 

interaction forces that are distinctly above what is produced in interrogation of         

CS-OH, for which the lowest frequency of events was produced out of all tested 

cantilevers. Furthermore, many of the peak forces produced in interrogation of cells 

are in the range of what has previously been identified as specific interactions with 

S24.1.47 hybridoma cells.  
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6.2 Investigation of Cell Samples 

The data presented here were acquired during the same two experimental sessions 

in which the two different groups of NP functionalised cantilevers were investigated. 

In spite of the investigation of the functionalised cantilevers in §6.1 (p.137) not 

allowing for the identification of unequivocally successfully functionalised cantilevers, 

the subsequent experiments were conducted in an effort to make best use of the very 

limited time available on the AFM instrument.  

The experiments were designed to demonstrate the sensitivity of the adapted AFM 

technique, by interrogating a range of hybridoma cell lines with defined affinities 

towards the antigen NP, as well as different isolated primary murine B cells with NP-

specific BCRs. The experiments tested whether it is possible to distinguish antibody 

affinities displayed by different cell lines based on the data collected in AFM 

adhesion measurements.  

 

6.2.1 AFM Adhesion Measurements on Different Cell Strains - I 

The cell lines that were investigated are the different hybridoma cell lines that were 

previously introduced in Table 2 in §5.1. (p.87). These are all of the IgG1 isotype with 

specificity towards NP with varying affinity. Further, two different strains of isolated 

murine B cells specific towards NP (B1.8, and B1.8hi), with a 10-fold difference in 

affinity119, were included, as well as a non-specific hybridoma cell line (BU59r31) 

acting as a negative control.  

In this experiment, cell samples were prepared as before, with fixation in acetone, 

according to the protocol in Appendix 8.18 (p.258). From each of the different cell 
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strains, 10 cells were measured. Each cell was interrogated using a 16 x 16 grid of 

evenly spaced point interrogations; except for S24.1.47 cells, which were 

interrogated using a 10 x 10 grid of evenly spaced point interrogations. Experiments 

were conducted using NP1, from the first group of functionalised cantilevers 

discussed in §6.1. (p.137). 

 

Firstly, to assess the conformation of the interrogated cell samples, the data collected 

in the AFM adhesion measurements were subjected to mathematical modelling for 

the extraction of cell elasticity values, as introduced in §5.5.1 (p.103), and discussed 

in detail in Appendix 8.19 (p.260). The results are shown in Figure 51. 

 

The results in Figure 51 show distinct differences in Young’s modulus between 

hybridoma cells and B cells. While statistically, accentuated by the high number of 

data points, the differences between all cell lines are highly significant (p<0.0001), 

primarily the difference between the two different cell types is considered relevant. 

The mean Young’s moduli for the different hybridoma cell lines (S24.1.47:      

      MPa; N1G9:            MPa; B1.48:            MPa; 18.1.16:            

MPa; BU59r31:            MPa) are comparable to each other, and are 

approximately two orders of magnitude greater than what was determined for the two 

B cell strains (B1.8:            kPa; B1.8hi:             kPa). 

These results are comparable to previous data, which show the Young’s moduli of 

hybridoma cells following acetone fixation (Figure 39; p.107) to be at least an order of 

magnitude greater than for B cells fixed in acetone (Figure 41; p.110), and further 
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support the hypothesis, discussed in §5.6 (p.125), that structural differences between 

the two cell types cause the different behaviours in response to fixation.  
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Figure 51 – Young’s Modulus of Different Cell Strains - I 

Young’s moduli for different cell strains are shown. Each cell line is shown in a different colour, and each box and 

whiskers plot represents one cell. 10 cells were measured for each of the different cell strains. Cells were 

interrogated using grids of 16 x 16 evenly spaced point interrogations; 10 x 10 for S24.1.47. Boxes show 25th 

percentile, median, and 75th percentile, and whiskers show the minimum and maximum values. Differences 

between all cell strains are highly significant (p<0.0001), accentuated by the high number of data points. 

As previously discussed (§5.5.3; p.117), results from the initial interrogation of cells 

(Figure 43; p.117) showed that distinctions between interactions produced by 

different samples are most clearly seen in the force of adhesion. Hence, this 

parameter was inspected first to determine whether the adapted AFM technique 

could distinguish between the different receptor affinities of the interrogated cell lines. 

The results are shown in Figure 52. 
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Figure 52 – Forces of Interaction - I 

Data shows peak forces associated with positive adhesion events produced in interrogation of different cell lines. 

Each cell line is shown in a different colour, and each box and whiskers plot represents one cell. Boxes show 25th 

percentile, median, and 75th percentile, and whiskers show the minimum and maximum values. 10 cells were 

measured for each of the different cell lines. The number of positively classed adhesion events, the total number 

of point interrogations, and the corresponding percentage ratio, is given for each cell line. The average limit for 

positive classification is shown by the red line across the graph. 

The peak forces of the positively classed adhesion events, produced in the 

interrogation of the different cell strains, presented in Figure 52, show that the peak 

forces for the different hybridoma strains (S24.1.47:            nN; N1G9:      

      nN; B1.48:            nN; 18.1.16:            nN; BU59r31:            nN) 

are comparable to each other, and statistically significant differences (p<0.0001) are 

found only for S24.1.47, and BU59r31, compared to the very similar results for N1G9, 

B1.48, and 18.1.16. 
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The peak forces produced in the interrogation of the two B cell strains are in a similar 

range, with B1.8hi cells producing slightly higher interaction forces (B1.8:            

nN; B1.8hi:            nN; p=0.0023)  

The interaction forces produced in the interrogation of B cells are approximately three 

times higher than forces determined for hybridoma cells; this difference is highly 

significant (p<0.0001). 

 

Overall the results are similar to what was produced in the interrogation of cells in 

§6.1 (p.137), in that a minority of the peak forces are in the nN range, where 

previously specific interactions with cells were observed (Figure 43). However, the 

majority of interactions is found to be just above the limit for positive classification 

and is considered to have been produced in non-specific interactions. Further, the 

results do not show differences between the different cell lines that are concurrent 

with their respective affinities.  

 

The differences that exist between the hybridoma cells, and the B cells, can be 

attributed to the difference in elasticity of the two different cell types. The relative set 

point (RS) – the force with which the probe is pressed into the sample – was kept 

constant throughout the experiment. However, at a constant compressive force, the 

depth of indentation, and subsequently the surface area of contact between tip and 

cell, is greater for samples with a lower Young’s modulus.120 As previously discussed 

in §5.6 (p.125), in reference to Figure 42 (p.114), greater depth of indentation 

produces an increased frequency of events – which is in keeping with the event 

frequency observed for B cell samples compared to hybridomas – and is concurrent 
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with greater peak forces through multiple molecular interactions occurring during 

individual tip-sample contacts. 

 

Because the parameter force of adhesion did not reveal differences between the cell 

lines that match with their affinities, the remaining parameters that are calculated in 

the analysis (as outlined in §5.4; p.91) were inspected also.  

 

The parameter directly related to the determined peak forces is the event 

‘significance’. This parameter is used for the classification of data points, and is 

calculated as given in Equation 4 (p.93). The values of event ‘significance’ of all 

positively classed adhesion events are shown in Figure 53. 
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Figure 53 – Event ‘Significance’ of Positively Classed Adhesion Events - I 

The event ‘significance’ of all positively classed adhesion events is shown. Boxes show 25th percentile, median, 

and 75th percentile, and whiskers show the minimum and maximum values, where each box and whiskers plot 

represents one cell. The different cell lines are shown in separate colours. 10 cells were measured for each cell 

line. 
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The results in Figure 53 show the same trend as was observed for the forces of 

interaction; with no distinct differences between the different hybridoma cell lines, or 

the two different B cell strains. On average the event ‘significance’ for B cells (B1.8: 

          ; B1.8hi:           ) is twice of what is observed for hybridoma cells 

(S24.1.47:          ; N1G9:           ; B1.48:           ; 18.1.16:       

    ; BU59r31:           ); which was determined to be highly statistically 

significant (p<0.0001). 

The fact that the graphs for forces of interaction, and for the corresponding event 

‘significance’, are very similar is positive, as it indicates that the retraction curve 

baselines are consistent throughout the experiment. While consistency in the 

retraction curve baselines can be expected, as the same cantilever was used 

throughout the experiment, it is furthermore also indicative of stable experimental 

conditions throughout the experiment.  

 

The next parameter that was inspected was the separation distance, which describes 

the distance over which the cantilever needed to be retracted to cause rupture of the 

adhesion event. Shown in Figure 54 are the separation distances for all positively 

classed adhesion events. 

 

The results in Figure 54 show that the values for the hybridoma cell lines (S24.1.47: 

            nm; N1G9:              nm; B1.48:             nm; 18.1.16: 

            nm; BU59r31:              nm) are again comparable to each other; 

with the exception of S24.1.47, for which reduced values were obtained. Similarly, 

the results for the B cells (B1.8:           µm; B1.8hi:           µm) are again 
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similar. However, the difference between the two cell types is more pronounced, with 

values for B cells an order of magnitude greater (10x) than for hybridomas.  
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Figure 54 – Separation Distance - I 

The separation distance for all positively classed adhesion events is shown, which describes the distance over 

which the cantilever needed to be retracted to cause rupture of the probe-sample contact. Boxes show 25th 

percentile, median, and 75th percentile, and whiskers show the minimum and maximum values. Each box and 

whiskers plot represents the data acquired for one cell. 10 cells were measured for each cell line. Different cell 

lines are shown in separate colours.  

The differences that are seen between the different cell lines, and cell types, can be 

explained by their varying Young’s moduli (Figure 51; p.150), which affect the 

separation distance considerably. Samples with a lower Young’s modulus are more 

easily deformable, allowing for a greater range of motion when pulled upon, which 

means that a greater distance is required to produce the force required to rupture the 

tip-sample contact; as seen for the B cells. Conversely, samples with a higher 

Young’s modulus cannot provide great range of motion, and hence only a shorter 

distance is required to produce sufficient force to rupture the tip-sample contact. This 
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effect however is compounded. As previously discussed, samples with a lower 

Young’s modulus allow greater depth of indentation at constant compressive forces, 

creating greater surface areas of contact between tip and sample, and a 

subsequently increased frequency of molecular interactions occurring. This means 

that for samples with a lower Young’s modulus greater forces are required to rupture 

tip-sample contacts, further increasing the separation distance; and vice versa.  

This is illustrated further in Figure 55, which is similar to Figure 47 (p.134), but 

instead of illustrating how greater compressive forces can subsequently produce 

greater forces of adhesion, the applied compressive force is the same and the 

specimen elasticity is varied.  

For illustrative purposes, the contacted cell surface is considered a film suspended 

between two springs, each with a spring stiffness k. In scenario A the spring stiffness 

kA is large, representing a specimen with a higher Young’s modulus; i.e. hybridomas. 

Scenario B represents specimen with a lower Young’s modulus, i.e. B cells, where 

the spring stiffness kB is low (kA > kB). As previously in Figure 47 (p.134), in (1), there 

is no initial applied force and no area of contact exists. In (2), the same compressive 

force is applied in both scenarios (FA-C = FB-C), however, in Scenario A the 

compressive force produces a small depth of indentation and a small area of contact 

AA, whereas in Scenario B a greater depth of indentation is achieved that produces a 

larger area of contact AB (AA < AB). As, in (3), the applied compressive force is 

removed, the different areas of contact are maintained. Upon retraction of the probe, 

in (4), an adhesive force is experienced, where the adhesive force FA-A in Scenario A 

is smaller than the adhesive force FB-A experienced in scenario B (FA-A < FB-A). As a 

result of the greater force pulling on the specimen in Scenario B, the specimen 
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deformation τB is substantially larger than the deformation τA in Scenario A (τA < τB). 

Already at equal sample elasticity, the greater experienced adhesive force would 

suffice to produce a greater specimen deformation, but the lower specimen Young’s 

modulus in scenario B compounds the effect. 

 
Figure 55 – Effects of Sample Elasticity on Produced Adhesive Force and Separation Distance 

Illustrated are the effects of sample elasticity on the experienced adhesive force and specimen deformation. The 

contacted sample surface is considered a film suspended between two springs with spring stiffness k, where the 

spring stiffness kA in Scenario A, representing specimen with a greater Young’s modulus, is greater than the 

spring stiffness kB in Scenario B, representing specimen with a lower Young’s modulus (kA > kB). (1) Initially, no 

force is applied, and no area of contact exists. (2) At equal compressive force greater depth of indentation is 

achieved for samples with a lower Young’s modulus, and concurrently a greater area of contact (AA < AB). (3) At 

the removal of the applied compressive force, the different areas of contact are maintained. (4) Due to the greater 

area of contact in scenario B, a greater adhesive force is experienced (FA-A < FB-A), which, compounded by the 

lower specimen Young’s modulus, produces a substantially larger specimen deformation in scenario B (τA < τB). 
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The next inspected parameter was the energy of interaction, which, as described with 

Figure 33 in §5.4 (p.91), is defined as the area between the retraction curve and its 

baseline, and is thus affected by both the separation distance and the force of 

interaction. The results are shown in Figure 56.  
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Figure 56 – Energies of Interaction - I 

Energies associated with positive adhesion events are shown. Boxes show 25th percentile, median, and 75th 

percentile, and whiskers show the minimum and maximum values, where each box and whiskers plot represents 

one cell, 10 cells were measured for each cell line. Different cell lines are shown in separate colours.  

The results in Figure 56 show the same trend that was observed for the separation 

distance. The values for the hybridoma cell lines (S24.1.47:             aJ; N1G9: 

            aJ; B1.48:             aJ; 18.1.16:             aJ; BU59r31: 

            aJ) are comparable to each other, as are the values for the two 

different B cell strains (B1.8:           fJ; B1.8hi:           fJ); and the values for 

the B cells are more than an order of magnitude (23x) greater than for hybridomas.  
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The differences that are seen between the different groups can again be explained 

by their respective Young’s moduli. As mentioned above, the energy of interaction is 

affected by both the separation distance, as well as the force of interaction, two 

parameters that have already been found to be elevated for B cells compared to 

hybridoma cells, which has a compounding effect on the energy of interaction.  

Lastly, the apparent loading rate for all adhesion events was inspected; which is 

determined as described in §5.4 (p.91), and estimates the rate at which tip-sample 

contacts are loaded by taking into account the force of interaction, separation 

distance, and the speed of the tip. The apparent loading rates determined for positive 

adhesion events are shown in Figure 57.  
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Figure 57 – Apparent Loading Rate - I 

The values of apparent loading rate for positive adhesion events are shown; which is determined as the gradient 

between the point at which cantilever loading due to adhesion starts and the maximum cantilever deflection, 

taking into account tip speed. Boxes show 25th percentile, median, and 75th percentile, and whiskers show the 

minimum and maximum values. Each box and whiskers plot represents one cell, 10 cells were measured for each 

cell line. Different cell lines are shown in separate colours.  
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The results presented in Figure 57 show that the apparent loading rates are greater 

for the hybridoma cells with a greater Young’s modulus (S24.1.47:             

nN/s; N1G9:           nN/s; B1.48:           nN/s; 18.1.16:              nN/s; 

BU59r31:           nN/s), and reduced for the B cell samples with a lower Young’s 

modulus (B1.8:            nN/s; B1.8hi:            nN/s). 

The apparent loading rate is affected by both force of interaction, and the separation 

distance, which have been shown to both be increased for samples with a lower 

Young’s modulus, and the influence of their effects compounded has been seen in 

the energy of interaction (Figure 56). Their relationship in the determination of 

apparent loading rates, however, is altered, with apparent loading rates now inversely 

proportional to separation distance (Equation 6). 

 

For the apparent loading rates to be reduced for samples with a lower Young’s 

modulus, means that separation distance is affected to a greater extent than the 

force of interaction, which means that a lower Young’s modulus in itself has greater 

effect on the results than the increased number of molecular interactions that it 

promotes.  

     
 

 
 

Where:  

L = apparent loading rate [N/s] 

F = force of interaction [N] 

D = separation distance [m] 

Equation 6 – Influences on Apparent Loading Rate 

The apparent loading rate is affected by both maximum cantilever deflection, and separation distance, to which it 

is directly, and inversely, proportional, respectively.  
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Ultimately, the inspection of the remaining parameters that are determined in the data 

analysis did not reveal differences that are concurrent with the affinities of the 

interrogated cell lines either. The differences that have been observed between the 

different cell lines, and the different cell types, were all explained by the varying 

Young’s moduli of the cells. Samples with a lower Young’s modulus allow greater 

depth of indentation at constant compressive forces. The increased surface area of 

contact between tip and sample increases the frequency of molecular interactions, 

causing increases in the force of interaction, separation distance, and energy of 

interaction, required to rupture tip-sample contacts. Conversely, the increased range 

of motion allowed by samples with a lower Young’s modulus causes a decrease in 

the apparent loading rate, which showed that the effects of a reduced Young’s 

modulus on the obtained results outweigh the effects of higher frequencies of events 

that occur through a reduced Young’s modulus.  

The results are considered to have been produced primarily in non-specific 

interaction. The initial results for the characterisation of the used cantilever       

(Figure 49: NP1; p.141) already showed a large proportion of the events produced in 

the interrogation of cells to be in the range of what was considered non-specific 

interactions, thus somewhat expectedly, the subsequent results (Figure 52; p.151) 

presented with the same trend. Some of the events are in the range of what was 

previously seen for specific interactions with cells (Figure 43; p.117), but 

differentiation of specific from non-specific events is not possible with the available 

data analysis algorithms.  
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6.2.2 AFM Adhesion Measurements on Different Cell Strains - II 

The second group of samples that was investigated was similar to the samples 

discussed in the previous experiment. The same hybridoma cell lines of different 

affinity towards NP (Table 2; p.87) were again used, in addition to the non-specific 

cell line BU59r31 acting as negative control, and one B cell strain (B1.8hi). The aim 

of the experiment remained to demonstrate that the different interrogated cell lines 

could be differentiated based on their affinity from data collected in AFM adhesion 

measurements.  

Because the previous experiments had shown that the values obtained in 

interrogation of the negative control cell line were very similar to the antigen-specific 

hybridoma cell lines, an additional negative control was included to test whether the 

interactions obtained in interrogation of the non-specific cell line (BU59r31) were non-

specific crossreactivity. The newly included NS0 cell line used in this experiment is 

the unfused fusion partner used in the preparation of hybridoma cells, and as such 

does not express B cell receptors on its surface that could possess crossreactivity for 

NP. 

The cantilever that was used in this experiment was NP7 from the second group of 

NP functionalised cantilevers, for which data is shown in Figure 50 in §6.1 (p146). At 

the end of the experiment the cantilever was again tested against CSs to 

demonstrate that interrogation of biological samples does not cause any changes to 

the cantilever functionalisation. 

In this experiment, a minimum of 7 cells from each of the different cell lines, and a 

minimum of 5 non-overlapping positions on CSs, were interrogated using a 16 x 16 

grid of evenly spaced point interrogations. 
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As has been detailed in the previous section, results in interrogation of cell samples 

are primarily influenced by the Young’s modulus of the sample. Therefore, the data 

collected in the AFM adhesion measurements was again subjected to mathematical 

modelling for the extraction of Young’s modulus values for the different cell lines; as 

introduced in §5.5.1 (p.103), and discussed in detail in Appendix 8.19 (p.260). The 

results are presented in Figure 58. 
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Figure 58 – Young’s Modulus of Different Cell Strains - II.  

Data from AFM adhesion measurements were subjected to mathematical modelling for the extraction of Young’s 

modulus values for the different interrogated cell strains. Each cell line is shown in a separate colour. Boxes show 

25th percentile, median, and 75th percentile, and whiskers show the minimum and maximum values, and each 

box and whiskers plot represents one cell. Each cell was interrogated using a grid of 16 x 16 evenly spaced point 

interrogations. Differences between all cell lines are highly significant (p<0.0001), accentuated by the high 

number of data points. 

The results in Figure 58 show trends similar to the previous experiment (Figure 51). 

The Young’s moduli for the majority of the hybridoma strains (S24.1.47:            
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MPa; B1.48:            MPa; 18.1.16:            MPa; BU59r31:            

MPa) are at least one order of magnitude (13x) greater than for the B cell strain 

(B1.8hi:             kPa), with the exception of the N1-G9 cell line (N1G9:       

       kPa) for which the Young’s modulus is greatly reduced compared to results 

from the previous experiment. Cells from the NS0 cell line (NS0:            MPa) 

exhibit varied behaviour, where Young’s moduli range from values lower than what is 

observed for B cells, to values as great as those recorded for hybridoma cells.  

The reduced Young’s moduli observed for N1G9 call into question the conformation 

of these samples, as these results deviate from what was previously seen for this cell 

line and from what is observed for similar samples.  

Similarly, the variable results observed for NS0 are unexpected. It was expected that 

interrogation of NS0 cells would produce Young’s moduli comparable to hybridoma 

cells. As previously discussed (§5.6; p.125), hybridomas are fusions of B cells and 

NS0 cells, where B cells have been shown to have substantially lower Young’s 

moduli (Figure 51; p.150), hence it was expected that the greater Young’s moduli of 

hybridomas was an attribute imparted by the NS0 portion.  

Variable results for cell elasticities have previously been seen for unfixed cells 

(Figure 38; p.106), the cause for which were assumed to be degradation over time 

and exposure to environmental stimuli. The here interrogated cells, however, were 

fixed, and fixed samples are expected to be more resilient towards environmental 

conditions. Therefore, the N1G9, and NS0, cells will likely have experienced 

degradation prior to fixation, which is supported by the remaining cell samples 

producing results comparable to the previous experiment.  
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To determine whether the results of the experiment show differences between the 

different cell lines that are concurrent with their affinities, the different parameters that 

are calculated in the data analysis were inspected individually. 

 

The first parameter that was inspected was again the force of interaction, shown in 

Figure 59.  
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Figure 59 – Forces of Interaction - II 

Shown are peak forces associated with positive adhesion events produced in interrogation of cells from different 

cell lines, and CSs. Each of the different samples is shown in a different colour. A minimum of 7 cells from each 

cell line, and a minimum of 5 non-overlapping position for CSs, were interrogated; each represented by a box and 

whiskers plot. Boxes show 25th percentile, median, and 75th percentile, and whiskers show the minimum and 

maximum values. The number of positively classed adhesion events, the total number of point interrogations, and 

the corresponding percentage ratio, is given for each sample group. The average limit for positive classification is 

shown by the red line across the graph. Differences between dissimilar samples are highly significant (p<0.0001). 

The results in Figure 59 show the same trend that was observed in the previous 

experiment (Figure 52). The interaction forces produced in interrogation of the 

hybridomas with generally greater Young’s moduli (S24.1.47:            nN; B1.48: 
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           nN; 18.1.16:            nN; BU59r31:            nN) are lower 

compared to samples with lower Young’s moduli (N1G9:            nN; B1.8hi: 

           nN; NS0:            nN). Statistically, the differences between 

dissimilar data are highly significant (p<0.0001). The implications are again that a 

greater indentation depth in samples with lower Young’s moduli produces an 

increased surface area of contact between probe and sample, allowing a greater 

number of molecular interactions to occur, subsequently requiring a greater force to 

rupture the tip-sample contact.  

The values obtained in interrogation of the CSs compare well with the data acquired 

in the initial testing of the cantilever that was presented in Figure 50 in §6.1 (p.146); 

where results for interrogation of CS-CH3 (           nN) are densely clustered, 

and the low number of positive adhesion events produced in interrogation of CS-OH         

(             pN) are low in magnitude. The interaction behaviour of the cantilever 

against the CSs remaining the same is indicative of no conformational changes 

occurring on the probe.  

 

Data for the next inspected parameter – event ‘significance’ – are shown in       

Figure 60, which is calculated as in Equation 4 (p.93), and is used in the classification 

of point interrogations.  

The results shown in Figure 60 are concurrent with the trends that have been 

observed for the determined forces of interaction. As in the previous experiment 

(Figure 53; p.153), the event ‘significance’ determined for samples with a lower 

Young’s modulus (N1G9:            ; B1.8hi:            ; NS0:            ), 

is on average, two-fold of what is observed for samples with a greater Young’s 



167 

modulus (S24.1.47:            ; B1.48:            ; 18.1.16:            ; 

BU59r31:            ). The most extreme values are observed for the CSs (CS-

CH3:             ; CS-OH:           ). 
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Figure 60 – Event ‘Significance’ of Positively Classed Adhesion Events - II.  

The event ‘significance’ of all positively classed adhesion events is shown. Different sample groups are shown in 

separate colours. Results for individual cells, and individual areas on CSs, are represented by separate box and 

whiskers plots. Boxes show 25th percentile, median, and 75th percentile, and whiskers show the minimum and 

maximum values.  

It can be expected that results for event ‘significance’ and force of interaction follow 

the same trend, as both take into account the maximum cantilever deflection. In 

addition, the event ‘significance’ takes into account the SD of the retraction curve 

baseline, where the similarity of the trends seen for both force of interaction and 

event ‘significance’ indicate that the variation of the retraction curve baseline is low, 

and consistent throughout the experiment.  
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The next inspected parameter, the separation distance, describes the distance over 

which the cantilever needed to be retracted to cause rupture of the probe-sample 

interaction; for which the data is shown in Figure 61. 
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Figure 61 – Separation Distance - II 

The separation distance for all positively classed adhesion events is shown, which describes the distance over 

which the cantilever needed to be retracted to cause rupture of the probe-sample contact. Different sample 

groups are shown in separate colours. Results for individual cells, and individual areas on CSs, are represented 

by separate box and whiskers plots. Boxes show 25th percentile, median, and 75th percentile, and whiskers show 

the minimum and maximum values. 

The results in Figure 61 again show the separation distances for samples with lower 

Young’s moduli (N1G9:           µm; B1.8hi:           µm; NS0:           µm) 

to be greater than for samples with greater Young’s moduli (S24.1.47:             

nm; B1.48:             nm; 18.1.16:             nm; BU59r31:             

nm). 
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As in the previous experiment (Figure 54; p.155), the observed differences between 

the different cell lines are amplified through the compounding effects of greater 

numbers of molecular interactions occurring for samples with a lower Young’s 

modulus through greater indentation depths, as well as samples with a lower Young’s 

modulus being more easily deformable and allowing for greater ranges of movement.  

The results obtained for the CSs (CS-CH3:            nm; CS-OH:               

            nm), are very similar to each other, and indeed this similarity between 

the two samples can be expected, despite their very different surface chemistries, as 

the Au substrates onto which the SAMs are deposited are rigid and hence do not 

offer any range of motion when pulled upon.  

The results in Figure 62 show the energies of interaction, which are calculated as the 

area between the retraction curve and its baseline, as described with Figure 33 in 

§5.4 (p.91).  

 

As in the previous experiment (Figure 56; p.158), the results in Figure 62 show the 

interaction energies for samples with a lower Young’s modulus (N1G9:           fJ;             

B1.8hi:           fJ; NS0:           fJ) to be an order of magnitude (11x) greater 

than what was observed for samples with a greater Young’s modulus (S24.1.47: 

            aJ; B1.48:             aJ; 18.1.16:             aJ; BU59r31: 

            aJ). 

The differences between dissimilar data are again accentuated by the energy of 

interaction being affected by both separation distance, and force of interaction, which 

have both been shown to be increased for samples with lower Young’s moduli.  
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Figure 62 – Energies of Interaction - II 

The energies associated with positive adhesion events are shown, where each box and whiskers plot represents 

the values determined for one cell, and the different colours denote the separate cell lines. Boxes show 25th 

percentile, median, and 75th percentile, and whiskers show the minimum and maximum values. The main 

difference in the data is found to be between samples of lower or greater Young’s modulus, where the energies 

determined for samples with a lower Young’s modulus are up to two orders of magnitude greater than for samples 

with a greater Young’s modulus.  

The values for CS-CH3 (            aJ) are slightly lower than what is observed for 

the samples with lower Young’s moduli, but the energies produced in interrogation of 

CS-CH3 will, almost exclusively, be associated with the tip-sample interaction. 

Contributions from sample elasticity are expected to be negligible due to the high 

rigidity of the Au substrate onto which the SAMs are deposited. This is supported by 

the separation distance (Figure 61) for both CSs being the same. The energies 

produced in interrogation of CS-OH (          aJ) are more than an additional 

order of magnitude (20x) smaller than what was observed for cell samples with 
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greater Young’s moduli, further demonstrating that very few interactions are occurring 

at tip-sample contacts.  

 

Finally, the apparent loading rate was again inspected; showing results in Figure 63. 

This parameter is determined as described in §5.4 (p.91), and estimates the rate at 

which tip-sample contacts are loaded. 
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Figure 63 – Apparent Loading Rate - II 

Showing the values of apparent loading rate for positively classed adhesion events. Boxes show 25th percentile, 

median, and 75th percentile, and whiskers show the minimum and maximum values, where each box and 

whiskers plot represents one cell, and the different cell lines are shown in separate colours. The main difference 

in results is determined by the Young’s modulus of the different samples, where values for samples with lower 

Young’s moduli are up to an order of magnitude lower than for samples with greater Young’s moduli.  

Figure 63 shows that similar results were obtained for samples with a greater 

Young’s modulus (S24.1.47:           nN/s; B1.48:           nN/s; 18.1.16: 

          nN/s; BU59r31:           nN/s), which are increased compared to 
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samples with lower Young’s moduli (N1G9:           nN/s; B1.8hi:           

nN/s; NS0:           nN/s). 

The apparent loading rate is affected by both the force of interaction, and the 

separation distance; as previously described in Equation 6 (p.160). Hence, as in the 

previous experiment (Figure 57; p.159), the reduced loading rates that are observed 

for samples with lower Young’s moduli show that the effects of a reduced Young’s 

modulus outweigh the effects of increased numbers of molecular interactions that 

occur for samples with lower Young’s moduli.  

 

The results for CS-OH (          nN/s) are comparable to what is observed for cell 

samples with a greater Young’s modulus. This is due to the small forces of interaction 

produced in interrogation of CS-OH (Figure 59; p. 165) being ruptured after very 

short distances (Figure 61; p. 168); due to the high rigidity of the Au substrate onto 

which the SAMs are deposited.  

The Au substrate rigidity is the same for CS-CH3 as for CS-OH, hence tip-sample 

interactions are ruptured after equally short distances. However, the interaction 

forces produced in interrogation of CS-CH3 are high, therefore the resultant apparent 

loading rates (           nN/s) are the highest observed in this experiment.  

 

Much like the previous experiment, the repeated interrogation of cells did not produce 

differences in any of the inspected parameters that are concurrent with the affinities 

of the interrogated cell lines. The differences that were observed between different 

cell lines, and cell types, are considered the results of the varying Young’s moduli, 

where samples with lower Young’s moduli allow for a greater depth of indentation at 
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constant compressive forces. The subsequently increased surface area of contact 

between tip and sample increases the frequency of molecular interactions, which 

increases the force, separation distance, and energy, required to rupture the tip-

sample contact. Apparent loading rates, however, are reduced for samples with lower 

Young’s moduli, demonstrating that a reduced Young’s modulus affects results more 

than the increased frequency of molecular interactions that occur for samples with 

lower Young’s moduli.  

As in the previous experiment, results are considered to have been produced in non-

specific interaction, as interrogations of cell lines specific for NP have produced 

results comparable to the non-specific cell line BU59r31, and the additionally 

included negative control cell line NS0. 

 

The interaction profile produced in interrogation of the CSs is unchanged compared 

to initial testing of the used cantilever (Figure 50: NP7), which demonstrates that 

extensive interrogation of biological samples does not change the conformation of 

the tip modification, and that no contamination of the tip is occurring through parts of 

the interrogated samples becoming dislodged and adhering to the tip.  
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6.3 Investigation of Tissue Sections 

In the same manner as for the investigation of cell samples, presented in the 

previous section, two germinal centres (GCs) in two separate tissue sections were 

investigated in the two separate experimental sessions. Despite the investigation of 

prepared cantilevers not revealing unequivocally successfully functionalised 

cantilevers, the interrogations were conducted to test the behaviour of tissue sections 

in AFM adhesion measurements, and determine whether the behaviour of cells in 

tissue sections shares similarities with isolated immobilised cells. As for the 

investigation of cell samples, the treated cantilevers that were used for the 

interrogation of the two GCs were NP1 and NP7 from the first and second 

experimental session respectively.  

At the time of the experiments, it was not possible to integrate the AFM with an 

inverted optical microscope, and hence brightfield and fluorescence images of the 

interrogated tissue sections were taken after interrogation via AFM on separate 

microscopes. For the purpose of later registration of the different data, images were 

taken of the cantilever in the corner positions of the scan field, to act as reference 

points. 

In preparation for AFM interrogations, tissue sections were stained 

immunohistologically to allow identification of GCs by labelling the surrounding 

structures. The GCs themselves were at first not stained, in order to not saturate the 

targeted receptors, however, after AFM interrogation, fluorescent staining was 

applied to the GCs to demonstrate NP-specificity of the interrogated areas. The 

protocol for the preparation of the tissue sections can be found in Appendix 8.21 

(p.276). 
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6.3.1 Germinal Centre I 

The tissue section that was interrogated first can be seen in Figure 64, which shows 

a brightfield image of the immunohistology staining in which the structures 

surrounding the GCs have been labelled. The T-zone (T) – labelled in blue – is 

adjacent to the GC (GC), and the B follicle (B) – labelled in brown – surrounds the 

GC. The GC itself was not labelled so as to not occupy the NP specific receptors 

targeted in the AFM interrogation. The red square is the to-scale 100 µm x 100 µm 

area in which the tissue section can be interrogated via AFM without physically 

adjusting the position of the sample. In order to acquire the most possible 

information, the instrument was set up to interrogate the whole of the maximum 

possible area marked by the red square. The position of the red square is a close 

approximation of the area actually interrogated via AFM, where an exact registration 

of the data acquired on different instruments could not be made.  

 

 

With the software setup available at the time, the interrogation area could be probed 

with a maximum of 128 x 128 evenly spaced point interrogations. The area was 

scanned consecutively, four times completely, with a final fifth scan that was 

terminated prematurely; acquiring a total of 80528 data points over the course of        

63 h. The data shown in Figure 65 is the summation of the 5 individual scans, where 

the values of individual parameters for the same locations were summed up. 

Individual parameters are shown in separate maps, alongside a point ID map; akin to 

the overview maps initially introduced in Figure 34. The results for the individual 

scans are shown in Appendix 8.22 (p.281). 
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Figure 64 – Brightfield Image of GC-I 

Brightfield image of a mouse spleen section containing the first scanned GC (GC). The T-zone (T) was labelled in 

blue by staining for CD3. The non-stained GC (GC), is adjacent to the T-zone, and is surrounded by the B follicle 

(B), which was labelled in brown by staining for IgD. The red square is the to-scale 100 µm x 100 µm area that 

can be interrogated on the AFM instrument without physically adjusting the position of the sample, where the 

position of the red square is a close approximation of the area actually interrogated via AFM. The image was 

acquired on a Leica DM6000 with a 10x lens.  
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Figure 65 – AFM Results for GC-I 

Shown is the combination of the 5 scans of the same tissue section area, where values of individual parameters 

at the same location were summed up. Individual maps show values of force of interaction (A), energy of 

interaction (B), apparent loading rate (C), event ‘significance’ (D), Young’s modulus (E), and point ID (F). The 

point ID map shows that the orientation of the AFM data was adapted, to match the orientation of the microscope 

images. The x and y axes are divided into 128 segments, denoting the number of points; rather than distance.  
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The results in Figure 65 show that noticeable areas of increased energies can be 

observed in (B), which correspond to, less accentuated, high forces and event 

‘significance’ in (A) and (D) respectively. Conversely, these same areas correspond 

to low magnitudes of apparent loading rates in (C). Inspection of the results for the 

individual scans (Appendix 8.22; p.281) reveals that the identified areas can be 

observed in each of the scans. As the individual scans are reproducible, their 

summation leads to better representation of high/low magnitude areas and to a 

reduction in background noise.  

The concurrence of high forces/energies with low apparent loading rates stands out. 

Similar concurrencies were seen previously in the interrogation of cells (§6.2; p.148), 

where, primarily influenced by the Young’s modulus of the sample, high 

forces/energies, paired with low apparent loading rates, were seen for samples with a 

lower Young’s modulus, and vice versa. The different parameter maps in Figure 65 

show this relationship to be varied across the interrogated area, suggesting that the 

elasticity of the tissue section changes locally.  

While the map in (E) confirms that the Young’s modulus of the tissue section varies 

across the interrogated area, it does not reveal a direct concurrence of high 

forces/energies with a reduced Young’s modulus of the sample.  

 

In order to assess whether the stand-out areas identified from the AFM data match 

up with specific structures in the tissue, the tissue section was stained fluorescently 

after AFM interrogation. The images are shown in the panel in Figure 66; showing 

brightfield illumination in (A), cell nuclear staining in (B), staining for NP-specificity in 
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(C), and, to aid in comparison, in (D) the previously shown brightfield image of the 

immunohistology staining that was applied before interrogation via AFM.  

 
Figure 66 – Fluorescent Staining of GC-I 

The tissue section was stained fluorescently after interrogation via AFM. Images show brightfield illumination (A), 

cell nuclear stain (B), stain for NP-specificity (C), and, to aid in comparison, the immunohistology staining 

prepared before interrogation via AFM (D). The red/white square in each image is 100 µm x 100 µm, to-scale, and 

closely approximates the area actually interrogated via AFM. The position of the T-zone (T), and the B-follicle (B), 

are marked in each image to aid in orientation. Images were acquired on a Leica DM6000 with a 10x lens.  

The images shown in (A) and (D) of Figure 66 demonstrate that good spatial 

registration can be achieved between images acquired on different instrument 

setups, and the detected fluorescence shown in (B) has identified the individual cells 

present in the interrogated tissue section.  
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The detected fluorescence shown in (C) does not appear to have successfully 

identified NP specific regions that are expected to be found in the GC, and instead 

very closely mimics the CD3+ staining seen in blue in (D). Taking into consideration 

that, at the stage at which the fluorescent staining was applied, the tissue section had 

already gone through several cycles of rehydration and drying, and that, as 

previously mentioned, proteins are susceptible to damage upon dehydration 63, it is 

plausible that the targeted NP-specific receptors could not be successfully labelled 

due to their degradation.  

 

Inspection of the separate staining panels, as depicted in Figure 67, reveals that, in 

the absence of NP-specific labelling, the fluorescent marker applied for the 

identification of NP-specific cells, reacted only with a portion of the much earlier 

applied staining for T cells. Considering the different staining panels as independent 

experiments, allowed for this mislabelling to occur. However, even if NP-specific cells 

could have been successfully identified, it would not have created images that 

demonstrated NP specificity in the interrogated regions. This is because in the 

applied staining strategy both the desired NP-specific cells would have been labelled, 

as well as simultaneously the CD3+ T-zone due to the aforementioned cross-

reactivity of the used reagents.  

 

Comparison of the AFM results with the different microscope images of the 

interrogated tissue section does not reveal any clear concurrencies. The high 

energies in Figure 65(B) are seen primarily centrally, and towards the bottom half of 

the map, which does correspond to the GC, where NP specificity would be expected, 
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and lies below the T-zone, where NP specificity would not be expected, but even 

though the individual scans of the GC via AFM have repeatedly produced the same 

areas of high/low magnitudes, these areas cannot clearly be assigned to visible 

structures within the tissue.  

 
Figure 67 – Tissue Section Staining Panels 

Schematic for the different staining panels that were applied to the investigated tissue sections. The 

immunohistology staining applied prior to AFM interrogation stained non-activated naïve B cells that are IgD+ in 

brown, and T cells that are CD3+ in blue. Post AFM interrogation, a cell nuclear stain was added to identify 

individual cells, and NP-specific receptors were to be labelled with Cy3. The Cy3-donkey antibody is specific 

towards rabbit antibody, and, in the absence of NP-specific labelling, reacted only with the earlier applied staining 

for T cells. 
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6.3.2 Germinal Centre II 

The second interrogated GC (GC-II) is shown in Figure 68, showing a brightfield 

image of the immunohistology staining that was applied prior to interrogation via 

AFM, in which the structures surrounding the GC have been labelled. The T-zone (T) 

– labelled in blue – has three GCs (GC) adjacent, which are surrounded by the B 

follicle (B) – labelled in brown. The GC that was interrogated is contained within the 

red square, which marks the to-scale 100 µm x 100 µm area in which the tissue 

section can be interrogated via AFM without physically adjusting the sample position.  

 

 

The AFM instrument software was updated for the second experimental session, and 

now allowed for the scannable area to be probed with up to 512 x 512 evenly spaced 

point interrogations. The 100 µm x 100 µm field was, however, not interrogated with 

the maximum number of points possible, as this put too much demand on the PC 

linked to the AFM instrument, which would lead to (parts of) individual data points not 

being recorded. The scannable area was instead interrogated once with a grid of    

256 x 256 evenly spaced point interrogations; acquiring 65536 data points over the 

course of just less than 23 h. 

The results of the AFM interrogation of GC-II are presented in Figure 69, showing 

separate maps for the determined parameters of force (A), energy (B), apparent 

loading rate (C), event ‘significance’ (D), Young’s modulus (E), and point ID (F); 

where the orientation of the data was again matched to the orientation of the tissue 

section images.  
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Figure 68 – Brightfield Image of GC-II 

Brightfield image of the immunohistology staining that was applied to a section of a mouse spleen to identify GCs 

by labelling surrounding structures. Three non-stained GCs (GC) are visible in the tissue section. These are 

adjacent to the T-zone (T), which was labelled in blue by staining for CD3, and are surrounded by the B follicle 

(B), which was labelled in brown by staining for IgD. The GC interrogated via AFM is contained in the red square, 

which marks the to-scale 100 µm x 100 µm area that can be interrogated via AFM without physically adjusting the 

sample position. The position of the red square is a close approximation of the area actually interrogated via AFM. 

The image was acquired on a Leica DM6000 with a 10x lens.  
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Figure 69 – AFM Results for GC-II 

Shown are the results from the AFM interrogation of GC-II, with individual maps showing force of interaction (A), 

energy of interaction (B), apparent loading rate (C), event ‘significance’ (D), Young’s Modulus (E), and point ID 

(F); where the orientation of the data was matched to the orientation of the microscope images. The division of 

the x and y axes into 256 segments denotes the number of points; rather than distance. 
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The data in Figure 69 shows that, as previously for GC-I (Figure 65), there is a 

concurrence between high forces, energies, and event ‘significance’, which, 

conversely, correspond to low apparent loading rates. However, the AFM results for 

GC-II appear to be more coherent. Instead of the detection of seemingly isolated 

points of high/low magnitude, that only through their repeated occurrence over 

multiple scans highlighted general areas of interest, a single scan has produced 

parameter maps in which general areas of high/low magnitude can more easily be 

identified, and which, furthermore, contain smaller regions with identifiable 

boundaries.  

The concurrence of high energies with low apparent loading rates, again, suggests 

that the Young’s modulus of the sample changes across the interrogated area. Unlike 

for GC-I, the Young’s modulus map in (E) shows a clear concurrence of decreased 

Young’s modulus with increased forces/energies. These same concurrencies were 

observed initially in the interrogation of cells in §6.2 (p.148). There the conclusion 

was that for samples with a lower Young’s modulus greater depths of indentation 

occur at constant compressive forces. The subsequently increased surface area of 

contact between tip and sample increases the frequency of molecular interactions, 

which subsequently require greater forces/energies to be ruptured. 

 

In order to assess whether the stand-out areas identified in the AFM interrogation 

correspond to specific structures within the tissue, the tissue section was stained 

fluorescently after AFM interrogation. The images are shown in the panel in       

Figure 70, showing brightfield illumination in (A), cell nuclear staining in (B), staining 

for NP-specificity in (C), and, for ease of comparison, the previously shown brightfield 
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image of the immunohistology staining that was applied prior to interrogation via AFM 

in (D).  

 
Figure 70 – Fluorescent Staining of GC-II 

The tissue section was stained fluorescently after interrogation via AFM to demonstrate NP-specificity of the 

interrogated GC. Images show brightfield illumination in (A), cell nuclear stain for identification of individual cells in 

(B), stain for NP-specificity in (C), and, to aid in comparison, the previously shown brightfield image of the 

immunohistology staining prepared before the interrogation via AFM in (D). The red/white square in each image is 

100 µm x 100 µm, to-scale, and closely approximates the area actually interrogated via AFM. The position of the 

T-zone (T), and the B-follicle (B), and additional, un-interrogated GCs (GC) are marked in each image to aid in 

orientation. Images were acquired on a Leica DM6000 with a 10x lens. 

The images (A) and (D) in Figure 70 show that a good spatial registration can be 

achieved between images acquired on different instrument setups, and (B) shows 

how the individual cells in the interrogated tissue section have been identified.  
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The staining in (C), with which the NP-specificity of the interrogated GC was to be 

demonstrated, did not identify the expected areas. As discussed with the results for 

GC-I, the tissue sections are exposed to environmental conditions during transport 

and storage prior to interrogation via AFM, and undergo multiple cycles of freezing, 

drying, and rehydration before the application of fluorescent staining. During 

exposure to these conditions degradation of the targeted receptors can occur, which 

prohibits the detection of NP specificity both via AFM and fluorescent staining. 

Furthermore, both the GC-I, and GC-II, tissue sections were treated together with the 

staining strategy described in Figure 67, hence even if NP specific receptors were 

available, they would not have been labelled exclusively due to the cross-reactivity of 

the used reagents.  

Due to the increased coherence of the AFM results, however, comparison to the 

microscope images of the stained tissue sections is more intriguing. In Figure 71 the 

different images of the stained tissue sections have been reduced to the areas of 

interest, and have been lined up alongside the different parameter maps. A free 

drawn line has been added to all the images to further aid in comparison. As can be 

seen most clearly in images (E) and (H), the added line mimics the border between 

the GC and the surrounding B follicle. When added to the different parameter maps 

of the AFM results, this line follows the outside of a large central region of low signal 

intensity in (A) and (D), and follows the outside of multiple smaller regions of high 

magnitude in (B) and low magnitude in (C). As is apparent from the images, the 

added line is not in the same position in relation to the borders of the areas of interest 

and the borders of the different parameter maps. As previously mentioned, the AFM 

results and the images of the stained tissue sections were acquired on different, 
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independent instruments, and hence an exact positional registration was not 

possible.  

 
Figure 71 – Comparison of AFM to Optical Data 

Images of the stained tissue sections were reduced to the areas of interest, and placed alongside the different 

parameter maps produced from the AFM interrogation of the tissue section; where an additional line in all the 

images was drawn to further aid in comparison. The position of the added line in relation to borders of the 

parameter maps, and the borders of the images, is not the same, where exact spatial registration between data 

acquired on different, independent instruments could not be made. Parameter maps from the AFM interrogation 

show: force (A), energy (B), apparent loading rate (C), and Young’s modulus (D). Microscope images show: 

brightfield illumination of fluorescently stained tissue section (A), cell nuclear stain (B), stain for NP specificity (C), 

and immunohistology staining applied prior to AFM interrogation (H). 

While it has to be accepted that the results of the AFM interrogation cannot be 

considered to have been produced in specific interaction of the probe with the 

sample, there is a strong concurrence of reduced Young’s modulus (D) with the 

unstained GC (H). The implication of this concurrence is that the Young’s modulus of 

the tissue section was increased locally through the immunohistology staining applied 

prior to AFM interrogation, forming chemical complexes to visualise the T-zone and 

B-follicle.  
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Attempts to match individual cells, as for example visible in (E), to low Young’s 

modulus sub-regions of the GC in (D), are tempting, but may lead to an over-

interpretation of the data. Due to the optical translucency of the tissue sections, 

individual cells can be identified in microscope images, as optical information is 

collected from throughout the tissue section. To AFM, however, only the surface of a 

sample is accessible. As illustrated in Figure 72, this means that indentation of the 

sample occurs in positions where not always the membranes of cells in the tissue are 

exposed. While undoubtedly this has implications on the availability of targeted 

receptors, the amount of cell membrane in the tissue section in the direction of 

compression will also influence the local elasticity of the sample.  

 
Figure 72 – Cells in a Tissue Section 

Tissue sections do not necessarily contain whole cells, and both the interior of a cell, and cell membrane, may be 

exposed at the tissue section surface. Due to optical translucency of the tissue section, optical information in 

microscope images is collected from throughout the tissue section, whereas to AFM only the surface of the 

sample is accessible.  

Due to the lack of information on the distribution of cell membrane in the tissue 

section, however, an assessment of how it affects the relative elasticity of the sample 

could not be made.  
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6.4 Discussion of the Testing of NP Functionalised Cantilevers and 

their Application to Biological Samples. 

Based on the results presented in Chapter 5, a self-selecting quality of the developed 

technique was identified, in which successfully NP functionalised cantilevers would 

be selective towards only specific interactions. The implication of that behaviour was 

that even low magnitude adhesion events, which were expected to be produced in 

the interrogation of lower affinity samples, would be distinguishable; even if the 

magnitudes were in the region of what was previously identified as non-specific 

interactions. Based on those findings it was deemed reasonable to conduct 

experiments in which the technique was employed in the investigation of different 

biological samples. 

 

Firstly, the observed self-selecting nature of NP functionalised cantilevers, in 

interrogation against biological samples, was to be used in the identification, and 

subsequent characterisation, of successfully modified cantilevers. In addition to the 

interrogation of high affinity hybridoma cells (S24.1.47), as was previously conducted 

in Chapter 5, functionalised cantilevers were also tested against a selection of CSs. 

Successfully functionalised cantilevers were to distinguish themselves through the 

produced adhesion events in interrogation of cell samples – in both their frequency of 

occurrence as well as their magnitude – and the interaction profile produced in 

interrogation of CSs would subsequently serve as a characteristic identifier of such 

cantilevers prior to future investigations of biological samples. The use of CSs for this 

purpose is preferable, as their preparation is less laborious than the preparation of 



191 

cell samples, more readily available, decidedly more consistent, and CSs are less 

susceptible to degradation during storage.  

 

Experiments were conducted with two separate groups of cantilevers functionalised 

with NP under slightly varied preparation parameters, and each cantilever was then 

used in the interrogation of cells and the separate CSs.  

The results obtained from both experimental sessions (§6.1; p.137) were similar, 

where the interrogation of cell samples failed to replicate the results that were 

previously obtained in Chapter 5. Instead of producing high forces at a low 

frequency, the obtained forces ranged from values comparable to what was 

previously seen for specific interaction (Figure 44; p119), to just above the detection 

limit, at a frequency at least 2-fold of what was previously observed (Figure 42; 

p.114).  

 

Failure to replicate previous results on cells may be due to a variety of reasons. In 

the absence of measures whereby which unequivocally successfully functionalised 

cantilevers can be identified, the possibility of failed cantilever functionalisation 

cannot be excluded. This is in spite of the results of the interrogation of the CSs, 

which exhibit the trend that interrogations of CS-CH3 produce high frequencies of 

adhesion events with high forces, and that the few adhesion events produced in 

interrogations of CS-OH are with low forces that lie just above the detection limit. As 

discussed in §6.1 (p.137), these trends are indicative of hydrophilic surface 

chemistries having assembled on the tip; which the NP functionalisations are 

expected to be.  
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Further, despite differences in the preparation parameters of the functionalised 

cantilevers, the interaction profiles that are produced in the interrogation of cells and 

CSs are similar, suggesting that similar chemistries assemble on the modified 

cantilevers, and, thus, giving confidence in the validity of the proposed modification 

scheme. 

Failure to replicate previous results on cells may, further, be due to the conformation 

of the interrogated samples. As has previously been discussed, proteins such as the 

targeted receptors are susceptible to damage upon dehydration.63 Due to the location 

of the employed facilities and equipment, samples could not be interrogated 

immediately after preparation, and degradation may have occurred during necessary 

short-term storage or transport.  

 

The investigation of the different available hybridoma cell lines was conducted on the 

premise that successfully functionalised cantilevers would produce only specific 

interactions. Consequently, low magnitude adhesion events that were expected to be 

produced in the interrogation of low affinity samples, would be distinguishable, even if 

their magnitudes were in the region of what was previously classed as non-specific 

interactions. Because the preceding investigations did not identify a successfully 

functionalised cantilever in either experimental session (§6.1; p.137), it was 

consequently not unexpected that the produced results were not indicative of specific 

interactions occurring. In fact, the interactions produced in the interrogation of the NP 

specific hybridoma cell lines were the same as for the non-specific cell lines. This 

suggests that no specific binding has occurred, based on the assumption that in the 

interrogation of non-specific cell lines no specific binding can occur.  
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A portion of the interaction forces produced in the interrogation of cells in §6.1 

(p.137) and §6.2 (p.148) where in the region of what was previously identified as 

specific interactions in interrogation of S24.1.47 cells (Figure 43; p.117), which 

means that these data sets may have been produced in a combination of specific 

and non-specific interactions. Differentiation of these different interactions may be 

achievable through more extensive analysis of collected data. As discussed by Noy, 

et al., 121, distinction between single and multiple, simultaneous bonds is achievable 

through further analysis of retraction curves. As shown in Figure 73, fitting of models 

to the portion of the retraction curve that describes bond loading allows 

characterising the tip-sample interaction according to the number of bonds involved 

(N.B. presentation of the force curves in Figure 73 is inverted compared to the 

standards adopted in this thesis). Such analysis sub-routines could be incorporated 

into the currently available analysis algorithms, however, a training data set, 

containing a known combination of (multiples of) specific and non-specific 

interactions, would be required to extend functionality to the differentiation of specific 

and non-specific interactions. 

 
Figure 73 – Distinguishing Between Single and Multiple Bond Interactions 

Fitting of models to the portion of the retraction curve that describes bond loading allows characterising the tip-

sample interaction by the number of bonds involved. The loading regimes differ distinctly for the involvement of 

single (C), two (D), or three (E) bonds. Image taken from 121. 
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The main finding from the interrogation of the different cell lines was that the elasticity 

of the sample was the principal influence on the parameters describing the probe-

sample interaction. At constant compressive forces, a greater depth of indentation is 

produced for samples with a lower Young’s modulus, creating a greater surface area 

of contact between the probe and the sample. The consequently increased frequency 

of molecular interactions required greater forces for the rupture of tip-sample 

contacts.  

The differences in the results for the different cell lines, and cell types, could all be 

attributed to their differences in Young’s modulus. Generally, the results for the 

structurally similar hybridomas were comparable, as were results for the different B 

cell samples; with the greatest differences observed between the different cell types. 

Because of the shown impact of the elasticity of the sample on obtained results, 

future experiments should routinely determine the elasticity of the interrogated 

sample. Additionally, methods may need to be explored that will allow compensating 

for the elasticity of the sample. Such compensatory measures would need to 

consider the local sample elasticity for each point interrogation, seeing that the 

interrogation of tissue sections has already shown that elasticity can vary 

substantially across individual samples.  

 

 

At the end of each experimental session, a GC (GC-I and GC-II) was also 

interrogated using the developed AFM technique; each contained in a separate 

tissue section. These interrogations were conducted in an effort to identify NP 
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specific binding in a GC, as well as measure the strength of binding; one of the 

ultimate aims of the project.  

GC-I was scanned multiple times consecutively, where seemingly isolated points of 

high/low magnitude were identified in each individual scan. Through the summation 

of the individual scans, however, it was made apparent that points of high/low 

magnitude were identified consistently in the same locations; highlighting general 

areas of interest.  

These general areas of interest did, however, not have identifiable boundaries, 

preventing a matching to structures in the tissue that were visible in the microscope 

images. As previously mentioned (initially in Figure 64; p.176), the squares in the 

microscope images that mark the area of interrogation are to-scale, but spatially are 

an approximation of the area actually interrogated via AFM. To make this 

approximation, images were taken of the cantilever in the corner positions of the scan 

field, to act as reference points for the later registration of the different data. Thus, 

despite being an approximation, the spatial discrepancies are expected to only be 

minimal. This means that the AFM data could not be matched to structures in the 

tissue, because the AFM interrogation did not reveal any, rather than such attempts 

being made of unrelated data.  

 

In comparison, the interrogation of GC-II produced more coherent results. A single 

scan of GC-II produced parameter maps in which general areas of interest were 

more easily identifiable, and also contained smaller regions with distinct boundaries. 

Close comparison of the AFM data with the microscope images (Figure 71; p.188) 

revealed that locally the Young’s modulus was reduced substantially in the area of 
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the unstained GC. The variations of the different parameters across the interrogated 

area vary in accordance with the sample’s Young’s modulus, which is the same 

behaviour that was previously observed for cell samples (§6.2; p.148).  

The comparison in Figure 71 (p.188) also further illustrates how the spatial 

registration of the different data is not exact, but that a close approximation was 

achieved.  

 

Many of the issues encountered in the interrogation of tissue sections could be 

addressed with the integration of the AFM instrument with a fluorescence 

microscope. Instead of the immunohistological staining, required for the identification 

of GCs, fluorescent labels could be used. Further, efforts to minimise spatial 

discrepancies between data acquired on separate instruments would no longer be 

required.  

 

In the interrogation of the GCs specific interaction was not detected, for which 

multiple possible reasons exist. The used cantilevers could not be identified as 

unequivocally successfully functionalised in §6.1 (p.137), hence the specificity of the 

probes remained unproven. Furthermore, the conformation of the tissue sections has 

been a concern. The fluorescent staining of the tissue sections did not show NP 

specific binding in the GC as would be expected, which calls into question the 

availability of the NP specific receptors. As discussed previously, the tissue sections 

go through multiple cycles of freezing, drying, and rehydration, prior to fluorescent 

staining. Instead of attempting to apply all the desired stains on the same tissue 

section, adjacent tissue sections could be used in future, where one section could be 
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used in the AFM interrogation, and fluorescent stains could be applied to the pristine 

adjacent section. 

Degradation of the targeted receptors during exposure to these conditions may be 

one of the reasons that the fluorescent staining failed. However, degradation may 

have also occurred prior to interrogation via AFM. Figure 71D and H (p.188) show 

how the sample’s Young’s modulus is increased substantially where 

immunohistological staining was applied, and the formation of the chemical 

complexes of the immunohistological staining may interfere with the targeted 

receptors.  

Lastly, as alluded to in Figure 72 (p.189), the method of preparation of the tissue 

sections themselves may be inherently ill-suited for interrogations via AFM. Unlike 

immunohistological, or fluorescent, staining that can label targeted structures by 

diffusing into the tissue, AFM can access only the exposed surface of a tissue 

section. The frequency with which the cell membrane of individual cells will be 

exposed at the surface is unknown, but assuming a stochastic distribution of cells 

within tissue, that frequency is likely very low. An alternative tissue section 

preparation method would be the use of a vibratome, which as reported by Christ, et 

al., 122, can be used to produce tissue sections with viable cells exposed at the 

surface. A quantification of the frequency of exposed viable cells at the surface was 

not provided, and the substantially increased section thickness (225 µm) poses new 

challenges with regards to sample immobilisation, but the technique may aid in 

producing tissue section that are better suited for interrogations via AFM. 
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While the interrogation of different biological samples yielded some unintended, yet 

interesting, results, it has highlighted primarily the continued need for measures 

through which the identification of successfully functionalised cantilevers can be 

achieved prior to the investigation of samples in which probe specificity is required. 

Given the knowledge that interrogations were conducted with a specific probe, more 

detailed assessments of sample quality would be possible, and future efforts could be 

concentrated on eliminating factors that adversely affect sample quality. Such efforts 

could include assessing the extent to which denaturation of BCRs may occur prior to 

interrogation via AFM, e.g. during sample preparation, and how sample preparation 

techniques can be improved to minimise their effects on the targeted receptors.  
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7 Conclusions and Outlook 

This project was sponsored through a studentship in the Centre for Doctoral Training 

(CDT) in the Physical Sciences of Imaging in Biomedical Sciences (PSIBS). The 

centre recruits researchers from the engineering and physical sciences to bring new 

skills and perspectives to tackle problems in the biomedical sciences. Ideologically, 

the centre is located at the interface of the physical sciences, biomedical sciences, 

and computer science, aiming to equip researchers with solid foundations in each 

discipline, supported by a co-supervisor in each, to tackle multidisciplinary projects. 

While this format requires researchers to embrace steep learning curves, in order to 

familiarise themselves with the fundamental principles of multiple, initially alien, 

disciplines, it also grants researchers access to knowledge, expertise, and equipment 

beyond any one discipline. The downside to this progressive approach, however, is 

that the facilities that could cater to the full scope of such an inclusive project do not 

yet exist; an issue that certainly affected this project throughout: 

The data presented in this thesis was acquired almost exclusively using instruments 

housed in the Chemical Engineering (CE) department; i.e. contact angle analysis, 

ellipsometry, and atomic force microscopy (AFM). However, supplementary facilities 

that were required for sample preparation are not available. The CE department does 

not have a fume hood, which is an unconditional prerequisite for the safe use of 

Piranha solution that is required in the preparation of control surfaces (CSs). 

Consequently, CSs could not be assessed directly after preparation, and methods for 

the safe storage and transport of CSs needed to be considered. Subsequently, this 

called into question the effects of such storage and transport methods on the 

samples themselves.  
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Similarly, the CE department does not have cell culture facilities, such as incubators 

or cell culture hoods. This again meant that samples could not be interrogated 

directly after preparation, and methods for storage and transport were an issue; the 

investigation of the effects of different sample preparation techniques was partially 

inspired by this.  

Use of the instruments in the CE department is shared between many researchers, 

which, particularly for the AFM, meant that access was limited and needed to be 

booked sometimes months in advance. This increased the importance of individual 

experimental sessions, granting reduced opportunity for adjustments throughout, and 

limiting the number of parameters in sample preparation technique and AFM 

cantilever functionalisation that could be investigated in isolation. Extended access to 

instruments was possible primarily through the help of co-supervisor to this project, 

Dr. James Bowen, who was managing the facilities during the time of the project.  

 

In my opinion, future projects that are seeking to operate in, and across, multiple 

disciplines will benefit greatly from more centralised facilities.  

 

 

With regards to what the project set out to achieve, progress towards establishing a 

technique that enables measuring B cell receptor affinity maturation in germinal 

centres (GCs) in situ was made.  

The proposed modification scheme of AFM cantilevers to achieve specificity towards 

the targeted receptors is still considered suitable for the intended application. The 

attachment of the intermediary linker molecule, as well as the subsequent addition of 
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(4-hydroxy-3-nitrophenyl)acetyl (NP), occurs through covalent bonds. These are 

irreversible under physiological conditions 123 and the forces required to break them 

are an order of magnitude greater than what is expected to be observed for the 

targeted interaction.38,46,60,61 That means that once assembled, the cantilever 

functionalisation will not be compromised by the conditions encountered in 

application.  

Furthermore, the modification scheme avoids the use of proteins, unlike the 

modification scheme used by Natkanski, et al., 55; the only other study that could be 

identified in which AFM cantilevers were equipped with NP. Because the modification 

scheme employed by Natkanski included the use of proteins, freshly prepared 

cantilevers needed to be used in experiment directly after preparation. Such an 

approach was not feasible for replication in this project due to the aforementioned 

location of the available facilities, but, furthermore, it limits flexibility in planning and 

conducting experiments.  

 

The results for the CSs that were investigated for their feasibility as readily available 

control measures for the identification of successfully functionalised cantilevers are 

somewhat inconclusive. While the results of the investigation of the CSs themselves 

have shown that these can be prepared with good consistency, interaction profiles 

characteristic for functionalised cantilevers could not be established, due to the lack 

of unequivocally successfully functionalised cantilevers. Thus, the premise of testing 

functionalised cantilevers against well-defined chemistries, and using their interaction 

profiles to demonstrate successful functionalisation, continues to bear many 
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advantages. However, it first requires the establishment of trustworthy baseline 

values against which a comparison can be made.  

Concurrently, problems were encountered with the preparation of CS-NH2, and        

CS-COOH, which were to be used as model positively and negatively charged 

surfaces, respectively. Because these surfaces could not be prepared in the correct 

conformation reproducibly, they were not used in the interrogation of functionalised 

cantilevers against CSs. This meant that the charge of functionalised cantilevers 

could not be assessed, and primarily only their wetting properties were assessed in 

interrogation against neutral hydrophobic and hydrophilic surfaces CS-CH3, and CS-

OH, respectively.  

One of the possible reasons for CS-NH2 and CS-COOH not exhibiting the expected 

properties was identified as incorrect alignment of the self-assembled monolayer 

(SAM) molecules on the substrate. This could however not be confirmed. Using 

angle-resolved X-ray photoelectron spectroscopy (XPS), the conformation of the CSs 

could in the future be assessed in more detail, determining the orientation of 

deposited molecules and quantifying the ratio of correctly and incorrectly orientated 

molecules.  

Further use of the CS approach could be made in the continued investigation of the 

assembly of the tip functionalisation chemistry. The assembly of the NH2 SAM on 

freshly cleaned substrates could be imaged with (high-resolution) AFM imaging, as 

could the subsequent addition of NP. This interrogation could provide valuable insight 

into the optimal concentration of NH2 SAM deposition solution for the subsequent NP 

addition to be unaffected by steric effects.  
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Furthermore, functionalised cantilevers could be periodically tested against freshly 

prepared CSs to quantify any potential degradation of the cantilever functionalisation 

over time; an approach that has already shown that no conformational changes on 

functionalised cantilevers occur during extensive interrogation of biological samples 

(§6.2.2; p.162).  

 

Supplementations to the current experimental setup will be required for future 

experiments aimed at the interrogation of tissue sections with increased throughput. 

Such a supplementation would be the integration of a fluorescence microscope with 

the AFM. This was already considered throughout the project, and while physically 

this integration is possible, the acquisition of a compatible system was far beyond the 

financial constraints of this project.  

With the aid of an integrated system, spatial registration of AFM data to optical 

images could be performed directly, eliminating the current discrepancies between 

the two data. Further, the current immunohistological approach for the identification 

of regions of interest in tissue sections could be replaced with fluorescent staining. 

While fluorescent staining, like any staining, will add mass to the tissue section, 

which will impact the interrogation of the sample to some degree, it avoids the 

formation of chemical complexes on the surface of the sample, which has already 

been seen to greatly impact the local elasticity of tissue sections.  

 

 

Ultimately, the project achieved to address all the aims set out in §2 (p.14); albeit with 

varying degrees of success. While the chemistry employed in the proposed cantilever 
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modification scheme is considered to be suitable for the intended application, with 

results in Chapter 5 showing clear differentiation between specific and non-specific 

binding events, and the developed data analysis methods having facilitated the 

detailed analysis of large amounts of varied AFM data, the interrogation of the 

different biological samples in Chapter 6 highlighted the need for control measures 

whereby which successfully functionalised cantilevers can be identified prior to the 

interrogation of precious samples in which specificity of the probe is required. In the 

absence of such control measures, it cannot be said if the interactions measured in 

the interrogations in Chapter 6 are non-specific due to the lack of specificity of the 

probe, or due to the absence of NP specific receptors on the samples.  

 

Once control techniques have been established to demonstrate successful tip 

functionalisation, future progressions of this project can more intensively focus on 

further improving sample preparation techniques, after which the developed AFM 

technique can be used more extensively in elucidating the role of affinity in regulating 

the fundamental processes occurring in GCs. 
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8 Appendices 
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8.1 Cantilever and Control Surface Preparations 

8.1.1 Cantilever Functionalisation Protocol 

1. The proposed cantilever modification scheme is based on the use of cantilevers 

that are pre-coated in Au. The cantilevers used in this project were: 

1. CSC17/Cr-Au, MikroMasch, USA 

2. OMCL-RC800PB, Olympus, USA 

 where (2) was used only when the preferred (1) had become unavailable.  

2. To eradicate all possible biological contaminants on the cantilevers prior to 

functionalisation, they are treated in piranha solution, consisting of: 

 7 parts sulphuric acid (H2SO4) – Sigma-Aldrich, USA 

 3 parts hydrogen peroxide (30% (w/w) H2O2) – Sigma-Aldrich, USA 

3. Piranha solution is highly toxic and corrosive; therefore: 

 appropriate personal protective equipment must be worn at all times 

 work should only be conducted in clean fume hoods 

 volumes no greater than 100 mL should be prepared 

 the solution should be prepared fresh every time prior to use 

 the solution should not be stored 

4. To prepare the Piranha solution: 

 place a clean beaker into an ice water bath 

o inspect the beaker for damages prior to use 

 pour the sulphuric acid into the beaker 

 pour the hydrogen peroxide into the beaker 
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 Upon mixing of the two chemicals the solution boils instantaneously; therefore, 

allow the solution to cool (~30 mins) before use 

 

 Once work with Piranha solution is completed, turn the beaker onto its side in 

the ice water bath, allowing the solution to be diluted at least 10-fold 

 Flushing with copious amounts of water, pour the solution down the sink 

5. Use the Piranha solution to clean all glassware: 

 Pipette required amounts into glassware 

 Leave for ~20 mins 

 Decant Piranha solution back into the beaker 

 Rinse with 18 M deionised water 

 Rinse with HPLC ethanol 

 Allow to dry in the fume hood 

6. Clean cantilevers using Piranha solution 

 Place cantilevers into a cleaned glass dish, with the tips pointing upwards 

 Spot a droplet of Piranha solution onto the tip 

o Larger volumes of Piranha solution can be used, but oxidation bubbles 

will cause the cantilever chip to float, making extraction of the 

cantilevers from solution without damage more difficult 

 Leave for ~20 mins 

 Wash the cantilever in 18 M deionised water, by moving it gently below the 

water surface 

 Wash the cantilever in HPLC ethanol, as previously in water 
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7. Prepare the amine-terminated alkanethiol (ATAT), and NP-O-Succinimide, 

deposition solutions as detailed in Appendix 8.1.3 (p.211). 

 

8.1. Step 1 of modification scheme 

 Place the cleaned cantilevers in 1 mM ATAT deposition solution, resting them 

on the bottom of the dish 

 Cover the dish with a lid to prevent contamination, and reduce evaporation of 

the solution 

 

 The time of immersion of the cantilevers in deposition solution was a 

parameter in the preparation protocol that was investigated, and varied 

between 1 and 24 h 

 

 After desired immersion time, wash the cantilever in HPLC ethanol 

 Wash the cantilever in 18 M deionised water 

8.2. Step 2 of modification scheme 

 Place the cantilevers in NP-O-Succinimide solution, resting them on the 

bottom of the dish 

 Leave for 24 h 

 Cover the dish with a lid to prevent contamination, and reduce evaporation of 

the solution 

9. Dry and store 

 Remove the cantilevers from the solution and wash in 18 M deionised water 
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 Dip the cantilevers in HPLC ethanol and subsequently place on a dry glass 

surface repeatedly to dry them 

 Place cantilevers in an adhesive gel box for safe transport, and storage in the 

dark under ambient conditions 

8.1.2 Control Surface Preparation 

The preparation of CSs is for the most part the same as for the functionalisation of 

the cantilevers detailed previously in 8.1.1. 

1. The substrate that was used for the preparation of the CSs was: 

 polycrystalline Au with 30 nm thickness on a 4 inch diameter silicon (100) 

wafer, pre-coated with titanium for better adhesion; nominal RMS surface-

roughness < 1 nm; Georg Albert PVD – Beschichtungen, Silz, Germany 

2. Cutting of silicon wafers 

 Place the silicon wafer onto a clean soft surface, with the Au-coated side 

facing down 

 Using a ruler and a diamond tipped scribe, weaken the back of the silicon 

wafers, marking the lines over which to first break them into stripes, and 

subsequently into 0.5-1.0 cm2 chips 

3. Follow steps 2. through 5. in 8.1.1 for the preparation of Piranha solution and 

cleaning of all glassware 

4. Clean silicon wafer segments 

 Immerse segments in Piranha solution for ~20 mins, and periodically move 

them around gently to free them of oxidation bubbles and re-submerge them 

in solution 
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 Wash segments in 18 M deionised water 

 Wash segments in HPLC ethanol 

5. Molecule deposition 

 Place the cleaned segments in 1 mM deposition solution, resting them on the 

bottom of the dish 

o Deposition solutions are prepared as detailed in the subsequent 

Appendix 8.1.3 (p.211). 

 Cover the dish with a lid to prevent contamination, and reduce evaporation of 

the solution 

 

 The time of immersion in deposition solution for the CSs was 24 h, varying 

only for CSs on which the NH2 SAM formation was investigated 

 

6. Dry and store 

 After desired immersion time, wash the cantilever in HPLC ethanol 

 Blow dry with a stream of nitrogen 

 Store prepared CSs individually in a bijoux filled with 18 M  deionised water, 

and keep in a light sealed box 

 Blow dry with a stream of nitrogen again before use 
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8.1.3 Solution Preparations 

The preparation of some of the used solutions includes the use of DMSO, which is 

known to dissolve some plastics, and therefore the use of plastic consumables has 

been avoided in the preparation of all solutions; instead using only glass containers, 

pipettes, and weighing boats that had all first been cleaned with Piranha solution. 

8.1.3.1 Preparation of SAM Deposition Solutions for Control Surfaces 

The SAM deposition solutions for the preparation of the different CSs were prepared 

at 1mM concentrations, and 10mL of solution were required to fill the used dishes. 

The table below details the amounts of each compound required in the preparation; 

which were dissolved in HPLC ethanol. 

 

Amounts of Compound Required 

The table details the amounts of compound required for the preparation of 10 mL of deposition solution, at 1 mM 

concentration, for the preparation of the different CSs. 

Label Compound Chemical 
Formula 

Molecular 
Weight 

Required 
Amount [mg] 

CS-CH3 Dodecane-1-thiol HS(CH2)11CH3 202.40 2.02 

CS-NH2 
11-

Mercaptoundecan-1-
aminium chloride 

HS(CH2)11NH2HCl 239.85 2.40 

CS-COOH 11-Mercapto-
undecanoic acid HS(CH2)10COOH 218.36 2.18 

CS-OH 11-Mercapto-1-
undecanol HS(CH2)11OH 204.37 2.04 
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The different compounds were purchased from: 

 CS-CH3:  Sigma-Aldrich, USA. Cat.# 471364 

 CS-NH2:  ProChimia, Gdansk, Poland. Cat.# FT004-m11-0.2 

 CS-COOH:  Sigma-Aldrich, USA. Cat.# 674427 

 CS-OH:  Sigma-Aldrich, USA. Cat.# 674249 

 

Solution Preparation: 

 Weigh out the amounts specified in the table into a glass vial 

 Add 10 mL of HPLC ethanol into the vial. With the aid of intermittent stirring 

the compounds should dissolve within 10 mins 

8.1.3.2 Preparation of NP-OSuc Solution 

The preparation of the NP-OSuc solution consists of: 

 1 part 20 mg/mL NP-OSuc (Biosearch Technologies, Inc., USA. Cat.# N-1010) 

in DMSO (Sigma-Aldrich, USA) 

 5 parts 3% NaHCO3 (Fisher Scientific International Company, Loughborough, 

UK) in water 

 

1. Preparation of NaHCO3 buffer 

 Weigh out 0.3 g of NaHCO3 into a glass vial, and add 10 mL of 18 M 

deionised water to dissolve the compound 

 The solution should be clear within 30 mins with the aid of intermittent stirring 

2. Preparation of NP-OSuc constituent 

 Weigh out 20 mg of NP-OSuc into a glass vial 

 Add 1 mL of DMSO to dissolve the compound, aiding with intermittent stirring 
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3. Combining solutions 

 Add 5 mL of the NaHCO3 buffer to the vial containing the NP-OSuc constituent 

 Place the vial into a warm water bath or incubator overnight at 37°C for all   

NP-OSuc fragments to dissolve completely 
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8.2 Formation of Self-Assembled Monolayers 

The process of SAM formation is depicted diagrammatically below.  

a) Deposition molecules in solution arrive at the substrate, and the molecule 

head group physisorbs onto the substrate.  

b) The molecule head group chemisorbs to the substrate. For the alkanethiol 

molecules used in this project, specifically, that means formation of covalent 

bonds between the S head group of deposition molecule and Au substrate.  

c) Increasing numbers of molecules attach to the substrate, attempting to occupy 

all available binding sites. Van der Waal’s interactions between adsorbed 

molecules are affecting molecule orientations. 

d) All available binding sites are occupied, and the fully formed SAM has 

equilibrated.  

Image taken from 124  
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8.3 Control Surface Compounds in ChemBioDrawUltra  

The compounds used in the preparation of the CSs were created in the software 

package ChemBioDrawUltra, and the length of the molecules, as unstrained in free 

space, measured using the software package ChemBio3D. 

The following pages show images of the modelled compounds as displayed by 

ChemBio3D, and their lengths measured in Ångstrom from the S element to the final 

element in the chain. The lengths are given to a precision of fractions of Ångstrom, 

which is a precision that is typically generated by computer software that is not 

realistic. Rounded to the nearest Ångstrom, however, the molecules used for the 

preparation of CS-CH3, CS-NH2, CS-COOH, and CS-OH, would all be of the same 

length. Therefore, the values are shown in the aforementioned fashion (to 2 decimal 

places), to show that, if only theoretically, the deposition molecules are of different 

lengths.  
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8.3.1 CS-CH3  

 

 

 

Molecule Length – S to final element:   16.09 Å 
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8.3.2 CS-NH2  

 

 

 

Molecule Length – S to final element:   15.95 Å 
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8.3.3 CS-COOH 

 

 

 

Molecule Length – S to final element:   15.81 Å 
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8.3.4 CS-OH 

 

 

 

 

Molecule Length – S to final element:   15.83 Å 
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8.3.5 CS-NP 

CS-NP is a combination of the compound used in the preparation of CS-NH2, with the 

later addition of NP-OSuc; where the attachment of the latter is via the exposed 

amine group of the former. The molecule on its own in free space will arrange such 

that the later added NP will be at a right angle with the amine terminated linker 

molecule. Due to steric effects, however, the conformation of the joined compound 

may be altered when assembled on the Au substrate where the NP will need to 

attach to an already formed SAM. 

Based on the assumption that the amine group onto which the NP will attach can act 

as a hinge for the joined compound, lengths for the joined compound were 

determined for maximum and minimum hinge angles.  
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Molecule Length – amine terminated linker molecule:   15.11Å 

Molecule Length – added NP portion:       6.31Å 

 

 

At maximum hinge angle the joined compound would experience the full length 

addition of the added NP portion, whereas at minimum hinge angle there would be 

no addition to the length of the joined compound.  
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8.4 Theoretical SAM Thicknesses for Deposition of Different Molecules 

CS molecule length 
[nm] 

SAM thickness with molecule 
at 0° tilt angle with surface 

normal [nm] 

SAM thickness with molecule 
at 30° tilt angle with surface 

normal [nm] 

CS-CH3  1.609 1.609 1.393 

CS-NH2  1.595 1.595 1.381 

CS-COOH 1.581 1.581 1.369 

CS-OH 1.583 1.583 1.371 

CS-NP 
90° hinge angle 1.511 + 0 1.511 1.309 

CS-NP 
0° hinge angle 1.511 + 0.631 2.142 1.855 

 

The SAM thickness range for CS-NP is determined for two conditions, because it is a 

combination of two compounds: the ATAT molecule, and the later added NP group. 

As can be seen from the structure shown in Appendix 8.3.5 (p.220), the added NP 

group is at a 90° angle with the ATAT molecule when considering an isolated 

instance in free space. The first condition for which SAM thicknesses for CS-NP were 

determined is with the added NP group at the 90° angle as it would be in free space. 

The second condition considers the N to which the NP group attaches as a hinge 

around which the NP group can rotate, where the maximum overall molecule length 

would occur when the NP group is at a 180° angle with the ATAT molecule.  
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8.5 Fundamentals of Ellipsometry 

Ellipsometry is a non-destructive optical technique for the analysis of surface and thin 

films. It is based on the measurement of the change in polarisation state of a light 

beam that is caused by reflection of the light beam from the sample surface or by the 

transmission of the light beam through the material. From this change in polarisation 

state the film thickness and optical properties can be deduced.  

 

The way that light interacts with a certain medium as it propagates is described by 

the medium’s complex index of refraction, Ni; as depicted in Figure A8.5/1 below.  

 
Figure A8.5/1 – Reflections and Transmissions of Light at the Thin-Film Layer. Image Taken From 125. 

The complex index of refraction, N, is comprised of a real component, n, the 

refractive index, and an imaginary component, k, the extinction coefficient; as shown 

in Equation A8.5/1 below. 

           Equation A8.5/1 

The light incident on samples in ellipsometry is polarised. As depicted in                    

Figure A8.5/2, if two linearly polarised light beams, which are out of phase, are 

combined, the resultant light beam is elliptically polarised (which is where the name 

of the technique derives from). In the special case shown in Figure A8.5/2, the two 
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linearly polarised light beams are out of phase by 90°, and the resultant beam is 

circularly polarised. The change in state of polarisation of a light beam as it reflects of 

the sample through a thin film is what is assessed in ellipsometry. 

 
Figure A8.5/2 – Polarisation of Light. Image Taken From 126.  

The parameters measured to assess the change in state of polarisation are the so-

called ellipsometric angles Ψ and Δ. These are related to the ratio of the complex 

Fresnel reflection coefficients rs and rp; where rs is the reflection coefficient for light 

polarised perpendicular to the plane of incidence, and rp is the reflection coefficient 

for light polarised parallel to the plane of incidence. 

Considering a plane wave arrives at the sample surface, one part of the wave is 

reflected, and the other transmitted. The electric field vector of such a wave can be 

decomposed into two components; one perpendicular to the plane of incidence (Es), 
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and one parallel to the plane of incidence (Ep); as shown in Figure A8.5/3 below. Both 

components show different behaviour during reflection, and, thus, reflection leads to 

a modification of the light polarisation. This reflection of the components is described 

by the aforementioned Fresnel coefficients of reflection rs and rp. 

    
  

   

  
   

      
    Equation A8.5/2 

    
  

   

  
   

      
    Equation A8.5/3 

 
Figure A8.5/3 – Electric Field Vectors of Incident and Reflected Light. Image Taken From 127. 

The modules of the coefficients give the amplitude modifications of the electric field 

components, and their phases give the phase shift caused by the reflection. The ratio 

of these two coefficients, ρ, is precisely what an ellipsometer measures. 

This is expressed in the fundamental equation of ellipsometry, whereby the complex 

reflectance ratio of a system, ρ, is given as in Equation A8.5/4 below:  

 ρ  
  

  
    Ψ    Equation A8.5/4  

where 

    Ψ  
    

    
    Ψ      Equation A8.5/5 

and  



226 

 Δ           Δ       Equation A8.5/6 

From the measured parameters Ψ and Δ, optical and structural properties of the 

sample can be determined through appropriate modelling.  

 

The ellipsometer is set up to acquire data at an angle of incidence of 70°, which is 

the angle of incidence recommended by the manufacturer for assessing films on 

metals 127, but furthermore it is very near the Brewster angle for Au (    
 

       )128. Acquisitions should be conducted as near as possible to the Brewster 

angle to maximise sensitivity.127 

 

The experimental data that is produced is, as in Figure A8.5/4 below, in n and k, the 

real and imaginary components of the complex refractive index for the interrogated 

sample, respectively.  

 
Figure A8.5/4 – Experimental Data 
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The values of n and k are not simply constants for any given medium, but are in fact 

functions of the wavelength, λ. It is for that reason, for example, that as light enters a 

prism, it emerges with the various colours separated. The dependence of the optical 

constants on wavelength are approximated by the equations below; where n1, n2, and 

n3, are called the “Cauchy coefficients”, and k1, k2, and k3, are called the “Cauchy 

extinction coefficients” 

         
  

  
 

  

  
 Equation A8.5/7  

         
  

  
 

  

  
 Equation A8.5/8  

The values of Ψ and Δ are always correct 129, and it is subsequently dependent only 

on the correct use of appropriate models being fitted to the experimental data that 

determines if unknown parameters such as the film thickness are extracted correctly. 

This includes specifying parameters based on prior knowledge of the sample, such 

as, for example, the substrate material and hence its optical properties, and the 

number of surface layers that are expected to be present.  

 

In order to determine unknown sample parameters from the experimental data, 

models need to be fitted to the experimental data as closely as possible. However, 

when plotted against wavelength, the values of Ψ and Δ may contain mirror effects, 

as well as exhibit asymptotic behaviour. These hinder comparison to theoretical 

models and assessments of the goodness of fit (GOF) of said models to the 

experimental data. To prevent this from interfering with model fitting, the 

trigonometric transformations Is and Ic, as shown below, are used.  

              Equation A8.5/9  
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              Equation A8.5/10  

Through use of these trigonometric transformations, experimental data as shown in 

Figure A8.5/5, is transformed to curves as shown in Figure A8.5/6. 

 
Figure A8.5/5 – Values of Ψ and Δ against Wavelength 

 
Figure A8.5/6 – Values of Is and Ic against Wavelength 
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Subsequent assessments of the goodness of fit (GOF) of models to the experimental 

data are here made through the parameter , which is given by Equation A8.5/11 

below, and should be as low as possible. For measurements of Ψ and Δ, the  value 

compares n pairs of theoretical (Ψth, Δth), and experimental (Ψexp, Δexp), values; with Γi, 

the standard deviation of each data point, set to 1. 

         
 Ψ   Ψ     

 

Γ , 
 

 Δ   Δ     
 

Γ , 
 

 

   

 Equation A8.5/11 

The minimisation algorithm used to determine the (Ψth, Δth) pair that produces the 

lowest  value is the Levenberg-Marquardt algorithm. The algorithm is allowed to run 

for a maximum of 100 iterations, and is terminated if the  value is sufficiently small 

( < 10-6), or if no further improvements in the  value can be achieved with 

additional iterations (Δ < 10-16).  
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8.6 LENNF Application Approval 
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8.7 Consistency of SAM Layer Thicknesses Assessed via Ellipsometry 

The table below shows SAM layer thicknesses as determined via ellipsometry; as 

detailed in §4.1.1. (p.37). The data was produced to assess the consistency with 

which the different CSs could be prepared; the results are discussed in in §4.2.1.1 

(p.43). SAM thickness values are given to 2 decimal places.  

  

SAM Thickness [nm] 

 
Position 

Preparation 
1 

Preparation 
2 

Preparation 
3 

C
S-

C
H

3
 1 1.85 1.83 2.18 

2 1.76 1.65 2.09 

3 1.58 1.66 1.92 

4 
  

2.00 

C
S-

N
H

2
 

1 4.52 5.41 3.74 

2 4.71 3.73 4.30 

3 4.23 4.45 3.59 

4 
  

3.37 

5 
  

3.65 

6 
  

3.74 

C
S-

C
O

O
H

 1 1.54 1.55 1.76 

2 1.72 1.59 1.76 

3 1.91 2.27 1.65 

4 1.52 
 

1.61 

C
S-

O
H

 

1 1.77 1.55 1.57 

2 1.62 1.55 1.45 

3 2.18 1.51 1.54 

4 
 

1.73 
 5 

 
1.49 

 

C
S-

N
P

 1 6.26 7.33 5.84 

2 6.26 7.40 4.63 

3 6.12 6.75 4.97 
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8.8 Images for Contact Angle Analysis 

In the table below are the images taken for contact angle analysis, where each of the 5 different CSs was prepared once in 

three independent groups. Contact angles were measured as described in §4.1.2.1 (p.39) from both left to right (LTR) and right 

to left (RTL), with averages taken over those two measurements. All values are given in degrees. 

 Preparation 1 Preparation 2 Preparation 3 

C
S-

C
H

3 

   

 
LTR: 86.2; RTL: 95.2 
 
Average: 90.7 

LTR: 95.4; RTL: 92.8 
 
Average: 94.1 

LTR: 93.5; RTL: 92.4 
 
Average: 93.00 
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C
S-

N
H

2 

   

 
LTR: 68.1; RTL: 69.1 
 
Average: 68.6 

LTR: 74.1; RTL: 69.4 
 
Average: 71.8 

LTR: 58.1; RTL: 69.1 
 
Average: 63.6 

C
S

-C
O

O
H

 

   

 
LTR: 28.9; RTL: 27.9 
 
Average: 28.4 

LTR: 22.1; RTL: 20.9 
 
Average: 21.5 

LTR: 27.2; RTL: 26.3 
 
Average: 26.8 
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C
S-

O
H

 

   

 
LTR: 26.8; RTL: 27.4 
 
Average: 27.1 

LTR: 37.7; RTL: 41.8 
 
Average: 39.8 

LTR: 39.8; RTL: 34.6 
 
Average: 37.2 

C
S-

N
P 

   

 
LTR: 66.5; RTL: 68.6 
 
Average: 67.6 

LTR: 73.9; RTL: 68.9 
 
Average: 71.4 

LTR: 63.9; RTL: 65.6 
 
Average: 64.8 
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8.9 Treated AFM Cantilevers Tested Against CSs 

The following data was omitted from analysis in §4.2.1 (p.43), because the 

ellipsometry results in §4.2.1.1 (p.43), as well as the contact angle analysis results in 

§4.2.1.2 (p.45), showed that the surface modifications of CS-NH2, and consequently 

those of CS-NP, were not in the correct conformation. Therefore, the collected data 

could not be considered representative for interactions of successfully functionalised 

cantilevers against CSs. The results are here included for completeness, but are not 

endowed with any weight. 

Three treated cantilevers were prepared for the experiment, alongside CS-NP in 

each of the three independent preparations of all the CSs. The cantilever treated in 

Preparation 1 (P1) was damaged in preparation of the experiment. The remaining 

two cantilevers were used in the interrogation of CS-CH3, CS-NH2, CS-COOH, and       

CS-OH, where the cantilever treated in Preparation 2 (P2) was used in the 

interrogation of CSs from all three preparations, and the cantilever treated in 

Preparation 3 (P3) was used in the interrogation of the CSs from P1.  

Each CS was interrogated three times consecutively, in three non-overlapping       

100 µm x 100 µm areas with a grid of 10 x 10 evenly spaced point interrogations.  

The following graphs show the interaction forces that were determined in these 

interrogations. 
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Interrogation of P1 CSs using cantilever treated in P2. 
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Interrogation of P2 CSs using cantilever treated in P2. 
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Interrogation of P3 CSs using cantilever treated in P2. 
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Interrogation of P1 CSs using cantilever treated in P3. 
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8.10 Electron Binding Energies 
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8.11 SAM Layer Thicknesses when Modelling or Pre-Setting Au Substrate Thickness 

The table below shows the SAM layer thicknesses as determined via ellipsometry; as detailed in §4.1.1. (p.37). The data was 

produced to assess the difference in the obtained results, for when the Au layer thickness parameter is set to a fixed value or is 

modelled along the SAM layer thickness. This is discussed in §4.2.2.1 (p.61). In order for small differences to be discernible, 

thickness values are given to 3 decimal places. 

  

Preparation 1 Preparation 2 Preparation 3 

 

P
o

si
ti

o
n

 

SA
M

 T
h
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kn
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s 

[n
m

] 
A

u
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O
D
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D
 

SA
M
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h
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[n
m

] 

A
u

 F
IX

ED
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d

if
fe
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n

ce
 [

n
m

] 

p
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n
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 d
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h
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A
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 d
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M

 T
h
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[n
m
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A

u
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O
D

EL
LE

D
 

SA
M

 T
h

ic
kn

es
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[n
m

] 
A

u
 F

IX
ED

 

ab
so

lu
te

 
d

if
fe

re
n

ce
 [

n
m

] 

p
er

ce
n

ta
ge

 
 d

if
fe

re
n

ce
 

C
S-

C
H

3
 1 1.846 1.847 0.001 0.05 1.828 1.869 0.041 2.22 2.180 2.186 0.006 0.27 

2 1.762 1.786 0.024 1.35 1.650 1.700 0.050 2.99 2.092 2.137 0.045 2.13 

3 1.579 1.577 0.002 0.13 1.659 1.710 0.051 3.03 1.915 2.013 0.098 4.99 

4 
        

1.998 2.092 0.094 4.60 

C
S-

N
H

2
 

1 4.524 4.461 0.063 1.40 5.413 5.429 0.016 0.30 3.741 3.770 0.029 0.77 

2 4.709 4.668 0.041 0.87 3.734 3.724 0.010 0.27 4.301 4.327 0.026 0.60 

3 4.233 4.211 0.022 0.52 4.447 4.494 0.047 1.05 3.591 3.550 0.041 1.15 

4 
        

3.370 3.341 0.029 0.86 

5 
        

3.653 3.637 0.016 0.44 

6 
        

3.741 3.780 0.039 1.04 
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Preparation 1 Preparation 2 Preparation 3 
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 d
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re
n

ce
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n
m
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p
er

ce
n
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 d

if
fe

re
n

ce
 

C
S-

C
O

O
H

 1 1.542 1.596 0.054 3.44 1.546 1.552 0.006 0.39 1.761 1.878 0.117 6.44 

2 1.718 1.718 0.000 0.00 1.593 1.596 0.003 0.19 1.755 1.783 0.028 1.58 

3 1.908 1.911 0.003 0.16 2.274 2.225 0.049 2.18 1.645 1.676 0.031 1.87 

4 1.521 1.512 0.009 0.59 
    

1.608 1.680 0.072 4.38 

C
S-

O
H

 

1 1.774 1.863 0.089 4.90 1.549 1.604 0.055 3.49 1.568 1.564 0.004 0.26 

2 1.619 1.778 0.159 9.38 1.552 1.607 0.055 3.48 1.446 1.557 0.111 7.40 

3 2.179 2.202 0.023 1.05 1.511 1.500 0.011 0.73 1.536 1.496 0.040 2.64 

4 
    

1.734 1.819 0.085 4.79 
    5 

    
1.488 1.561 0.073 4.79 

    

C
S-

N
P

 1 6.261 6.303 0.042 0.67 7.327 7.602 0.275 3.69 5.837 5.873 0.036 0.61 

2 6.263 6.256 0.007 0.11 7.399 7.590 0.191 2.55 4.629 4.654 0.025 0.54 

3 6.118 6.133 0.015 0.24 6.750 6.921 0.171 2.50 4.973 5.018 0.045 0.90 
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8.12 Au Layer Thickness 

The table below shows the thicknesses of the Au layer of the CS substrates, as 

determined via ellipsometry, as detailed in §4.1.1. (p.37), when the parameter of Au 

layer thickness is modelled alongside the SAM layer thickness. This is discussed in 

§4.2.2.1 (p.63). SAM thickness values are given to 2 decimal places.  

  

Au Thickness [nm] 

 
Position 

Preparation 
1 

Preparation 
2 

Preparation 
3 

C
S-

C
H

3 1 29.48 29.15 29.34 

2 29.37 28.93 29.39 

3 30.41 29.27 29.89 

4 
  

29.26 

C
S-

N
H

2 

1 31.17 29.67 28.72 

2 31.04 29.56 28.57 

3 31.60 29.10 29.40 

4 
  

29.23 

5 
  

29.06 

6 
  

29.01 

C
S-

C
O

O
H

 1 29.81 30.47 27.75 

2 30.32 30.40 27.37 

3 30.89 31.52 28.24 

4 30.00 
 

28.66 

C
S-

O
H

 

1 25.11 26.59 27.30 

2 25.48 27.14 27.22 

3 26.19 26.26 27.33 

4 
 

26.23 

 5 
 

27.07 

 

C
S-

N
P

 1 30.04 26.78 28.88 

2 30.45 27.63 28.74 

3 30.67 27.55 28.74 
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8.13 XPS Results for CS-NH2 Subjected to Sonication 

 

The XPS results for the CS-NH2 specimen that was subjected to sonication indicate 

that a better quality SAM was achieved. The signal intensity of the survey spectrum is 

high, indicating that a thin layer was deposited on the Au substrate. The two 

characteristic peaks in the Au spectrum demonstrate that the instrument was set up 
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correctly, and, although low in intensity, the peaks in the S spectrum give indication 

that the S groups of the deposition molecule bound correctly to the Au substrate.  

The C spectrum shows one intense peak, associated with the C in the molecule’s C 

chain, and two smaller shoulders towards higher binding energies, for the (C-S) and 

(C-N) bonds respectively. Further, the N spectrum confirms the presence of N that is 

expected as part of the deposition molecule.  

As for the CS-NH2 specimen that was not treated with the sonication step, the XPS 

results reveal the presence of O in the deposited surface layer.  

 

While the XPS results for the one investigated specimen for the CS-NH2 preparation 

with sonication would indicate that sonication does aid in producing better quality 

SAMs on the samples, the accompanying ellipsometry data shows that the results 

are too variable; and hence the sonication step was not kept as part of the 

preparation protocol. 
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8.14 NH2 SAM Formation Time Series – Supplemental 

In addition to the already presented data shown Figure 28 in §4.2.4 (p.70), the graph 

below shows the layer thicknesses, as determined via ellipsometry, of a repeated 

preparation of CSs using deposition solution with added HCl. 

While the layer thicknesses of the samples from the repeated preparation are not as 

low as the values determined for the initial samples, the results show good 

consistency nonetheless, and a systematic difference between determined values 

and theoretically expected values is not unexpected when considering that the layer 

thicknesses of the deposited SAMs are near the detection limit of the instrument.  

In order to mitigate against systematic baseline shifts between ellipsometry data from 

different experiments, control samples need to be included in future experiments on 

which the SAM formation is known to be consistently of good quality, and use the 

obtained values to adjust baseline values. 
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8.15 Hybridoma Technology 

The image below is a diagrammatic description of the process for obtaining 

monoclonal hybridomas.  

 

Image source: https://commons.wikimedia.org/wiki/File:Hybridoma_technology.png. 

 

1—Immunisation: A specific antigen is injected into a mouse, triggering an immune 

response. 

2—B cell isolation: Cells that developed to produce antibodies specific towards the 

initiating antigen are collected from the spleen 

3—Cultivation of myeloma cells: Cultures of immortalised myeloma cells are 

maintained.  

4—Fusion: The antibody producing splenocyte is fused with a myeloma cell, 

equipping the fused hybrid with the antibody producing abilities of the splenocyte and 

the immortality of the myeloma cell.  

5—Cell line separation: The cell suspension containing all different hybridomas is 

diluted into well plates such that each well contains single cells. Subsequently, cell 

https://commons.wikimedia.org/wiki/File:Hybridoma_technology.png
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populations in each well will be monoclonal; as will the antibody secreted into the 

supernatant.  

6—Screening and selection of suitable cell lines: Collection of the supernatant 

and testing of the antibodies therein allows for selection of cell lines with the desired 

properties. 

7—In vitro / in vivo multiplication: Cell lines are maintained for expansion of the 

populations and increased antibody production 

8—Harvesting: Periodically, produced antibody can be harvested by collecting the 

cell culture supernatant, or cells themselves can be harvested. 
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8.16 Confirming Hybridoma Isotype and Specificity 

In order to ensure that the hybridoma cell lines that were maintained in cell culture 

were indeed of the IgG1 isotype, and were all specific towards the NP antigen, they 

were tested via flow cytometry. 

Cell populations were stained using:  

- APC a IgG1 (1/50), (BD Pharmigen, BD Biosciences, USA) 

- NP - PE (1/200), (Biosearch Technologies, Inc., USA. Cat.# N-5070-1) 

and were subsequently acquired on a Cyan ADP (Beckman Coulter, USA) 

Data was analysed using FlowJo (ver. X 10.0.7r2, Tree Star, Inc. USA.) 

The diagram below illustrates the gating applied to the investigated cell populations, 

showing as examples an unstained cell population and cells from the B1.48 cell line. 

 

Live cells were gated in (A), followed by singlet selection in (B), allowing for 

assessment of IgG1+, and NP+, populations in (C) and (D) respectively. Each dot in 

each of the insets represents one cell. X and Y axes show the intensity of the 

recorded signal. The colour of the point cloud indicates the frequency of events 
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detected, showing low point densities in blue, going through green and yellow, to 

showing high point densities in red.  

 

The histograms below show the distributions of IgG1+, and NP+, populations for all 

four hybridoma cell lines; for which the percentages of positive cells are shown in the 

subsequent table. 

 

 

Cell Line % IgG1+ % NP+ 

S24.1.47 99.9 97.4 

N1.G9 96.6 95.5 

B1.48 99.8 97.0 

18.1.16 98.5 95.5 
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8.17 Hybridoma Affinities via SPR 

The Biacore instrument (Biacore 3000, Biacore AB, Uppsala, Sweden) makes use of 

surface plasmon resonance (SPR); a phenomenon through which a dip in intensity in 

a wedge of light occurs in dependence on the surface it reflects from. 

The image below shows a schematic of the principle of SPR as utilised in the Biacore 

instrument.  

 An Au coating on a sensor chip facilitates the immobilisation of antigen 

 The sensor chip is attached to a flow cell such that the functionalised surface 

is exposed 

 Antibody specific towards the immobilised antigen is passed through the flow 

cell 

 Dependent on the affinity of the antibody passed through the flow cell, 

different amounts of antibody are bound to the sensor chip 

 

The addition of mass to the sensor chip influences the SPR angle, at which the dip in 

intensity in the wedge of light occurs. This shift in angle is quantified by the 

instrument in resonance units (RU). 
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Image taken from 130 

 

The graph below shows the data obtained in the investigation of purified antibody 

produced by the different hybridoma strains used in this project. 

The first half of each curve represents antibody suspension flowing through the flow 

cell, and its shape is determined by the amount of antibody that binds to the sensor 

chip; dependent on the antibody affinity. The second half of each curve represents 

buffer solution flowing through the flow cell, and its shape is determined by the 

amount of antibody that is retained on the sensor chip; also dependent on the 

antibody affinity. For antibodies with high affinity larger amounts bind to the sensor 

chip during the deposition phase and only small amounts are lost during the rinsing 

phase; and vice versa. 
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Through fitting of mathematical models to the obtained data, values for kon and koff 

can be produced from the deposition and the rinsing phase respectively. As detailed 

in Equation 2 (p.7), the obtained values can subsequently be used to determine 

values of KD for the different antibody species.  

The table below shows the values of kon and koff, for the different antibody species for 

which models could be fitted to the experimental data. 

 Deposition Phase Rinse Phase  

Cell Strain Fit quality kon [1/Ms] Fit quality koff [1/s] KD 

S24.1.47  1.11E+02    

N1.G9  1.74E+01    

B1.48  6.35E+00  4.96E-04 7.81E-05 

18.1.16    4.80E-04  
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Good quality model fitting to both deposition and rinse phase data was only achieved 

for cell strain B1.48; hence a definite quantitative assessment of the different cell 

strain affinities could not be made. The qualitative assessment of the data, however, 

shows quite clearly the relative ranking of the different cell strains in their affinities: 

Cell strain S24.1.47 is of the highest affinity, with large amounts of antibody quickly 

attaching to the sensor chip in the deposition phase; the majority of which is retained 

during the rinse phase. Whereas cell strain 18.1.16 is of the lowest affinity, with only 

small amounts of antibody attaching during the deposition phase, of which the 

majority is quickly lost during the rinse phase. 

 

While exact values for the affinities of the antibodies produced by the different cell 

lines could not be obtained, a qualitative ranking of the cell lines in their affinities 

could be established to guide expectations for later AFM adhesion measurements: 

 

Cell Strain Affinity 

S24.1.47 High 

N1.G9 Medium-High 

B1.48 Medium-Low 

18.1.16 Low 
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8.18 Cell Monolayer Preparation Protocol 

A. Preparation of coverslips: 

1. Prepare a 1 mg/mL solution of poly-l-lysine (Poly-L-lysine hydrobromide, Cat.# 

P2636, Sigma-Aldrich, USA) in PBS, and pour into a clean glass dish 

2. Clean coverslips (13 mm diameter, thickness No. 1,5. Cat.# 631-0150. VWR 

International, USA) in a small beaker of ethanol, and subsequently in PBS 

3. Place the coverslips into the dish containing the poly-l-lysine solutions, such 

that coverslips are not overlapping 

4. Cover the dish with a lid and leave for at least 2 h 

 

B. Equipping coverslips with cells: 

1. Determine cell number 

2. Resuspend cells in PBS, with 0.1% sodium azide, at 2x106 cells/mL 

3. Take coverslips from the poly-l-lysine solution, wash in a beaker of PBS, and 

place into a 24-well plate (Falcon® 24 well clear flat bottom, Cat.# 353047. 

Corning GmbH, Wiesbaden, Germany) 

4. Add 0.5 mL of RPMI (RPMI-1640 Medium, Cat.# R8758, Sigma-Aldrich, USA) 

to each well 

5. Add 0.5 mL of cell suspension to each well (1x106 cells) 

6. Cover the plate with a lid, and then place into an incubator for 2 h to allow cells 

to sediment onto the coverslips 

7. Remove the coverslips from the wells, and wash gently in a beaker of PBS to 

remove unbound cells 
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8. Place coverslips in a glass dish of cold acetone, and keep in the fridge for 20 

mins 

9. Take a 24 well plate, stuff their bottoms with tissue paper, and soak the paper 

with PBS or water; creating individual humid chambers for the coverslips 

10. Remove the coverslips from the acetone, and place them in the moistened 

wells 

 

 For samples prepared from hybridoma cells, the cells are harvested from cell 

culture 

 For samples prepared from B cells, a mouse spleen is first obtained, and the B 

cells isolated using magnetic activated cell sorting according to the Myltenyi 

Biotec protocol; available at:  

http://www.miltenyibiotec.com/~/media/Images/Products/Import/0001200/IM00

01263.ashx 
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8.19 Fundamentals of Quantifying Cell Elasticity 

Cell elasticity is quantified by the Young’s modulus. In general, the Young’s modulus 

is an elastic property of a material, and is defined as the stress of a material divided 

by the strain, as shown by the Equation A8.19/1 below; which is a normalised 

measure of the compressibility – the higher the value the stiffer the sample.  

   
 

 
 Equation A8.19/1 

Where: 

   
 

 
 Equation A8.19/2 

   
  

 
 Equation A8.19/3 

Where: 

E = Young’s modulus [Pa] 

σ = stress [Pa] 

ε = strain  

F = force [N] 

A = area [m²] 

L  original length [m] 

ΔL  change in length [m] 

 

 
Figure A8.19/1 – Homogenous Uniaxial Compression of a Material. Image Taken From 131. 



261 

In the case of homogenous compression, as for the material in Figure A8.19/1, the 

Young’s modulus can readily be obtained. In AFM measurements, however, the 

surface is indented locally with a specific tip shape. Hence in such experiments a 

specific indentation geometry needs to be considered. This means that both the 

stress and the strain, that are required to determine the Young’s modulus of a 

material, are no longer trivial to obtain. 

 

In nanoindentation tests, the size of the impression is too small to be conveniently 

measured directly. Therefore, the area of contact is instead determined by measuring 

the depth of penetration of the indenter into the specimen surface. Combined with a 

known geometry of the indenter, this provides an indirect measurement of contact 

area at a specific load; from which a mean contact pressure can be estimated. The 

most well-known scenario, for stresses and deflections arising from contact between 

two solids, is the contact between a rigid sphere and a flat surface; as illustrated in 

Figure A8.19/2 below.  

 
Figure A8.19/2 – Contact Between a Rigid Indenter and a Flat Surface. Image Taken From 132. 
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Where: 

a = radius of the circle of contact [m] 

Ri = radius of the indenter [m] 

ht = total depth of penetration [m] 

ha = depth of the circle of contact from specimen free surface [m] 

hp = distance from bottom of the contact to contact circle [m] 

 

As shown by Hertz 133, the radius of the circle of contact a is related to the indenter 

load F, the indenter radius R, and the elastic properties of the contacting materials E* 

by: 

    
 

 

  

  
 Equation A8.19/4 

The quantity E* is the combination of the modulus of the indenter and the specimen; 

which is given by: 

  

  
 

      

 
 

       

  
 Equation A8.19/5 

where  is the Poisson’s ratio, the primed terms apply to the indenter properties, and 

E* is often referred to as the ‘reduced modulus’. In the case of a rigid indenter, E* is 

associated only with the specimen, as no ‘reductions’ in the combined modulus can 

be incurred if the modulus of the indenter is assumed to be infinite. This may also be 

assumed for scenarios in which the elastic modulus of the indenter is several orders 

of magnitude greater than that of the specimen, as here only negligible deformations 

are incurred in the indenter. Incorporating the assumption of a rigid indenter, 

Equation A8.19/5 becomes: 

  

  
 

      

 
 Equation A8.19/6 

and hence: 



263 

    
 

      
 Equation A8.19/7 

The deformations at the contact are localised and the Hertz equations are concerned 

only with these localised deformations, rather than deformations of the bulk or 

stresses experienced at the supports of the contacting bodies. The deflection profile 

of the original free surface at the indenter, h, is given by:  

      
 

  

 

  
   

  

            Equation A8.19/8 

It can be shown from Equation A8.19/8 that the depth of the circle of contact beneath 

the specimen free surface is half of the total elastic displacement; hence, that the 

distance from the specimen free surface to the depth of the radius of the circle of 

contact is ha = hp = ht/2. 

 

The distance of mutual approach of distant points in the indenter and the specimen, 

i.e. the distance of approach of points in the indenter and the specimen that are 

unaffected by deflections caused by penetration of the indenter into the specimen, is 

calculated from:  

     
 

   
 
   

 
 Equation A8.19/9 

 

Substituting Equation A8.19/8 into A8.19/4, the distance of mutual approach can be 

expressed as 132:  

   
  

 
 Equation A8.19/10 

In the case of a rigid indenter, the distance of mutual approach h is in fact equal to 

the total depth of penetration of the specimen ht, as shown in Figure A8.19/2; as no 
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deformations are incurred in the indenter. Further, the quantity E* is associated only 

with the specimen, as shown in Equation A8.19/7. Hence, substituting Equation 

A8.19/7 into Equation A8.19/9, and rearranging for the load F, yields. 

   
 

    

   

 
  

    Equation A8.19/11 

        Equation A8.19/12 

Equation A8.19/11, and Equation A8.19/10 rearranged for a, as in Equation A8.19/12, 

are essentially the equations used in the JPK data analysis software 134 that was 

employed for the evaluation of experimental data.  

 
Figure A8.19/3 – Parabolic Indenter with Radius of Tip Curvature RC. Image Taken From 134. 

Adapted to the specific case of a parabolic indenter, as shown in Figure A8.19/3, the 

radius of the indenter R, is replaced by the radius of the tip curvature RC. 

   
 

    

    

 
  

    Equation A8.19/13 

         Equation A8.19/14 

Using Equation A8.19/13 allows determination of the specimen Young’s modulus E 

from experimental data. From experimental values for the depth of penetration h, and 

the applied load F, and specifying reasonable values for the Poisson’s ratio , and 

the radius of the tip curvature RC, a value of E can be determined computationally that 
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produces the least discrepancy between the employed model and the available 

experimental data. 

 

From Equation A8.19/14, using the radius of the tip curvature RC, and the depth of 

penetration h, the radius of the circle of contact a can be determined; which allows 

determination of the area of contact. With the area of contact, and the applied load F, 

available, the mean contact pressure pm can be determined; which is given by: 

    
 

   
 Equation A8.19/15 

Combining equations A8.19/4 and A8.19/15 subsequently yields: 

     
   

  
 
 

 
 Equation A8.19/16 

The mean contact pressure pm can be seen as the ‘indentation stress’, and the 

quantity  

 
 as the ‘indentation strain’. This functional relationship between pm and  

 
 

alludes to the existence of a stress-strain response similar to that commonly obtained 

from such uniaxial compressions as shown to begin with in Figure A8.19/1. 

 

 

Using the example of a real data point, the constituent steps to extracting the 

specimen Young’s modulus from force-distance curves, obtained in specimen 

indentations, are described below.  

Figure A8.19/4 shows an individual data point opened in the data processing 

software, showing the approach curve in magenta, and the retraction curve in blue. 

All data manipulation required to extract the specimen Young’s modulus is performed 
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on the approach curve. Visibly noticeable, the force distance curves have tilted 

baselines. This is corrected in the first step of the data analysis.  

As shown in Figure A8.19/5, using the ‘subtract baseline’ tool, the baseline tilt is 

corrected, and the baselines are positioned at 0. This operation is performed on the 

extension segment of the data point, i.e. the approach curve, and the greater the 

portion of the baseline used for the operation (the shaded part) the more accurate the 

results.  

The next performed operation is the subtraction of the x-offset. As shown in Figure 

A8.19/6, the data is shifted such that the contact point is positioned at 0 on the x-

axis.  

The head height that has been shown on the x-axis until now refers to the measured 

height of the cantilever support. To be able to determine specimen elasticity, 

however, the depth of indentation of the tip at the free end of the cantilever into the 

specimen is required. The next operation takes into account, and corrects for, the 

bending of the cantilever as it indents the sample. Subsequently, as shown in Figure 

A8.19/7, the tip-sample separation is displayed on the x-axis. This tip-sample 

separation is what is used as the depth of penetration h as seen in Equation 

A8.19/11.  

With both the depth of penetration of the indenter h, and the applied load F, available, 

the next step is the application of the deformation model to extract the specimen 

elasticity; shown in Figure A8.19/8. Selecting the ‘Paraboloid’ tip shape, the applied 

deformation model is that detailed in Equation A8.19/11, where for both the depth of 

penetration of the indenter h, and the applied load F, experimental data is available. 

Parameters RC, and , are assumed to be prior knowledge, and are specified in the 
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respective highlighted fields. The radius of the tip curvature RC is specified as stated 

by the manufacturer. The Poisson’s ratio is specified as 0.5, which is the Poisson’s 

ratio of water and is routinely assumed for water based organic materials. At this 

stage only parameter E remains, for which a value is determined using the 

Levenberg-Marquardt algorithm by minimising for the discrepancy between 

theoretical and experimental data. For visual inspection of the obtained fit, only the 

region in which the tip is in contact with the specimen is of interest (the area encircled 

by the dashed line). 

In Figure A8.19/9 the data window has been adjusted to show in greater detail the 

region in which the tip is in contact with the specimen, which allows for better visual 

inspection of the obtained fit (faint green line). As can be seen, the line of the 

obtained fit deviates from the experimental data after a certain depth of indentation. 

This is because the Hertzian model fit is based on the assumption of only purely 

elastic deformations occurring, which only holds for small indentations. Therefore, the 

region of points considered in the model fit (the shaded area) was restricted to small 

indentations.  

To further indicate that the incurred deformations are not purely elastic, it can clearly 

be seen that the retraction curve does not overlap with the approach curve. If only 

purely elastic deformations were occurring, both approach and retraction curve 

should be identical.  

Highlighted in Figure A8.19/9 is the value of the Young’s modulus that was obtained 

through fitting the model, as well as the accompanying residual RMS. The latter is an 

assessment of the goodness of fit of the model with the experimental data, and its 

value is an accumulation of the discrepancies between all considered experimental 
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data and the established fit. The RMS value of 35.69 pN obtained for the examined 

example data point is low, several orders of magnitude lower than the applied loads, 

indicating that the established model fits the experimental data well, and hence that 

the Young’s modulus determined for the specimen is reliable.  

 

In the top left corner of the data analysis window, encircled by the dashed line in 

Figure A8.19/9, a row of icons can be seen. Each icon represents one of the 

constituent operations that have been performed to extract the specimen Young’s 

modulus. These can be saved as a composite process that can subsequently be 

applied to batches of data.  

The RMS value constitutes a quantitative assessment of the model fit to the 

experimental data that, especially in the analysis of batches of data, is a readily 

available tool for the assessment of the reliability of the calculated parameters, which 

is more reliable and practical as compared to the visual inspection of large data sets.  
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Figure A8.19/4 – Raw Data Opened in JPK Data Processing Software 

 
Figure A8.19/5 – Correction of Baseline Offset and Tilt. 
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Figure A8.19/6 – Adjusting the Offset in x. 

 

Figure A8.19/7 – Determining Tip Sample Separation 
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Figure A8.19/8 – Application of Deformation Model for Extracting Specimen Elasticity. 

 
Figure A8.19/9 – Inspection of Area of Interest and Calculated Fit Parameters 
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To further demonstrate that the employed data analysis strategies produce reliable 

results, the relationships of the determined Young’s moduli with their corresponding 

RMS values are shown below, for the two data sets presented in §5.5.1.1 (p.105); for 

which cell elasticity results are first shown. Figures A8.19/10 and A8.19/11 show the 

results for hybridoma cells interrogated using 3 different cantilever modifications, and 

B cells interrogated using a NP tip only, respectively.  

 
Figure A8.19/10 – RMS v E for hybridoma cells 

The results in Figure A8.19/10 show the same variations in elasticity values that can 

more clearly be inspected in Figure 38 (p.106), but additionally demonstrate that little 

variation in the RMS values of the separate data sets exist. Clearly discernible is a 

systematic increase in RMS values associated with measurements conducted using 

the probe functionalised with NP, however, despite the approximately 5-fold increase 
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in RMS values, the produced elasticity values remain at the same magnitudes as the 

ones associated with lower RMS values. A possible reason could be that the greater 

layer thickness of the NP functionalisation causes increased interference with the 

laser reflecting off the back of the cantilever, but this was not investigated further.  

 

Similarly, the results presented in Figure A8.19/11 show that the majority of the 

determined elasticity values, that can in more detailed be examined in Figure 40 

(p.109), are associated with low RMS values; and that the elasticity values remain at 

the same magnitudes even if they are associated with greater RMS values.  

 
Figure A8.19/11 – RMS v E for B cells 
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8.20 Hybridoma and B Cell Size Assessment 

 

Approximate sizing of hybridoma cell 

The size of hybridoma cells as estimated from coarse and fine force scan maps is 

(5/16 pixel * 50 µm) = 15.6 µm, and (13/16 pixel * 17.13 µm) = 13.9 µm, in diameter, 

respectively. 
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Approximate sizing of B cells 

The size of B cells as estimated from coarse and fine force scan maps is (3/16 pixel * 

50 µm) = 9.4 µm, and (9/16 pixel * 14.71 µm) = 8.3 µm, in diameter, respectively. 
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8.21 Protocol for Preparation of Tissue Sections  

 Spleens were extracted from Cg1-Cre -/- mice, which were killed 5 days post 

immunisation with alum-precipitated NP-CGG with Bordetella pertussis 

 Spleens were immediately snap-frozen in liquid nitrogen after extraction 

 Spleens were mounted onto a chuck through a bed of OCT TissueTek 

compound (Dako, Glostrup, Denmark) and 6m thick sections were cut on a 

cryostat (Bright Instruments, Huntington UK) 

 Sections were mounted on 22mm diameter coverslips (No.1, 22 mm diameter, 

Chance Propper Ltd. Smethwick, UK) 

 

Immunohistological staining of tissue sections prior to interrogation via AFM: 

The staining applied prior to AFM interrogation was to locate GCs without labelling 

GCs directly, so as to not occupy the targeted NP-specific receptors. The applied 

staining labelled: 

 CD3+ cells – to identify the T-zone adjacent to GCs 

 IgD+ cells – to identify naïve B cells in the B follicle surrounding GCs 

TRIS buffer at pH 7.6, and pH 9.2, was used for the preparation of the staining 

solutions; the buffers are prepared in the following: 

 

TRIS Buffer pH 7.6: 

 1.0 L of 200 mM TRIS Base 

 1.5 L of 154 mM Physiological NaCl 

 1.0 L of 0.1 M HCl 
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TRIS Buffer pH 9.2: 

As above but at pH 9.2. Initially pH 200 mL of buffer to give pH 9.2 using HCl 

(dropwise with 1 M or greater) and make up to desired volume with NaCl 

 

The diagram below details the employed staining strategy, including the used 

antibodies and their dilutions in TRIS buffer at pH 7.6; using:  

- IgD-sheep a mouse (The Binding Site, Birmingham, UK) 

- HRP-donkey a sheep (Dako, Glostrup, Denmark) 

- CD3-rat a mouse (Serotech, Oxford, UK) 

- biotin-rabbit a rat (Dako, Glostrup, Denmark) 

 

To detect IgD and CD3 on tissue sections a three step staining strategy was used before the stains were 

developed. Primary antibodies bound to the target directly (step 1), then secondary antibodies conjugated to 

peroxidase or biotin were applied (step 2). Streptavidin conjugated to alkaline phosphatase (AP) was finally added 

(step 3) before the brown and blue stains were developed from the reaction with enzymatic substrate (step 4). 

 Apply primary antibodies and incubate in humid chamber for ~60 mins 

 Wash slides in TRIS buffer (pH 7.6) for 5 mins 

 Adsorb secondary antibodies with normal mouse serum, diluted 1:10 prior to 

addition to the slides 

CD3-rat amouse
1/400

biotin-rabbit arat
1/600

Fast Blue

IgD-sheep amouse
1/500

HRP-donkey asheep
1/100

DAB

AP Complex

step 1

step 2

step 3

step 4
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 Apply secondary antibodies and incubate in humid chamber for ~45 mins 

 Wash slides in TRIS buffer (pH 7.6) for 5 mins 

 Apply Strepavidin-complex with alkaline phosphatase (AP) (Dako, Glostrup, 

Denmark) and incubate in a humid chamber for ~45 mins 

 Wash slides in TRIS buffer (pH 7.6) for 5 mins 

After the application of staining antibodies, Horse-Radish Peroxidase (HRP) and AP 

reagents were developed sequentially using DAB and naphthol AS-MX phosphate 

with Fast Blue salt, respectively. 

For DAB solution: 

 Dissolve a single 10 mg 3-3’-diaminobenzidine tetrahydrochloride (DAB) tablet 

(Sigma Aldrich, Dorset, UK) in 15 mL TRIS buffer; pH 7.6 

 Filter using filter paper 

 Add 2 drops of 30% hydrogen peroxide (Sigma Aldrich) 

 Vortex to mix 

 Apply to section 

For Fast Blue solution: 

 Dissolve 8 mg Levamisole (Sigma Aldrich, Dorset, UK) in 10mL TRIS buffer; 

pH 9.2 

 Dissolve 4 mg naphthol AS-MX phosphate (Sigma Aldrich, Dorset, UK) in      

370 L dimethylformamide in a glass bijoux in a fume hood 

 Mix the two solutions and add 10 mg Fast Blue BB salt 

 Vortex the solution, then filter using filter paper 

 Apply solution to the section 
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 The DAB stain should be developed first, and usually develops in under 1 min 

 Rinse with buffer before developing the Fast Blue; which usually takes ~5 

mins to develop 

 When both reactions are developed rinse with H2O 

 

Fluorescent Staining post AFM interrogation: 

Post interrogation via AFM, fluorescent staining was applied to the tissue sections to 

confirm the presence of NP-specificity in the interrogated GCs.  

 

The diagram below details the employed staining strategy, including the used 

antibodies and their dilutions in PBS; using: 

- NP-rabbit (in-house; Chandra Bhati) 

- Cy3-donkey a rabbit (Jackson Immuno Research Labs, USA) 

- DAPI (Sigma-Aldrich, USA) 

 

To detect NP specific binding a two-step staining strategy was employed. Primary antibodies conjugated to the 

target directly (step 1), then secondary antibodies conjugated to fluorophores were applied (step 2). A cell nuclear 

stain for the identification of individual cells was applied separately (step 3).  

 Apply primary antibody and incubate slides in humid chamber for ~50 mins 

 Wash slides in PBS 

NP-rabbit
1/300

Cy3-donkey arabbit
1/300

DAPI
1/1000

step 1

step 2

step 3
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 Apply secondary antibody and incubate slides in the dark for ~45 mins 

 Wash slides 

 Apply DAPI for nuclear stain for ~1-2 mins 

 Wash in PBS 

 Mount coverslips onto glass slides using Prolong® Gold antifade reagent (Life 

Technologies, USA) 
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8.22 Panels for Individual Scans of GC-I 

The following figures show the parameter maps for the individual, consecutive scans 

of GC-I, where the sum of the parameter maps from the individual scans make up the 

results shown in Figure 65.  

The results from the individual scans do not reveal structure, and isolated points of 

interrogation producing high signal intensity could at first be interpreted as noise. 

Through the addition of the individual scans, however, it becomes apparent that 

interrogation points producing high signal intensity do so repeatedly; highlighting 

areas of high signal intensity from the background. 

 

Scan 1 
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Scan 2 

 
 

Scan 3 
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Scan 4 

 
 

Scan 5 
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