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Abstract  

A significant current research effort is focussed on a need to understand and regulate 

embryonic stem cell function in vitro, as their potentially limitless self-renewal and 

differentiative capacity could provide an effective approach for countless 

applications, including the development of therapeutics. As such, discovery of 

targeting peptides to influence stem cell behaviour, or isolate and understand cell 

mechanisms, is an ideal method to improve current understanding. E-cadherin is a 

cell surface adhesion protein commonly expressed by mESCs, and is highlighted as a 

potential target to probe and manipulate cell functions for a wide range of biological 

applications, such as preventing cell differentiation in large scale bioreactors. Due to 

the biological and mechanical influence of E-cadherin on cell functions, such as 

maintenance of pluripotency and formation of cell-cell contacts, there is ongoing 

research into the development of E-cadherin targeting peptide sequences to 

uniquely influence mESC characteristics. One recent example is the development of 

the Epep (SWELYYPLRANL) sequence, and subsequent analogue EpepW2R 

(SRELYYPLRANL), that were shown to uniquely affect cell expression of key 

transcripts while inhibiting and not inhibiting cell-cell contacts, respectively. 

However, the relationship between the physical and biological effects actioned by 

these peptides requires further research to understand the processes involved.  

Atomic force microscopy (AFM) is a diverse and widely available technique often 

employed for the analysis of binding proteins, such as E-cadherin. Previous studies 

demonstrate the ability to use single molecule force spectroscopy (SMFS) to isolate 

individual protein adhesions, providing unique insight into the bond mechanics when 

compared to commonly used ensemble analysis such as surface plasmon resonance 

(SPR). However, the potential for AFM to be used as a complimentary technique to 

aid in the development and analysis of novel peptides has not yet been explored.  

Therefore, the work in this thesis aimed to use a multidisciplinary approach to 

explore the potential of a unique method for peptide screening using AFM, by 

probing the influence of Epep and EpepW2R targeting peptides on single molecule 

E-cadherin adhesions, while conducting complimentary cellular-based assays to 

probe the peptide mediated response of mESCs. 
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In this thesis we developed an SMFS AFM system capable of isolating single molecule 

E-cadherin adhesions between samples and AFM probes functionalised with the 

extracellular domain of E-cadherin. This system was subsequently used to probe the 

mechanical response of these samples in the presence of Epep and EpepW2R 

peptides, providing unique insight into their physical inhibitory effect. In contrast to 

previous literature, we observed that both peptide sequences were capable of a 

reversible inhibition of E-cadherin adhesions, with preliminary experiments on mESC 

monolayers highlighting the potential to develop this approach in future work. 

Complementary biological assays, such as high-content Operetta imaging, presented 

a unique response of E14 and Ecad-/- mES cell lines in the expression of key targets, 

including surface proteins and pluripotency markers, following the addition of Epep 

and EpepW2R. In summary, this work explored the biophysical impact of E-cadherin 

targeting peptides, using AFM to observe sensitive responses not previously seen in 

literature, and investigating potential off-target interactions, thus highlighting the 

potential for this approach to be used in future peptide screening experiments.  
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lysine residues in the Fc region of E-cad-Fc molecules binds to the NHS-ester group 

of the AMAS cross-linker, completing the surface functionalisation. ....................... 48 

Figure 3.4: Example F-D curves demonstrating the four categories used for analysis. 

A) No events recorded, as seen by an undisturbed contact of the probe and surface, 

B) non-specific event occurs, as highlighted by a linear adhesion immediately at the 

sample surface, C) specific adhesion event, highlighted by the presence of a 

characteristic non-linear adhesion occurring <100 nm from the sample surface with 

a clear rupture force, D) multiple adhesions shown by the presence of numerous 

adhesion regions and rupture forces within a single F-D curve. ............................... 54 

Figure 3.5: Specific adhesion event observed on an F-D curve. Example F-D curve 

obtained from an MFP-3D AFM, displaying a specific adhesion event. For all graphs 

obtained, the approach data is displayed in red, and the retraction in blue. ........... 55 

Figure 3.6: Histograms showing the adhesion forces for specific events recorded in 

Ca2+, EGTA, and DECMA-1 buffers following the refined sample preparation 

process. The distribution of forces is shown to be relatively unchanged between 

buffers, as expected for an E-cadherin SMFS system. A minimum of 500 F-D curves 

were recorded for each buffer condition. ................................................................. 58 

Figure 3.7: Inhibition of E-cadherin binding via addition of calcium chelating EGTA 

buffer, and E-cadherin nAb, DECMA-1, treatment buffer. Frequencies of each F-D 

curve category for samples tested in 5mM Ca2= and EGTA buffers, and 50 µg·ml-1 

DECMA-1 buffer. This data was acquired as described in section 3.2, showing all 

analysis categories. A minimum of 500 F-D curves were recorded for each buffer 

condition. ................................................................................................................... 59 

Figure 3.8: Representation of the force distribution of F-D curves following the 

introduction of an off-target antibody buffer, and sequential buffer changes on the 

same sample. Modal force analysis (captioned on figure) was more rigorously 

calculated using Fdist software, with this analysis available in Appendix 2. Histograms 

show the force distribution of specific events recorded in Ca2+, EGTA, DECMA-1 (E-

cad Ab), and N-cad Ab buffer environments. A minimum of 500 F-D curves were 
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recorded for each buffer condition with forces shown only from the specific 

adhesions, with N=2 repeats. .................................................................................... 63 

Figure 3.9: Categorisation of F-D curves using the conditions outlined in section 

3.3.2. Frequency of F-D curves for each of the four categories outlined previously. 

The dominance of no events, and ideal frequency range of specific events, indicates 

a working SMFS system. EGTA and DECMA-1 blocking buffers reduces the frequency 

of specific events, whereas the addition of an N-cadherin targeting antibody does not 

exhibit any noticeable effect compared to the standard Ca2+ environment. Error bars 

show SD, and a minimum of 500 F-D curves were recorded for each buffer condition, 

with N=2 repeats. ....................................................................................................... 64 

Figure 4.1: Simple presentation of the Epep and EpepW2R amino acid sequences. 

Amino acid sequences shown for both the Epep (top) and EpepW2R (bottom) 

peptides discussed in section 1.2.2. ........................................................................... 71 

Figure 4.2: Initial testing of 10 µM peptide treated functionalised AFM samples 

demonstrates the ability to sequentially change buffer environments during the 

experiment. The data was acquired using a single functionalised sample and AFM tip, 

with washes using Ca2= buffer conducted prior to the addition of a new buffer 

environment. The system was left for 30 minutes after changing buffer. Initial 

peptide testing shows both peptides at 10 µM concentration tested on the same 

sample. A minimum of 500 F-D curves were recorded for each buffer condition. ... 77 

Figure 4.3: Initial testing of 100 µM peptide treated functionalised AFM samples 

demonstrates the ability to sequentially change buffer environments during the 

experiment. The data was acquired using a single functionalised sample and AFM tip, 

with washes using Ca2= buffer conducted prior to the addition of a new buffer 

environment. The system was left for 30 minutes after changing buffer. Initial 

peptide testing shows both peptides at 100 µM concentration tested on the same 

sample. A minimum of 500 F-D curves were recorded for each buffer condition. ... 79 

Figure 4.4: Comparison of F-D curves acquired from Epep peptide treatment AFM 

experiments, and categorised using the method discussed in section 3.2.5. Sample 

data was compared to the baseline value determined by the initial Ca2+ buffer to 
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provide a clearer representation of the influence of different buffer environments. 

The data in these graphs provide a clear comparison of the buffers tested for each 

analysis category: A) no events, B) non-specific events, C) specific events, and D) 

multiple events. A minimum of 500 F-D curves were recorded for each buffer 

condition, with N=3 repeats. All comparisons were made to the initial Ca2= buffer 

tested with error bars showing standard deviation, and statistical analysis was 

performed using an average of the tested samples (N=3). Significance is shown as:  * 

= P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P <0.0001. .................................... 81 

Figure 4.5: Comparison of the specific event frequency recorded in each 

concentration of Epep buffer. A minimum of 500 F-D curves were recorded for each 

buffer condition, with N=3 repeats.  Statistical analysis of the values was performed 

on the baseline corrected percentages when compared to Ca2+ buffer, as seen in 

Figure 4.4, with comparisons isolated to the ascending Epep concentrations. Error 

bars show SD, and significance is shown as: NS = no significance, * = P < 0.05, ** = P 

< 0.01. ......................................................................................................................... 82 

Figure 4.6: Representation of the distribution of rupture forces seen in specific 

adhesion events between all buffer conditions tested in the Epep titration 

experiment. Modal force analysis (captioned on figure) was more rigorously 

calculated using Fdist software, with this analysis available in Appendix 2. Histograms 

showing the binding forces observed for specific single molecule adhesions in each 

experimental buffer seen in the data shown in Figure 4.4. The modal force observed 

in each buffer environment is shown on the corresponding histogram, calculated 

using Fdist. ................................................................................................................. 85 

Figure 4.7: Comparison of F-D curves acquired from EpepW2R peptide treatment 

AFM experiments and categorised using the method discussed in section 3.2.5. 

Sample data was compared to the baseline value determined by the initial Ca2+ buffer 

to provide a more clear representation of the influence of different buffer 

environments. The data in these graphs provide a clear comparison of the buffers 

tested for each analysis category: A) no events, B) non-specific events, C) specific 

events, and D) multiple events. All comparisons were made to the initial Ca2= buffer 

tested, and statistical analysis was performed using an average of the tested samples 
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(N=2). Error bars show SD, and significance is shown as:  * = P < 0.05, ** = P < 0.01, 

*** = P < 0.001, **** = P <0.0001. ............................................................................ 86 

Figure 4.8: Comparison of the specific event frequency recorded in each 

concentration of EpepW2R buffer. A minimum of 500 F-D curves were recorded for 

each buffer condition, with N=2  repeats. Statistical analysis of the values was 

performed on the baseline corrected percentages when compared to Ca2+ buffer, as 

seen in Figure 4.7, with comparisons isolated to the ascending Epep concentrations. 

Error bars represent standard deviation between samples and significance is shown 

as: NS = no significance, * = P < 0.05. ........................................................................ 89 

Figure 4.9: Distribution of rupture forces seen in specific adhesion events between 

all buffer conditions tested in the EpepW2R titration experiment. Modal force 

analysis (captioned on figure) was more rigorously calculated using Fdist software, 

with this analysis available in Appendix 2. Histograms showing the binding forces 

observed for specific single molecule adhesions in each experimental buffer seen in 

the data shown in Figure 4.7. The modal force observed in each buffer environment 

is shown on the corresponding histogram, calculated using Fdist. ........................... 91 

Figure 4.10: Example F-D curves acquired from probing E14 cell monolayers with an 

Ecad-Fc functionalised AFM probe. These example curves demonstrate the 

complexity and sensitivity of testing cell samples, and indicate the increased 

retraction distance from the surface. ........................................................................ 94 

Figure 4.11: Initial analysis of AFM-based force experiments on E14 mESCs in Ca2+, 

DECMA-1, and Epep buffers. Graphs showing the frequency of F-D curves recorded 

in Ca2+, Epep 100 µM, and DECMA-1 buffers. A) Frequencies of all four of the 

categories used when classifying F-D curves, and B) frequency of specific interactions 

only for more clear comparison between buffers. Due to the increased time to 

acquire data a minimum of 100 F-D curves were recorded for each condition. ....... 96 

Figure 4.12: Force distribution for F-D curves classified as specific E-cadherin 

interactions from data seen in Figure 4.11A. Modal force analysis (captioned on 

figure) was more rigorously calculated using Fdist software, with this analysis 

available in Appendix 2. Histograms showing the force distribution of specific 
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adhesion events recorded in Ca2+, Epep 100 µM, and DECMA-1 buffers. This data was 

acquired on a E14 cell monolayer with each buffer added sequentially to the same 

sample. A minimum of 100 F-D curves were recorded for each condition. .............. 97 

Figure 5.1: E14 cultures express E-cadherin localised at the cell surface, while Ecad-

/- cultures do not express E-cadherin and exhibit a less clustered morphology. A,E) 

Phase contrast images of E14 and Ecad-/- respectively, in general culture conditions. 

Scale bars = 200 µm. B - D) Fluorescence microscopy imaging of E14 cultures 

targeting, nucleus (B, blue), E-cadherin (C, green) and actin (D, red). F - H) 

Fluorescence microscopy imaging of Ecad-/- cultures targeting nucleus (F, blue), E-

cadherin (G, green), and actin (H, red). Scale bars = 100 µm. ................................. 114 

Figure 5.2: Confluence of E14 samples depends on seeding density, with seeding of 

2,500 cells providing the most representative colony formation after 48 h 

compared to continuous culture images seen in Figure 5.1. Fluorescence Operetta 

imaging of E14 cultures maintained for 48 h and stained with DAPI. Initial cell seeding 

density relating to each image group is shown above the groups of 3 images taken 

from each sample well, with A) 500 cells, B) 1,000 cells, C) 2,500 cells, D) 5,000 cells, 

and E) 7,500 cell seeding densities tested. The images taken within each well were 

selected to represent a variety of locations. Scale bars = 100 µm. ......................... 118 

Figure 5.3: E14 cells cultures can be maintained following the addition of Epep, 

EpepW2R, or DECMA-1 to the culture medium, with Epep and DECMA-1 treated 

E14 cultures demonstrating a less clustered morphology in comparison to control 

samples.  Brightfield images of E14 cell monolayers in A) regular culture medium, B) 

culture medium supplemented with 100µM Epep peptide, C) culture medium 

supplemented with 100 µM EpepW2R peptide, or D) culture medium supplemented 

with 100 nM DECMA-1 Ab. Each image is a single FOV taken within a sample well and 

gives a representative indication of the cultures. Arrows indicate example areas 

where a loss of tight cluster formation is lost in comparison to the control sample, A. 

Scale bars = 100 µm. ................................................................................................ 120 

Figure 5.4: Cell nuclei can be isolated effectively using the Operetta analysis 

software, although some sensitivity is lost when analysing images with very tight 

clusters with 3-dimensional cell growth which is successfully accounted for by 
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applying parameters within the software. An example of the automated analysis 

conducted within the instrument software. Cell Nuclei were delineated using DAPI 

staining of the cultures, as shown by the coloured perimeters in the left image. 

Parameters were added to the analysis software to remove cells that could not be 

individually identified, such as those highlighted by the red area. The right image 

shows the cell population used for analysis, with cell clusters removed. Scale bars = 

100 µm. .................................................................................................................... 121 

Figure 5.5: Peptide treated E14 cultures demonstrate a change in some of the tested 

cell characteristics. Bar charts showing the average values for parameters seen in 

Table 5.4 that displayed a significant change between treatment conditions (N=3), 

with the individual averages from each repeat shown by the black circles (n=2). . 122 

Figure 5.6: Selected cell characteristics observed for peptide treated E14 cultures 

do not demonstrate any change between conditions. These graphs show the 

remaining parameters supplementary to Figure 5.5 that are shown to have no 

statistically significant changes between any treatment conditions tested during 

analysis (N=3, n=2). .................................................................................................. 123 

Figure 5.7: Immunostaining and subsequent fluorescence imaging of E14 cultures 

using the Operetta instrument. Fluorescence imaging of E14 cultures for, A) E-

cadherin (yellow), B) N-cadherin (yellow), C) Syndecan-4 (green), D) Syndecan-1 

(yellow), and E) Oct-4 (green). Scale bars are 100 µm, and image fluorescence is 

automatically enhanced by the software for viewing. These images represent a single 

FOV of a sample well, and are shown to provide insight into the sample fluoresence 

as quantifiable analysis was performed automatically by the software. ................ 125 

Figure 5.8: Successful culture and phase contrast imaging of Ecad-/- cell cultures in 

a range of treated media conditions. Brightfield images corresponding to the 

fluorescence images shown in Figure 5.9, providing a visual representation of the cell 

cultures in each of the conditions: A) Regular culture medium, B) culture medium 

supplemented with 100 µM Epep peptide, C) culture medium supplemented with 

100 µM EpepW2R peptide, or D) culture medium supplemented with 100 nM 

DECMA-1 Ab. Scale bars = 100 µm........................................................................... 126 
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Figure 5.9: DAPI staining of Ecad-/- cultures via Operetta imaging indicates 

successful staining and imaging of the cell samples. Operetta fluorescence images 

of Ecad-/- cells with DAPI nuclear stain. Each sample well had several different 

locations imaged to provide a representative analysis of the cell sample, and each 

image in this figure is selected to show one of these locations for each treatment 

condition. The samples shown above were cultured for 48 h in, A) regular culture 

medium, B) culture medium supplemented with 100 µM Epep peptide, C) culture 

medium supplemented with 100 µM EpepW2R peptide, or D) culture medium 

supplemented with 100 nM DECMA-1 Ab. .............................................................. 127 

Figure 5.10: Peptide treated Ecad-/- cultures demonstrate a change in some of the 

tested cell characteristics. Bar charts showing the average values for tested 

parameters that displayed a significant change between treatment conditions (N=3), 

with the individual averages from each repeat shown by the black circles (n=2) 

(summarised in Table 5.5). ....................................................................................... 128 

Figure 5.11: Some cell characteristics observed for peptide treated Ecad-/- cultures 

do not demonstrate any change between conditions. Bar charts showing the 

average values for tested parameters that did not display a significant change 

between treatment conditions (N=3), with the individual averages from each repeat 

shown by the black circles (n=2) (summarised for simplicity in Table 5.5). ............ 129 

Figure 5.12: Immunostaining and subsequent fluorescence imaging of Ecad-/- 

cultures using the Operetta instrument was successful in recording the fluorescent 

probes used, and confirms the continued absence of E-cadherin protein. 

Fluorescence imaging of Ecad-/- cultures for, A) E-cadherin (yellow), B) N-cadherin 

(yellow), C) Syndecan-4 (green), D) Syndecan-1 (Yellow), and E) Oct-4 (green). Scale 

bars are 100 µm, and image fluorescence is automatically enhanced by the software 

for viewing. These images represent a single FOV of a sample well, and are shown to 

provide insight into the sample fluoresence as quantifiable analysis was performed 

automatically by the software. ................................................................................ 131 
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Chapter 1 - Introduction 

The potential of stem cells in therapeutic applications has received an ever-growing 

interest in recent years, and subsequently in vitro stem cell cultures are often used 

in the development of studies. Stem cells are unspecialised cells that are 

characterised by perpetual self-renewal (or proliferation) whereby identical daughter 

cells are produced, and the ability to differentiate into mature adult cells1. These 

characteristics can vary between stem cell types, with a more detailed review 

discussed by Zakrzewski et al2. Stem cells provide a key approach in many different 

applications, from basic research into gene expression and function, to medical 

applications for studying diseases and developing novel diagnostic approaches. 

There is also ongoing interest into the development of cell-replacement therapies, 

utilising the self-renewal and differentiative capacity of stem cells to treat damaged 

or diseased tissues. Recent advancements in stem cell research often relate to the 

use of pluripotent stem cells (PSCs), which are a type of stem cells characterised as 

being capable of differentiating into cells within all germ layers, and as such have 

great potential in the field of regenerative medicine for use in regeneration and 

repair of different tissues3.  

Within PSCs there are two known types available: embryonic stem cells (ESCs) and 

induced pluripotent stem cells (iPSCs), within each of which multiple cell lines are 

available. The former, ESCs, are isolated from the inner cell mass during embryonic 

development, and the latter, iPSCs, are obtained by a process called cell 

reprogramming. The ability to reprogramme cells to achieve iPSCs is a relatively new 

technique, with Takahashi et al.4 identifying four key genes which when 

simultaneously over-expressed, induced reprogramming of mouse fibroblasts into 

iPSCs, known commonly as the Yamanaka factors4. These approaches provide a 

diverse selection of cell lines that can be used for studies, however, the process of 

reprogramming cells still exhibits relatively low conversion efficiency, as discussed in 

more detail elsewhere5. Comparatively, ESCs are commonly cultured in vitro and as 

such there are several well-established cell lines available, particularly for murine 

ESCs (mESCs), although strict control of culture conditions are required to maintain 

an undifferentiated state6.  
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Since the initial isolation of mESCs from the inner cell mass of mouse blastocyst in 

1981 7,8, the available methods for culture of these cell lines has developed greatly. 

Originally, a feeder layer of mouse embryonic fibroblasts was required to maintain 

an undifferentiated state of the mESCs in culture, but it is now possible to control cell 

characteristics in the absence of a feeder layer via the manipulation of culture 

conditions such as culture medium with targeting molecules9,10. Recently, Mohamet 

et al.11 demonstrated that abrogation of the cell surface protein, E-cadherin, allows 

for proliferation of mESCs in shake flask bioreactors. This was in response to the 

limitations surrounding mESC expansion, and exploits the diverse and critical role of 

cadherin proteins in the maintenance of mESC pluripotency. Cadherins are proteins 

that are instrumental in the formation and stabilisation of cell-cell contacts, while 

simultaneously exhibiting influence in cell expression including maintenance of 

pluripotency in mESCs. It is therefore unsurprising that the use of cadherins as a 

target for manipulating cell function is common in literature, and as such the 

development of novel targeting peptides to modify cadherin behaviour, shown by 

Devemy and Blaschuk, provides a tailored approach for affecting cell function12.  

The close relationship of mESC fate and cadherin expression is well-observed within 

literature, and there is great interest in the ability to control mESC fate by targeting 

specific proteins. Therefore, the focus of the work in this thesis relates to the 

development of an analysis technique to screen the influence of novel peptide 

sequences on cell cultures, and probe specific mechanical and biological 

characteristics. In particular, E-cadherin protein expressed by mESCs will be targeted 

using novel peptides, with the physical analysis of single molecular interactions 

supplemented with biological understanding of the protein to explore these key 

concepts.   
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1.1 Cadherins in mESCs 

The importance of pluripotent stem cells, such as embryonic stem cells (ESCs), is 

recognised throughout a wide range of research fields. The ability of these cells to 

differentiate to all of the three primary germ layers (pluripotency) accounts for their 

diverse application in research, and linked with their self-renewal capabilities it is 

clear why they receive such attention as they can be adapted to an in vitro 

environment for long term culture13. mESCs are now recognised as naïve in their 

pluripotency, as opposed to cells in the alternative primed state such as epiblast-

derived stem cells (EpiSCs)14. This delineation is a relatively recent development in 

the understanding of ES cells, and corresponds to the specific stage of embryonic 

development that the cells were collected, with differences in morphological and 

phenotypic states. Transition from naïve to primed pluripotency states is often 

concurrent with epithelial to mesenchymal transition, and subsequently inhibition of 

E-cadherin expression15. Probing the underlying mechanisms governing pluripotency 

is thus key to the use of mESCs as disease models or as clinical therapies.  

Since their establishment in 1981 by Evans and Kaufman8, ESCs have received great 

interest as the subject of regenerative medicine, tissue engineering, and biomedical 

research, in particular in understanding methods of controlling pluripotency of 

cultures in vitro even when attempting large scale culture16. Recent examples 

demonstrate directed cell behaviour in tissue engineering approaches, and 

manipulation and development of biomaterials, by utilising cadherin 

characteristics17,18.  To preserve the naïve state of mESCs in vitro, leukaemia 

inhibitory factor (LIF) is often added to culture medium, with E-cadherin-catenin 

complexes essential to enabling LIF-dependent self-renewal mechanisms and 

preventing spontaneous differentiation19. Consistent with this, mESCs that are 

mutated to knockout E-cadherin expression (Ecad-/-) demonstrate a shift in 

morphology and signalling pathways such that they align more closely with primed 

lineages, and embryos containing Ecad-/- cells fail to develop past the compaction 

stage and ultimately are not viable20. Interestingly, Ecad-/- cultures demonstrate a 

loss of the LIF dependent pluripotency seen in wild-type (wt) mESCS, and instead rely 

on Activin/Nodal signalling pathways to maintain pluripotency, similar to that 
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observed in human ESCs21,22. This is associated with a drastic shift in the expression 

of key cell markers, as discussed in detail by Soncin et al.13, with Table 1.1 highlighting 

a small number of the markers shown to change following the ablation of E-

cadherin28. It is unsurprising therefore that E-cadherin persists as a key adhesion 

protein throughout the life cycle of mESCs, and highlights its use as a target for  

manipulating or stabilising ESC cultures.  

Due to the vast number of cell functions shown to be mediated, at least in part, by 

cadherin proteins, it is unsurprising that this protein superfamily has been an 

important focus throughout literature. The distinctive domains observed in classical 

cadherins are often attributed with different roles, however ongoing research 

continually suggests a much more interconnected network of individual processes to 

Cell Marker Upregulated/Downregulated Associated Functions 

FGF5 Upregulated Loss of stemness, differentiation23 

CD44 Upregulated Cancer stem-cell-like marker15 

Serpinb9 Upregulated Apoptosis, differentiation13 

Wnt5b Upregulated Pluripotency13 

Nr0b1/Dax1 Downregulated 
Self-renewal, inhibition of 

differentiation24 

Esrrb Downregulated Self-renewal23 

Tbx3 Downregulated Wnt-signalling, differentiation25 

Nr5a2 Downregulated Cell fate26 

Klf4 Downregulated Pluripotency27 

Table 1.1: Ablation of E-cadherin in mESC cultures results shifts the regulation of many cell markers. Adapted 
from data presented by Soncin et al. (2011), showing some of the cell markers that are observed to change in 
Ecad-/- cultures, in comparison to wt mESCs28. Key functions associated with the markers are shown to highlight 
the far-reaching influence of E-cadherin15,23–28. 
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implement the resulting change in cell behaviour29. One prime example of this is the 

study of cadherin adhesion orientations, as there is now abundant evidence that the 

cytoplasmic tail is an important mediator of cadherin junctions, despite the ability for 

the extracellular domains to bind even in the absence of the intracellular region30. A 

reverse relationship is also observed, where the lack of mechanical interaction in the 

EC domains alters the protein recruitment and subsequent cellular response from 

the cytoplasmic region31. These studies have helped to extract complex cadherin 

mechanisms for mediating a wide range of cell properties, and have highlighted the 

ability for both biological and physical characteristics to manipulate properties such 

as cell signalling and structure32,33. For example, the cadherin-catenin complexes 

formed by the cytoplasmic tail of classical cadherins are shown to influence the Hippo 

signalling pathway by modulation of Yes-associated protein (YAP), with this 

relationship suggested to be responsible for downstream regulation of cell 

proliferation34. Throughout literature it is evident that there is great importance in 

considering both the biological and the physical characteristics of cadherin proteins, 

and as such there is also great interest in mechanical based analysis of protein 

interactions, as discussed in more detail later in this chapter. 

When studying E-cadherin in mESCs it is prudent, and indeed necessary, to also 

consider associated molecules such as the catenin complexes already mentioned, 

and other related adhesion molecules such as Syndecans. The formation of cadherin-

catenin complexes is a well-studied interaction due to the vast impact it can have on 

cell function19. Studies focussing on the regulation of pluripotency in stem cells 

indicate recruited proteins such as β-catenin can impact the activity of the OCT4 

pluripotency pathway, and can bind to the actin cytoskeleton by the intermediate 

protein, α-catenin, to provide stability to adherens junctions35. Furthermore, these 

proteins are attributed with regulating several genes via activation, or conversely lack 

of activation due to competing localisation, of signalling pathways such as the 

canonical Wnt pathway36. Syndecan-1 is implicated in cell processes such as 

formation of cell-cell and cell-ECM adhesions and epithelial to mesenchymal 

transitions (EMT), and is closely associated with E-cadherin through these systems. 

The Syndecan family represent transmembrane proteins with extra-cellular, intra-
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cellar, and transmembrane regions, and again are implicated in cell functions such as 

proliferation and differentiation37. However, unlike E-cadherin it has been reported 

that Syndecan-1 knockout mice do not exhibit any obvious abnormalities except for 

impaired wound healing and epithelialisation, and are still considered relatively 

healthy. This suggests the role of Syndecan-1 is dependent on the presence of other 

signalling molecules, and in research it is often used as a stem cell marker due to its 

relationship with the proliferative and differentiation mechanisms of cells38. As 

discussed in more detail in section 1.2.1, the influence of local proteins like 

Syndecans and processes such as glycosylation on cis dimer formation show vast 

potential for the mediation of cell mechanisms. The relationship of such molecules 

with cadherins may therefore explain some of the intricate functions associated with 

adhesion formation and present a potential in-direct target for manipulation of cell 

function.  

The mechanisms in which E-cadherin is involved are diverse and often critical to cell 

survival and maintenance. As such it is unsurprising that we do not yet fully 

understand the adhesions formed at cell-cell junctions and at intracellular 

complexes, and subsequently the pathways and actions undertaken throughout E-

cadherin processes. Due to the abundance of cell lineages that utilise cadherin 

proteins, and their diverse functions, it is important to consider individual analysis of 

E-cadherin environments. With regards to mESCs E-cadherin is commonly expressed, 

and therefore particular focus is given to this protein due to the importance of mESCs 

in the fields of regenerative medicine and therapy development, and within the 

scope of this thesis. However, it is important to view this protein within the scope of 

the cadherin superfamily, and as such this will be the focus of the next section.  
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1.2 Cell Adhesion and the Cadherin Superfamily 

Cell functions and interactions rely heavily on the adhesion processes available to the 

cell, impacting the development, maintenance, and communication of tissues. These 

interactions can be adhesions between neighbouring cells, or the extra-cellular 

matrix (ECM) present in the cell environment, and are propagated by unique 

adhesion molecules. There are several groups of adhesion molecules commonly 

observed, such as integrins, selectins, and cadherins, each of which binds to 

corresponding ligands and impacts cell characteristics39.  

Cadherins, named due to their calcium dependent adhesion, are recognised as key 

cell-cell adhesion molecules and have been implicated in impacting vital cell 

functions throughout literature since their discovery by Yoshida and Takeichi in 

198240. Starting with the well-known molecules E-cadherin, N-cadherin, and 

P-cadherin, named due to the main tissues in which they were first found (epithelial, 

neural, and placental, respectively), countless researchers have considered the role 

of cadherin molecules in an ever-extending range of processes from a critical role in 

embryonic development, to potential cancer suppression proteins41. As research 

progressed many more members of the cadherin family were discovered, and the 

original proteins were even found to be expressed in various tissue types, resulting 

in the cadherin superfamily recognised today. Although there are several 

classifications of cadherins within the superfamily, the most salient feature 

connecting each of them is the presence of a variable number of repeated domains 

≈110 amino acids in size in the extracellular cadherin (EC) component, intercalated 

with calcium binding sites which act to rigidify the protein and control binding 

activity32,42. Further structure-based comparison divides the cadherin superfamily 

into several categories including classical cadherins, protocadherins, and 

desmosomal cadherins (see Figure 1.1), with a diverse range of functions associated 

with each. Therefore, due to the focus of this work on mESCs, and their known 

cadherin expression, the focus of this work will be restricted to classical cadherins, 

and in particular the prototypical member of this category, E-cadherin.  
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Members of the classical cadherin category are single pass transmembrane 

glycoproteins that contain five EC domains (EC1-5) that are highly conserved, with 

intracellular regions that act to strengthen mechanical adhesions and regulate cell 

signalling functions. Cell-cell adhesions are principally formed via interactions at cell 

junctions between the same cadherin type on adjacent surfaces, known as 

homophilic bonds, and are stabilised by interactions with the actin cytoskeleton and 

surrounding proteins such as β-catenin and p120-catenin32,33. The diversity of tissues 

expressing classical cadherins rationalises the plethora of cell functions that are 

impacted by these proteins, such as proliferation, motility, and gene expression. The 

presence of cadherin-based adhesion is also essential for driving tissue 

morphogenesis during early development43,44.  

Of all proteins within the classical cadherin family, E-cadherin is perhaps the most 

well studied. Since its discovery in the 1980’s there has been ongoing research into 

Figure 1.1: Schematic showing the physical representation of classical type I, desmosomal, and proto-cadherins. 
A simplistic comparison of the extracellular and domains and intracellular complexes comprising three different 
members of the cadherin superfamily. The diagrams do not represent all interactions, but highlight some key 
differences used in cadherin classification. Figure made using BioRender.  
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understanding the structure and function of this protein, including its use as a 

therapeutic target. However, despite the abundance of research already conducted, 

the precise biophysical mechanisms underpinning key functions is still not fully 

understood. This is in part due to the wide range of cell processes influenced by 

E-cadherin, which are often underpinned by complex biological pathways. The 

following section therefore aims to provide an overview of our understanding of 

E-cadherin, highlighting the structure of the protein and key associated complexes 

and functions. 

1.2.1 Biological and Mechanical Overview of the E-cadherin Protein 

As mentioned, E-cadherin is a member of the classical cadherin group, meaning it is 

a single pass transmembrane glycoprotein with three distinct biological regions: 

extracellular, intracellular, and transmembrane. The extracellular region consists of 

five sequential domains, EC1-5, which are critical for cadherin-cadherin binding, and 

display a high degree of homogeneity31,45. It is believed the extracellular structure of 

E-cadherin is approximately 20 – 25 nm in length, and adhesion occurs via interaction 

between highly conserved tryptophan residues in position 2 (Trp2) on the 

extracellular region of adjacent proteins, resulting in overlap of the individual EC 

domains, as seen in Figure 1.246–48.  The intracellular region, known as the 

cytoplasmic tail, is a highly conserved complex capable of interacting with 

cytoplasmic proteins such as β–catenin, p120-catenin, and α-catenin, to support 

mechanical binding and transmit biological signalling processes. Together, these 

regions form adherens junctions (AJ) through their extracellular binding to adjacent 

cells, and intracellular binding to cytoplasmic components such as catenins, as seen 

in Figure 1.2. 

These junctions, and the constituent interactions they consist of, allow manipulation 

of many cell processes including the direct reorganisation of the actin cytoskeleton, 

shown to be mediated by signalling from cadherin adhesions formed through the 

cadherin-catenin complexes49. In epithelial tissues the formation of adherens 

junctions (AJs) is shown to be crucial for embryogenesis and homeostasis, as loss of 

these adhesions disrupts tissue architecture and influences cell signalling 50,51. The 

clustering of cadherin-catenin complexes is a key characteristic observed in 
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monolayer cell culture, linking not only to a strengthened cell-cell adhesion, but also 

to the formation of cell polarisation. Epithelial cells are considered polarised due to 

molecularly distinct domains along different lengths of their plasma membrane, 

relating to the interior (basal) and exterior (apical) face of the cell52. As epithelial cells 

act as a lining for organs, the environment observed by the external face of the cell 

differs greatly from that within, leading to a requirement of such polarisation53. 

Recent studies show that E-cadherin co-ordinates epidermal cell polarisation with 

adherens junctions to isolate formation of tight junctions to the apical cell layer. Tight 

junctions are connections between epithelial cells which form the continuous barrier 

between cells, regulating movement of substances across the epithelium, a vital 

function in the regulation of nutrient transfer and protection of interstitial 

tissues54,55. 

The cadherin-catenin bonds formed by E-cadherin are complex, and only with 

relatively recent publications have they begun to be properly understood. It has long 

been known that the cytoplasmic tail of E-cadherin binds with p120- and β-catenin, 

Figure 1.2: Schematic demonstrating S-dimer and X-dimer conformations of E-cadherin proteins on adjacent 
cells. The formation of X-dimers is believed to preface S-dimer formation, and is a vital step to allow smooth 
remodelling of E-cadherin adhesions between cells. S-dimers are believed to be the more natural and common 
adhesive conformation of E-cadherin bonds, and represent slip bond characteristics, as opposed to the catch bond 
characteristics exhibited by X-dimers. Figure made using BioRender. 
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the latter of which in turn binds to α-catenin56,57. Due to the known ability for α-

catenin to independently bind to F-actin, this complex was assumed to be the link 

between E-cadherin and the actin cytoskeleton. However, this was not the process 

observed in vitro, whereby it was seen that the cadherin-catenin complex exhibited 

a much lower affinity for F-actin than the α-catenin protein alone58,59. It has since 

been observed that the application of a load force similar to that present in 

physiological conditions alters the bond mechanics of extracellular E-cadherin 

adhesions, such that a greater strength can be observed when under load, a 

biological phenomenon known as catch bonding60. We now understand that E-

cadherin can at times display catch bonds in addition to the more classical slip bonds 

whereby bond strength decreases under load, and, during transition between these, 

ideal bonds can also be observed where the interaction is insensitive to force. It has 

been proposed that these bonds occur as E-cadherin adhesions can form multiple 

different structures, each exhibiting different kinetic and mechanical properties61–63.  

The bonds formed by E-cadherin can be classified as either trans or cis, depending on 

if the connection is between proteins on adjacent cells or on the same cell, 

respectively. First considering the trans binding regimes, both strand-swap 

dimerisation and X-dimerisation have been observed. It is seen that these 

conformations are formed by interaction of opposing ectodomains, and exhibit 

distinct structural differences64. Strand-swap dimers (S-dimer) have a higher affinity 

than their X-dimer counterparts, whereby the Trp2 residue present in the 

extracellular binding domain is accepted by a hydrophobic pocket in the EC1 domain 

on their adhesive partner as part of a mutual exchange, and is a crucial process for 

cadherin adhesion61,64,65. The importance of this interaction is highlighted by 

previous publications working to replace the Trp2 residue with alanine, in doing so 

revealing a weak localisation to cell-cell junctions and near total loss of cadherin 

mediated adhesion due to the absence of Trp266.  The S-dimer bond mechanism is 

shown to exhibit slip-bond characteristics when subjected to load, although evidence 

suggests a change of bond mechanism when undergoing conformational changes to 

X-dimer bond structure67. 
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Again, shown to be related to the EC1 and EC2 domains of the extracellular region, 

the aforementioned X-dimers are now an accepted conformation for E-cadherin 

adhesion, but with lower affinity than S-dimers. Formed via intermolecular 

interactions at the EC1 and EC2 domain junctions, the X-dimer is now credited as an 

important intermediate for S-dimerisation, that reduces activation energy of the 

more stable S-dimer formation. Furthermore, the catch-bond characteristics 

exhibited by X-dimers highlights the adaptability and complex nature of E-cadherin 

adhesions, with some suggesting a third bond category, ideal, being shown during 

the conformational change between S- and X-dimers64,68. However, despite 

observation of these adhesions, the method by which conformational changes occur, 

and their impact on biophysical characteristics of the protein and cell, is still not fully 

understood. Techniques that can vary force, and the application of force at different 

rates, have lent themselves to studying the importance of binding mechanisms, as 

the unique ability to isolate mechanical interactions allows for the calculation of 

bond strengths formed between molecules. This allows for the mechanical response 

of biological targets to be recorded in a variety of experimental environments, with 

the use of varied loading rates or adhesion frequency to probe the energy landscape 

and binding affinity of molecules with some key examples will be discussed in more 

detail in section 1.3.  

Analysis of S- and X-dimer bonds performed using force measurements in cadherin 

extracellular domains has revealed an increased average rupture force for the 

X-dimer variant compared to the S-dimer orientation, despite the lower affinity for 

this conformation. Previous studies commonly suggest a rupture force for S-dimers 

of ≈30 pN, and for X-dimers ≈50 pN, as determined by single molecule bond rupture 

experiments69,70. This discrepancy is now believed to be as a consequence of the 

change in bond-type between the interactions, with the catch bond mechanism of 

the X-dimer resulting in an increased rupture force in the single molecule analysis 

experiments, with variation seen depending on loading rate68. It was highlighted that 

the translation of this finding to cell-cell junctions in vivo may not be trivial, as the 

complex adhesion processes observed may alter bond affinities and mechanisms. 

Instead, it was proposed that it may be prudent to consider the roles these bonds 
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may have in different tissues, such as static and elastic environments61. It is clear 

however that adhesions formed by E-cadherin molecules are diverse in nature, and 

research is ongoing to help understand the form and function of these biophysical 

bonds and their associated binding partners30.  

Further to the formation of cell-cell adhesions, cis interaction of E-cadherin proteins 

has also been observed. Whereas S- and X-dimers are formed by proteins on 

opposing cells, cis dimer formation instead relates to interactions between cadherins 

on the same cell surface. This is achieved through the EC1 and EC2 domains on 

neighbouring proteins, which form a relatively weak adhesion that is believed to 

primarily help to form cadherin clusters to stabilise intercellular junctions60. 

Following in silico simulations it was proposed that formation of cis dimers is 

prefaced by increased rigidity due to trans dimer formation, allowing formation of 

clusters at cell junctions71, although evidence demonstrating clustering of 

non-adherent cadherins may question the validity of this conclusion72. Glycosylation 

of the E-cadherin ectodomain is another important factor in cis dimer formation73,74, 

but unfortunately the exact mechanisms underpinning this relationship are not yet 

understood. Computational models of cadherin clustering were developed to 

account for the glycosylation of the extracellular domains, and attempted to derive 

a kinetic model for cis dimer formation that was suggested to be regulated by 

glycosylation75. This represents a small branch of the potential factors for 

understanding and controlling cadherin function, specifically relating to bond 

formation and cis interactions. Indeed, the molecular role of cis dimers in cadherin 

function is not fully understood, but ongoing research exposes the involvement of 

adjacent cellular molecules such as catenins76, integrins77, and syndecans78 in 

cadherin mechanisms, and although there is still uncertainty regarding the formation 

and effect of cis bonds it is a well-accepted conformation of protein adhesion that 

further expands our understanding of the biological processes60,74,75.  

1.2.2 Peptide Interactions with E-cadherin 

One prominent example of the ongoing development and application of targeting 

peptides is in the field of oncology. As discussed more thoroughly by Kalmouni et al., 

use of cell-penetrating peptides as a novel and effective transport system has been 
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developed to overcome the limitations currently hampering therapeutics79. Despite 

ongoing recognition of the potential benefits of biomacromolecules such as proteins 

in drug development, there exists a number of common barriers to their application. 

Often the size and hydrophobicity of the molecule hinders their ability to effectively 

target the location of interest, particularly when required to cross the cell 

membrane80. To overcome this, researchers have turned to the development of cell-

penetrating peptides (CPPs). These small peptide sequences can be tailored to help 

direct therapeutics, potentially allowing intracellular targeting such as that proposed 

by Hoffman et al. for the development of a system capable of identifying druggable 

intracellular targets 80–82.  

Natural and synthetic molecules are often used to understand and manipulate cell 

functions. This involves the use of appropriate molecules to effect a desired change 

in a target, or conversely to assess the resulting change in cellular behaviour after 

interaction with the targeting molecule. The subsequent change of cellular 

characteristics provides insight into the relationships underpinning the observed 

interactions. This principle is imperative to current biological research, with active 

molecules used unanimously to supplement culture medium and aid in vitro culture 

and experimentation of cell lines83–85. However, as research develops there also 

appears an increasing need to fully define the culture medium of cell lines, defining 

the active components within biologically complex and undefined serum, and 

replacing these molecules with a well-defined protein or peptide to mimic the activity 

or allow tuneable cell interactions86.  

Studies focussing on the role of E-cadherin in mESCs have revealed the significance 

of its biophysical interactions and subsequent cell adhesion complexes. As 

mentioned previously mechanisms such as proliferation, pluripotency, cell signalling, 

and tissue morphogenesis are all linked via E-cadherin, and other molecules recruited 

at E-cadherin adhesion sites may help to influence cell behaviour as a result22. Novel 

peptide molecules represent one area which many believe holds great promise for 

the targeting and manipulation of E-cadherin mediated processes, with ongoing 

development of both research-based and clinical-based sequences.  
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Oncology studies account for a large proportion of this research due to the 

prevalence of E-cadherin in cancer development and metastasis87. The presence of 

adherens junctions and the associated cell polarity provide clear barriers to tumour 

progression, and as such events such as ablation of cell-cell adhesions and induction 

of EMT processes often occur throughout tumour development, progression, and 

metastasis88,89. These are functions in which E-cadherin has a primary role, and 

therefore is an obvious potential target for delivery of therapies. One such approach 

presented by Figueiredo et al.90 targets the E-cadherin encoding gene (CDH1) as a 

method of probing the underlying mechanisms involved in hereditary gastric 

cancer90. Similarly, Battistini et al.91 present a potential approach to regulate 

cadherin function in cancers expressing E-cadherin, via use of an intermembrane 

protease to promote shedding of the extracellular domain of E-cadherin91. Song et 

al.92 have provided a review of E-cadherin targeting with small molecules for cancer 

treatment, that can be viewed for further information92.  

Due to the therapeutic potential and subsequent prevalence of mESCs in research, it 

is unsurprising that similar approaches have been studied to aid in the culture and 

maintenance of cell cultures in vitro. As mentioned in section 1.1, there is particular 

interest in the ability to scale up the culture of mESCs while maintaining pluripotency, 

and the introduction of E-cadherin targeting sequences is one method considered to 

help achieve this16. Studies have shown that it is possible to culture mESCs in large 

scale bioreactors when treated with the E-cadherin targeting antibody, DECMA-1. 

This antibody is shown to bind specifically to the extracellular binding domain of 

E-cadherin, thus inhibiting the binding function of the protein. Mohamet et al.11 

report that abrogation of E-cadherin contacts in mESC cultures via the addition of 

neutralising DECMA-1 antibody, or via E-cadherin gene knockout, results in a near 

single cell suspension of ES cells without the need for addition media supplements36. 

However the viability of this for routine culture is questionable due to the large cost 

implications and vast alterations in biological signalling11. As manipulation of 

antibodies is complex and unreliable due to the off-target influences it may incur, the 

introduction of defined peptide sequences may therefore provide a more practical 

alternative. Leading to the ongoing development of novel peptides for targeting of 
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E-cadherin, with the aim of probing the function and processes of E-cadherin 

mechanisms to better understand and therefore influence fundamental cell 

behaviour.  

One prominent recent example is the determination of a dual E-/N-cadherin 

antagonist sequence by Devemy and Blaschuk (2009) 12, whereby phage display was 

used to identify potential therapeutics to influence biological processes. This resulted 

in a phage clone capable of interacting with the extracellular domain of the cadherin 

protein, similar to the well-known DECMA-1 antibody. Interestingly, all isolated 

sequences were also shown to bind the EC domain of human N-cadherin protein, 

likely due to the high conservation of EC1-2 domains between proteins, attributed as 

the prominent binding region for classical cadherins93. From this, one sequence that 

was displayed throughout several isolated phage clones was synthesised and labelled 

‘Epep’, with the amino acid sequence H-SWELYYPLRANL-NH2. This peptide sequence 

was shown to bind to human E- and N-cadherin EC domains, and disrupted cadherin 

expressing cell monolayers of cell lines MCF-7 and MDA-MB435. Subsequent work 

by Segal and Ward adapted the original Epep sequence via single amino acid 

substitutions, and probed their effect on mouse ES cell lines. This work demonstrated 

that the basic Epep sequence, and many of the modified analogues, interact with 

mESCs as well as the previously tested human cell lines. 

Upon studying the effect of the modified Epep sequences on mESCs alongside the 

E-cadherin targeting DECMA-1 antibody, Segal and Ward noted that the inhibitory 

effect observed with Epep was lost following some of the single amino acid changes. 

Particularly when changing the Trp2 residue of the original sequence, they recorded 

no observed loss of cell-cell contact in cell monolayers93. This analysis process was 

adopted throughout their work with significant differences noted between 

treatments, particularly when comparing the effects of the peptides to those of the 

DECMA-1 antibody. An indication of the diverse range of responses available to 

mESCs following inhibition of E-cadherin is seen in previous studies of Ecad-/- cell 

cultures, whereby the abrogation of E-cadherin expression results in maintenance of 

cell pluripotency via the Activin/Nodal pathway. These studies, alongside the recent 

use of Epep variations, led to the conclusion that the type of E-cadherin inhibitor 
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applied to mESC cultures affects the cellular phenotype and signalling profile 

observed as summarised in Table 1.293, and highlights the ability to influence these 

processes via short bespoke peptide chains as an exciting prospect for future work. 

Segal and Ward discussed several characteristics of interest that can be potentially 

tailored by modifying the Epep sequence, such as the ability to abrogate cell-cell 

contact, their influence on cell signalling, and physical characteristics, such as 

solubility and binding affinity93. The peptide sequences developed by Segal and Ward 

were chosen such that they preserved, to some degree, their aqueous solubility. This 

is a crucial characteristic when considering potential applications of the peptide 

sequences, as an insoluble sequence would introduce potentially insurmountable 

challenges in the use of the product. Within this criteria several key variations were 

highlighted, with one particular analogue being the EpepW2R peptide discussed 

previously, due to the importance of the Trp2 residue in the formation of homotypic 

E-cadherin bonds65,93. Subsequently, it is perhaps unsurprising that following the 

exchange of the Trp residue, the EpepW2R sequence was not found to abrogate 

cell-cell contact when assessed via phase contrast imaging of cell monolayers. 

However, analysis of the mESC cultures following a 24 h treatment with EpepW2R 

indicates a unique transcript expression profile compared to that seen in Epep or 

DECMA-1 treated samples (see Table 1.2).  

It is well accepted that formation of strand swap dimers during adhesion of type I 

classical cadherins is a critical initial stage during bond formation, relying on the 

adhesion mediated by the Trp2 residue and corresponding hydrophobic pocket that 

is exchanged between interacting molecules67,94,95. It is this characteristic residue 

that is the proposed target of the Epep sequence, with the presence of the Trp2 

residue in the peptide allowing population of the hydrophobic pocket, and 

subsequently preventing interaction between adjacent cadherin molecules. 

Table 1.2: Effect of selected inhibitors on cell-cell contact and pluripotency transcripts, adapted from work 
produced by Segal and Ward93. The different inhibitors tested each resulted in a unique expression profile of the 
observed pluripotency transcripts.  
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However, if this hypothesis is correct, the mechanism by which the EpepW2R 

sequence induces changes in the expression of cell markers is not fully understood, 

and could indicate off-target binding or a weaker affinity for the binding residue of 

the cadherin molecule.  

This work represents the initial stages of testing, and more thorough and quantifiable 

assessments would be required to better understand the influence of the novel 

sequences. However, the implications of determining a peptide sequence capable of 

binding E-cadherin and subsequently influencing cell behaviour are boundless, not 

least due to the potential to modify the sequence to selectively manipulate processes 

for the maintenance and study of mESC cultures.  
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1.3 Probing Mechanical Characteristics of E-cadherin 

The plethora of functions mediated by E-cadherin, and the complex response 

observed when testing targeting molecules, shows the importance of reviewing both 

biological and physical characteristics. This relies on use of complimentary 

techniques to probe the resulting response to selected culture conditions, and over 

time many approaches have been taken to attempt to fully understand the individual 

processes attributed to E-cadherin. Molecular biology-based techniques, such as that 

seen in section 1.1 whereby expression of the binding partners to the cytoplasmic 

tail of E-cadherin were systematically perturbed, demonstrate the powerful 

manipulation possible with methods such as the development of knockout cell lines 

and inhibition of cellular signalling. These methods are crucial to our understanding 

of E-cadherin processes and continue to provide an effective basis for teasing apart 

specific pathways such as the cadherin-catenin complexes96,97.  

There is ever-growing evidence of the biomechanical influence of cell adhesion 

proteins,  which are continually recognised for their ability to influence cell behaviour 

in response to both biological and mechanical cues98,99. Many previous studies use 

averaged ensemble measurements to probe protein mechanics, which can fail to 

elucidate the diverse interactions that may be associated with biological proteins100. 

This explains the need for sensitive force measurement techniques that are capable 

of probing individual interactions between molecules, helping to more accurately 

represent the complex underlying relationships that may be lost in ensemble 

measurements.  

There are now many exciting techniques available for force analysis experiments, 

with ongoing developments to adapt and improve these techniques for application 

with a wide range of biological targets. The procedure selected often depends on the 

force regime being observed, and the experimental factors considered when 

planning the work, such as time scale or sample environment101. Table 1.3 provides 

a brief comparison of several key characteristics of some common force analysis 

techniques, AFM, optical tweezers (OT), and bioforce probe (BFP), with particular 

focus on single molecule or single cell interaction analysis, such that they could be 

used to assess cadherin interactions. AFM has been widely applied for cadherin 
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interaction analysis, and is perhaps one of the most versatile techniques available, 

allowing testing of functionalised instrument cantilevers and sample surfaces as well 

as biological samples. This technique also boasts a relatively high maximum force 

around 104 pN, although it is not as capable at measuring smaller sub-pN forces and 

requires physical contact with the sample surface; however, a high spatial and force 

resolution allows for in-depth analysis of forces over a sensitive sample surface102. In 

contrast, OT allow for a more sensitive force measurement, down to around 0.1 pN, 

however this is traded with a lower maximum force value of around 100 pN103. A key 

difference for this technique when compared to AFM is that samples are required to 

be in suspension for force analysis, as OT rely on a highly focussed laser to ‘trap’ a 

particle of interest. This is ideal to supplement samples that the contact-based AFM 

technique would struggle to test, and demonstrates the need to carefully consider 

experimental conditions to select an appropriate method. The final technique 

mentioned, BFP, relies on micropipette manipulation of a single cell, and features the 

largest theoretical force range of the three instruments, with around 0.1 – 

1000 pN104. The system also allows for an adjustable loading rate on the sample to 

refine interaction conditions, and as such is an excellent technique employed for 

investigations of biological interfaces. However, many of these systems are hindered 

by an inferior spatial resolution when compared to AFM, are not commercially 

available, and at times report that the system is sensitive to error over longer 

experiments105.  

This brief comparison highlights the potential differences observed between the 

available techniques and demonstrates the need for careful consideration of 

experimental conditions to optimise the selected method. As the focus of this work 

is directed at the study of E-cadherin interactions and the effect of targeting peptide 

sequences on mESC cultures, value must be given to factors such as expected 

adhesion strength and sample preparation. As discussed in section 1.2.1, cadherin 

interactions demonstrate multiple discrete orientations that result in the observation 

of different adhesion forces, which are often reported in literature to be 

approximately 30 – 60 pN, with some experiments recording interactions reaching 

values around 150 pN106 which could potentially exceed the limit of force sensitivity 
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in OT (see Table 1.3). Further, the use of OT requires a sensitive set-up that is more 

susceptible to changes in experimental environments in comparison to techniques 

such as AFM, and although successful use of this technique has been seen in 

literature107,108, the capabilities are not as well suited to the focus of this work when 

compared to AFM.  

The AFM technique is one that has seen widespread use for the application of 

probing the mechanical properties of cadherin proteins, as the instrument has an 

impressive measurable force range, systems can be modified relatively easily to 

optimise the experimental environment, and the high spatial and force resolution 

allows for determination of discrete adhesion orientations and bond rupture 

lengths61,68,109. The BFP technique has also seen successful application for the study 

of cadherin characteristics, with the sensitive and yet wide force range providing a 

unique benefit for the analysis of biophysical properties. However, the complexity 

and limited commercial availability of this system could introduce an unnecessary 

complication for use with our work, and as such the AFM system provides a more 

suitable method for our work110,111. The following will therefore focus on the AFM 

system for probing E-cadherin mechanisms, specifically bond formation and rupture, 

although it is evident from this brief overview that these systems provide 

complimentary analysis to provide a more comprehensive understanding of 

interactions.   

 

Table 1.3: Brief overview of techniques used for adhesion analysis of biological samples. Each technique follows 
a different working principle, and some of the key advantages and limitations considered when reviewing each 
force analysis technique are displayed101,103,105. 



22 

AFM is one common technique implemented for the analysis of cadherin function, 

particularly relating to adhesive processes of the protein. Functionalisation of AFM 

samples with Ecad-Fc molecules has been used to obtain sensitive analysis of 

interaction events, and has allowed determination and understanding of discrete 

dimer formations of the extracellular domains. That work has been subsequently 

developed into the use of cell culture samples, providing information that could help 

deduce the method of cadherin interactions and subsequent functions that occur 

throughout the cell31,112. One clear example of this is the determination of slip, catch, 

and ideal bond mechanisms through various cadherin bond conformations, which 

was developed from initial discrepancy between theoretical and experimental 

understanding of interactions68. Once resolved, it became clear that the application 

of force to native cadherins alters the biophysical response of the protein, and can 

improve the stability of adhesion junctions via adaptation of bond type49.  

1.3.1 Atomic Force Microscopy (AFM) 

In 1986, Binnig et al.113 published their development of the atomic force microscope, 

a machine capable of investigating insulating surfaces on an atomic scale by use of a 

cantilever probe113. Some of the first experiments measuring the force of interaction 

between biomolecules using AFM assessed the interaction forces of complementary 

DNA strands, and the receptor-ligand binding of biotin and streptavidin114–116. For the 

latter, results suggested a range of binding forces were possible, which future work 

would prove using multiple techniques including AFM and bioforce probe (BFP) 

relates to the various binding conformations of the system117,118. Cadherin based 

experiments were quickly adopted due to their importance in biological processes, 

although some difficulties were faced due to the tendency of cadherin molecules to 

aggregate on cell surfaces, making it difficult to analyse in a natural environment. 

However, in 2000 Baumgartner et al.119 successfully observed the interactions of 

VE-cadherin-Fc molecules via AFM in a liquid environment by adsorbing them to a 

mica surface and recording the unbinding force119.  

Subsequent publications have tested many different cadherin proteins with AFM, 

often testing the binding of extracellular domains via adsorption to a hard surface, 

providing invaluable insight into the adhesion orientation and processes 
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underpinning cadherin function. This method provides a tuneable sample surface 

that can be simplified to isolate protein characteristics or interactions. However, it 

has not been until more recently that more physiologically relevant in vivo models 

have begun to develop, and the use of living cells has been more widely 

incorporated111,120. Such developments now allow for single-molecule force 

spectroscopy (SMFS) and single-cell force spectroscopy (SCFS) analysis, which 

provide naturally complimentary force analysis methods that focus on the adhesion 

profile of the isolated molecule of interest and the cell-wide mechanical response, 

respectively. Regarding cadherins specifically, this allows for the complex binding 

mechanisms exhibited by the extracellular domains to be analysed in-depth, while 

then considering the influence that the intracellular cytoplasmic tail may have on the 

resulting cell behaviour. The relationship observed between these conditions can 

then reveal regions that may be responsible for any changes observed, or 

contrastingly regions that appear not to influence the process in question109,121.  

1.3.2 Single Molecule Force Spectroscopy (SMFS) 

The application of SMFS has seen great success throughout previous literature, 

particularly when studying mechanically mediated biological systems. As alluded to 

in section 2.1 and discussed further by Yang et al., there are many publications 

highlighting unique analysis using SMFS122. Some of the first experiments measuring 

the force of interaction between biomolecules using AFM assessed the interaction 

forces of complementary DNA strands115, and the single molecule receptor-ligand 

binding of biotin and streptavidin116,123,124. Since then, studies have advanced SMFS 

techniques to optimise data acquisition and analysis of force spectroscopy, such as 

for extracellular proteins and cell adhesion molecules122. This of course includes 

cadherin proteins, as discussed in more detail in section 1.3.1. 

Based on the concept of force measurements, SMFS isolates interactions between a 

functionalised AFM probe and corresponding surface. This is achieved by contacting 

the sample surface normally with a functionalised probe at a set force, and 

measuring the cantilever deflection during a vertical contact/retraction cycle, thus 

producing force-distance (F-D) curves. This process is repeated multiple times on set 

x,y co-ordinates, such that the cantilever movement is isolated solely to the z-plane 
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for many contact measurements. The F-D curves are critical to the analysis of single 

molecule adhesions, as they record interaction forces between the functionalised 

probe and sample as a function of separation distance125. An example F-D curve 

showing adhesion can be seen in Figure 1.3.  

Analysis of biological materials via SMFS relies on a suitably functionalised sample 

and probe surface. There have been many approaches developed, tailored with 

relation to the biological molecule of interest and proposed characteristic to be 

assessed, with one key consideration being the substrate used126. Throughout 

literature it is evident that mica, silicon, and glass are amongst the substrate 

materials successfully used for SMFS experiments. Mica, perhaps the most common, 

is easily cleavable by use of adhesive tape, providing an easily accessible atomically 

flat surface layer. Similarly, silicon wafers can provide a smooth surface following a 

series of cleaning steps to remove contaminants from the sample surface, while 

boasting improved industry relevant material properties when compared to mica.  

The presence of an anatomically flat surface is crucial to allow attachment of small 

biological molecules for SMFS, as large surface artefacts could interfere with any 

measurement performed on the target of interest. Despite the greater roughness of 

Figure 1.3: A descriptive example F-D curve with an adhesion event. Additional diagrams along the trace 
represent the relative cantilever position with regards to the sample surface, with (A) representing the approach 
or retraction where the cantilever is free from interactions with the sample surface, (B) showing the loading of 
the cantilever due to contact with the surface to a controlled force maximum resulting in bending of the cantilever, 
and (C) showing an adhesive force between the cantilever and the surface as the probe is retracted resulting in 
an eventual rupture of the adhesion which can be analysed to determine the force of the bond formed. 
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glass surfaces, this material allows imaging of the sample via additional techniques 

using visible light, such as fluorescence microscopy. This is particularly beneficial 

when assessing cell samples, whereby the greater surface roughness is negligible 

compared to the cell target of interest 127,128. However, greater limitations can be 

observed when testing individual molecular interaction with shorter adhesive 

mechanisms for functionalising the sample surface, and as such glass is less common 

in high resolution AFM systems129.  

To allow testing of biomolecules via SMFS the AFM probe, and at times the sample 

surface, must be functionalised appropriately. This process is critical to enable single 

molecules to bind between the probe and sample during contact. Many methods 

have been applied for probe and surface functionalisation, relying on attachment via 

covalent, non-covalent, or non-specific interactions, depending on the use of 

chemisorption or physisorption; a brief overview can be seen in Table 1.4. Each 

Immobilisation 
Technique 

Key Characteristics Consideration/Limitations 

Non-specific 
adsorption122,130,131 

• Often uses gold or mica 
surfaces 

• Allows for a variety of 
functionalised surfaces 

• Established in literature 

• Potential for 
underestimation of 
unbinding forces which can 
skew the energy landscape)  

Non-covalent 
interactions116,122,123 

• Receptor-ligand binding 

• Biotin-Streptavidin (key in 
development of AFM 
SMFS) 

• Can be modified using His-
tags or Ni-NTA to 
modify/optimise binding 

 

• Relatively low pulling forces 
possible 

• Limited suitable 
biomolecules due to bond 
strength 

 

Covalent 
bonding122,132,133 

• Relatively high bond 
rupture (allows testing of 
stronger biomolecular 
bonds) 

• Can incorporate NHS 
coupling to bind lysine 
residues 

• Specificity of protein 
localisation to the surface 
can be hindered by native 
multiplicity of cysteine or 
lysine 

Table 1.4: Overview of functionalisation interactions that have been seen in AFM force analysis experiments. 
Key characteristics and limitations are highlighted with regards to their application for AFM studies.   
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method of adsorption presents unique advantages and disadvantages, although to 

achieve the strongest functionalisation covalent bonding is commonly applied, 

sometimes with non-covalent based ligand tags to further optimise the system122,134. 

It is paramount when preparing samples that the functionalisation method adopted 

provides adsorption that exhibits a greater integrity than the molecule adhesions 

being tested, as otherwise the system will record adsorbed molecules cleaving from 

the surface. The full diversity of adsorption techniques and methods are too 

numerous to be covered in this work, although the importance of selecting a suitable 

surface preparation method specific to the target of interest cannot be understated, 

especially when isolating a sensitive mechanical bond such as with membrane 

adhesion molecules.  

When conducting SMFS experiments it is vital to confirm the preparation and 

experimental processes result in samples that when contacted produce adhesions 

that are indeed due to single molecule interactions. Due to the delicate and dynamic 

nature of molecular bonds it is possible for a system to present misleading data if not 

properly validated, for example if multiple adhesions are reported within a single F-D 

curve. The most common approach to ensure analysis of single bonds is to refer to 

the adhesion probability as outlined by Poisson based statistical analysis135.  

Poisson based approximations of the expected frequency of adhesion events help to 

determine the accuracy and reliability of a system, focussing on the probability that 

a probe-surface contact will result in an adhesion event, and subsequently if that is a 

single or multiple event106,136,137. According to this approach specific single molecule 

adhesion events should be rare and ideally occur with between 10-20% frequency, 

resulting in an accuracy of ≥90%138. It is therefore common, and indeed often 

necessary, to obtain a multitude of F-D curves for each sample such that a 

representative frequency of events can be determined. Alternative approaches can 

also been seen in literature to compliment the use of statistical approximations, such 

as the filtering out of multiple bonds during analysis or the consideration of known 

mechanical characteristics such as ligand length and rupture forces of bound 

molecules to eliminate irrelevant or misleading data139.  
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The use of SMFS is often accompanied by dynamic force spectroscopy (DFS) (see 

section 2.1.2) to further test the mechanical profile of the measured interactions. 

Although the inclusion of DFS is not necessary for the work in this thesis (as outlined 

in chapter 3), the following section provides a brief introduction to DFS to outline the 

importance of this approach.  
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1.4 Project Aims 

The ability to understand and manipulate mESC cell function is of great interest due 

to the impressive potential in areas including but not limited to disease modelling, 

therapeutic development, and continuous cell culture. As discussed throughout this 

chapter, the prevalence of E-cadherin in both physical and biological mESC functions 

cannot be understated, and as such the targeting of E-cadherin to influence cell 

behaviour has already shown promise, as seen in the ability to culture mESCs in 

bioreactors by abrogating E-cadherin adhesions. However, in this context the 

mechanisms underpinning E-cadherin function, and the interaction and influence of 

novel targeting peptides requires further understanding. The work in this thesis 

aimed to develop an AFM based approach capable of detecting and investigating the 

interaction of cadherin targeting peptides. By specifically investigating the effects of 

the Epep and EpepW2R peptides, it was hoped that this approach would provide new 

insight into the mechanical response of E-cadherin proteins, and subsequently our 

ability to screen peptide sequences using this approach.  

Following an introduction to the key experimental approaches in Chapter 2, Chapter 

3 outlines the key initial step of this project, namely the development of an AFM 

system tailored to isolate E-cadherin adhesions; a system that is capable of 

measuring the frequency of binding events and the unbinding forces of single 

molecule interactions. The chapter details the validation and optimisation of the 

system using sample surfaces functionalised with the extracellular domains of 

E-cadherin, similar to that seen in previously developed SMFS systems from 

literature, and key E-cadherin molecular characteristics, to determine the efficacy of 

the AFM system presented. Here, the objective is to demonstrate the ability to isolate 

single molecule E-cadherin adhesions using functionalised Si surfaces, providing the 

basis for continued work in the subsequent chapters. 

Chapter 4 details the subsequent development of this system as a format to allow 

the investigation of E-cadherin targeting peptides. Specifically, the peptides Epep and 

EpepW2R are applied to the functionalised samples, and the impact on the frequency 

and force of the observed E-cadherin adhesions assessed. The ability of the system 

to allow the sequential addition of different buffers, including peptide treatment, is 
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also explored, as it was hoped that this could provide a simple and diverse approach 

for peptide screening in the future. This chapter also outlines the key step of 

demonstrating the feasibility of using mESC cultures within the AFM setup, to achieve 

a more biologically relevant assay, in comparison to using functionalised samples. 

This chapter probes the hypothesis that the SMFS AFM system developed in chapter 

3 can be used to probe different peptides added sequentially to a functionalised 

sample via measurement of E-cadherin inhibition, with the overarching possibility to 

modify this system to allow for use on a wide range of biological targets.  

Finally, in Chapter 5, the use of biological assays to further enhance our 

understanding of the influence of Epep and EpepW2R peptides on mESC cultures are 

explored, using advanced analytical techniques to monitor key cell characteristics 

such as cell proliferation and protein expression. This work develops from that of 

Segal and Ward (2017) by probing the response of ESC proteins associated with 

E-cadherin function, such as syndecans, with the potential to elucidate peptide 

functions and the processes mediating their interaction with mES cell cultures. This 

chapter provides a complimentary biological analysis to the mechanical focus of 

chapter 3 and chapter 4, and is crucial when considering the capacity for these 

peptides to be used to influence cell behaviour in future research. 

In summation, the work in this thesis aimed to develop a unique approach for the 

investigation of E-cadherin targeting peptides using AFM, testing the hypothesis that 

a functionalised SMFS AFM can be used for peptide screening that is relatively fast 

(owing to the ability to test sequential buffers on the same sample) and low volume 

(due to the minimal contact area of the AFM), while providing high sensitivity and 

resolution force data of biomolecular interactions. It was hoped that by using the 

Epep and EpepW2R targeting peptides the approach could also further our 

understanding of E-cadherin mediated mechanisms and responses in mESCs. This 

represents the combination of several interesting research areas currently seen in 

literature, whereby the biological and physical response of cellular proteins 

(E-cadherin in this case) is studied with consideration to novel targeting peptides that 

may be exploitable in fields such as the development of therapeutics or advancing 

standard culture approaches. 
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Chapter 2 - Discussion of Instruments and Techniques 

This chapter provides a general overview of some of the key methods adopted for 

the work in this thesis. Specific materials and methods used in this work will be 

discussed in the relevant experimental chapter, and instead here the basic principles 

and knowledge underpinning the use of these techniques will be presented. Specific 

focus will be given to AFM, and in particular single molecule force analysis, and also 

optical based imaging techniques, as these provide the basis for the experiments 

presented in later chapters. 
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2.1 Atomic Force Microscopy (AFM) 

Since its conception by Binnig et al. in 1986113, AFM has been rapidly adopted as a 

critical technique for high resolution single molecule analysis. Originally adapted 

from scanning tunnelling microscopy (STM) to aid in the visualisation of ultrasmall 

forces down to the atomic scale and to overcome the limitation of STM to image 

non-conductive surfaces, the AFM technique soon saw widespread use in the study 

of many materials, including biological samples, as can be seen in reviews102,140,141. 

Therefore, it is no surprise that the application of AFM has provided many significant 

contributions to a multitude of research fields.  

Despite the numerous additional techniques capable of providing insight into single 

molecule interactions, such as optical tweezers, magnetic tweezers, or biomembrane 

force probe, AFM benefits from its ability to test samples that can be functionalised 

with an ever-increasing range of biological targets with high spatial x,y resolution. 

Furthermore, AFM allows sample assessment in both liquid and gas environments 

with minimal instrument changes required, with an ideal force range for assessing 

biological adhesions due to the sensitivity of the instrument140,142,143.  

The importance of probing adhesion proteins at a single molecule level has been 

highlighted by ongoing research. For example, Marshall et al. 144 report on the 

identification of both catch and slip bond behaviour in P-selectin adhesion, a 

characteristic that otherwise would not have been accessed by averaged 

measurements obtained from ensemble binding analysis. Following this, Rakshit 

et al.68 demonstrated the presence of catch bonds in the intercellular adhesion 

proteins, cadherins. As recently summarised by Leckband100, the ability to probe 

single molecule events has not only provided novel insight into many proteins and 

their associated biological function, but subsequently transformed the way in 

biomedical research and technology can be developed.  

2.1.1 Working Principles of AFM 

The basic principle of AFM relies on the use of an extremely sharp nanometre-scale 

silicon or silicon nitride probe attached to a cantilever (radius ca. 1 nm). In most 

imaging modes the probe is used to contact the surface, measuring 
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distance-dependent interaction forces as the probe and sample interact. To record 

fluctuations in the probe-sample interaction a laser, incident on the back of the 

cantilever surface, translates physical movement of the cantilever as the probe 

moves over a surface into electrical signals via positional photodetectors. Calibration 

is required to determine the position sensitivity of the photodetector when 

measuring laser displacement, known often as the deflection inverse optical lever 

sensitivity (DeflInvOLS). This value allows for the change in voltage recorded by the 

photodetector to be converted into a distance moved by the cantilever. To calibrate 

this parameter, the probe is typically impacted on a hard surface such as a glass slide 

and the relative forces during the contact are recorded and displaying on a 

force-distance (F-D) curve. Due to the contact with a hard surface, the F-D curve 

produced often presents a linear contact region, with the DeflInvOLS value calculated 

from this. A schematic representing a typical AFM system is shown in Figure 2.1.  

The data provided in the F-D curves can be used to determine an accurate force 

measurement by application of Hooke’s law, which allows the cantilever movement 

distance to be related to the force causing that movement. Represented in Figure 

2.1, the system presents such that the cantilever acts as a Hookean spring with spring 

constant, k, and the single z-axis displacement defines the displacement value, x, with 

this relationship shown in Eq. 1. The spring constant value is often found via an 

in-built thermal fluctuation method whereby a thermal power spectral density (PSD) 

is recorded to determine the resonant frequency of the cantilever in a liquid 

environment in a state of equilibrium; i.e. fluctuating in response to thermal noise145–

147. Eq. 1 can then be applied to provide the recorded force, F, throughout the contact 

shown by the F-D curve, including that of any adhesion that occurs. A detailed 

example of the analysis performed in this work is discussed later in chapter 3. 

  𝐹 =  −𝑘 × 𝑥 Eq. 1 
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The spring constant of the cantilever is represented by the value, k (unit: N·m-1), and 

its displacement by the value, x (unit: m). F (unit: N) therefore represents the force 

required to displace the cantilever of spring constant k by a value of x. 

Many AFM imaging modes have been developed, making minor but crucial changes 

to the basic working principle. Perhaps the most common, contact mode, functions 

with the probe making constant contact with the sample as it measures in the 

x,y plane across its surface, providing a continuous feedback relating to the surface 

topography. However, this mode is often unsuitable for biological samples due to the 

potential damage caused by lateral ‘dragging’ forces imparted by the probe during 

imaging148. Furthermore, the lateral component of this mode prevents effective use 

for assessment of single molecule adhesions, as the presence of these forces can not 

only damage the sample, but also alter the binding mechanics of the adhesive 

targets149. This is characteristic of imaging experiments using contact mode methods, 

with approaches such as tapping mode and peak force imaging used to help 

overcome these issues. However, our work does not use AFM imaging and instead 

focuses on probing single molecule adhesions. Therefore, to effectively achieve this 

Figure 2.1: Schematic of the working principle of a typical AFM system. The laser incident on the cantilever is 
used to measure bending of the cantilever which results in a shift of the position of the reflected laser beam on 
the position sensitive photo detector. Any fluctuations in signal recorded by the photo detector can then be 
converted into a force value by use of Hooke's law (see Eq. 1). 
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objective, alternative modes have been developed. Of most relevance to this work is 

the development of the single molecule force spectroscopy (SMFS) method, which is 

a prime example of an analysis method used for extracting the behaviour of single 

molecule interactions. 

2.1.2 Dynamic Force Spectroscopy (DFS) 

When considering SMFS, the introduction of DFS is often considered in parallel, and 

indeed follows a very similar experimental method to probe molecular adhesion. Due 

to the stochastic nature of protein folding/unfolding there are many influencing 

factors that may be considered when studying adhesion forces, and subsequently the 

initial concept of DFS was born from development of Kramers’ work relating to the 

consideration of Brownian motion and kinetic characteristics of molecular 

bonds150,151.  

DFS is a method of studying the unbinding energy landscape of receptor-ligand 

adhesion processes by testing multiple loading rates on the sample 114. The loading 

rate corresponds to the force applied to the bond by the system, and relatively soon 

after the introduction of SMFS it was recognised that the strength of mechanical 

bonds existed as a spectrum that was dependent on this loading rate, and that this 

characteristic could be probed by AFM experiments118,152. This leads to the simplified 

concept that the SMFS principle provides a fixed representation of the bond 

mechanics with information on the frequency of specific interactions, with DFS 

providing a more complete understanding of how the energy landscape of the 

adhesion/rupture, and perhaps even the folded structure of the complex, may shift 

under load. It is therefore clear why these approaches are often seen as 

complimentary when studying receptor-ligand interactions, and many publications 

use these methods to elucidate the mechanics of interactions such as 

streptavidin-biotin118,124, RNA dissociation153,154, and cadherin bonds119,133, with 

more comprehensive reviews available elsewhere126,155,156.  

2.1.3 The MFP-3D-SA AFM 

The 3D molecular force probe (MFP) stand alone (MFP-3D-SA) was the instrument 

used throughout the AFM work conducted in this thesis, with a schematic of the 

scanning head shown in Figure 2.2. This instrument was developed to allow 
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multi-purpose analysis, even for opaque samples (such as silicon wafers), and has a 

reduced sensitivity to vibrational noise when compared to some alternate systems 

such as the MFP-3D-Bio, potentially allowing for more sensitive force 

measurements147. The instrument is capable of testing in both air and liquid 

environments, with the latter a key characteristic to allow for a suitable environment 

for biological molecules and cell monolayers. Alongside the instrument there is the 

analysis software (Igor Pro, Wavemetrics) capable of displaying and assessing F-D 

curves. The ability to use a range of functionalised samples in a liquid environment 

with suitable force sensitive F-D curve acquisition was ideal for working with cadherin 

molecules, both functionalised to sample surfaces and natively expressed in cell 

monolayers, and was therefore suited to the work presented throughout this thesis.  

 

Figure 2.2: Annotated figure of the AFM scanning head. Schematic of the inner workings of the AFM scanner 
head for an MFP-3D-SA instrument, as seen in the associated user manual147. 
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2.2 A Brief Introduction to Optical Techniques and Principles 

The use of optical techniques in research has been a crucial implement throughout 

several decades, and ongoing development has resulted in a diverse range of 

approaches. The basis of these techniques relies on the use of electro-magnetic (E-M) 

radiation irradiating and interacting with electrons within a sample.  For example, 

certain molecules will absorb specific wavelengths relating to the environment of 

their electrons, transitioning from a ground state to an excited state (as shown in 

Figure 2.3). Due to the specific energy gaps required for electron excitation, a 

characteristic absorption spectrum is produced by the sample, providing information 

on specific characteristics such as the molecular structure of the sample. As the 

absorption of incident radiation is dependent on the energy required to excite 

electrons to higher energy states, the subsequent emission wavelength is also 

dependent on this energy value. Excited electrons (at level E1 or E2 in Figure 2.3) 

eventually fall back to their ground state energy level, E0. As this occurs, the 

appropriate portion of the absorbed energy is emitted as fluorescence of a defined 

wavelength. Similar to the absorption profile measured during excitation, the release 

of E-M radiation during de-excitation results in a measurable emission profile. It is 

this principle of absorption and emission that underpins many optical techniques.  

For routine measurements of peptide sequences, many turn to spectroscopic 

techniques such as ultraviolet (UV) absorbance and fluorescence emission 

spectroscopy. These techniques can be employed to extract information on peptide 

structure when taking advantage of well-developed peptide characteristics, such as 

common absorbance/emission wavelengths157,158. When reviewing an amino acid 

sequence in this manner, it is well understood that the observed UV absorption is 

primarily due to three sources: 1) the peptide backbone/peptide bond, 2) aromatic 

amino acids, 3) prosthetic groups and metal ion binding157,159. Of these sources, 

absorption recorded from peptide bonds is often the strongest, and appears in the 

far-UV wavelength range of 180 – 220 nm, with a maximum around 190 nm. 

Absorption by the aromatic amino acids tryptophan (W), tyrosine (Y), and 

phenylalanine (F), is present around wavelengths of 230 – 300 nm, with a possible 

weak contribution from disulphide bonds159–161. This absorption and subsequent 
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emission of EM-radiation only occurs in certain functional groups, and as such helps 

researchers to isolate optical responses such as changes to the absorption spectrum 

of a peptide sample, and attribute these to a change to peptide structure or 

function162. These approaches are well established in research, and a detailed review 

of these and other similar techniques is presented by Da Silva et al.163. However, the 

following will focus primarily on the techniques and analysis relevant to the more 

advanced optical approaches used in later chapters, with more biologically aligned 

applications such as cellular imaging.  

2.2.1 Fluorescence in Cell Biology Assays 

Many techniques are available for imaging of features and processes of interest in 

cellular biology. Of these, optical imaging methods are especially responsible for 

revolutionising research, with ongoing developments continuously overcoming 

previous barriers, allowing us to acquire more information than ever before, see Cox 

(2012) for more detail164. Fluorescence microscopy has a wide variety of applications, 

and is the basis of many imaging techniques including confocal fluorescence 

microscopy, super-resolution fluorescence microscopy, and light sheet microscopy, 

among many others165. Previous research has shown effective application of 

fluorescence microscopy to measure cell movement166, biomarker location167, and 

cell interactions 165,168.  

Fluorescent labelling of targeting molecules provides the basis on which optical 

imaging builds its success. Often, antibodies are tagged with a fluorescent probe that 

Figure 2.3: Schematic showing the process of electron transition following absorption and subsequent emission 
of E-M radiation. E-M radiation of specific wavelength(s) irradiates the target sample. Electrons at rest in the 
sample, E0, are excited by specific radiation energies that allow transition to higher energy states, such as E1 or 
E2. This is observed as absorption and is the basis measurement of techniques such as UV-Vis spectrophotometry. 
Over time the electron will return to the lower energy state, emitting radiation as it does so, thus giving the 
fluorescence wavelength observed by techniques such as fluorescence microscopy. 
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can be excited with distinct laser irradiation, providing a unique emission profile. 

Similar to the process shown in Figure 2.3, the fluorophores can be excited by a 

suitable radiation wavelength, and sensors can then selectively record the emission 

fluorescence of the target. However, unlike with basic fluorometry, the location of 

the signal from the sample is also recorded alongside the signal intensity, to allow for 

a spatial analysis of the emission. This is the basic process by which a fluorescence 

sample image is produced. 

Gao et al. provide an informative review of biological imaging and computational 

processing methods for cellular applications169, with this chapter focussing on 

techniques related to the work presented within this thesis. Therefore, a brief 

overview of confocal microscopy, flow cytometry, and operetta high-content imaging 

will be discussed. 

2.2.1.1 Confocal Microscopy 

The basis of a confocal microscope relies on the ability to focus laser light illuminated 

on a sample into a small focal plane, reducing the signal received from out of focus 

sample layers, and maximising the signal received from the imaged layer. This is 

achieved by use of a small pinhole type aperture to focus the beam. The system then 

allows for movement to re-focus the beam onto a new sample layer, thus imaging 

multiple ‘slices’ of the sample that can be collated to produce a more high quality 3D 

image170. As stated in section 2.2, the use of fluorophores allows excitation of specific 

targets within the sample, highlighting not only the presence of a target but its 

position in the x, y, and z-plane171.  

The ability to remove out of focus signal when imaging the sample is a key benefit of 

this technique, and allows for a more quantitative analysis of the images produced 

due to drastically reduced interference172. Most samples are prepared with multiple 

fluorescent targets to image different biological markers. This requires fluorophores 

of differing excitation and emission wavelengths, alongside excitation lasers of 

specific wavelengths to prevent spectral overlap between the targets. Furthermore, 

there is a biological requirement that the antibody or molecule used to target the 

proteins of interest are sourced from different host species to prevent 

cross-reactivity171,173. These aspects of confocal microscopy can incur a high initial 
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cost, as developing a panel of fluorescent antibodies that can be used simultaneously 

also requires suitable excitation lasers and emission detectors. Careful preparation 

of samples is also required to minimise non-specific off-target binding of the 

antibody, or background staining of the sample. However, as evidenced by the 

technique’s popularity, these factors are not enough to deter users from the 

undeniable benefits of confocal microscopy.  

2.2.1.2 High content imaging: Operetta 

High-content imaging is a method that is commonly applied in drug discovery 

research, and is a technique that uses automated fluorescence microscopy to allow 

plate based imaging and assessment of cell samples174. As with many optical 

techniques, these methods rely on the principle of fluorescence microscopy, 

incorporating optimised equipment and software to overcome some of the initial 

limitations outlined previously.  

One such example is the PerkinElmer® Operetta® high-content imaging system. This 

instrument automates image acquisition, and provides in-built analysis to allow for 

quantifiable, and therefore statistical, assessment of the images. The ability to 

automate sample analysis allows for a reduction in both the user input time, and 

potential bias that may occur if manually selecting imaging regions. Furthermore, the 

operating software for the instrument allows for many imaging fields to be selected 

within the sample, and a number of imaging plates to be used175. Therefore, with the 

ability to image 96-well, 384-well, or even 1536-well plates, this system far exceeds 

the data output possible with manual fluorescence microscopy176. The operetta 

instrument allows for analysis of many cell features such as morphology, roundness, 

and proliferation (by recording average cell number). The supplied Harmony 

software contains many analysis tools, including the ability to initiate machine 

learning of cell populations based on numerous cell parameters, and highlight 

prominent factors of variation between multiple samples. The combination of 

refined imaging equipment and advanced operating software demonstrates the 

capability for fluorescence microscopy to be tailored to suit specific research needs; 

and the operetta instrument is an impressive example of high-content imaging. Use 
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of this technique is seen in Chapter 5 of this thesis, whereby fluorescently labelled 

cell samples were assessed using qualitative and quantitative analysis.  

2.2.1.3 Flow Cytometry 

Flow cytometry instruments use advanced techniques to investigate biochemical, 

biophysical, and marker expression characteristics of cell samples. As with all 

techniques discussed in section 2.2, fluorescence microscopy is a key function of 

these instruments. However, flow cytometers combine fluorescence analysis with 

the measurement of light scattering from the sample, also providing forward scatter 

(FS) and side scatter (SS) components. FS records the scattering of visible light in the 

forward direction and can provide indication of the relative size of the analyte. SS is 

recorded at 90o to the incident light and relates to the internal complexity (or 

granularity) of the cell, effected by components such as granules or nuclei177,178.  

The system flows a single cell suspension through the path of laser light of suitable 

wavelength to excite the sample, and records the emission alongside FS and SS to 

investigate the cell sample. As discussed previously, the recorded emission depends 

upon the fluorescent targets used, with multiple wavelengths available for 

co-staining of cell markers. Due to the increase in available reagents for such analysis 

the potential targets and parameters that can be assessed has improved 

dramatically, highlighting the capability and popularity of this technique for detailed 

analysis of cell samples178. Typically, use of this approach provides insight into the 

positive or negative expression of markers of interest for individual cells, which are 

collated to give a global sample response. Subsequently, graphs showing the 

distribution of cell expression can be plotted, even showing comparative expression 

of two different fluorophores, similar to those shown in Figure 2.4A and Figure 2.4B. 

These graphs show a histogram representation of fluorescence intensity for a 

selected marker against a negative control sample, and a density plot showing 

comparative expression of two markers within a sample population, respectively. 
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Of course, as with any technique there are some considerations that can hinder the 

application of flow cytometry, not least of which are the associated costs. The initial 

cost of acquiring a suitable flow cytometer can be very substantial, especially when 

considering the expertise often required to operate and maintain the instrument, 

and the fluorescent probes that must be obtained for each experiment179. However, 

the precision analysis offered by this technique explains the ongoing interest and 

prevalence in current research, and preliminary analysis using this technique is 

shown in Appendix 1. 

Figure 2.4: Example graphs showing common graph types obtained from FC analysis: A) a histogram plot of 
fluorescence data, and B) an intensity plot showing the comparison of two fluorescence markers within a sample 
population. 
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Chapter 3 - AFM-Based Single Molecule Analysis of E-cadherin 

EC Domain Interactions 

As discussed in chapter 1, the ability to probe single molecule interactions of 

biological proteins is one key area of research to which AFM is applied, commonly 

referred to as single molecule force spectroscopy (SMFS). This approach was 

developed from the initial concept of AFM113, and has notable success in observing 

and understanding individual protein adhesion mechanics180. This chapter outlines 

the key initial stage of this project, namely the establishment of an AFM based 

approach capable of measuring specific molecular interactions between E-cadherin 

molecules. 
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3.1 Introduction 

AFM has been used extensively to successfully probe a number of biological binding 

events, allowing for sensitive analysis at the single molecule binding level on a range 

of functionalised surfaces and biological samples 110,181–183. Therefore, it was evident 

from previous research that this technique can be applied effectively to probe 

binding of cadherin molecules, with many members of the cadherin superfamily 

already investigated119,184. E-cadherin is perhaps the most studied member of the 

cadherin superfamily. However, despite the plethora of research, key mechanics and 

characteristics are still the subject of many ongoing investigations, highlighting the 

need for further research into E-cadherin185,186. Furthermore, the ability to use AFM 

to screen potential cadherin interacting peptides has not yet been realised in 

literature. Often techniques such as surface plasmon resonance (SPR) are used to 

assess molecular binding and affinity. However, this approach focusses on ensemble 

analysis of interactions over the sample surface, meaning the use of AFM can provide 

an adaptable single molecule-based alternative. The use of AFM therefore allows for 

experiments that more closely correspond to native biological and mechanical 

environments on a single molecule level, providing crucial information on sample 

interactions under controlled force; and the commercial availability of this approach 

means application and development is much simpler in comparison to techniques 

such as BFP.  

The aim of this chapter was therefore to develop and test a robust single molecule 

E-cadherin binding system using AFM such as that shown in Figure 3.1, isolating 

specific E-cadherin adhesions and comparing the obtained measurements to known 

mechanical characteristics observed in literature to measure interactions. Figure 3.1 

provides a simplified representation of the experimental aim of this chapter, namely 

the presence of a functional E-cadherin binding system capable of isolating single 

molecular interaction in different buffer environments. Although the figure shows 

extracellular E-cadherin domains directly connected to the Si wafer and vertically 

presented from the sample surface, it is important to note that this does not 

accurately recreate the known molecular conformation of E-cadherin. Therefore, this 

representation should be viewed with consideration to the information provided in 
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chapter 1 detailing the biological conformation of cadherin proteins, and the 

subsequent binding interactions that have been observed in literature.  

This chapter details the development of the sample preparation process and provides 

an explanation of the experimental and analytical techniques underpinning our AFM-

based experiments. This system provided the initial basis for future peptide 

investigation experiments presented later in this thesis. 

Figure 3.1: Representative schematic of a functionalised AFM system. Schematic showing a representation of an 
AFM probe and Si wafer surface functionalised with the extracellular domain of a cadherin protein, in a Ca2+ rich 
environment. The blue disks represent Ca2+ ions, corresponding to the calcium dependency of E-cadherin 
adhesion, with this system shown in a calcium saturated state. This diagram represents the experimental aim of 
this chapter, as this work shows the development of a system that can measure specific single molecule E-cadherin 
interactions.  
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3.2 Materials and Methods 

3.2.1 Structure of the Ecad-Fc Chimeric Protein 

The preparation of our samples for SMFS AFM required a suitable protein construct 

to be functionalised to the surface of the cantilever probe and wafer. To achieve this 

we used an E-cadherin/Fc chimeric recombinant protein (represented by Figure 3.2) 

expressed in mouse myeloma NS0 cells, labelled from here as Ecad-Fc (E2153, Sigma-

Aldrich, USA). This product is formed from the extracellular domain of mouse 

E-cadherin (amino acids 1- 709) fused via a polypeptide linker to a human IgG1 Fc 

region, that in turn is 6x histidine tagged at the C-terminus187.  

The Ecad-Fc sequence can be immobilised to the sample surface using 

N-Hydroxysuccinimide (NHS) ester chemistry. This process is mediated primarily by 

lysine (K) amino acid residues present within the protein, and as such the Ecad-

Fc-amino acid sequence was assessed via the Uniprot database for the presence and 

local density of lysine. From this it can be seen that the human IgG Fc region contains 

a greater lysine density than the EC E-cadherin domains, with 28 of the 330 residues 

being lysine in the IgG1 domain (≈8.5%), and 30 out of the 709 in the E-cadherin EC 

domains (≈4.2%). This indicates the orientation of Ecad-Fc molecules on the 

functionalised surface is suited to allow cadherin-cadherin interaction, as the Fc 

region is likely to adhere to the surface allowing the E-cadherin EC domains to be free 

for binding. This was further validated throughout the work in this thesis by use of a 

targeting functional inhibitory antibody to the E-cadherin EC domain, used with both 

the Ecad-Fc protein and natively expressed E-cadherin on the surface of mESCs.  

Figure 3.2: Schematic representing the extracellular cadherin fragment used for surface functionalisation. 
Structure representing the E-cad-Fc molecule used for sample functionalisation. This comprises of the 5 EC 
domains of E-cadherin bound to a human IgG1 Fc domain. Amino acid sequence analysis via Uniprot highlights a 
greater fraction of lysine residues in the Fc region when compared to the EC domains, thus indicating adsorption 
to the surface will be via this region (see section 3.2.2 for further details).  
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The use of protein fragments for surface functionalisation is common in binding 

analysis, as discussed previously in this thesis (see chapter 1). Therefore, although 

the Ecad-Fc molecule does not possess the transmembrane region or cytoplasmic tail 

of the E-cadherin protein, it has been shown in literature that the EC domains are still 

capable of forming cadherin-cadherin adhesions188.  

3.2.2 Sample Preparation 

The process selected to prepare our samples follows common functionalisation 

procedure for similar materials189,190, and develops primarily from previous work 

conducted in our group133.  

To help remove any debris or organic matter present on the sample, this process was 

initiated by cleaning silicon (Si) wafers (University Wafer, USA) and AFM cantilevers 

(MLCT, Bruker, USA) via a series of washes in acetone and ethanol, with the samples 

dried using nitrogen gas between each wash. Following this, the wafers and probes 

were irradiated with UV light (Bioforce Nanosciences, USA) for 2 h to further clean 

the sample, and condition the surfaces with hydroxyl groups, as required for the 

functionalisation process191. As can be seen in Figure 3.3, the processes involved in 

surface functionalisation can be viewed in several key steps. Step 1: immediately 

following UV cleaning, which subsequently populates the surface with hydroxyl (OH) 

groups, the samples and probes were placed into an argon filled desiccator for 48 h 

alongside containers of 15 µL of triethylamine and 40 µL of 3-mercaptopropyl 

trimethoxysilane (MPTMS) (Sigma-Aldrich, USA). MPTMS reacts with the hydroxyl 

groups present on the sample surface, resulting in the addition of thiol group 

functionality. The drying agent, Drierite (Fisher Scientific, USA), was also placed in the 

desiccator to remove water molecules from the air environment which may interfere 

with the reaction. This process is known as vapour silanisation190. Step 2: Again, the 

samples were washed sequentially in acetone and ethanol, before being placed in 

N-α-maleimidoacet-oxysuccinimide ester (AMAS) (ThermoFisher Scientific, USA) 

dissolved in dimethyl sulphoxide (DMSO) (VWR International, USA) at a 

concentration of 1.25 mg·ml-1 for 3 h at room temperature. AMAS is an 

amine-to-sulphhydryl (or amine-to-thiol) cross-linking agent containing NHS-ester 

and maleimide reactive groups, attached via a short spacer arm. This results in the 
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thiol reactive fraction of AMAS binding to the sample surface, leaving the amine 

reactive NHS group free to complete the functionalisation. Step 4: The samples were 

placed in a 10 µg·ml-1 solution of Ecad-Fc in phosphate buffered saline (PBS) at 4oC 

for a minimum of 12 h. During this step the amine groups present in the lysine 

residues of the Fc region bind to the NHS-ester species from the AMAS cross-linker 

on the sample surface, completing the functionalisation process.  

The above method produced AFM cantilevers and Si wafers functionalised with the 

extracellular domain of the cadherin protein of interest, with a schematic 

representing the experimental set-up with the functionalised surfaces shown in 

Figure 3.1. This process was repeated prior to each AFM experiment, minimising any 

inconsistencies that may arise due the impact of possible time-related factors, such 

as sample degradation.  
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Figure 3.3: Overview of the sample preparation process used to functionalise Si wafers and AFM cantilevers 
with extracellular Ecad-Fc chimeric protein fragment. 1) Addition of MPTMS by vapour silanisation. The silane 
group interacts with hydroxyl groups on the sample surface. Condensation of the MPTMS could also occur 
between adjacent surface bound siloxanes (not shown).  2) The cross-linker AMAS binds to the thiol present in 
the bound MPTMS molecules. 3) The amine groups present in the lysine residues in the Fc region of E-cad-Fc 
molecules binds to the NHS-ester group of the AMAS cross-linker, completing the surface functionalisation. 
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3.2.3 AFM Buffers 

To ensure the set-up used for testing cadherin binding demonstrated signature 

biological characteristics, such as a calcium dependent adhesion, a range of buffers 

were prepared. A calcium or ethylene glycol-bis(β-aminoethyl ether)-

N,N,N′,N′-tetraacetic acid (EGTA) containing buffer was prepared by adding either 

calcium chloride (CaCl2) (Sigma-Aldrich, USA) or EGTA (Sigma-Aldrich, USA) at a 

concentration of 5 mM to a HEPES based buffer containing 150 mM sodium chloride 

(NaCl) (Sigma-Aldrich, USA) (see Table 3.1). All buffers were prepared using ultrapure 

water (resistivity 18.2 MΩ·cm) and were sterile filtered using a 0.45 µm syringe filter. 

Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were used to achieve pH 7.4 

for each buffer, in line with the most common pH of cell culture environments192. 

Cadherin binding is a calcium dependent process, and as such the calcium containing 

buffer promotes cadherin binding, whereas the addition of a chelating agent such as 

the EGTA buffer inhibits adhesion of the system193,194.  

3.2.4 Experimental Procedure 

An Asylum Research 3D molecular force probe instrument (MFP-3D-SA) was used for 

all AFM-based experiments. The instrument was situated on an electronic 

self-levelling table to help reduce noise during experiments. For all data collection 

and analysis MFP-3D software version 6.3.7.2 was used (Asylum Research).  

Before acquiring data, prepared Si wafers and AFM cantilevers (discussed in section 

3.2.1) were secured for use on the AFM instrument. This consisted of carefully placing 

Table 3.1: Details of buffer components and their required concentrations when creating EGTA and Ca2+ buffers. 
The buffers were selected to inhibit or promote E-cadherin binding respectively due to the calcium dependence of 
cadherin adhesion, with concentrations relating to that of solutions commonly used during culture of E-cadherin 
expressing cells. All buffers were filtered using a 0.45µm syringe filter prior to use in experiments to minimise 
contaminants. 
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the cantilevers in the holder provided for the AFM head, and securing Si wafers onto 

a glass slide placed beneath the AFM head. As all experiments were conducted in 

liquid environment, 100 µL of the required buffer was added to the centre of the 

wafer and the probe was lowered such that it was submerged in the liquid. Initial 

calibration of the AFM instrument was performed by manually aligning the AFM laser 

on the functionalised cantilever, ensuring that the recorded voltage output on the 

photodetector was maximised.  

Once the samples were in place several washes were performed using 5mM Ca2+ and 

5mM EGTA buffers to remove any unbound protein from the sample surface. Prior 

to performing research in each buffer, the sample was washed using the same buffer 

to help remove any remnants of previous environments. Once the relevant testing 

buffer was added to the sample, the system was left for 30 minutes to allow the 

temperature to equilibrate before obtaining data to minimise drift during testing195.  

As this work focuses on the research of probe-sample adhesion in the presence of 

multiple buffer environments, force distance (F-D) data was acquired using the 

MFP-3D AFM for single molecule force spectroscopy, whereby the deflection of the 

cantilever is monitored as it is brought into and out of contact with the sample 

surface, and the corresponding force calculated. This method allows us to observe 

any adhesion events between the functionalised probe and sample. To ensure 

sufficient data for analysis of single molecule binding events, a minimum of 500 F-D 

curves were recorded for each buffer condition. A single probe approach/retraction 

speed (1µm·s-1) was employed to allow for comparison between all data sets.  

Due to the potential damage caused to the probe when calibrating the system, this 

process was completed once the experiment was finished. Calibration was 

performed by finding the deflection inverse optical lever sensitivity (DeflInvOLS) of 

the system and spring constant of the cantilever to allow for the measured 

displacement of the cantilever to be calculated as a force, as detailed in section 2.1.1. 

3.2.5 Data Analysis 

The data obtained from the MFP-3D were analysed using Asylum Research software 

version 6.3.7.2. F-D curves were selected to display the deflection of the cantilever 
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as a force, calculated via the DeflInvOLS and spring constant calibration values 

determined as described previously. Each curve represents a single contact and 

retraction from the sample surface, and individual analysis was performed to assess 

any adhesion forces observed during the contact.  

Figures were developed using SPSS software, with in-built statistical analysis 

performed where necessary, for evaluation of F-D curve categorisation frequency. 

Rupture force values obtained from F-D curves were assessed using the in-house 

developed FDist software, created by Prof. Philip M. Williams (University of 

Nottingham). The modal rupture force for each experimental condition was 

determined using the FDist software, which creates the cumulative (all data) and 

cropped (removing values exceeding 1.5x modal value) probability distribution for 

the force data with consideration to the experimental noise (for all experiments 

within this thesis the noise value was set to 10 pN). This software applies a Bootstrap 

statistical method to allow calculation of the standard error of the modal force, with 

resampling repeated 100 times.  
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3.3 Results and Discussion 

3.3.1 Preliminary Measurements 

To begin the process of validating and developing a method for measuring single 

molecule E-cadherin interactions, F-D curves were acquired between silicon wafers 

and AFM tips functionalised with Ecad-Fc. These provide a representation of the 

force observed between the probe and surface during an approach and retraction 

cycle, and are used to extract information about the adhesion system. From this, we 

used our knowledge of E-cadherin from previously published data to validate the 

specificity of the interactions recorded by the system.  

As discussed in section 1.3.2, an accurate SMFS system demonstrates a relatively low 

binding frequency. Therefore, it is important to be able to reliably isolate specific 

adhesions, and correctly categorise the F-D curves obtained in an experiment. It is 

common in literature to observe classification of F-D curves into multiple distinct 

groups, using known parameters to isolate specific adhesions. An example of 

common F-D categories is shown in Figure 3.4: A) no adhesion event, B) non-specific 

adhesion event, C) specific adhesion event, and D) multiple adhesion event. These 

classifications are defined by using factors such as the distance of the adhesion from 

the surface, and the linearity of the force recorded when the bond is under tension, 

with specific information relating to the biological target used. 

To allow for the low adhesion frequency of an accurate SMFS system many F-D curves 

are acquired in each sample location. From this, a well-established system should 

show most probe-surface interactions do not have any distinct change in force, 

producing a “no event” curve similar to that seen in Figure 3.4A. However, 

non-specific interactions may occur due to forces not related to E-cadherin binding, 

such as van der Waals (VDW) interactions. These are often short-range forces, and 

as such occur immediately at the sample surface and show a non-linear tensile region 

prior to rupture, such as that seen in Figure 3.4B. It is important to identify and 

categorise the non-specific and no event interactions to provide insight into the 

binding system, alongside clarification of specific binding events. Unlike non-specific 

interactions, the distance at which specific adhesions occur depends on the length of 

the biological target functionalised to the surface, and as such often occurs further 
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from the surface than non-specific events. Furthermore, tension in a biological bond 

presents as non-linear as greater force is applied as seen in Figure 3.4C, producing 

another difference to help delineate between specific and non-specific interactions. 

Finally, it is evident from literature that the presence of multiple binding events 

within a single F-D curve can affect the characteristics of the recorded bonds, leading 

to misrepresentation of the single bond mechanics aimed to be tested with this 

system. Thus, data showing multiple interactions between the probe and surface, 

such as that shown in Figure 3.4D, can be categorised due to the presence of multiple 

distinct tensile regions. It is important to note that when isolating single adhesions, 

there is the potential for error in the F-D curve classification, particularly for the 

single and multiple interaction events. For example, a multiple interaction could 

simultaneously unbind under load, resulting in a F-D curve with a single rupture 

profile, similar to a single adhesion event. Therefore, it is important to apply 

consistent analysis parameters when categorising data, and to take into 

consideration the accuracy of the system, as discussed in more detail in section 3.3.2. 

The F-D curves shown in Figure 3.4 were selected to display examples of the 

categories used when testing a single molecule binding system, and highlight some 

of the standard parameters used to categorise data. However, to accurately 

determine the specificity of this system we must determine the cause of the specific 

events recorded. In this chapter we focus solely on E-cadherin functionalised 

surfaces, which limits the potential targets for adhesions. We can therefore assess 

the specific events with regards to previously published data assessing E-cadherin 

binding to confirm the nature of the interactions, as shown in the following section.  

Following the preparation and experimental processes for AFM SMFS, discussed in 

section 3.2, the F-D curves acquired from experiments required individual manual 

analysis. This was performed to identify and quantify specific adhesion events 

between cadherin molecules on the sample and probe. F-D curves were manually 

categorised into the four groups outlined in Figure 3.4 to determine event frequency, 

and results were omitted if ambiguity arose in the classification of the F-D curve 

recorded. This helped to remove issues such as high background noise, minimising 

any spurious representation of the data that may interfere with our analysis. 
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3.3.2 F-D Curve Analysis from Initial Experiments 

To ensure the specific adhesions recorded were due to cadherin interactions 

between the functionalised surfaces, key characteristics were assessed during 

analysis. Previous research indicates extracellular domains of classical cadherins have 

been found to be of length ≤ 25 nm31,48,196, and the chemical modification of the 

sample surfaces outlined in section 3.2.1 is shown to add near-negligible length 

between the protein and surface (< 1 nm) as inferred from analysis of similar 

chemical structures197–199. Therefore, all forces recorded more than 100 nm from the 

sample surface were omitted from analysis as it is believed this exceeds the physical 

length for a specific cadherin-cadherin interaction. The distance was measured from 

the point of contact between the probe and surface (where the initial contact region 

begins), as shown in Figure 3.5. For all F-D curves the profile of the adhesion event 

prior to bond rupture was assessed to ensure a non-linear tensile region, indicating 

stretching of the cadherin domains under load from retraction of the probe from the 

surface, and a clear rupture force at the point the adhesion ends.   

An example F-D curve annotated to show the characteristics of an E-cadherin specific 

adhesion event is shown in Figure 3.5. As seen, the red line indicates the approach of 

Figure 3.4: Example F-D curves demonstrating the four categories used for analysis. A) No events recorded, as seen 
by an undisturbed contact of the probe and surface, B) non-specific event occurs, as highlighted by a linear adhesion 
immediately at the sample surface, C) specific adhesion event, highlighted by the presence of a characteristic non-
linear adhesion occurring <100 nm from the sample surface with a clear rupture force, D) multiple adhesions shown 
by the presence of numerous adhesion regions and rupture forces within a single F-D curve. 
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the cantilever to the surface, and the blue line represents the retraction. As this F-D 

curve displays a specific adhesion event, it can be seen that the rupture is confirmed 

to occur <100 nm from the sample surface, with a non-linear adhesion region and 

clear rupture force. We can therefore assume that this event is due to a specific 

cadherin-cadherin interaction as no other biological targets are present, and the 

adhesion characteristics are synonymous with that of E-cadherin when viewed in 

literature. Specific adhesion events were further analysed to quantify the bond 

strength and distance from the sample surface. Graphs displaying a specific adhesion 

event were analysed using the information tool available in the Asylum Research 

software. Rupture force was measured as the linear release recorded immediately 

following the adhesion event, with the bond distance determined from the sample 

surface to the point of release. Although not the primary focus of this work, 

understanding the forces produced for each experimental condition allows for 

greater insight into any underlying physical changes that may occur. This can help to 

confirm a reliable SMFS system, as the adhesion forces recorded throughout our 

work should remain consistent, with only the frequency at which they occur being 

subject to change. 

To probe the efficacy of our initial SMFS experiments, the adhesion force for each 

specific ‘single’ interaction was reviewed as part of a histogram, seen in Figure 3.6. 

Figure 3.5: Specific adhesion event observed on an F-D curve. Example F-D curve obtained from an MFP-3D AFM, 
displaying a specific adhesion event. For all graphs obtained, the approach data is displayed in red, and the 
retraction in blue.   



56 

This was performed for data obtained in a range of buffers, which included an EGTA 

and DECMA-1 antibody blocking buffer to introduce a chemical and biological 

inhibition, respectively. From our understanding of E-cadherin adhesion 

mechanisms, well studied in previous literature, both blocking buffers should result 

in a loss of E-cadherin adhesion events32,200,201. The histogram of forces obtained in 

each buffer was viewed individually to determine any changes in the force 

distribution of recorded interactions.  

A key characteristic of cadherin adhesion is the calcium dependency, which can be 

exploited to assess the ability of our system to record specific E-cadherin adhesions. 

This characteristic is the basis for the use of EGTA buffer as an inhibitor, as EGTA is 

well established as a chelating agent, with greater selectivity for Ca2+ ions in 

comparison to the similar EDTA molecule. Therefore, the addition of EGTA results in 

a reduction in the free Ca2+ ions that are critical to allowing the binding conformation 

of E-cadherin, subsequently resulting in a loss of adhesion frequency193. 

Contrastingly, the inhibition of E-cadherin interactions by addition of DECMA-1 

antibody relies on the affinity of DECMA-1 to bind to the adhesive EC1-2 region of 

E-cadherin, thus affecting the activity of the Trp2 binding region in extracellular 

E-cadherin domains93,202. These inhibitors provide complimentary methods to 

investigate the specificity of recorded E-cadherin interactions.  

Therefore, due to the calcium dependence of cadherin adhesion, each experiment 

was started by using a Ca2+ buffer to maximise the specific adhesion frequency 

observed. The frequency recorded in the Ca2+ buffer was then used as a baseline to 

compare all other buffers tested, highlighting any changes induced by the buffer 

environment. Where required, following testing in each different experimental 

condition, data was again acquired in fresh Ca2+ buffer to ensure the functionalised 

probe and sample did not experience any degradation throughout testing. For 

visualising the analysed data GraphPad Prism 8.4.2 was used to create the required 

graphs, and perform statistical assessments as required. This process was repeated 

for each experiment and each buffer tested, with multiple locations or samples used 

to allow for an average adhesion frequency to be determined. As the preliminary 

experiments seen in this section were performed solely to provide initial insight into 
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the viability of the functionalised SMFS AFM system, the data is shown without error 

bars, as it represents the sum of the multiple tested locations with a single probe and 

sample. However, it was still maintained that a minimum of 500 F-D curves were 

acquired in each experimental condition.  

For our SMFS AFM system, the addition of blocking buffers should act to reduce the 

frequency of specific adhesion events, with the force distribution remaining largely 

unchanged. This is because the binding orientation of the E-cadherin molecules 

should be consistent between all conditions, as the EGTA and DECMA-1 inhibition 

does not interfere with the type of bond formed, but simply reduces the chance that 

the bond will form during tip-sample contact. From Figure 3.6 it can be seen that the 

force distribution is similar between all buffer conditions, with a modal force of 

≈30pN, and a secondary peak ≈60pN. These values correlate with the forces reported 

in the literature for the breakage of E-cadherin S-dimers and X-dimers, respectively70. 

This therefore supported the conclusion that the initial development of our AFM 

system successfully enabled the specific measurement of E-cadherin interactions to 

the single molecule level, demonstrating the obtained forces, and ability to 

specifically block these, align with well accepted characteristics within the literature.  

This analysis approach was adopted for all F-D curves acquired in subsequent 

experiments. F-D curves were always individually scrutinised to minimise the 

potential for incorrect classification, and more than 250 F-D curves were produced 

for each experimental condition to ensure sufficient data for reliable analysis.  

Continuing from the assessment of the F-D curves with rupture forces, shown in 

Figure 3.6, testing of the accuracy of the adhesion functionalisation and analysis 

process was performed using an EGTA and DECMA-1 blocking buffer as before. The 

frequency of F-D curves showing specific adhesion events was recorded in each of 

the buffers, and then compared to a Ca2+ buffer to highlight any changes in the 

system due to the blocking buffers. This not only provides a baseline for adhesion 

frequency, which can be used to assess the accuracy of the system as detailed 

previously, but also offers another characteristic that can be used to confirm the 
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presence of E-cadherin binding specifically. The frequency of specific events recorded 

in each buffer environment is compared in Figure 3.7.  

As discussed in section 1.3.2, adhesion frequency is an important indication of single 

molecule binding. Poisson based approximations of the recorded adhesion profile 

are commonly applied to help ensure measured interactions are due to single 

molecule events, with the frequency of events reviewed to determine accuracy and 

reliability of the system106,136,137. From this it is suggested that a maximum adhesion 

frequency between 10 – 20% results in a SMFS system with ≥90% accuracy138. The 

frequency of specific events was subsequently calculated as the fraction of F-D curves 

categorised as specific adhesions in comparison to the total data set observed (all 

categories). This is a common and necessary process for developing a single molecule 

binding system using AFM, and provides crucial preliminary evidence of specific 

E-cadherin adhesion.  

Initial review of the data in Figure 3.7 demonstrates that a vast majority of F-D curves 

displayed no interactions between the probe and sample, as would be expected for 

a refined SMFS system. The frequency of specific events shows that in the presence 

Figure 3.6: Histograms showing the adhesion forces for specific events recorded in Ca2+, EGTA, and DECMA-1 
buffers following the refined sample preparation process. The distribution of forces is shown to be relatively 
unchanged between buffers, as expected for an E-cadherin SMFS system. A minimum of 500 F-D curves were 
recorded for each buffer condition. 
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of Ca2+ buffer ≈13% of F-D curves exhibit properties that suggest the presence of a 

single adhesion event. This value is ideally situated within the theoretical range 

proposed to allow for the accuracy of recorded adhesion to be >90%, as 

recommended for SMFS. Furthermore, the introduction of EGTA or DECMA-1 to the 

sample results in a noticeable reduction in the number of specific events. This trend 

is indicative of cadherin binding, as the chelation of calcium by EGTA, and the specific 

biological targeting of DECMA-1, hinders the ability for E-cadherin to form homotypic 

bonds. 

To improve the accuracy of our SMFS system ongoing refinement of the sample 

preparation process was conducted as experience was gained. Reaction times were 

adapted to allow for improved functionalisation with E-cadherin molecules. This 

included extending the initial cleaning of the samples using UV and chemical washes, 

and prolonging the vapour silanisation to improve the prepared surface199. This 

Figure 3.7: Inhibition of E-cadherin binding via addition of calcium chelating EGTA buffer, and E-cadherin nAb, 
DECMA-1, treatment buffer. Frequencies of each F-D curve category for samples tested in 5mM Ca2= and EGTA 
buffers, and 50 µg·ml-1 DECMA-1 buffer. This data was acquired as described in section 3.2, showing all analysis 
categories. A minimum of 500 F-D curves were recorded for each buffer condition. 
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resulted in the methods discussed in section 3.2, with the samples again tested to 

determine the calcium dependence of the specific adhesions.  

The F-D curve analysis and categorisation outlined above provides an intuitive 

method of interpreting the data obtained from our AFM-SMFS system. The 

consideration and comparison of each F-D curve category offers confidence in our 

ability to ensure a representative E-cadherin binding system, as any fluctuations 

between samples or buffers can easily be viewed. This is largely due to the efforts 

taken to ensure consistent analysis, using key characteristics such as non-linear 

adhesion and distance from the sample surface to identify cadherin-cadherin 

adhesions. Histograms of the rupture forces observed for single molecules 

interactions provides further insight into the stability of the samples in various 

buffers, showing that the inhibition of E-cadherin adhesion via EGTA or DECMA-1 

does not alter the force distribution of the specific events recorded.  

3.3.3 Development of AFM Experiments 

As can be seen throughout literature, there are many methods that can be utilised 

for the functionalisation of silicon wafer samples, with specific processes chosen on 

an individual basis190,199,203,204. However, previous work conducted within our 

research group helped refine a functionalisation method to provide the required 

experimental set-up, with this process providing the basis for initial experiments133. 

The underlying reaction principles of this process is shown in Figure 3.3, however the 

specific protocol applied for our work had to be refined to achieve optimal sample 

preparation, resulting in the method detailed in section 3.2.1.  

3.3.3.1 Investigating the Impact of Surface Protein Concentration and Tip Speed 

Section 3.3.2 demonstrates the capability of our system to assess specific E-cadherin 

adhesions via AFM SMFS following an optimised functionalisation process. However, 

when performing SMFS for binding proteins, such as E-cadherin, it is crucial to review 

the frequency of specific adhesions recorded to a representative analysis for the 

system68,106,137.  

As seen in Figure 3.3, the addition of extracellular E-cadherin/Fc chimera completes 

the functionalisation of the sample surfaces. The concentration of protein used for 
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surface functionalisation is therefore one method of controlling the frequency of 

specific interaction, with the aim of achieving a specific single molecule adhesion 

frequency ≈10 - 15 %, thus indicating an accuracy >95%138. A complimentary factor 

that can be adapted to aid in the refinement of single molecule adhesion events is to 

optimise the contact time of the probe on the sample surface, via control of the 

probe approach and retraction speed. Previous work within our group suggested that 

the different probe-sample contact times, induced as a product of a change in tip 

velocity, resulted in a shift of the cadherin adhesion force but not the adhesion 

frequency133. This could be related to the ability of the cadherin ectodomains to 

interact in the contact time set by the tip velocity, and could therefore act as a 

method to minimise the formation of multiple contact F-D curves, while maintaining 

a sufficient frequency of single molecule events. As discussed in section 3.2.4, a single 

probe velocity will be selected for continued experiments, however initial 

assessment of multiple probe velocities provides a more comprehensive platform to 

validate our experimental process, alongside control of protein concentration.  

Therefore, AFM probe velocities of 100 nm·s-1, 250 nm·s-1, and 1000 nm·s-1 were 

tested in parallel with protein concentrations of 1 µg·ml-1 and 10 µg·ml-1 for sample 

functionalisation. F-D curve analysis was performed as detailed above, with the 

frequency seen for each condition shown in Table 3.2. At lower probe speeds and 

protein concentration, a noticeable increase in the frequency of non-specific events 

is recorded, with comparatively little benefit with regards to the specific events. This 

is indicative of insufficient molecule density on the surfaces, with the slower speeds 

likely acting to increase the ability for short-range non-specific adhesions to form, 

such as VDW interactions, which in similar systems have been shown to present as 

attractive forces195,205.  
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Further review of the data in Table 3.2 highlights the condition using 1000 nm·s-1 with 

10ug·ml-1 protein concentration as the most promising for analysis of single molecule 

events, when considering the theoretical ideals discussed previously. As shown, this 

condition provides specific adhesion frequency around 10-20%, with the least 

non-specific and multiple events proportionately, thus suggesting a more robust and 

reliable testing condition. 

3.3.3.2 Testing Sample Response to Sequential Buffer Changes 

To ensure the adhesion events recorded during testing were due to the biological 

target selected (E-cadherin), protein specific functional blocking antibodies were 

tested to selectively inhibit adhesions between the molecules of interest. Therefore, 

alongside the E-cadherin DECMA-1 clone targeting antibody previously introduced to 

the functionalised AFM system, an N-cadherin GC-4 clone targeting antibody was 

also tested to determine any off-target inhibitory effects that may be introduced. 

Fluctuations in adhesion frequency, or rupture force, following the addition of the 

N-cadherin antibody, could indicate that the AFM system was not reliably isolating 

single E-cadherin adhesions, as the antibody should be biologically inactive in the 

prepared system. Simultaneously, this approach investigated the ability to use 

multiple different buffers sequentially on the same sample, with data acquired in a 

Table 3.2: Comparison of the impact of protein concentration and tip speed on categorisation of  F-D curves 
from E-cadherin functionalised AFM experiments. Frequency (%) of events recorded when testing Si wafers and 
AFM cantilevers functionalised with different concentrations of E-cadherin protein. Multiple probe 
approach/retraction speeds were tested for each protein concentration to determine optimal experimental 
conditions for SMFS. 
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standard Ca2+ buffer in between each different environment to monitor degradation 

of the probe or sample, as this is a key process to allow development into peptide 

testing as seen in chapter 4. Adhesion frequency was again calculated via analysis of 

F-D curves as discussed in previous sections, providing insight into the specificity of 

the E-cadherin adhesions. 

Histograms showing the force distribution of specific events recorded in each buffer 

is shown in Figure 3.8. In each environment there is a modal force of ≈35pN, which 

corresponds to the most characteristic homotypic E-cadherin bond, S-dimers. There 

is also a secondary cluster of forces at ≈60pN, likely relating to the intermediate 

X-dimer conformation of cadherin bonds. The profiles observed are consistent even 

through a change of buffer, and at times a loss of adhesion frequency. This again 

highlights the stability of the SMFS analysis throughout a range of buffer 

environments, and suggests the sample is not subject to degradation in response 

despite the extra washes and buffers used. 

This observation is supported by the frequency data shown in Figure 3.9, whereby 

the distribution of the categorised F-D curves shows that most of the interactions 

Figure 3.8: Representation of the force distribution of F-D curves following the introduction of an off-target 
antibody buffer, and sequential buffer changes on the same sample. Modal force analysis (captioned on figure) 
was more rigorously calculated using Fdist software, with this analysis available in Appendix 2. Histograms show 
the force distribution of specific events recorded in Ca2+, EGTA, DECMA-1 (E-cad Ab), and N-cad Ab buffer 
environments. A minimum of 500 F-D curves were recorded for each buffer condition with forces shown only from 
the specific adhesions, with N=2 repeats.  
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resulted in no event. Similarly, there is relatively low non-specific interactions, and 

specific adhesions show a frequency between 10 – 20%. This profile is maintained 

throughout all buffer conditions, showing that sequential buffer changes on the same 

sample can be performed with minimal interference. This is an important realisation 

as it prevents error due to variation in the sample, as the same sample can be used 

for each experiment, also allowing a higher throughput analysis.  

The results shown in Figure 3.9 suggest an inhibitory effect of specific adhesion 

following the addition of both EGTA and DECMA-1 Ab buffers. A much smaller and 

seemingly negligible loss of adhesions is presented in the GC-4 Ab buffer, with the 

discrepancy possibly due to random variation in adhesion frequency, or perhaps a 

slight steric blocking effect. However, when comparing all conditions it can be 

reasonably deduced that the chemical and biological blocking buffers, EGTA and 

DECMA-1 respectively, show the greatest reduction in specific adhesions when 

compared to a calcium buffer environment. This evidence supports the specificity of 

Figure 3.9: Categorisation of F-D curves using the conditions outlined in section 3.3.2. Frequency of F-D curves 
for each of the four categories outlined previously. The dominance of no events, and ideal frequency range of 
specific events, indicates a working SMFS system. EGTA and DECMA-1 blocking buffers reduces the frequency of 
specific events, whereas the addition of an N-cadherin targeting antibody does not exhibit any noticeable effect 
compared to the standard Ca2+ environment. Error bars show SD, and a minimum of 500 F-D curves were recorded 
for each buffer condition, with N=2 repeats. 
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our system, indicating the specific adhesions recorded are due to binding of 

E-cadherin molecules.  

3.3.4 Discussion 

Analysis of binding proteins via SMFS has achieved great success when applied in 

previous literature, including when tested by members within our research group133. 

Therefore here, application of SMFS via AFM was coupled with previous 

development and experience within our group, with the aim of further refining and 

certifying the ability to test specific E-cadherin adhesions using our system. Although 

DFS is at times seen as a complimentary additional approach to SMFS, and successful 

application has been seen consistently throughout literature114,155, the emphasis of 

the work in this thesis was on the ability of AFM based measurements to successfully 

screen targeting peptide interactions with cadherin molecules. As the considered 

effect relates to the inhibition of physical adhesion, there is little benefit in 

attempting to replicate the DFS analysis of cadherins already seen previously. This is 

supported by the suggestion, from previous work within our group, that the 

frequency at which specific E-cadherin adhesions occurred did not show any 

significant change in response to a change in probe velocity133. Conversely, it was 

suggested that the rupture force observed may be susceptible to a change in the 

probe velocity, potentially affecting the accuracy of the SMFS AFM system due to 

increased frequency of multiple adhesion events.  

Several substrates are commonly utilised for biological AFM experiments, with most 

groups opting to use mica, glass, or silicon wafers. Mica provides an atomically planar 

surface (surface roughness ≈ 0.1 nm) via a simple cleaving process requiring only 

adhesive tape, and can be modified using silane-based surface chemistry to allow 

binding of biomolecules127,206. Similarly, silicon wafers can undergo chemical washes 

to remove surface contaminants and yield a more planar surface, which again can be 

modified to bind target biomolecules. Glass provides some unique advantages when 

compared to mica and Si wafer substrates, such as the ability to view samples using 

microscope equipment due to the transparency of the material. However, the 

notable increase in surface roughness is not ideal for single molecule experiments, 

particularly for developing systems such as that presented in this thesis. The work in 
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this thesis therefore utilises Si wafers functionalised with Ecad-Fc target molecules, 

to allow for the isolation of E-cadherin interactions.  

To test the validity of the developed system, SMFS experiments were performed to 

obtain F-D curves showing interactions between the functionalised probe and 

surface. This then allowed for categorisation of the curves into the distinct groups 

outlined in section 3.3, identifying specific E-cadherin interactions using known 

parameters from literature, such as bond strength and protein length. The 

distribution of rupture forces calculated for specific adhesions is shown in Figure 3.6, 

and show adhesion strength similar to that seen in E-cadherin binding experiments 

from published reports. Subsequent analysis of binding frequency, which was 

determined by calculating the percentage of specific adhesions from the entire 

population of F-D curves, is shown in Figure 3.7. As suggested by the calcium 

dependent nature shown in this figure, the specific forces observed indicate 

successful E-cadherin binding, as the addition of a Ca2+ chelating agent (EGTA) or 

functional blocking antibody (DECMA-1) reduces the binding frequency without any 

noticeable change in force distribution.  

Following the clarification that the system developed in this work results in specific 

E-cadherin binding, focus was then directed on optimising the experimental system. 

This involved testing multiple protein concentrations and AFM probe speeds. 

Therefore, protein concentrations of 1 µg·ml-1 and 10 µg·ml-1 were selected to test 

the latter value used in previous work by Graumuller, 2019, and the lower 

concentration to assess if this could improve the single molecule analysis of the AFM 

system. From Table 3.2 it can be seen that the 1 µg·ml-1 concentration consistently 

resulted in in a higher frequency of non-specific events when compared to the 10 

µg·ml-1 condition, and also presented a very low fraction of specific single molecule 

interactions (< 10%). This instantly suggests the higher 10 µg·ml-1 concentration 

produces a more suitable experimental environment. These considerations can be 

further applied to the tested AFM probe speeds, whereby the lower speeds 

demonstrate a higher proportion of multiple adhesion events. Furthermore, as 

previously discussed in section 3.3.2, specific adhesion events should ideally occur 

between 10-20% frequency, as determined by Poisson based statistical analysis and 
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previous SMFS publications136–138. From Table 3.2 it can be seen that the lower 

speeds indicate a higher frequency of specific events when compared to the 1000 

nm·s-1 probe speed, with only the fastest probe speed producing a frequency within 

the 10-20% frequency range. Thus, 10 µg·ml-1 protein concentration was selected for 

sample functionalisation, with an AFM probe speed of 1000 nm·s-1. 

Finally, to ensure a biologically specific E-cadherin binding regime, an N-cadherin 

targeting antibody was assessed for any inhibitory properties. Due to the 

Ecadherin/Fc chimeric protein fragment used to functionalise the probe and sample, 

the N-cadherin targeting antibody introduced should demonstrate little to no effect 

on the adhesion frequency recorded. Conversely, the E-cadherin targeting DECMA-1 

epitope antibody has been shown to inhibit E-cadherin binding, as stated in previous 

literature and by the manufacturer202,207,208. From Figure 3.9 it can be seen that the 

introduction of the N-cadherin antibody imposes little-no inhibition of E-cadherin 

binding, particularly when compared to the inhibition recorded upon addition of the 

E-cadherin antibody. This inhibitory effect is also noted following the addition of an 

EGTA buffer. This data highlights the effectiveness of our biological AFM system and 

provides a platform for development of future experiments.  

Further, this test demonstrates the ability to rapidly change buffer environment 

using the same sample, with washes using Ca2+ buffer conducted to neutralise the 

sample, a feature that is exploited in chapter 4. The buffers seen in Figure 3.9 were 

added sequentially, and still the characteristic mechanical responses were observed 

when probing the sample in the presence of adhesion promoting and inhibiting 

environments. This finding emphasises the ability to easily manipulate the liquid 

environment of the system, which is ideal for application with novel peptide 

sequences, as multiple sequences and concentrations can be tested on the same 

sample. The ability to rapidly modify the experimental environment is an invaluable 

attribute for the continuation of our studies. This is due to the need to sequentially 

assess multiple different buffers, to firstly confirm the presence of a calcium 

dependent adhesion mechanism (relating to cadherin-cadherin adhesion), and 

secondly to probe the effect of E-cadherin targeting peptides. Therefore, the system 
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presented in this chapter provides an ideal platform to develop our work to include 

the testing of peptide sequences, as discussed in chapter 4.  
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3.4 Conclusions 

Throughout this chapter the development of a robust AFM system for assessing 

E-cadherin adhesion has been discussed, resulting in an improved sample 

preparation process. SMFS analysis demonstrates single molecule binding of 

E-cadherin proteins as determined by careful consideration of key E-cadherin 

characteristics derived from literature. Further, this work demonstrates the ability to 

introduce a chemical and biological inhibitor to the system, confirming the specificity 

of the system. Experimental conditions were also optimised in line with statistical 

analysis performed throughout previous literature, testing several protein 

concentrations and AFM probe speeds to ensure the ideal parameters. This 

technique, alongside the optimisation and quality assurance demonstrated 

throughout this chapter, can therefore be confidently applied to further 

experiments, incorporating more complicated factors such as the addition of custom 

targeting peptides, or analysis of cell monolayers. It was also shown in this work that 

multiple different buffers can be tested sequentially on the same sample, simply 

using Ca2+ buffer the neutralise between conditions, thus highlighting the ability to 

progress to the testing of peptide sequences seen later in this thesis.  
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Chapter 4 - Probing the Interaction of E-cadherin Targeting 

Peptides Using AFM 

Therefore, considering the ongoing development of targeting peptides in biological 

applications, and the prevalence of cadherin proteins in cellular processes, a clear 

development of our AFM system was the introduction of cadherin targeting peptides. 

The most prominent of these is perhaps the dual E/N cadherin binding peptide, 

referred to as ‘Epep’12. Epep (amino acid sequence: SWELYYPLRANL) is a novel 

peptide sequence originally derived by Devemy and Blashcuk via phage display 

technology, that targets the extracellular domain of E-/N-cadherin proteins. It has 

been shown that addition of this peptide to several cell lines expressing either E- or 

N-cadherin induces a loss of cell-cell contact, and prevents cell aggregation during 

culture12,93.  

This work was further developed by Segal and Ward93, where it was demonstrated 

that a single amino acid change in the Epep peptide sequence could alter both 

biological and physical effects when acting on mouse embryonic stem cells. One 

sequence of interest highlighted by this work is the EpepW2R (amino acid sequence: 

SRELYYPLRANL) peptide, as when compared to the Epep sequence the samples 

exhibited a unique expression of key pluripotency markers, and unlike the Epep 

peptide the addition of EpepW2R to mES cell cultures did not result in a loss of 

cell-cell contact. This work therefore demonstrated the ability of these novel peptide 

sequences to elicit a unique response in the biological and physical characteristics of 

E-cadherin, with the two sequences mentioned selected to allow for comparison of 

peptide effect.  
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For the work in this thesis we selected two of the peptide sequences tested by Segal 

and Ward, namely Epep (SWELYYPLRANL) and EpepW2R (SRELYYPLRANL), to further 

analyse any inhibitory effect imparted by the peptide sequences when interacting 

with E-cadherin (see Figure 4.1). Throughout this chapter the two peptides, Epep and 

EpepW2R, were utilised alongside AFM to assess its ability to reveal new information 

related to their interaction with E-cadherin and explore its potential as a method for 

peptide screening. Building upon the work discussed in chapter 3, this work aims to 

isolate the changes observed in homotypic E-cadherin binding due to the presence 

of multiple peptide concentrations, assessing the ability to monitor peptide influence 

and attempt to further our understanding of the interaction with E-cadherin. This 

approach probes the hypothesis outlined in section 1.4, namely, that SMFS AFM can 

be used to sequentially screen peptide buffers on a single functionalised sample with 

small peptide volumes; therefore, highlighting the potential to develop this approach 

for use with other biological molecules.  

Epep 

EpepW2R 

Figure 4.1: Simple presentation of the Epep and EpepW2R amino acid sequences. Amino acid sequences shown 
for both the Epep (top) and EpepW2R (bottom) peptides discussed in section 1.2.2.  
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4.1 Materials and Methods 

Though much of the methods applied throughout this chapter follow directly from 

those discussed in chapter 3, there were some changes required to successfully 

incorporate the novel peptide sequences into the AFM experiment, and to allow 

testing on cell monolayers. As such the following sections will therefore solely focus 

on the new considerations introduced from this work, with the materials and 

methods consistent with those used in chapter 3 unless otherwise stated.  

4.1.1 Probing the Effect of Peptide Sequences on E-cadherin Binding Via AFM 

4.1.1.1 Peptide Solutions 

The custom peptides Epep and EpepW2R were synthesised by Pepceuticals Ltd (UK), 

and once obtained were reconstituted to make 10 mM stock solutions using ddH2O. 

These solutions were stored at -20oC and were used to make experimental 

concentrations as required, immediately prior to experiments. For use in the AFM 

experiment, the peptide solutions were diluted to the desired concentrations using 

5mM Ca2+ buffer as described in section 3.2.3, to ensure any change in adhesion was 

solely due to the presence of the peptide.  

4.1.1.2 Testing of E-cadherin Functionalised Samples 

When testing Ecad-Fc functionalised samples with multiple concentrations of Epep 

or EpepW2R solutions, the solutions were always added in order of ascending 

concentration. Between each test condition washes were performed with Ca2+ 

buffer, and F-D data acquired in Ca2+ buffer environment before and after applying 

each peptide type. This ensured no interference between sample conditions.  

4.1.2 Proof of Concept for Cell-AFM SMFS Studies Using mESC Cultures 

Two mouse embryonic stem cell lines, E14 and Ecad-/-, were selected (as detailed in 

chapter 5) to allow us to provide a more biologically representative model of 

E-cadherin binding in the AFM experiment. This required culture of selected cell lines 

prior to AFM testing, and adaptation in the AFM experimental method to incorporate 

these samples.  

The process required for testing cell monolayers using AFM was similar in principle 

to that used for functionalised samples, as discussed in section 3.2 and 4.1.1. 
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Therefore, this section will focus primarily on the aspects that are different when 

compared to previous methods, with any information not discussed assumed to be 

the same as that described previously.  

4.1.2.1 Preparation of Cell Cultures for AFM 

Continuous culture of mouse embryonic stem cell lines, E14 and Ecad-/-, is discussed 

in detail in chapter 5. However, to prepare the cell monolayers for use with the AFM 

instrument an alternative culture surface was required to ensure samples were of 

suitable dimensions. Cell cultures were seeded into 6cm NunclonTM delta coated 

culture dishes (ThermoFisher Scientific, USA) 48 h prior to AFM testing. Cultures were 

maintained using standard culture medium, and were checked regularly for cell 

attachment and proliferation to ensure viability of the samples, with samples tested 

when the culture dish reached ≈70% confluency. 

4.1.2.2 AFM Buffers and Peptide Solutions for Cell-AFM Experiments 

Due to the use of cell monolayers, EGTA buffer could not be used to inhibit cadherin 

interactions, as the presence of this buffer would result in the detachment of the 

cells from the culture surface194,209. Furthermore, Ca2+ buffer was not required, as 

instead cell culture medium was used that contains calcium ions and provides a more 

suitable environment for cell cultures. 

The addition of Epep and EpepW2R peptides to the AFM system was achieved via 

dilution of stock peptide in cell culture medium, to provide the desired experimental 

concentration. Peptide treated culture medium was created immediately prior to 

testing, and was maintained in the same environment as regular medium. Peptide 

solutions were left on the sample for 30 minutes prior to data acquisition to allow 

the system to thermalise. 

4.1.2.3 Experimental Process and Data Acquisition 

E-cadherin functionalised cantilevers were first secured on the AFM instrument, and 

initial calibration was performed via manual alignment of the AFM laser. Following 

this, the cell medium used for the prepared cell cultures was renewed to remove any 

debris that may have developed during culture. The instrument settings were also 

adapted to minimise the contact force of the cantilever on the cell monolayers, as a 
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high force could damage the cells and provide incorrect data due to a change in the 

sample or probe surface. Also, the retraction distance of the AFM cantilever from the 

sample surface was increased to ensure any cell-probe bonds formed during contact 

were broken prior to the acquisition of subsequent force-distance (F-D) curves. 

Force curves were recorded as detailed in section 3.2.4. Due to the greater retraction 

distance when compared to experiments detailed in chapter 3, fewer F-D curves 

were obtained due to time constraints, resulting in ≈250–500 curves for each 

environment. 

Furthermore, due to the inability to apply EGTA buffer to the system, the application 

of specific cadherin targeting antibodies was used to ensure recorded adhesions 

were due to binding of cadherin proteins. Upon completion of data acquisition 

calibration of the system was conducted as discussed in section 3.2.2. 

Acquired force curves were analysed to determine the rupture force and adhesion 

frequency following the same process as discussed previously in chapter 3. However, 

the criterion for classifying a specific adhesion event was adapted to account for the 

complexity of the biological samples and increased ambiguity in determining the 

position of the sample surface. As such, the maximum distance permitted for a 

specific adhesion event was increased beyond the previous 100 nm limit, to account 

for the potential for cadherin binding events to occur at greater sample-probe 

separation distances. The remaining analysis parameters discussed in chapter 3 were 

still employed to ensure exclusion of irrelevant data.  
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4.2 Results and Discussion 

To assess the viability of using the AFM system to observe the effect of the Epep and 

EpepW2R peptide sequences on E-cadherin binding, we had to first adapt the AFM 

setup developed in chapter 3 to evaluate detection of the addition of peptides. 

Therefore, working concentrations of peptide solutions were prepared by 

performing serial dilutions of the stock peptides in 5 mM Ca2+ buffer, and added to 

the functionalised AFM system.  

4.2.1 Initial Testing of Peptides Using AFM  

To ensure an effective system for testing peptide effects on cadherin binding, a single 

peptide concentration was initially selected to assess our ability to monitor changes 

in specific adhesion frequency following the addition of peptide. A peptide 

concentration of 10 µM was chosen initially to mimic the concentration used by Segal 

and Ward when determining transcription profiles of peptide treated mESC 

cultures93. This concentration is above the equilibrium value determined for the Epep 

peptide, and therefore provides a peptide condition that would be expected to 

impact E-cadherin adhesion, similar to the ensemble-based adhesion analysis seen in 

literature. As the preliminary experiments seen in this section were performed to 

provide initial insight into the viability of probing peptide treated samples in the 

developed SMFS AFM system, the data is shown without error bars, as it represents 

the sum of the multiple tested locations with a single probe and sample. However, it 

was still maintained that a minimum of 500 F-D curves were acquired in each 

experimental condition. 

In addition to monitoring the effects of the peptide addition on adhesion frequency, 

it was crucial in these initial experiments to understand if application of the peptide 

also resulted in an irreversible change of the binding system. Therefore, experiments 

were designed such that the system was tested with Ca2+ buffer before and after 

performing measurements in the presence of each peptide, ensuring any changes in 

adhesion frequency could be easily monitored. Furthermore, an E-cadherin specific 

functional antibody (DECMA-1) was applied following completion of each experiment 

as a positive biological inhibitor control that selectively blocked E-cadherin binding. 

This simultaneously tested whether interaction with the E-cadherin domains was still 
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possible following peptide treatment, indicating the reversibility of peptide 

interactions. 

F-D curves were obtained following the approach outlined in chapter 3. The data was 

then analysed and grouped into one of four categories as described in that chapter, 

namely: no events, non-specific event, specific event, and multiple events. Variations 

in the frequency of specific events between different environments was monitored 

to assess the presence of any inhibitory effects, as seen in chapter 3 when testing in 

the presence of DECMA-1, with this process naturally developed to incorporate 

treatment with Epep and EpepW2R peptides.  

To initially test the ability to monitor peptide mediated effects, the frequency of 

specific adhesion events between a functionalised sample and probe was recorded 

in multiple environments. Data from preliminary experiments testing 10 µM Epep 

and EpepW2R peptide concentrations is shown in Figure 4.2, with the frequency of 

specific adhesion events displayed alongside the baseline adhesion frequency 

observed in the Ca2+ environment.  

As in chapter 3, it was crucial in the experiments to first assess the influence of the 

presence of EGTA and DECMA-1 antibody, as this provided an indication that the 

measured interactions were due to homotypic E-cadherin bonds. From the data in 

Figure 4.2 it can be seen that the chemical and biological blocking solutions, EGTA 

and DECMA-1 respectively, resulted in a reduction in the frequency of E-cadherin 

adhesions when compared to the Ca2+ environment; these initial observations 

reinforcing the ability to selectively record specific E-cadherin binding using the 

developed AFM system.  

As discussed in section 1.2.2, the Epep peptide has been attributed with disruption 

of E-cadherin contacts in cell cultures, and as such would be expected to inhibit the 

formation of E-cadherin adhesions between the sample and probe in this AFM 

system. This inhibitory impact is suggested when reviewing Figure 4.2, with the 

adhesion promoting environment, Ca2+ buffer, consistently showing the highest 

frequency of adhesion events, and a reduction seen following the addition of the 

Epep peptide. Further review of Figure 4.2 shows an inhibitory effect of both the 
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Epep and EpepW2R sequences at a 10 µM concentration, despite previous 

publication suggesting the latter does not induce loss of cell-cell contact in treated 

mES cell cultures93. Also, as the equilibrium concentration for EpepW2R was 

estimated by Segal and Ward to be 55 µM, the inhibitory effect observed may 

become more prominent at a higher peptide concentration, thus prompting 

investigations of additional concentrations in our experiments. Although further 

studies would be required to fully understand the mechanism, the data shown by this 

initial AFM study may indicate the presence of off-target binding on cell cultures 

which is not possible in the simplified AFM system, or due to the superior binding 

analysis achieved with the AFM instrument.  

Interestingly, the replacement of Ca2+ buffer to the sample following peptide 

treatment can be seen to result in a return of the adhesion frequency, indicating that 

the inhibitory characteristics demonstrated by the addition of peptide solutions were 

reversible. This reversibility is a key quality when trying to understand peptide 

interaction and when considering potential future applications, perhaps most 

notably as a supplement to improve large scale culture of cell lines. As the focus for 

this application is primarily to maintain undifferentiated ES cells for large scale 

Figure 4.2: Initial testing of 10 µM peptide treated functionalised AFM samples demonstrates the ability to 
sequentially change buffer environments during the experiment. The data was acquired using a single 
functionalised sample and AFM tip, with washes using Ca2= buffer conducted prior to the addition of a new buffer 
environment. The system was left for 30 minutes after changing buffer. Initial peptide testing shows both peptides 
at 10 µM concentration tested on the same sample. A minimum of 500 F-D curves were recorded for each buffer 
condition. 
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culture, the use of peptides must be reversible to allow subsequent application of 

cell cultures without complications arising due to the initial culture conditions11.  

Following the initial assessment of 10 µM peptide concentrations, a second 

preliminary experiment was performed with both peptides at a higher concentration 

(100 µM), such that the estimated equilibrium concentrations were exceeded. This 

would hopefully provide a saturated system whereby any effects on E-cadherin 

binding would be maximised, as evident via analysis of the adhesion frequency 

recorded.  

As can be seen in Figure 4.3, the addition of both peptide solutions again resulted in 

a loss of E-cadherin binding, with this inhibition shown to be reversible following the 

addition of a Ca2+ buffer. Consideration of the EGTA and DECMA-1 conditions 

suggests a similar inhibitory effect of both the Epep and EpepW2R peptides, further 

supporting the observations seen in Figure 4.2.  

Preliminary experiments incorporating peptide solutions into our AFM system 

therefore demonstrated successful analysis of their effect on E-cadherin binding, by 

reviewing the event frequency recorded during testing. Both tests demonstrated that 

the sequential addition of inhibitory experimental solutions (including Epep and 

EpepW2R buffers) results in a reversible inhibitory effect. Furthermore, the data 

suggested that development of these experiments to further test the effect of 

protein concentration could prove beneficial, such as those seen later in this chapter, 

as any peptide mediated influences could be monitored in relation to progressive 

concentration changes. The addition of EGTA or DECMA-1 appeared to inhibit 

E-cadherin binding when compared to Ca2+ buffer, providing an ideal basis for further 

testing of peptide concentrations to isolate any peptide mediated inhibition of 

E-cadherin adhesions.  
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4.2.2 Detailed Epep and EpepW2R Peptide Titration Experiments 

To develop from the initial testing shown in section 4.2.1, multiple peptide 

concentrations were subsequently tested in the AFM based titration experiments, to 

investigate the progressive characteristics imparted by gradual increase of 

concentration. First we focussed on the Epep peptide sequence, as the 

characteristics recorded for this peptide supported previous data published by Segal 

and Ward, in that the addition of this peptide sequence inhibits E-cadherin binding93. 

Following as a natural progression from this, we also tested the EpepW2R peptide to 

allow for comparison of peptide effects. Peptide concentrations were again selected 

based on the concentrations used in previous publications, and to ensure applied 

peptide solutions were both above and below the estimated equilibrium 

concentrations for Epep and EpepW2R as determined by Segal and Ward (3.4 µM 

and ≈55 µM respectively)93. Therefore, the selected peptide concentrations for this 

analysis were: 1 µM, 10 µM, and 100 µM. These values also correspond to those used 

in the preliminary experiments conducted in section 4.2.1. 

AFM experiments were performed as discussed in section 4.1, obtaining ≈1000 F-D 

curves for each condition, and using EGTA and DECMA-1 containing solutions to allow 

comparison to known E-cadherin inhibitors, and Ca2+ buffer to represent an adhesion 

Figure 4.3: Initial testing of 100 µM peptide treated functionalised AFM samples demonstrates the ability to 
sequentially change buffer environments during the experiment. The data was acquired using a single 
functionalised sample and AFM tip, with washes using Ca2= buffer conducted prior to the addition of a new buffer 
environment. The system was left for 30 minutes after changing buffer. Initial peptide testing shows both peptides 
at 100 µM concentration tested on the same sample. A minimum of 500 F-D curves were recorded for each buffer 
condition. 
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promoting environment. Subsequent categorisation was performed during data 

analysis, with four categories selected: no event, non-specific event, specific event, 

and multiple events. All AFM samples were assessed to determine the average 

frequency of each event category observed as discussed in detail in chapter 3, with 

at least three different functionalised samples and AFM tips tested to provide 

biological repeats (N=3), and multiple different locations tested on each of the 

sample surfaces during the experiments to act as technical repeats (n=2). Subsequent 

statistical analysis was performed by using one-way ANOVAs with post-hoc analysis 

to compare event frequency of inhibitory buffers with the baseline seen in the Ca2+ 

environment. The rupture forces isolated from specific adhesion events were also 

compared between experimental conditions, as a system that reliably isolates single 

molecule interactions would be expected to demonstrate a consistent modal force, 

as the inhibitory buffers solely reduce the adhesion frequency210.  

4.2.2.1 Binding frequency of Epep Treated Samples 

As discussed in chapter 3, maintaining an adhesion frequency below 20% suggests an 

accuracy >90% when performing single molecule adhesion experiments139,211. 

Therefore, the distribution of categorised F-D curves shown in Figure 4.4 indicates a 

reliable single molecule binding analysis, as the frequency of specific events (single 

molecule binding) does not exceed 20% frequency, even in the presence of the Ca2+ 

buffer. This is compounded by the very low frequency of multiple events in all tested 

buffers, again showing the system provides a robust method of single molecule 

analysis, even in the presence of novel targeting solutions. Furthermore, the use of 

peptide solutions does not interfere with the sample surface stability, as shown by 

the relative absence of non-specific events throughout testing, and consistent 

dominance of F-D curves categorised as non-events.  

Figure 4.4 allows for detailed understanding of the changes observed when testing 

the different environments, and is supplemented by statistical analysis of the 

comparison of specific events between each inhibitory condition with the initial Ca2+ 

environment. Reviewing Figure 4.4C, it is shown that only the specific event category 

displays significant change for different experimental environments when compared 

to Ca2+, with a consistent loss of adhesion frequency in all peptide concentrations 
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tested, alongside EGTA and DECMA-1 solutions. This loss is relative to the Ca2+ buffer 

environment, with the EGTA and peptide inhibition shown to be reversible by 

replacement of the inhibitory buffer with a non-restrictive buffer (Ca2+). This 

highlights the calcium dependent nature of the specific events recorded, as expected 

for a cadherin system, and supports the initial experiments discussed in chapter 4.2.1 

that originally suggested the reversible inhibitory effect of the Epep sequence.  

Considering the significant loss of single specific adhesions shown in Figure 4.4C, this 

feature further supports that the loss of adhesion events is due to inhibition of 

E-cadherin interactions. The system also suggests a resistance to permanent 

manipulation of the sample surface, as demonstrated by the consistency of both no 

events and non-specific events categories throughout all buffers tested, and the 

ability to recover adhesion frequency by addition of Ca2+ buffer. 

Figure 4.4: Comparison of F-D curves acquired from Epep peptide treatment AFM experiments, and categorised 
using the method discussed in section 3.2.5. Sample data was compared to the baseline value determined by the 
initial Ca2+ buffer to provide a clearer representation of the influence of different buffer environments. The data 
in these graphs provide a clear comparison of the buffers tested for each analysis category: A) no events, B) non-
specific events, C) specific events, and D) multiple events. A minimum of 500 F-D curves were recorded for each 
buffer condition, with N=3 repeats. All comparisons were made to the initial Ca2= buffer tested with error bars 
showing standard deviation, and statistical analysis was performed using an average of the tested samples (N=3). 
Significance is shown as:  * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P <0.0001. 
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The inhibition of E-cadherin binding shown by the Epep peptide in these AFM 

experiments supports previous publications, with this analysis providing a different 

E-cadherin binding system that is based on the mechanical response of the protein. 

Previous work by Segal and Ward shows the addition of the peptide induces a loss of 

cell-cell contact, similar to the effect observed upon addition of the E-cadherin 

targeting antibody DECMA-193. Considering that work alongside the AFM-based 

experiments conducted in this chapter, it is reasonable to deduce that the peptide 

targets the extracellular domain of E-cadherin to induce inhibition of the physical 

binding of the cadherin protein.  

Figure 4.5 isolates the frequency of specific events recorded in the presence of Epep, 

showing the multiple concentrations used for the experiment. As seen, there is a 

significant reduction of E-cadherin adhesion events when comparing the 1 µM and 

10 µM treated samples, with no further significant change observed in the 100 µM 

samples. This response of the Epep treated system indicates a progressive inhibition 

related to the peptide concentration. Further, recalling the estimated saturation 

concentration of 3.4 µM for the Epep peptide, determined by Segal and Ward, the 

inhibition observed in this AFM system suggests the inhibitory effect plateaus after 

Figure 4.5: Comparison of the specific event frequency recorded in each concentration of Epep buffer. A 
minimum of 500 F-D curves were recorded for each buffer condition, with N=3 repeats.  Statistical analysis of the 
values was performed on the baseline corrected percentages when compared to Ca2+ buffer, as seen in Figure 4.4, 
with comparisons isolated to the ascending Epep concentrations. Error bars show SD, and significance is shown 
as: NS = no significance, * = P < 0.05, ** = P < 0.01. 
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surpassing this value. Considering the data shown in Figure 4.4, it Is seen that the 

final inhibitory capability of the peptide closely resembles that of the DECMA-1 

antibody, with the 1 µM peptide condition providing an intermediate inhibition.  

4.2.2.2 Binding forces of Epep Treated Samples 

Following from the information shown in section 4.2.2.1, the adhesion forces 

recorded for single molecule interactions (specific events) were also reviewed to 

further understand the interactions involved. Due to the comprehensive analysis of 

cadherin proteins, including E-cadherin, already conducted throughout previous 

literature, we can compare the force distribution profiles obtained from our work 

with that of untreated E-cadherin samples68,106,109,133,212. Although it is important to 

note that measurement of cadherin force distribution profiles is sensitive to 

instrument settings, such as probe velocity, it is also prevalent to recall that our work 

focusses on a single probe velocity to assess adhesion frequency.  

As reported in numerous publications and discussed throughout this thesis, 

homotypic E-cadherin adhesions can produce several force regimes due to the 

multiple binding orientations available for this protein68,183,213. Therefore, the force 

measured for the binding events could help identify the adhesion mechanism. 

As seen in Figure 4.6, the modal force recorded for all experimental conditions is 

stated to be between 25-45 pN. This consistency in the rupture force of isolated 

E-cadherin bonds is synonymous with a successful SMFS system, as the inhibition of 

adhesion frequency is shown not to impact the bond mechanics of the protein. 

Furthermore, it is well founded that when assessing E-cadherin adhesion force using 

AFM, a distinctive rupture force around 30 pN is observed61. This is a characteristic 

rupture force suggesting strand dimer formation, which is commonly accepted as the 

critical initial binding orientation for trans homotypic E-cadherin adhesion.  Also, it is 

shown in previous publications that a lower retraction velocity often produces a 

slightly lower modal force, which must be considered when reviewing this data. 

Therefore, considering this characteristic when assessing cadherin E-cadherin 

adhesion force, the 30-40 pN range recorded in this experiment again agrees with 

previous data for both E- and N-cadherin133,186,214.   
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The consistent force distribution profiles observed in all tested buffer conditions 

supports our belief that this system produces stable representation of E-cadherin 

binding. This stability can further our understanding of the inhibitory nature of the 

Epep peptide, as it is again shown that the addition of the peptide to E-cadherin 

molecules implements a reversible change in the mechanical binding characteristics. 

Due to the absence of change in the force distribution profiles displayed in Figure 

4.6, it can be assumed that although the frequency of events is reduced by addition 

of the peptide sequence, the binding mechanism is unchanged and single molecule 

measurements maintained.
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Figure 4.6: Representation of the distribution of rupture forces seen in specific adhesion events between all buffer conditions tested in the Epep titration experiment. Modal force analysis 
(captioned on figure) was more rigorously calculated using Fdist software, with this analysis available in Appendix 2. Histograms showing the binding forces observed for specific single molecule 
adhesions in each experimental buffer seen in the data shown in Figure 4.4. The modal force observed in each buffer environment is shown on the corresponding histogram, calculated using 
Fdist. 



86 

4.2.2.3 Binding frequency of EpepW2R Treated Samples 

As discussed in section 4.2.2.1, categorisation of F-D curves obtained from AFM 

testing was performed following the well-defined guidelines mentioned previously. 

As shown in Figure 4.7, the frequency of specific events is below 20% in all buffers 

tested, with the highest adhesion frequency recorded in the Ca2+ buffers as expected. 

This again indicates that the F-D curves categorised as specific events represent 

single molecule adhesions with an accuracy greater than 90%. Furthermore, the 

prominent F-D curve category recorded in all tested conditions represents an 

absence of any events during the probe-sample contact. This again indicates the 

stability of the system due to the low occurrence of non-specific or multiple 

adhesions in comparison. It can be seen from Figure 4.7 that the addition of 

EpepW2R peptide does not disrupt the stability of the system, as the relationship 

between the analysis categories remains consistent in all buffers.  

As this work aimed to assess the effect of the EpepW2R peptide on specific adhesion 

frequency, each buffer condition was compared to the Ca2+ buffer tested in each 

Figure 4.7: Comparison of F-D curves acquired from EpepW2R peptide treatment AFM experiments and 
categorised using the method discussed in section 3.2.5. Sample data was compared to the baseline value 
determined by the initial Ca2+ buffer to provide a more clear representation of the influence of different buffer 
environments. The data in these graphs provide a clear comparison of the buffers tested for each analysis 
category: A) no events, B) non-specific events, C) specific events, and D) multiple events. All comparisons were 
made to the initial Ca2= buffer tested, and statistical analysis was performed using an average of the tested 
samples (N=2). Error bars show SD, and significance is shown as:  * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** 
= P <0.0001. 
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experiment. Although data in Figure 4.7A suggests a change in the recorded 

frequency of F-D curves with no events, the variation between buffers is still 

relatively small, and is only shown to increase when compared to the Ca2+ buffer. This 

change correlates with a reduction in other event categories, such as that seen in 

specific events of differing buffers (Figure 4.7D), accounting for the small differences 

between frequencies. It can also be seen in Figure 4.7B that the change of buffer, 

including the addition of EpepW2R peptide solution, only proves to reduce the 

frequency of non-specific interactions relative to testing in Ca2+ environment. 

Furthermore, despite the absence of significance in a number of buffer conditions, 

Figure 4.7D suggests a reduction in the frequency of multiple events.  

When reviewing the frequency of specific events recorded in each buffer, as shown 

in Figure 4.7C, a significant loss of adhesion events is demonstrated following the 

addition of EpepW2R peptide solution. This inhibitory characteristic is uniquely found 

via our AFM experiments, as previous analysis of the EpepW2R peptide on cell 

cultures did not demonstrate an inhibition of cell-cell contact93. The inhibition is 

shown to increase with higher concentrations, in line with the estimated equilibrium 

concentration of 55 µM, and at the highest peptide concentration of 100 µM shows 

an equivalent loss of adhesion events to testing in EGTA and DECMA-1 buffers. This 

data suggests addition of EpepW2R does not cause any permanent changes to the 

E-cadherin protein, as the introduction of DECMA-1 antibody still effectively inhibits 

E-cadherin adhesion as expected.  It is also shown that any inhibition induced by the 

addition of EpepW2R can be removed by replacing the peptide solution with a Ca2+ 

buffer, with the adhesion frequency returning to the same level as initially recorded 

in the first Ca2+ buffer.  

Furthermore, numerous studies assessing the E-cadherin adhesion process have 

isolated the tryptophan residue in the EC1-2 extracellular domains of E-cadherin 

proteins as a critical amino acid in the process of E-cadherin homodimer 

formation32,65,67,193,196.  It is the presence of this Trp2 residue that Devemy and 

Blaschuk refer to when reviewing the ability for the original Epep peptide sequence 

to bind to the E-cadherin protein. They also show that changing the Trp2 amino acid 

for Arginine (Arg) removes the binding of peptide to E-cadherin, as tested in cell 
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cultures12. This finding was further developed by Segal and Ward as they again 

assessed the effect of the EpepW2R peptide sequence (therefore exchanging the 

Trp2 residue in Epep for Arg as before) on cell cultures, and determined that there 

was no loss of cell-cell contact following treatment.  

It is therefore not clear how the EpepW2R peptide is inhibiting E-cadherin adhesion 

in our AFM system, as it does not demonstrate this ability in cell cultures. One 

possibility could be that the peptide demonstrates preferential off-target binding in 

cell cultures, thus it is not targeting E-cadherin binding domains in that environment, 

but still demonstrates inhibition in our simpler AFM experimental format. In addition, 

due to the importance of the Trp2 residue in E-cadherin homodimer formation, the 

lack of Trp residue in the EpepW2R sequence could explain a weak binding to 

E-cadherin, or perhaps suggest that any inhibition recorded in the AFM experiment, 

is steric in nature.  

The unique approach implemented by use of the AFM system allowed for E-cadherin 

interactions to be observed while under load, and as such provided an analysis of 

E-cadherin interactions in response to peptide treatment that has not yet been seen. 

As discussed in chapter 1, the application of force to adhesion proteins can act to 

stabilise or manipulate bonds, and may be an important factor in the observation 

and understanding of peptide influence. For example, the results obtained following 

EpepW2R treatment may suggest the detection of an inhibitory mode that is related 

the mechanical nature of E-cadherin; while this requires further investigation, this 

work highlights the potential of the AFM approach over ensemble measurements, 

that probe interactions without the application of force. 
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As seen in Figure 4.8, the inhibitory impact of the EpepW2R peptide does not show 

any significant change through the progressive peptide concentrations tested. 

Whereas the Epep treated samples seen in Figure 4.5 demonstrate an increased 

inhibition between the 1 µM and 10 µM conditions, the addition of EpepW2R 

immediately induces inhibition at 1 µM to a similar extent to that seen in the 100 µM 

concentration. As the estimated equilibrium concentration for EpepW2R was 

estimated by Segal and Ward to be ≈55 µM, it can be seen that this value does not 

appear to reflect a noticeable change in the peptide function. This intriguing 

realisation highlights the need to further understand the function of these peptides, 

as our AFM system not only suggests an inhibitory capability of the EpepW2R peptide 

not previously seen, but also that the potency of this interaction is perhaps greater 

than previously believed.  

4.2.2.4 Binding force of EpepW2R Treated Samples 

As seen in chapter 4.2.2.2, the forces recorded from specific event F-D curves were 

plotted as a histogram. The force data for all conditions tested during EpepW2R 

experiments is shown in Figure 4.9. This data demonstrates a modal binding force in 

Figure 4.8: Comparison of the specific event frequency recorded in each concentration of EpepW2R buffer. A 
minimum of 500 F-D curves were recorded for each buffer condition, with N=2  repeats. Statistical analysis of the 
values was performed on the baseline corrected percentages when compared to Ca2+ buffer, as seen in Figure 4.7, 
with comparisons isolated to the ascending Epep concentrations. Error bars represent standard deviation between 
samples and significance is shown as: NS = no significance, * = P < 0.05. 
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the range of 30 – 35 pN for all buffers tested, which again correlates with previous 

publications assessing E-cadherin adhesion, and suggest the presence of strand 

dimer interactions between E-cadherin proteins61,133,183. This modal force is also seen 

throughout our Epep AFM experiments (4.2.2.2), indicating a consistent adhesion 

profile of our system in all buffer conditions, including both peptide sequences 

selected. 

Work by Shi et al. assessed the binding capability of a W2A variant of E-cadherin 

proteins, and concluded that although a tryptophan residue is essential for cadherin 

function, interaction of W2A/W2A variants (where the tryptophan residue in EC1 is 

replaced with alanine) do maintain a weak binding regime. Furthermore, interactions 

are shown between W2A variants and EC3-5 cadherin domains, again demonstrating 

binding is possible. Therefore, the EpepW2R peptide may still be capable of adhesion 

to the extracellular domains of E-cadherin following similar processes, as supported 

by the presence of an inhibitory effect of the peptide. Furthermore, the force analysis 

seen for 100 µM EpepW2R peptide solution in Figure 4.9 suggests a more prominent 

secondary binding force around 60 – 70 pN when compared to other peptide 

conditions. This peak is distinct from the initial low force adhesion seen throughout 

all buffers. The presence of these higher force adhesion events may be due to the 

formation of X-dimer bonds, as discussed by Rakshit et al. and further considered by 

Leckband and Rooij61,68. It can be seen that formation of X-dimer bonds are possible 

in W2A variants of E-cadherin proteins, indicating a secondary binding site may be 

present that may be the site of interaction for the EpepW2R peptide.
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Figure 4.9: Distribution of rupture forces seen in specific adhesion events between all buffer conditions tested in the EpepW2R titration experiment. Modal force analysis (captioned on figure) 
was more rigorously calculated using Fdist software, with this analysis available in Appendix 2. Histograms showing the binding forces observed for specific single molecule adhesions in each 
experimental buffer seen in the data shown in Figure 4.7. The modal force observed in each buffer environment is shown on the corresponding histogram, calculated using Fdist. 
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4.2.3 Cell-AFM 

Previous sections present clear evidence of successful AFM-SMFS analysis of 

E-cadherin functionalised samples in the presence of novel peptide sequences. This 

was a key achievement within this project, as it highlights the potential for similar 

systems to be used in the future for the detailed study of the peptides, and 

potentially for their screening, with a wide range of potential targets available due 

to the adaptability of AFM systems. Therefore, a natural progression for this work 

was to also assess the efficacy of more biological relevant sample surfaces, namely 

cell monolayers.  

As discussed in chapter 1, the use of mESCs is paramount throughout research and 

therapeutics. E14 cells represent one of the most commonly adopted mESC cell lines, 

and are known to express surface bound E-cadherin protein that is prominent in 

cell-cell adhesion215. As such this is the ideal initial cell line to be used for 

development hard sample surfaces, allowing the AFM system developed thus far to 

be used with more clinically relevant samples. The application of AFM for cell analysis 

is receiving ever greater interest, and indeed cell-AFM studies are now quite common 

in literature, due to the precise control and analysis available with AFM instruments. 

This includes the ability to test samples in a liquid environment, which is paramount 

for the survival of many cell cultures, and helps to maintain a more stable sample 

throughout testing. However, there is very limited insight into the ability to probe 

peptide interaction with cell monolayers and the observed cell response using AFM.  

This section therefore uses E14 cell cultures in place of functionalised hard sample 

surfaces, to test the ability to screen the inhibitory effects of the Epep peptide 

sequence. This experiment aims to highlight the potential development of this 

technique by testing several buffers sequentially on the cell surface, while reviewing 

the specific adhesion forces observed, as in previous sections.  

4.2.3.1 Proof of Concept AFM Investigations of mESC-Peptide Interactions 

Testing of E14 cell monolayers required a slightly altered approach when compared 

to that of functionalised hard surfaces seen previously. This is due to the sensitive 

and more complex nature of biological systems, and considerations for maintaining 

sample stability for experiments. Therefore, as detailed above these experiments 
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were performed using cell culture treated petri dishes that allowed for the AFM 

probe to contact the cells unimpeded, and buffers were tested sequentially to limit 

the possible variation between culture samples. However, the F-D curve analysis and 

categorisation remains consistent with previous experiments, providing a robust 

method of determining specific E-cadherin adhesions that form between the 

functionalised AFM probe and cell layer. Due to the preliminary nature of this work, 

the data represents analysis conducted with a single functionalised AFM probe and 

single cell monolayer, with a minimum of 250 F-D curves acquired in each condition. 

Example F-D curves obtained from probing E14 cell monolayers can be seen in Figure 

4.10. When compared to F-D curves obtained from functionalised surfaces, seen in 

section 3.3.2, those obtained from cell monolayers display consistently higher noise. 

Furthermore, it can be seen from the example data that the force recorded when the 

tip is not under load can shift following contact with the surface. These 

characteristics show some of influences that must be considered due to the sensitive 

and complex nature of these experiments. 
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As seen in Figure 4.11, the categorisation of F-D curves still shows success when 

applied to cell-AFM studies. The predominance of no events being recorded in all 

buffers and the lack of non-specific events indicates that the system is successfully 

isolating specific E-cadherin adhesions. Compared to the data seen in previous 

sections the frequency of multiple adhesion events seen in Figure 4.11A, particularly 

in the Ca2+ buffer environment, is shown to be higher. When testing in Ca2+ buffer 

there is a multiple adhesion frequency of ≈12%, with a similar value seen in the 100 

µM Epep buffer. This correlates with a specific adhesion frequency of ≈ 24% and 17% 

respectively. These values are slightly above the suggested optimal frequencies 

obtained from Poisson based statistical analysis (10% – 20% specific adhesion) for 

the measurement of single molecule events, suggesting the specific experimental 

Figure 4.10: Example F-D curves acquired from probing E14 cell monolayers with an Ecad-Fc functionalised AFM 
probe. These example curves demonstrate the complexity and sensitivity of testing cell samples, and indicate the 
increased retraction distance from the surface.  
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conditions could be further refined for future work. However, the discrepancies are 

relatively small, and the values still correspond to an accuracy greater than 90%138.  

Following confirmation of a working SMFS system, as discussed above, the data was 

reviewed to assess the ability to test novel peptide sequences, In this case Epep. As 

seen in Figure 4.11A, and more closely in Figure 4.11B, the frequency of specific 

adhesion events does change between the tested buffers. Moreover, it shows an 

obvious loss of E-cadherin binding in the presence of the inhibitory DECMA-1 

antibody, indicating a biologically relevant adhesion analysis. It can also be seen that 

the addition of the Epep sequence to the cell sample inhibits E-cadherin interaction, 

although to a lesser extent than the blocking antibody. This relationship is 

synonymous with that observed in literature, particularly the work of Segal and 

Ward93, whereby Epep was shown to inhibit cell-cell contact of mESCs.  
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Therefore, the AFM-SMFS analysis of E-cadherin proteins binding between a cell 

sample and functionalised AFM cantilever shows success in isolating specific 

A 

B 

Figure 4.11: Initial analysis of AFM-based force experiments on E14 mESCs in Ca2+, DECMA-1, and Epep buffers. 
Graphs showing the frequency of F-D curves recorded in Ca2+, Epep 100 µM, and DECMA-1 buffers. A) Frequencies 
of all four of the categories used when classifying F-D curves, and B) frequency of specific interactions only for 
more clear comparison between buffers. Due to the increased time to acquire data a minimum of 100 F-D curves 
were recorded for each condition. 
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E-cadherin adhesion, as determined by the inhibitory influence of the targeting 

antibody DECMA-1. Furthermore, the introduction of the novel Epep peptide 

sequence is also shown to inhibit specific E-cadherin adhesions in our system. This 

further reinforces our ability to use this approach with targeting peptide sequences, 

as the loss of E-cadherin mediated cell-cell contact in literature is mimicked by the 

data shown in Figure 4.11. 

Analysis of the forces recorded for each specific event between the E14 cell 

monolayer and E-cadherin functionalised AFM probe is shown in Figure 4.12. As with 

previous analysis, these histograms provide an insight into the distribution of forces 

recorded, which can be considered against the rupture forces predicted from 

literature. Again, a modal force near to 30 pN is prominent in each buffer 

environment, which correlates with our understanding of S-dimer formation 

between adjacent EC domains of E-cadherin proteins70. The force distribution 

remains similar between each buffer, despite the loss of adhesion frequency, 

indicating a stable and specific SMFS system that can isolate E-cadherin bonds in a 

multitude of environments, including the presence of novel peptides. 

Figure 4.12: Force distribution for F-D curves classified as specific E-cadherin interactions from data seen in 
Figure 4.11A. Modal force analysis (captioned on figure) was more rigorously calculated using Fdist software, 
with this analysis available in Appendix 2. Histograms showing the force distribution of specific adhesion events 
recorded in Ca2+, Epep 100 µM, and DECMA-1 buffers. This data was acquired on a E14 cell monolayer with each 
buffer added sequentially to the same sample. A minimum of 100 F-D curves were recorded for each condition. 
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4.2.4 Discussion 

Throughout this chapter we have seen that multiple peptide concentrations can be 

tested using our AFM set-up. The system reported a maximum specific adhesion 

frequency below 20% in all experiments, indicating single molecule analysis with an 

accuracy >90%139,211. This allowed for analysis of single molecule adhesions in the 

presence of various concentrations of both Epep and EpepW2R peptides.  

From the data shown throughout section 4.2.2, it can be seen that Epep acted to 

inhibit E-cadherin adhesion, as shown by a reduction in the frequency of single 

molecule binding events. This agrees with previous publications stating the inhibitory 

characteristics of the Epep sequence when interacting with E-cadherin proteins12,93. 

It can be seen that the inhibition recorded is exaggerated in increasing peptide 

concentrations, with a plateau seemingly reached above the 3.4 µM equilibrium 

concentration for the peptide. The inhibition of E-cadherin adhesion events by Epep 

is also shown to be similar to the addition of an E-cadherin functional targeting 

antibody, DECMA-1. Furthermore, the binding forces measured in single molecule 

adhesions demonstrate a consistent modal peak between 30 – 40 pN between all 

buffer conditions. This value is consistent with the formation of strand-swap dimers, 

which are commonly accepted as high affinity initial interactions between E-cadherin 

molecules and are characterised by exchange of tryptophan residues between 

binding molecules61,64. These findings further support previous publications 

regarding interaction properties of Epep with E-cadherin molecules and provides a 

new method of assessing the novel peptide characteristics. 

As highlighted in section 4.2.2, the introduction of an AFM based approach for the 

analysis of EpepW2R on E-cadherin adhesion suggested a novel peptide effect not 

yet seen in literature. Despite previous publications suggesting a lack of inhibition of 

physical E-cadherin adhesion, our data demonstrates that the addition of EpepW2R 

solutions did inhibit the interaction in the AFM experiment, resulting in a reduced 

frequency of binding events. As discussed, the absence of a Trp2 residue in the 

peptide sequence may greatly reduce the affinity for functional blocking of 

E-cadherin proteins in cell cultures, with off-target or competitive binding preventing 

the inhibitory effect in some tested cell lines93. However, in our isolated system the 
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EpepW2R peptide is shown to successfully inhibit binding, with a similar loss to that 

measured when testing the functional blocking DECMA-1 antibody. This effect is 

observed at all peptide concentrations, with increased concentration not 

demonstrating a significant increase in the loss of specific adhesions. It can also be 

seen in Figure 4.9 that the modal binding force for specific E-cadherin adhesions is in 

the range of 30 – 35 pN. This is consistent for all tested conditions, and demonstrates 

stability in the ability for the system to isolate specific E-cadherin adhesions, even in 

the presence of peptide solutions. The observed loss of adhesion frequency while 

maintaining consistent force distribution profiles indicates a novel peptide 

characteristic, suggesting EpepW2R can interact specifically with E-cadherin 

ectodomains, despite previous cellular assays demonstrating no loss of cell-cell 

contact. The blocking properties of EpepW2R observed uniquely with AFM may 

therefore be suggestive of competitive binding in cell cultures, or preferential 

off-target binding of the peptide in more complex systems. Although further 

assessment is required to fully understand EpepW2R characteristics, this analysis 

provides a detailed understanding of E-cadherin binding, with a greater 

understanding achieved from the unique outcomes detailed above.  

Development of this system to allow use of mESC cell monolayers in place of 

functionalised hard surfaces was successfully demonstrated, as seen in section 4.2.3. 

The ability to carefully modify the sample preparation and experimental conditions 

allowed for a relatively simple transition between sample types, and the use of a 

liquid environment provides ideal conditions for maintaining stable cell cultures even 

during testing. This is observed as the categorisation of F-D curves for an E14 cell 

monolayer in multiple different buffers, seen in Figure 4.11, produced a similar 

frequency profile to that seen with hard surfaces in section 4.2.2. Thus, the 

predominance of no event F-D plots and relatively low frequency of specific events 

indicates a high system accuracy, as determined by Poisson based analysis138. From 

Figure 4.12 it can be seen that the force distribution for specific events correlates 

with the results expected from literature.  

A recent publication by Hammond et al.148 expands upon the potential for AFM to be 

used as a method of monitoring cell membrane disruption in repsonse to the addition 
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of peptides; however, this work simultaneously highlights the lack of current 

research developed in this area. One key barrier suggested for this is the difficulty in 

maintaining live cell cultures during AFM experiments, and ensuring contact forces 

remain non-destructive to the cell148,216,217. The developments shown in this chapter 

naturally align with these considerations, and although currently limited in diversity, 

show potential for widespread application. This could help to bridge the gap in 

literature between AFM-based experiments and live cellular response to targeting 

peptides.  

As discussed previously, the natural orientation for homotypic E-cadherin bonds is 

the S-dimer, which is often represented by a force of ≈30 pN. This corresponds to the 

modal force observed when testing E14 cultures in all buffer conditions used. This 

result not only indicates a stable SMFS system, as the inhibitory nature of the buffers 

acts to prevent bond formation as opposed to altering the bond structure, but also 

highlights the possibility of using this system for peptide screening in more 

biologically relevant systems. Techniques such as surface plasmon resonance (SPR) 

are common when testing peptide binding to targets, and indeed initial studies by 

Segal and Ward testing the Epep sequence and close analogues, used SPR to assess 

the peptide binding93. This approach provides ensemble analysis of protein 

interaction and is therefore more limited in the ability to isolate single protein 

interactions when compared to AFM, and requires a greater amount of sample. The 

influence of mechanical forces has been of particular interest in recent years, due to 

the finding that bond formation and stabilisation can be heavily influenced by the 

application of force. This is evident in E-cadherin, as highlighted in chapter 1, as the 

formation of slip, catch, and ideal bonds have been observed61,63,68.  Our work 

therefore demonstrates the capability of AFM-SMFS analysis as a novel approach to 

assess peptide interactions, allowing the introduction of mechanical force to provide 

a more comprehensive and accurate model of interaction. 

Our results show that the use of AFM allows for a more in depth assessment of 

physical binding characteristics, and has already shown to be able to highlight 

information that could not be obtained using regular cellular assays, such as the 

inhibitory effect of EpepW2R peptide93. Similar techniques have been employed 
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previously to assess biological proteins such as E-cadherin, demonstrating the 

efficacy of this analytical system.  However, the introduction of these novel peptides 

provides us with a unique platform to further develop our knowledge of novel 

peptide sequences, and help provide a greater understanding of the underlying 

processes and characteristics.  
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4.3 Conclusions 

Overall, this chapter has demonstrated novel assessment of the Epep and EpepW2R 

peptide sequences. Analysis of binding frequency and force shows that both the Epep 

and EpepW2R peptides exhibited inhibitory effects on E-cadherin binding in the AFM 

experiment, despite previous publications suggesting a lack of inhibitory capability 

for EpepW2R. It can also be seen that the force distribution profiles observed show 

the same modal force of 30pN between all conditions for both peptides, and that the 

inhibitory effect observed is reversible by the replacement of peptide solution with 

calcium buffer. This work shows successful use of the Epep peptide sequence with 

mESC monolayers, with sequential application of buffers tested on the same sample, 

while producing SMFS data showing a correlative trend compared to that seen with 

functionalised sample surfaces.  
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Chapter 5 - Treatment of E14 and Ecad-/- Cell Lines with Epep 

and EpepW2R peptides 

The importance of developing and understanding targeting peptides for biological 

impact has been communicated in part within chapters 1 and 4. As this chapter 

details cell-based assays to monitor response to Epep and EpepW2R, the focus will 

similarly shift to encompass more cell related applications.  

The use of embryonic stem cells in research is widespread, constituting an important 

avenue for the potential development and testing of therapeutics. Therefore, the 

need to understand and influence cell behaviour is crucial. As discussed in chapter 4, 

novel peptides targeting mESCs have been developed with the aim of influencing cell 

behaviour, with the introduction of phage display providing a novel approach to the 

search for ESC markers and targets, alongside ongoing research to fully define culture 

conditions12,218. Similarly, antibodies have been applied due to their natural 

interaction with specific cellular targets, although these can be more expensive to 

synthesise and possess a more limited ability to be modified to control any 

undesirable properties219. Following the focus of this work on cadherin proteins, 

specifically E-cadherin due to its expression by mESC cell lines, it is pertinent to 

consider the work of Mohamet et al., Segal and Ward, and Devemy and 

Blaschuk11,12,93. The first of these publications demonstrates successful use of 

E-cadherin targeting antibody DECMA-1 as a method for maintaining pluripotent 

mESC cultures in stir tank bioreactors. Due to the abrogation of cell-cell contact by 

the antibody the authors recorded an improved cell proliferation with limited 

spontaneous differentiation, highlighting the potential of targeting molecules to 

selectively influence cell behaviour. However, as stated the use of antibodies is not a 

cost-effective method for long-term scale-up culture11,220. This issue is partially 

addressed by the identification of E-cadherin targeting peptide sequences first 

determined via phage display by Devemy and Blaschuk, and further developed by 

Segal and Ward, providing the Epep and EpepW2R peptides seen in previous 

chapters12,93. The original peptide sequence, and single amino acid variants, were 

shown to produce unique responses in the expression of key pluripotency markers 
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in mES cell cultures, and provided initial insight into the specific regions in the 

sequence responsible for cell interactions.  

To continue from our work in chapter 4, this section used Epep and EpepW2R 

peptides alongside E14 and Ecad-/- mESC cell lines to assess the biological impact 

during culture. This work naturally developed from that of Segal and Ward, providing 

insight into factors such as cell morphology, proliferation, and expression of common 

mESC pluripotency markers, complimentary to that seen previously.  
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5.1 Materials and Methods 

5.1.1 General Cell Culture 

5.1.1.1 Continuous culture of mESC cell lines 

Two immortalised (passage unknown) mESC lines E14TG2a221 (a gift from Prof. Austin 

Smith, University of Cambridge, UK)  and Ecad-/-222 (Prof. Cathy Merry, University of 

Nottingham) were cultured using knockout Dulbecco’s modified eagle medium 

(DMEM) (Thermo Fisher Scientific, USA), supplemented with 10% (v/v) Hyclone FBS 

(Perbio, UK), 1% (v/v) L-Glutamine (Gibco, UK), 1% (v/v) minimum essential medium 

non-essential amino acids (MEM NEAA) (Gibco, UK), 0.1% (v/v) β-mercaptoethanol 

(Gibco, UK), with the addition 0.1% (v/v) leukemia inhibitory factor (LIF) (Millipore, 

USA) to aid in the maintenance of pluripotency of the cultures223,224. Prior to the 

addition of LIF and β-mercaptoethanol the media was filtered using a 0.22µm 

vacuum filter (Thermo Fisher Scientific, USA). See Table 5.1 below for media 

components. Routine culture was performed using treated T25 or T75 culture flasks 

(Thermo Fisher Scientific, USA) that had been coated with 0.1% (v/v) gelatin 

(Sigma Aldrich, USA) prior to cell seeding. Following standard culture protocols, cell 

cultures were incubated at 37°C with a humidified 5% CO2 environment, with a media 

change or passage performed every 48-72 h as required by flask confluency. When 

passaging, cultures were first washed with phosphate buffered saline (PBS) (Gibco, 

USA), before adding trypsin-EDTA (Gibco, USA) to detach cells from the culture flasks 

by adding a minimum volume to the culture surface (0.5 ml or 1.5 ml for T25 or T75 

flasks respectively) and then removing immediately. The cultures were then left to 

incubate at 37oC for 1-3 minutes before neutralising the trypsin with culture medium. 

The subsequent cell suspension was then diluted further as required, before 

reseeding into culture flasks, plates, or dishes depending on desired application. 

Upon thawing, cell cultures were denoted as passage 1 (P1), and no cultures beyond 

P35 were used experimentally.  
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5.1.1.2 Freezing and Thawing Cell Stocks 

Original cell stocks were received as cryovials containing 0.5 ml volumes comprising 

10% (v/v) DMSO in culture medium. These vials were stored in liquid nitrogen (LN2) 

until required. Freezing of cell stocks was performed using 10% (v/v) DMSO in culture 

medium, with cell solutions initially frozen to -80oC using a cell freezing container 

(Corning, USA) to ensure controlled temperature change of 1oC·min-1. Following this, 

the frozen cryovials were transferred to LN2 for long term storage. 

To thaw stock solutions and revive cell cultures, culture medium (detailed in section 

5.1.1.1) was prepared and warmed to 37oC before adding 5 ml to a T25 flask unless 

otherwise directed. The cryovial containing the cells was then quickly thawed using 

a water bath set to 37oC, and 0.5 ml of pre-warmed culture medium was added to 

the vial. The vial contents were gently mixed using a pipette, before being transferred 

to the culture flask containing medium. The flask containing the cells was then 

incubated at 37oC for 6 – 24 h to allow cell attachment before a media change was 

performed to remove any remnants of DMSO from the culture.  

5.1.1.3 Making peptide treated medium 

Where peptide treatment was required, 10mM stock solutions of Epep and EpepW2R 

peptides (Pepceuticals, UK) were diluted in cell culture medium before being added 

Table 5.1: Media components required for the culture medium of mouse embryonic stem cell lines E14 and 
Ecad-/-. All components except β-Mercaptoethanol and LIF were added, and the solution was vacuum filtered 
using a 0.22 µm filter, before the remaining components were added. 
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to the cultures. To ensure sterility of the culture medium, the peptide solutions were 

added prior to β-mercaptoethanol and LIF, as to allow filtration using a 0.22µm filter 

(Millipore, USA) as discussed in section 5.1.1.1. Treated culture medium was then 

added to cell cultures immediately following seeding. 

5.1.2 Fluorescence and Operetta Imaging 

5.1.2.1 Sample Preparation 

To prepare samples for fluorescence labelling, and subsequent imaging, E14 and 

Ecad-/- cell lines were seeded into gelatin coated 6 well or 96 well plates as required. 

The samples were incubated dependent on experimental requirements up to a 

maximum of 72 h. 

To provide a more quantifiable analysis of biomarker expression, Operetta imaging 

of cell samples was conducted using a PerkinElmer Operetta® High Content Imaging 

System (PerkinElmer, USA). This technique allows for fluorescent imaging of treated 

samples alongside mathematical quantification of multiple cell parameters, 

providing a more robust analysis of cell cultures treated with varying peptide 

concentrations. 

For testing with the PerkinElmer Operetta system, samples were prepared in gelatin 

coated CellCarrier 96 well plates (PerkinElmer, USA). Samples were cultured until 

confluent unless otherwise stated up to a maximum of 72 h, with appropriate 

treatment conditions maintained throughout culture.  

5.1.2.2 Peptide Treatment 

Where peptide treatment was required, peptide culture medium was added 

immediately following cell passage. Samples were then incubated until confluent, 

often for a period of 48 h unless otherwise stated.  

5.1.2.3 Immunostaining 

To image cell expressed markers of interest, immunostaining of cell cultures was 

performed. This process first required samples to be fixed using formaldehyde-based 

cross-linking. For this we formed a 4% (v/v) paraformaldehyde (PFA) solution by 

diluting 16% (v/v) PFA (Polysciences, USA) with phosphate buffered saline (PBS). Cell 

samples were then washed using PBS, and the PFA solution was added for a period 
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of 15 minutes at room temperature. Once complete the PFA was removed, and the 

samples were immediately stained or washed and then stored in PBS at 4oC for later 

use. Once the samples were fixed, immunocytochemistry (ICC) methods were 

implemented to label targets of interest. For intracellular markers, samples had to 

first be permeablised using 0.1% (v/v) Triton-X (Sigma-Aldrich, USA), which disrupts 

the cellular membrane to allow targeting antibodies to bind effectively. All samples 

were then blocked for non-specific binding using 10% (v/v) Goat serum before 

specific primary antibodies were added.  

For fluorescence imaging multiple targets of interest were selected, with the 

antibodies used for each as follows: E-cadherin (Cell signalling technology, 3195, 

monoclonal, 1:200, USA), N-cadherin (Abcam, ab76057, polyclonal, 1:100, UK), Oct4 

(Cell signalling technology, 83932, monoclonal, 1:500, USA). Samples were incubated 

with primary antibody solutions overnight at 4oC, before being washed using PBS. 

Subsequently, a fluorescently tagged secondary antibody was incubated on the 

sample in the dark for 1 h at room temperature. The secondary antibody used was a 

goat anti-rabbit type, with an AlexaFluor(AF) 488 tag (Invitrogen, a11008, AF488, 

USA). All samples were also stained with 4′,6-diamidino-2-phenylindole (DAPI) and 

rhodamine phalloidin (ThermoFisher scientific, R415, 1:1000, USA) to target DNA and 

F-actin respectively.  
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For Operetta imaging the following primary antibodies were used as required: 

E-cadherin (ThermoFisher, 16-3249-82, monoclonal, 1:200, USA), N-cadherin 

(ThermoFisher, 13-2100, monoclonal, 1:500, USA), Oct4 (Abcam, ab19857, 

polyclonal, 1:200, UK), syndecan-1 (BD Biosciences, 553712, monoclonal, 1:25, USA), 

Syndecan-4 (Abcam, ab24511, polyclonal, 1:100, UK). Primary antibodies were left 

on the sample overnight at 4oC to incubate, followed by washes with blocking buffer 

to remove unbound antibodies. The following secondary antibodies were then 

applied as required: goat anti-rabbit AF488 (Invitrogen, a11008, 1:500, USA), goat 

anti-rat AF546 (Invitrogen, a11081, 1:400, USA). Secondaries were left on the 

samples for 1 h at room temperature, before performing PBS washes to remove 

unbound antibody. Samples were also stained with DAPI and Phalloidin for nuclear 

and F-actin targeting, respectively. A Table showing the information of all antibodies 

used in this chapter is seen in Table 5.2. All ICC based experiments included control 

samples which were treated with each individual secondary antibody only, all 

secondary antibodies together, or no antibodies.  

5.1.2.4 Instrument, Data Acquisition, and Data Analysis 

Fluorescence imaging was performed using a Lecia TCS SPE confocal microscope 

(Leica, Germany) to obtain images taken as 1024x1024 z-stack files, with filters for 

AF488 (494/517), DAPI (345/455), and TRITC (544/570). Images were processed using 

Table 5.2: An Overview of the antibodies used for immunostaining. The table shows the different primary and 
secondary antibodies used for labelling of cell samples, as seen throughout this chapter. 
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Fiji software v1.51w. All parameters were adjusted in parallel for imaging channels 

to provide a clearer image of the fluorescence recorded.  

Images acquired using a PerkinElmer Operetta® High Content Imaging System 

(PerkinElmer, USA) were processed via the associated Harmony software provided 

by PerkinElmer. Filters were applied to monitor AF488, AF594, TRITC, and DAPI. Each 

plate was imaged such that multiple areas of interest were selected in each individual 

well, and multiple wells were tested for each condition. Control samples were also 

imaged to ensure the specificity of antibody binding, including individual and 

grouped secondary antibody controls. Instrument settings were optimised prior to 

data acquisition and were maintained throughout the experiment. The software 

allows for initial user set-up which included selecting imaging planes to optimise 

focus and adjusting laser power and acquisition time to produce accurate images. 

This set-up was then automatically applied by the system for the remaining sample 

wells. 

5.1.3 Operetta Imaging  

5.1.3.1 Instrument Set-up and Data Acquisition 

Images were acquired using a PerkinElmer Operetta® High Content Imaging System 

(PerkinElmer, USA) with the associated Harmony software provided by PerkinElmer. 

Filters were applied to monitor AF488, AF594, TRITC, and DAPI. Each plate was 

imaged such that multiple areas of interest were selected in each individual well, and 

multiple wells were tested for each condition. Control samples were also imaged to 

ensure the specificity of antibody binding, including individual and grouped 

secondary antibody controls. Instrument settings were optimised prior to data 

acquisition and were maintained throughout the experiment. The software allows 

for initial user set-up which included selecting imaging planes to optimise focus and 

adjusting laser power and acquisition time to produce accurate images. This set-up 

was then automatically applied by the system for the remaining sample wells. 

5.1.3.2 Data Analysis 

Data acquired from the Operetta system was exported using the Colombus Transfer 

function. Subsequent analysis was then performed using Colombus or Harmony 
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software. Image processing involved the application of an in-built cell segmentation 

and analysis function, whereby cell properties were calculated by delineation of DAPI 

and phalloidin localisation on the cell images. This process allowed for determination 

of a ‘true’ sample image, whereby inclusion of artefacts is minimised by 

characteristics such as marker expression or nuclear size. This initial cell analysis was 

then followed by further in-built analysis functions as required. When completed, the 

analysis script was applied to each experiment to ensure consistency in data analysis.  
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5.2 Results and Discussion 

5.2.1 Testing cell line characteristics for experimental application 

Experimental cell lines first required assessment for viability with our work. Two 

mESC cell lines, E14 and Ecad-/-, were cultured following standard protocols outlined 

in section 5.1.1 and monitored via phase contrast microscopy and fluorescence 

microscopy. This section aimed to monitor the cells lines in regular culture conditions 

to ensure successful culture, before then introducing targeting peptides. 

5.2.1.1 Continuous cell growth 

As discussed in chapter 1, many mESC cell lines are used in biological research. Of 

these, E14 is perhaps one of the most common, and provided a well-established 

reference cell line for use throughout221. The Ecad-/- cell lines were also used to allow 

for a comparative mESC culture with the absence of E-cadherin222. Cultures were 

maintained using well established protocols, detailed previously, and continuously 

monitored to determine viable cell growth. Phase contrast imaging was used to view 

the cultures, with proliferation evident from the increased cell confluency, and 

well-established culture morphology used to assess for widespread differentiation.  

As seen in Figure 5.1, the phase contrast imaging of E14 cells shows a rounded colony 

formation in general culture conditions, with clear E-cadherin expression when using 

fluorescence microscopy with E-cadherin targeting antibodies. Throughout culture it 

was ensured that the flask confluency was increasing at a similar rate alongside the 

rounded colony formation, denoting cell proliferation and subsequently 

pluripotency. From Figure 5.1C, it can be seen that E-cadherin is localised to the 

membrane of cells, particularly at regions of cell-cell contact. As a well-known 

adhesion protein this is the expected expression profile as seen in previous 

publications, again indicating that the standard culture procedures proved sufficient 

to maintain the E14 cell line225.  

Ecad-/- cultures demonstrated a more individual growth morphology, in-keeping with 

previously published data using this cell line36. Fluorescence targeting of E-cadherin 

also highlighted the absence of this protein as expected for the knockout cell line, 

with no observable fluorescence in Figure 5.1G. The more isolated growth 
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morphology observed in phase contrast imaging of Ecad-/- cultures is again seen with 

fluorescence microscopy. Expression of actin within the cells shows a visibly lower 

expression profile, with minimal interaction between cells. This is a stark contrast to 

the characteristics of E14 cells, whereby cytoskeletal staining shows a more 

expansive and interactive network, in agreement with the E-cadherin expression 

observed.  
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Figure 5.1: E14 cultures express E-cadherin localised at the cell surface, while Ecad-/- cultures do not express 
E-cadherin and exhibit a less clustered morphology. A,E) Phase contrast images of E14 and Ecad-/- respectively, 
in general culture conditions. Scale bars = 200 µm. B - D) Fluorescence microscopy imaging of E14 cultures 
targeting, nucleus (B, blue), E-cadherin (C, green) and actin (D, red). F - H) Fluorescence microscopy imaging of 
Ecad-/- cultures targeting nucleus (F, blue), E-cadherin (G, green), and actin (H, red). Scale bars = 100 µm. 
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5.2.2 Operetta Analysis of peptide Treated mESCs 

In the previous section it was shown that E14 and Ecad-/- cell cultures could be 

maintained in vitro, with successful fluorescence labelling of key biomarkers. Further, 

the cultures exhibited familiar characteristics based on previous work, such as 

localisation of E-cadherin to regions of cell-cell contact on the cell membrane in E14 

cells, and a complete absence of E-cadherin expression in Ecad-/-36,225. However, this 

analysis is not quantifiable and provides limited information on the global cell 

population, thus limiting the confidence in conclusions drawn from this data beyond 

basic observation.  

The importance of understanding peptide effects on biological characteristics of cells 

is well recognised and discussed in detail in previous chapters of this thesis. This work 

introduces the E-cadherin targeting Epep and EpepW2R peptide sequences to 

cultures of E14 and Ecad-/- cell lines, with the aim of studying any effects via Operetta 

imaging and analysis. Although some studies have been conducted by other research 

groups using these peptide sequences on mESC cell lines, this technique represents 

a unique approach to observe and understand peptide effects via quantifiable 

analysis, something that has not yet been achieved with these peptides. As discussed 

in section 2.2.1.2, this instrument was developed with advanced analysis software to 

allow acquisition of unbiased fluorescence images across a greater proportion of the 

experimental cultures. In this section we analysed E14 and Ecad-/- cultures using the 

Operetta system, focussing on assessing the impact of Epep or EpepW2R peptide 

treatment. 

5.2.2.1 Optimising Initial Test Parameters 

To determine ideal cell seeding conditions for Operetta experiments, a range of 

seeding densities were initially tested to assess their viability with the Operetta 

system. Due to the imaging and analysis processes used, this system is best suited to 

single cell layers, and is particularly sensitive to layered cell growth. This is an 

important factor to consider, especially relating to the E14 cell line, due to the 

tendency to grow in tight cell clusters. Therefore, cell densities above and below 

common seeding conditions for passaging were selected, with sample wells seeded 

in a 96 well plate with either: 500, 1000, 2500, 5000, or 7500 cells initially. These 
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samples were then left for a period of 48 h, selected to correspond to the common 

culture time possible before becoming overconfluent or beginning spontaneous 

differentiation.  

Several locations within each sample well were imaged, providing a representative 

view of the sample, and allowing analysis of the cultures observed. From Figure 5.2 

it is clearly noticeable that the lowest cell densities were unsuitable for testing, as 

the confluency was too low such that many of the selected imaging planes would 

contain insufficient cells for analysis. The 500 and 1000 cell seeding conditions could 

therefore be disregarded. Conversely, although the highest cell seeding conditions 

had much greater surface coverage and thus provided an abundance of cell data, the 

cell cultures demonstrated a loss of tight colony morphology alongside an increased 

layered growth of the cells, perhaps due to overcrowding of the plate. This is 

therefore not ideal for use with the Operetta system, as not only would the abnormal 

cell growth interfere with the analysis process as mentioned previously, but the 

samples may not be representative of the healthy culture conditions they are 

required to replicate. These observations are supported by quantified analysis of cell 

number via in-built functions, shown in Table 5.3. It is important to note that the 

quantification presented in Table 5.3 is the average cell number recorded in a single 

field of view for samples seeded at the stated cell density. This corresponds to the 

imaging and analysis processes performed by the Operetta software, and therefore 

allows for experimental set-up to be optimised for the technique used. The cell 

number analysis shows very few numbers of cell nuclei in the lower seeding densities, 

supporting the visual absence of cells in Figure 5.2. The cell number recorded in the 

higher seeded samples again reflects initial observation of the fluorescence images, 

but viewed alongside the corresponding cell nuclei delineation image there is 

obvious difficulty when attempting to individually analyse the cells.  

Therefore, perhaps unsurprisingly, of the conditions tested the 2500 cell seeding 

condition presents the optimal sample for Operetta analysis. This is supported by the 

clear presence of cells in each imaging panel, with adequate cell numbers to allow 

for quantifiable analysis using the in-built functions, while demonstrating the most 

similar growth profile for the cells when compared to general cell culture seen in 
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Figure 5.1. This will also allow any effect on cell proliferation due to experimental 

treatments to be observed, as the Operetta instrument can analyse samples of higher 

or lower cell populations. Therefore, experiments were conducted using a seeding 

density of approximately 2500 cells for each sample well in a 96 well plate. 
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Figure 5.2: Confluence of E14 samples depends on seeding density, with seeding of 2,500 cells providing the 
most representative colony formation after 48 h compared to continuous culture images seen in Figure 5.1. 
Fluorescence Operetta imaging of E14 cultures maintained for 48 h and stained with DAPI. Initial cell seeding 
density relating to each image group is shown above the groups of 3 images taken from each sample well, with 
A) 500 cells, B) 1,000 cells, C) 2,500 cells, D) 5,000 cells, and E) 7,500 cell seeding densities tested. The images 
taken within each well were selected to represent a variety of locations. Scale bars = 100 µm. 
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5.2.2.2 Unique Response of E14 Cultures to Peptide and DECMA-1 Treatment  

To assess the influence of Epep and EpepW2R peptides via Operetta analysis, E14 

cells were cultured for 48 h in gelatin coated 96 well plates in a range of media 

conditions. The conditions tested were: regular media (no change to general culture 

medium), Epep treated (regular media with the addition of Epep peptide at 

concentrations of 1, 10, or 100 µM), EpepW2R treated (regular media with the 

addition of EpepW2R peptide at concentrations of 1, 10, or 100 µM), or DECMA-1 

treated (regular media with the addition of the E-cadherin neutralising DECMA-1 Ab 

at a concentration of 100 nm). Imaging and analysis was then performed using the 

high content PekinElmer Operetta instrument, allowing quantifiable insight into cell 

characteristics, and therefore a robust novel analysis of mESCs treated with Epep and 

EpepW2R peptides.  

To ensure the samples were suitable for analysis, and that cultures were successfully 

adhered to the plate surface, brightfield images were taken alongside fluorescence 

images. Figure 5.3 shows representative images of cells in the different treatment 

conditions, with the highest (100 µM) peptide concentrations selected for this 

comparison. It is important to note that the images shown are a single field of view 

 

                                              

500 17 

1,000 24 

2,500 429 

5,000 569 

7,500 722 

Table 5.3: Seeding density of sample wells influences final cell number, and alongside Figure 5.2 indicates an 
ideal seeding density of 2,500 cells per well should be used when preparing experiments. Average cell counts in 
an individual FOV per well for each seeding condition tested for Operetta experiments. Averages were obtained 
from 5 separate regions within each sample well (example regions seen in Figure 5.2) and counted automatically 
via the analysis software discussed in section 5.1.3. Each value corresponds to the average cell number recorded 
in an individual image. 
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(FOV) within a sample well, and when analysis was being performed several locations 

within each sample well were imaged for a more accurate representation. Reviewing 

Figure 5.3 it can be seen that E14 cells were successfully cultured in each of the 

treatment conditions, including the Epep and EpepW2R treated samples. The 

DECMA-1 treated sample seen in Figure 5.3D shows a loss of cell-cell contact, as 

would be expected following the addition of a functional blocking antibody. A similar, 

although less prominent, loss of cell-cell contact can also be seen in the Epep treated 

cultures. These observations agree with those stated in previous publications using 

the Epep sequence for inhibition of E-cadherin contacts12,15,93. 

To perform accurate analysis of the cells, first it was required that individual cells 

were identified in images to provide a representative cell population, with an 

example of this process shown in Figure 5.4. Using the detection of DAPI stained cell 

nuclei, the analysis software attempts to define each cell individually, as shown by 

the coloured perimeters applied in the left image of Figure 5.4. However, although 

  D 

B 

Figure 5.3: E14 cells cultures can be maintained following the addition of Epep, EpepW2R, or DECMA-1 to the 
culture medium, with Epep and DECMA-1 treated E14 cultures demonstrating a less clustered morphology in 
comparison to control samples.  Brightfield images of E14 cell monolayers in A) regular culture medium, B) culture 
medium supplemented with 100µM Epep peptide, C) culture medium supplemented with 100 µM EpepW2R 
peptide, or D) culture medium supplemented with 100 nM DECMA-1 Ab. Each image is a single FOV taken within 
a sample well and gives a representative indication of the cultures. Arrows indicate example areas where a loss 
of tight cluster formation is lost in comparison to the control sample, A. Scale bars = 100 µm. 
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the process does show a high degree of success in our analysis, there were still some 

cell clusters that could not be segmented efficiently, as highlighted by the red area 

in the images. This correlates with the presence of 3D aggregates, as the analysis 

software reviews the cell samples in a 2D image plane. This leads to overlapping of 

cell nuclei and subsequent error in the delineation of individual cells. Therefore, 

further semi-automated parameters were implemented whereby criteria were 

introduced to remove spurious results, specifically by setting a threshold for the 

nuclei size and roundness. The threshold values were determined by careful review 

of the samples, and effectively eliminated cell clusters that could not be segmented. 

This is shown in the right image of Figure 5.4, as the red area (showing a non-

segmented cell cluster) is not included in the cell population for analysis (shown by 

the green highlighted nuclei). Similar processes were then applied for other relevant 

cell characteristics such as cytoplasm area or fluorescence intensity.  

For the three biological repeats tested (N=3, characterised by the use of cells cultures 

at different passages), a minimum of 2 sample wells were stained for each antibody 

target (n=2), with the percentage of positive cells within each population determined 

to provide insight into marker expression, alongside the subsequent fluorescence 

intensity. The average number of cells recorded in each treatment condition, the 

cytoplasm/nucleus ratio, and several other parameters outlined previously in this 

chapter were quantified, and the values obtained from the treated cultures were 

compared to the corresponding data for the regular media condition to assess for 

Figure 5.4: Cell nuclei can be isolated effectively using the Operetta analysis software, although some sensitivity 
is lost when analysing images with very tight clusters with 3-dimensional cell growth which is successfully 
accounted for by applying parameters within the software. An example of the automated analysis conducted 
within the instrument software. Cell Nuclei were delineated using DAPI staining of the cultures, as shown by the 
coloured perimeters in the left image. Parameters were added to the analysis software to remove cells that could 
not be individually identified, such as those highlighted by the red area. The right image shows the cell population 
used for analysis, with cell clusters removed. Scale bars = 100 µm. 
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significance. Results are displayed in Figure 5.5 and Figure 5.6, and summarised in 

Table 5.4. 

As seen in Figure 5.5 and Table 5.4, treatment of E14 cultures with DECMA-1 Ab 

containing media resulted in a significant change in the average cell number, as well 

as a shift in the average cytoplasm/nucleus ratio and intensity of Oct4 fluorescence. 

Interestingly, a similar change in cell number is also noticed in E14 cells cultured in 

EpepW2R containing media, with no significant change in any of the recorded 

parameters between regular media and Epep containing media as seen in Figure 5.5, 

Figure 5.6, and Table 5.4. It can be seen that the reduction in cell number for 

EpepW2R and DECMA-1 treated samples was similar for both conditions, perhaps 

suggesting a similar method of activation for the effect. A reduction in Oct4 intensity 

was also observed solely in the DECMA-1 samples, which may be related to the 

concurrent shift in cytoplasm to nucleus ratio due to the localisation of Oct4 within 

the cell nucleus. Finally, the DECMA-1 treated samples demonstrated an increase in 

Figure 5.5: Peptide treated E14 cultures demonstrate a change in some of the tested cell characteristics. Bar 
charts showing the average values for parameters seen in Table 5.4 that displayed a significant change between 
treatment conditions (N=3), with the individual averages from each repeat shown by the black circles (n=2).  
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the cell surface proteoglycan, Syndecan-1, but with no noticeable change in 

Syndecan-4 expression as seen in Table 5.4.  

 

Figure 5.6: Selected cell characteristics observed for peptide treated E14 cultures do not demonstrate any 
change between conditions. These graphs show the remaining parameters supplementary to Figure 5.5 that are 
shown to have no statistically significant changes between any treatment conditions tested during analysis (N=3, 
n=2). 
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For visual confirmation of antibody staining example images showing the different 

targets can be seen in Figure 5.7. Within this, Figure 5.7A shows that E-cadherin 

protein was localised to the cell surface, particularly at cell-cell contacts, as would be 

expected from the well-established analysis throughout literature. Conversely, 

staining for N-cadherin shows no specific binding, with Figure 5.7B showing similar 

fluorescence intensity in the sample background and cell clusters. The staining for 

the surface proteoglycans, Syndecan-1 and Syndecan-4, was performed as 

multiplexed samples, as seen in Figure 5.7C. Again, the localisation of these proteins 

appears to be near to the cell surface, with prominent expression of both targets in 

the cultures tested. Finally, we can conclude that the targeting of Oct4 within the cell 

nuclei was successful, as Figure 5.7D shows high intensity expression localised 

internally. These images provide an understanding of the physical expression of the 

selected targets in the cell samples to compare alongside Table 5.4 and Figure 5.5, 

with a single fluorescence image shown due to the consistent expression between all 

samples.  

Table 5.4: A summary of the data acquired when comparing E14 cell cultures treated with Epep, EpepW2R, or 
DECMA-1 supplemented media with regular culture media, showing some significant changes in EpepW2R and 
DECMA-1 treated samples, but not in Epep treated samples. A comparative analysis of E14 cell cultures treated 
with peptide containing media for 48 h and imaged using the Operetta instrument. All comparisons made are in 
relation to regular media cultures. Statistical analysis was performed using an average of the tested samples 
(N=3), and significance is shown as: NS = no significance, * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = 
P <0.0001. 
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5.2.2.3 Unique Response of Ecad-/- Cultures to Peptide and DECMA-1 Treatment  

As with the E14 cultures above, to further understand the interaction of Epep and 

EpepW2R peptides on the selected cell lines, Ecad-/- cell samples were treated with 

multiple concentrations of each peptide sequence (1, 10, and 100 µM) and fixed after 

48 h. Using the Operetta imaging and analysis systems, fluorescence images were 

acquired on samples stained with DAPI, and subsequently processed to determine 

cell number by delineation of individual nuclei. Example brightfield images are shown 

Figure 5.7: Immunostaining and subsequent fluorescence imaging of E14 cultures using the Operetta 
instrument. Fluorescence imaging of E14 cultures for, A) E-cadherin (yellow), B) N-cadherin (yellow), C) Syndecan-
4 (green), D) Syndecan-1 (yellow), and E) Oct-4 (green). Scale bars are 100 µm, and image fluorescence is 
automatically enhanced by the software for viewing. These images represent a single FOV of a sample well, and 
are shown to provide insight into the sample fluoresence as quantifiable analysis was performed automatically by 
the software.  
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in Figure 5.8, with the corresponding fluorescence of the DAPI stained samples 

shown in Figure 5.9.  

Figure 5.8: Successful culture and phase contrast imaging of Ecad-/- cell cultures in a range of treated media 
conditions. Brightfield images corresponding to the fluorescence images shown in Figure 5.9, providing a visual 
representation of the cell cultures in each of the conditions: A) Regular culture medium, B) culture medium 
supplemented with 100 µM Epep peptide, C) culture medium supplemented with 100 µM EpepW2R peptide, or D) 
culture medium supplemented with 100 nM DECMA-1 Ab. Scale bars = 100 µm. 
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These images show successful culture and adherence of cells to the plate surface, 

with a more individual growth characteristic when compared to the E14 cultures seen 

in Figure 5.3. This change in growth morphology is expected due to the absence of E-

cadherin expression and subsequent loss of E-cadherin mediated cell-cell contacts, 

and is well reported in literature and from our initial culture experiments discussed 

in section 5.2.2.1. The images shown in Figure 5.9 and Figure 5.8 were selected to 

show a representative single FOV for each treatment condition, and as such it could 

be suggested that the confluency of the samples differ between treatments. 

Figure 5.10 highlights the cell characteristics shown to be influenced by a change in 

culture media, such as the change in cell number reported for the Epep treated 

samples. Contrary to the change observed for E14 cell samples no significant change 

is seen in the number of cells in EpepW2R or DECMA-1 samples, despite the shift in 

cytoplasm/nucleus ratio shown from the latter in both E14 and Ecad-/- cultures. From 

Figure 5.9: DAPI staining of Ecad-/- cultures via Operetta imaging indicates successful staining and imaging of 
the cell samples. Operetta fluorescence images of Ecad-/- cells with DAPI nuclear stain. Each sample well had 
several different locations imaged to provide a representative analysis of the cell sample, and each image in this 
figure is selected to show one of these locations for each treatment condition. The samples shown above were 
cultured for 48 h in, A) regular culture medium, B) culture medium supplemented with 100 µM Epep peptide, C) 
culture medium supplemented with 100 µM EpepW2R peptide, or D) culture medium supplemented with 100 nM 
DECMA-1 Ab. 
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Figure 5.10 it can be seen that the 10 µM Epep environment produced a significantly 

increased cell number in the samples tested, although no significant response is seen 

in the other Epep concentrations shown in Figure 5.11. This data is summarised in 

Table 5.5. 

Interestingly, there appears to be a distinct shift in the intensity of Syndecan-4 

expression in samples treated with either the Epep or EpepW2R peptide, with a loss 

of intensity observed when compared to the regular media and DECMA-1 treated 

conditions. A significant reduction in Syndecan-1 intensity is also seen solely in the 

10 µM EpepW2R treated cells, with these peptide-mediated Syndecan changes not 

seen in the E14 cell samples, suggesting an alternative interaction process in the 

absence of E-cadherin.  

Figure 5.10: Peptide treated Ecad-/- cultures demonstrate a change in some of the tested cell characteristics. 
Bar charts showing the average values for tested parameters that displayed a significant change between 
treatment conditions (N=3), with the individual averages from each repeat shown by the black circles (n=2) 
(summarised in Table 5.5). 
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Review of Table 5.5 and Figure 5.10 indicate activity of both the Epep and EpepW2R 

peptides with the Ecad-/- cell cultures, with a response in the intensity of Syndecan 

expression seen in all peptide concentrations, but not in the DECMA-1 treated 

samples. To further probe this relationship, representative fluorescence images of 

the antibody targets used for analysis is shown in Figure 5.12. These images provide 

Figure 5.11: Some cell characteristics observed for peptide treated Ecad-/- cultures do not demonstrate any 
change between conditions. Bar charts showing the average values for tested parameters that did not display a 
significant change between treatment conditions (N=3), with the individual averages from each repeat shown by 
the black circles (n=2) (summarised for simplicity in Table 5.5). 
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an example of the fluorescence imaging performed by the Operetta instrument, and 

as such the localisation and success of the antibody targets used. 

From this, we can infer an absence of E-cadherin protein in the samples due to the 

lack of specific fluorescence and high background intensity seen in Figure 5.12A 

(contrast with Figure 5.7A). Similarly, the targeting of extracellular N-cadherin via 

antibody staining (Figure 5.12B) shows a low specific intensity, and relatively high 

background fluorescence. However, the Syndecan-4 fluorescence is shown to be very 

well localised to the cell surface, with Syndecan-1 similarly present but with less 

intensity as seen in Figure 5.12C and Figure 5.12D respectively, with the protein 

position on the cell surface synonymous with that expected from literature226. 

Finally, there is clear evidence for the expression of Oct4 shown in Figure 5.12E, 

localised to the cell nuclei. This is an important indication of pluripotency in the 

cultures, and the high intensity fluorescence and well-defined nuclei regions seen in 

both E14 and Ecad-/- cultures provide reassurance of the successful long-term culture 

of the cells. 

Table 5.5: Peptide treated Ecad-/- cultures experience a unique response to Epep and EpepW2R peptides when 
compared to E14 cultures. A comparative analysis of Ecad-/- cell cultures treated with peptide or nAb media for 
48 h and imaged using the Operetta instrument. All comparisons made are in relation to regular media cultures. 
Statistical analysis was performed using an average of the tested samples (N=3), and significance is shown as: 
NS = no significance, * = P < 0.05.  
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5.2.3 Discussion 

Throughout this chapter we have used E14 and Ecad-/- cell lines to probe the effect 

of treating the cultures with Epep and EpepW2R peptide, in comparison to regular 

culture media and DECMA-1 treated media. To effectively complete the objectives of 

this work we first had to ensure that both cell lines could be maintained throughout 

continuous culture. Alongside regular observation of cell samples during continuous 

Figure 5.12: Immunostaining and subsequent fluorescence imaging of Ecad-/- cultures using the Operetta 
instrument was successful in recording the fluorescent probes used, and confirms the continued absence of E-
cadherin protein. Fluorescence imaging of Ecad-/- cultures for, A) E-cadherin (yellow), B) N-cadherin (yellow), C) 
Syndecan-4 (green), D) Syndecan-1 (Yellow), and E) Oct-4 (green). Scale bars are 100 µm, and image fluorescence 
is automatically enhanced by the software for viewing. These images represent a single FOV of a sample well, and 
are shown to provide insight into the sample fluoresence as quantifiable analysis was performed automatically 
by the software. 
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culture via phase contrast imaging, we also used fluorescence imaging of stained 

samples to assess for E-cadherin protein on the cell surface, as shown in section 5.2. 

It is well accepted that wild type mESCs strongly express E-cadherin protein, localised 

to the cell surface, to act in the formation and maintenance of cell-cell contact36,222, 

and as seen in Figure 5.1 the wild type mES cell line used (E14) did show localised 

E-cadherin expression at the cell surface. Furthermore, the image suggests a more 

dense distribution of E-cadherin at points of cell-cell contact. Conversely, as expected 

the Ecad-/- cultures showed no E-cadherin expression, again supporting the specificity 

of the antibody staining used. This is in line with current literature depicting the E-

cadherin expression of different mES cell lines, and underpins the associated cellular 

targets selected in this work28,227,228.  

Following confirmation of key cell characteristics, experiments were extended to also 

include the use of peptide treated media. As seen in section 5.2.2, the use of 

fluorescent imaging and subsequent automated quantification via the High Content 

Operetta system allowed for a robust analysis of cell samples. Firstly, we showed in 

Figure 5.3 and Figure 5.4 that the brightfield images aligned with the DAPI staining 

used to delineate cell nuclei, and as such the automated cell segmentation could be 

used with tailored analysis parameters to ensure consistent analysis between 

samples. This allowed for many more FOVs and sample wells to be tested within the 

experiment, and as such improved the accuracy and reliability of the work.  

From the literature it is suggested that abrogation of E-cadherin contacts in mESCs 

may correspond to a change in cell proliferation11, and thus our initial focus was 

directed at studying the effect of the peptides on the cell number recorded in each 

sample. Table 5.4 and Figure 5.5 show that the average cell number recorded for 

each sample well was significantly less in EpepW2R and DECMA-1 treated samples 

compared to regular media or Epep treatment conditions, with the latter showing 

the largest change. Eastham et al. report that in human ES cells inhibition of 

E-cadherin mediated cell-cell contacts resulted in a reduction of their proliferative 

function229, supported by evidence that ligation of E-cadherin contacts via protein 

labelled beads also inhibited proliferation230, a response that was later shown by Kim 

et al. to be dependent on the presence of α-catenin and mediated via the Hippo 
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signalling pathway34.  This eludes to the diverse and complex nature of E-cadherin 

mediation, and indeed the associated cell functions, with many different signalling 

pathways incorporated throughout cadherin mechanisms231.  

Experimentally, Hawkins et al. suggested that the addition of DECMA-1 to mESC 

samples does not increase cell proliferation, but may improve the percentage of 

viable cells, although a loss of the tight colony formation did occur232. However, when 

cultured in suspension the cell doubling time was reported to reduce for treated 

cells93. Therefore, the inhibition of cell proliferation following the addition of the 

neutralising antibody (nAb) DECMA-1 in our own studies, was similar to the response 

observed in hESCs, and as seen in literature the abrogation of E-cadherin adhesions 

in mESCs resulted in a more visually mesenchymal type morphology such as that in 

Figure 5.3D233. However, work by Segal and Ward showed the interaction of Epep 

and EpepW2R with E-cadherin to be unique compared to DECMA-1, with no loss of 

cell-cell contact in EpepW2R treated cell cultures93. Thus, it could be suggested that 

the reduction in cell number following EpepW2R treatment in Figure 5.5 may have 

been due to an unknown interaction of the EpepW2R peptide with E14 cultures, and 

indeed previous work did show a response in cell signalling following EpepW2R 

treatment despite a lack of cell-cell contact inhibition93. However, the EpepW2R 

treatment only showed this change at the 10 µM concentration, with the 1 µM and 

100 µM solutions showing a slight but not significant reduction, highlighting the need 

for continued studies to further investigate the impact of peptide concentration. 

This observation can be linked to the diverse range of cellular pathways and 

processes in which cadherin proteins are implicated, as seen in recent research. For 

example, phosphorylation is suggested by Surapaneni et al. to alter E-cadherin 

transcription234, which can be considered alongside factors such as interactions with 

local biological molecules such as syndecans235. This provides an abundance of 

potential targets to be monitored in addition the work shown in this chapter, with 

the potential to help elucidate the impact mechanisms of proposed non-binding 

peptides such as EpepW2R. Further, this could account for the unpredicted response 

of peptides tested in this work, and previous relate publications11,12,93.  
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No further effects were observed from Operetta analysis following treatment of E14 

cells with Epep and EpepW2R, as seen in Table 5.4, although the DECMA-1 treated 

samples showed an increase and decrease in Syndecan-1 and Oct4 intensity, 

respectively. First considering the change in Syndecan-1 expression, this could be due 

to a shift in the morphology of the cells, as suggested by the increased 

cytoplasm/nucleus ratio, and visual changes observed in Figure 5.3. As Syndecan-1 is 

often presented at the cell surface, the loss of tight cell-cell contact due to E-cadherin 

inhibition may interfere with the protein localisation78,235s. As the percentage of cells 

expressing Syndecan-1 remained unchanged in all conditions it is not possible to 

draw any definitive conclusions from the change in intensity, particularly due to the 

different cell morphology observed in the treated cultures. The same is true for the 

expression intensity of Oct4. Again, a change in the intensity was observed in the 

DECMA-1 treated samples, but there was no significant change in the percentage of 

expressing cells. This could be explained by the increased cytoplasm/nucleus ratio as 

the expression may be more dispersed. 

It is important to note that treatment with Epep and EpepW2R peptides did not 

induce any change in the tested targets for E14 cells, including no loss of pluripotency 

or significant change in cytoplasm/nucleus ratio. The latter Is particularly prevalent 

due to the ability for Epep to inhibit cell-cell contact, which we can see for DECMA-1 

correlates with a change in cell morphology. Thus, the use of peptides may provide 

an alternative inhibitor to the targeting antibody, while maintaining more consistent 

cell morphology and characteristics, as cell number and cytoplasm/nucleus ratio 

remained unchanged in Epep treated samples. However, Segal and Ward reported a 

reduction in the expression of key mESC pluripotency markers following peptide 

treatment, including Nanog. The Nanog protein is closely associated with Oct4 as 

regulators of stem cell pluripotency228,236, and as such the stable expression of Oct4 

reported from our work in 5.2.2.2 provides a greater understanding of the 

maintained pluripotent characteristics of peptide treated cultures. However, it is 

important to recall that many other key regulatory pathways are not explored in this 

work, which may provide a complimentary approach to be used in future work. For 

example, the Hippo pathway mentioned previously, and subsequently the associated 
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PI3K signalling pathway, is implicated in literature to be related to cadherins in the 

mediation of cell processes34. Furthermore, snail and slug pathways are also 

reviewed with regards to their relationship to E-cadherin transcription and 

processing, with ongoing reference to the crucial EMT process observed in 

mESCs237,238.  

Comparing these responses to those of Ecad-/- cultures, it can be seen that several 

discrepancies appear. As the Ecad-/- cell line was specifically chosen to highlight to 

E-cadherin dependence of interactions, and their resulting effects, we can begin to 

study the processes of Epep and EpepW2R peptide inhibition. Table 5.5 shows that 

the E-cadherin targeting antibody, DECMA-1, had relatively little effect compared to 

the treated E14 sample, as would be expected due to the lack of specific target for 

the antibody. As such, the only observed change for DECMA-1 treated Ecad-/- cells 

was an increased cytoplasm/nucleus ratio, with no noticeable difference in the cell 

number or protein expression, as was observed in E14 cultures. Further, Figure 5.10 

shows that the increased ratio is only observed in a single experiment out of the three 

tested, and as such may need further validation to confirm this conclusion via further 

repeats. It is important to consider that this lack of response to the nAb could be 

expected due to the known absence of E-cadherin in the cell cultures, and thus the 

absence of a biological target for the antibody, with this interaction instead providing 

insight into potential off-target interactions that may occur. However, the ability to 

target specific antibody-mediated sites, such as DECMA-1 binding of E-cadherin 

proteins, is utilised in research as a proposed method of probing and perhaps 

manipulating cell functions. Brouxhon et al.200 explore the relationship of DECMA-1 

with several cellular pathways including HER and PI3K, which are both strongly linked 

to carcinogenesis, with similar relationships tested by a range of other 

groups229,239,240.  

The response to peptide treatment also showed differences between the two cell 

lines tested, with Ecad-/- responding to Epep with an increased cell number and a 

reduction in Syndecan-4 intensity, and to EpepW2R with a reduced Syndecan-4 and 

Syndecan-1 intensity. The change in cell number was completely contrasting to that 

observed in E14 cells, as in the Ecad-/- samples only Epep showed any effect. This may 
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suggest a secondary interaction with mESCs in the absence of the primary E-cadherin 

binding target, that perhaps relates to the dual E-/N-cadherin binding affinity 

proposed by Devemy and Blaschuk during the initial isolation of the Epep sequence12. 

This could also be inferred due to the consistent change in Syndecan fluorescence 

intensity seen in Figure 5.10, particularly for Syndecan-4. This protein is implicated in 

the formation and function of focal adhesions alongside integrin adhesion proteins, 

and as such are recognised for their involvement in key cellular functions and 

response to mechanical cues241,242. Thus, in the absence of E-cadherin the targeting 

peptides may be interfering with associated systems, such as the Syndecan pathways 

which are implicated in processes such as cell proliferation and cell-matrix 

interactions, resulting in a change in cell expression243.  

To help isolate this relationship in future the use of cell lines with genetically 

knocked-down or knocked-out Syndecan expression, such as those used by Yu 

et al.244, could be tested alongside wild-type mESCs commonly used in literature such 

as the D3 cell line used by Segal and Ward93. This work would also naturally benefit 

from development into human ES cells which are receiving ever-growing interest in 

research and therapeutics. It is also shown by Hawkins(2012) that Ecad-/- mESCs rely 

on maintenance of pluripotency via the Activin/Nodal pathway, which is recognised 

as the same pathway used in hESCs, as opposed to the LIF/STAT3 pluripotency 

pathway observed in the mESCs22, although these complex relationships are still not 

fully understood. This may still provide an exciting avenue for continued research, as 

this system could be used to help probe the underlying mechanisms involved in these 

vital pathways. For this chapter however, it must be noted that this analysis was 

drawn from an individual experiment, and as such further work is required to 

confidently determine the mechanism of these relationships, which unfortunately 

was not possible in this thesis due to the time-limiting constraints imposed by the 

COVID-19 pandemic, as already discussed.  
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5.3 Conclusions 

The approach adopted within this chapter was developed to provide a biological 

analysis to support the AFM experiments conducted in chapter 3 and chapter 4, while 

attempting to further our understanding of cell response to E-cadherin targeting 

peptides. Throughout this work we have demonstrated the successful culture and 

fluorescence labelling of key markers in E14 and Ecad-/- mES cell lines, probing 

characteristics such as proliferation and protein expression to expand our 

understanding of cell response to Epep and EpepW2R peptides. Operetta analysis of 

peptide treated E14 and Ecad-/- cultures displayed consistent expression of the key 

regulatory marker, Oct4, in all treatment conditions. This develops from the panel of 

pluripotency markers analysed previously by Segal and Ward93, and suggests the 

addition of Epep or EpepW2R did not induce differentiation in cell monolayers. 

However, treatment of E14 cultures with EpepW2R, and of Ecad-/- cultures with Epep, 

resulted in fewer cells present after 48 h culture in comparison to cells cultured in 

regular media. Furthermore, both Epep and EpepW2R treated Ecad-/- cultures 

presented a reduction in the intensity of Syndecan expression, which was not seen 

in regular medium or DECMA-1 treated samples.  

These observations could indicate that the peptides exhibit some off-target influence 

on the cells, as marker expression and cell number show unique changes following 

peptide treatment, even in the absence of E-cadherin expression. This is further 

supported by the AFM-based analysis seen in chapter 4, and it was initially planned 

that these experiments would be continued to further probe peptide mediated 

effects in mESCs. However, despite starting this work and conducting preliminary 

experiments using flow cytometry, the unforeseen shutdown of labs due to the 

COVID-19 pandemic ultimately prevented its continuation within the time 

constraints of this project.  
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Chapter 6 - Conclusions and Future Work 

Due to their self-renewal and diverse differentiative capacity, stem cells, such as 

mESCs, provide a key approach for many different applications, from basic research 

into gene expression and function, to medical applications for studying diseases and 

developing novel diagnostic approaches. Subsequently, there is an ever-growing 

need to understand and regulate ES cell function in vitro, with novel targeting 

peptides one area of particular interest to achieve this. Recently developed 

E-cadherin targeting peptide sequences, have been shown to affect both the physical 

and biological functions of mESCs. However, the relationship between the physical 

and biological effects actioned by these peptides requires further research to 

understand the processes involved. Therefore, our research aimed to use a 

multidisciplinary approach to bridge this gap, using the Epep sequence isolated by 

Devemy and Blaschuk12, and the analogues of this sequence subsequently developed 

by Segal and Ward93. 

Specifically, this thesis aimed to demonstrate the development of an AFM based 

approach that would be capable of detecting and investigating the interaction of 

E-cadherin targeting peptides. This approach was complimented by biological assays 

aimed at studying the behaviour of mESCs in response to peptide treatment, with 

the hope of developing this scope to consider a variety of additional cellular targets. 

Epep and EpepW2R peptides were highlighted in previous research and presented as 

ideal sequences for this work, as both peptides were shown to induce unique 

biological marker expression, while demonstrating contrasting abilities to inhibit 

cell-cell contacts in mESCs. It was hoped that the application of AFM would provide 

new insight into the response of E-cadherin proteins to peptide treatment by 

monitoring the frequency and force of individual cadherin bonds, and allow 

evaluation of the potential of the approach for the screening of E-cadherin 

interacting substances. Throughout the work, we demonstrated the use of advanced 

analytical techniques to probe both the biological and physical impact of E-cadherin 

targeting Epep and EpepW2R peptides, with the aim of observing the impact on 

mESC cell cultures.  
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In chapter 3, we showed the development of a robust E-cadherin binding system 

tailored to isolate E-cadherin adhesions between surfaces functionalised with 

Ecad-Fc molecules, with measurement of single molecule adhesion and high 

sensitivity force analysis. This involved optimising the surface functionalisation of 

samples, and the experimental parameters, to successfully record the unbinding of 

single E-cadherin bonds via the capture and analysis of F-D curves. Data was 

categorised using key characteristics of the system, determined from literature and 

our experimental setup, with the frequency of specific adhesion events monitored to 

assess the likelihood of detecting interactions attributable to the rupture of single 

molecular bonds. From this we observed consistent modal rupture forces of 30 or 35 

pN as seen in Figure 3.6 and Figure 3.8, which corresponded well with values seen in 

literature for the characteristic S-dimers formed by E-cadherin molecules. Similarly, 

rupture forces were consistently observed around 60 – 70 pN, which again 

correspond well with values for X-dimers seen in literature. Frequency analysis of the 

data also demonstrated a single adhesion frequency below 20% in all buffer 

conditions, indicating an SMFS system with accuracy >90%, supporting the viability 

of the AFM system developed in this work.  

Importantly, known inhibitors of homotypic E-cadherin interactions, such as EGTA 

and the DECAM-1 antibody, were used to confirm the specificity of recorded 

interactions. Measurements recorded in the presence of such agents were compared 

to measurements recorded in a Ca2+ rich environment; a reduction in adhesion 

frequency, in line with the expected response of E-cadherin mediated adhesion, 

confirmed the specificity of the probe-sample interactions. Our system was 

additionally shown to be successful in acquiring and analysing SMFS data in multiple 

liquid environments, tested sequentially, which provided a crucial platform for the 

advancement of the approach for the assessment of targeting peptides.  

By developing the AFM system validated in chapter 3, the work in chapter 4 

introduced the Epep and EpepW2R peptides to the E-cadherin functionalised 

samples. The impact of the peptides on the frequency and force of specific 

E-cadherin adhesion events was monitored. This novel analysis indicated a reduction 

in the adhesion frequency following the addition of both peptides, an observation 
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not expected for the EpepW2R variant, as in previous biological assays the 

application of this peptide had not resulted in abrogation of cell-cell contacts. This 

highlights the potential of using an AFM system capable of recording single molecule 

interactions with high force sensitivity, and could suggest the presence of 

preferential off-target binding of the EpepW2R sequence when testing cell 

monolayers, that is not seen when isolating E-cadherin interactions. Further, the 

inhibitory effect for both peptides was shown to be reversible following the 

replacement of the experimental environment with Ca2+ buffer. Building on the 

results of chapter 3, these findings again highlight the advantages of the AFM based 

analysis for the investigation of cadherin-peptide interactions. The results 

demonstrate the ability to sequentially apply different test environments, whilst 

maintaining a robust SMFS system throughout an experiment. Importantly, this was 

achieved using a single sample and AFM probe, using relatively small test compound 

(peptide) volumes (≈100-150 µL), providing advantages over ensemble techniques, 

such as SPR. The initial experiments conducted in this chapter, on E14 mES cell 

monolayers in the presence of Epep, also indicate the potential of developing this 

technique to probe, and potentially screen, peptide interactions with more 

biologically relevant surfaces. 

Finally, Chapter 5 details the biologically focussed assays conducted to probe the 

effect of peptide treated media on E14 and Ecad-/- mESC cultures. These experiments 

were performed to build on the AFM results obtained in chapter 4. Previous work by 

Segal and Ward suggested a unique response of marker expression in mESCs in 

response to Epep or EpepW2R treatment, and attempted to isolate the peptide 

regions responsible for the influences observed on cell cultures. However, there 

exists a plethora of other key markers that were not considered but may be 

implicated in peptide interaction, such as off-target bio-mechanically active proteins, 

for example Syndecans. The experiments seen in chapter 4 highlight the need to 

analyse the response of proteins associated with E-cadherin function, as the 

inhibitory activity of EpepW2R seen in the AFM studies is not seen in previous cell-

based analysis, and thus indicates the influence of cell components not yet 

considered in previous experiments. By comparing the response of E14 and Ecad-/- 
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cultures It was hoped that we could further our understanding of the peptide 

interaction with cell cultures, as any change seen in Ecad-/- cells after exposure to 

peptide would not be E-cadherin-mediated, and may reveal off-target interactions, 

for example with associated surface proteins such as Syndecans.  

High-content Operetta analysis of peptide treated E14 and Ecad-/- cultures 

demonstrated success in imaging and quantifying expression of selected cell 

markers, displaying consistent Oct4 expression in E14 and Ecad-/- cultures in all 

treatment conditions. Quantifiable analysis of fluorescently labelled cell samples 

suggested a possible influence of the peptides on cell proliferation, with EpepW2R 

treated cell samples displaying a lower cell number after 48 h in comparison to 

regular culture medium. It was also seen that peptide treatment of Ecad-/- cells 

resulted in a change in the intensity of Syndecan expression, which was not seen in 

regular medium or DECMA-1 treated samples. This response highlights the impact of 

the targeting peptides in the absence of E-cadherin, again suggesting off-target 

interactions, as supported by the AFM-based analysis seen in chapter 4. However, 

the unforeseen shutdown of labs due to the COVID-19 pandemic prevented the 

planned development of this analysis to include flow cytometry, which we hoped 

would further probe the influence of the peptides on a single cell scale. This approach 

could provide in-depth analysis of the subpopulations that may be present within 

treated cell cultures, isolating individual cell characteristics within the samples, and 

providing a basis to develop this work into more complex biological systems. Some 

preliminary studies using flow cytometry were completed, as discussed later in 

section 0, with an advanced analysis panel developed for this work as an ideal 

approach for continuing this work in the future.  

Throughout this thesis we have therefore demonstrated work towards the 

development and validation of an AFM system, capable of detecting and observing 

the influence of E-cadherin targeting peptides on the interactions between 

E-cadherin molecules. This novel analysis has revealed inhibitory effects not 

previously reported when using ensemble-based analytical techniques; namely, the 

ability for EpepW2R to inhibit E-cadherin adhesion. Subsequent experiments 

demonstrated the potential to incorporate cell monolayers into the AFM 
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experimental system, highlighting the potential to analyse impact of peptide 

treatment on mESC cultures. Biological assays such as high-content Operetta imaging 

presented a unique response of E14 and Ecad-/- mES cell lines in the expression of 

key targets, including cadherin proteins and pluripotency markers, following the 

addition of Epep and EpepW2R. This suggests an exciting avenue for developing this 

work to further analyse the biophysical impact of novel targeting peptides and 

highlights the potential for this system to be used in future peptide screening 

experiments. This research could provide a more robust and informative analysis of 

peptide interaction for many different cell types, that can be utilised in research 

fields such as scale up cell culture, differentiation assays, and development of 

therapeutics.  



 143 

6.1 Future Work 

Throughout this thesis we have demonstrated the multidisciplinary nature of this 

work, and as such there are many opportunities for further development. The 

complex relationships and processes mediated by mechanical and biological 

functions of targets such as E-cadherin highlight the potential to understand, and 

perhaps manipulate, key cellular characteristics.  

The work in this thesis shows the development of a robust E-cadherin binding system 

using functionalised AFM samples, with isolation of single molecule adhesion and 

high sensitivity force analysis. Similar systems have been developed previously to test 

a wide range of biological targets and provide a notable basis to be used throughout 

future work, as many different cellular targets can be assessed using this technique. 

However, our system specifically demonstrates the use of the AFM system as a 

method for investigating the effect of E-cadherin targeting peptides, which was 

successful in acquiring and analysing SMFS data on functionalised surfaces in multiple 

liquid environments, including the peptide samples of interest. Ideally, continued 

work would conduct complimentary DFS experiments, with the aim of further 

developing our understanding of the influence of the inhibiting peptides on the 

mechanical origins of the E-cadherin interactions. As the AFM system has already 

been shown to be successful in the monitoring of adhesion frequency and force, the 

use of DFS would provide further detail to the interactions observed, such as the 

force induced energy landscape and bond lifetime, and how these are affected by 

the targeting peptides118,135,138. 

We also conducted preliminary experiments that explored the ability for the AFM 

system to be adapted to allow for testing of adherent cell samples, while treating 

with peptide solutions. Therefore, naturally this work can progress to further assess 

the mESC cultures seen throughout this thesis, with the hope of providing a more 

detailed and representative understanding of peptide interactions using more 

biologically relevant samples. This approach could then be further developed to 

incorporate hESCs monolayers as the sample surface, initially testing the Epep and 

EpepW2R sequences to compare the influence of the peptides with the responses 

seen in mESCs. As discussed in chapter 1, human ESCs are receiving greater interest 
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as culture processes develop, and would provide a necessary development into 

human cell lines when considering the development of peptides for applications such 

as therapeutics. Although similarities exist between mouse and human ESCs, each 

possess distinct cell characteristics that could prove influential in the function of 

targeting peptides, such as the different maintenance pathway used for 

pluripotency. Experiments using cell monolayers have been developed previously by 

a number of research groups including our own133,186,245, although there is a lack of 

evidence for the use of cell-AFM to probe the interaction and influence of novel 

peptide sequences. Therefore, the development of our AFM system to probe cell 

cultures highlights the potential diverse application of this work into future research.  

Further development of this work could be achieved by isolating the interactions of 

potential additional biological targets discussed in chapter 5, such as Syndecan 

adhesions. This could be conducted in the presence and absence of cadherin 

proteins, highlighting any changes mediated by the interaction of the different 

proteins. Similarly, the use of different protein fragments could also be used to help 

gain further insight into the processes involved in the peptide mediated effects. For 

example, functionalising the system with only the EC1-2 domain of E-cadherin, which 

is regarded as the key binding domain for the formation and stability of classical 

cadherin bonds, would help determine the mode of action for the peptides. This is 

true for both Epep and EpepW2R peptides, and subsequently other peptide 

sequences that may target the E-cadherin binding domain. Similarly, the use of cell 

cultures modified to express specific protein fragments could provide a more 

advanced and biologically relevant progression to this work, as the isolation of known 

active sites on the E-cadherin protein could help determine the specific interaction 

of the molecules, or alternatively indicate off-target interactions of the peptides. The 

principle of exploiting protein fragments to isolate interactions is common, 

particularly with regards to cadherin proteins, and therefore provides a robust 

platform to develop this work246–248. Advancements in the use of AFM tips 

functionalised with single cells could also provide an exciting application for this 

research in the future. 
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In chapter 5 we successfully cultured and treated cell samples with various 

concentrations of Epep and EpepW2R media, and observed unique responses via 

high content Operetta analysis. This again provides a vast potential for continuation 

of this work, as well as incorporation of this approach into wider research projects. 

As outlined previously, this section was initially planned to be developed via 

complimentary cellular assays, such as flow cytometry, to enhance our 

understanding of the peptide effect on cell markers not yet observed or explored. 

However, the impact of the lab shutdown unfortunately prevented the completion 

of this work. Despite this, initial progress was made towards developing this 

experiment, with a comprehensive antibody panel selected and prepared, as seen in 

Appendix 1. This provides an ideal approach for the continuation of this work, as 

analysis using the selected markers provide a diverse range of intra- and 

extra-cellular markers that could be influenced by the peptides. The markers were 

selected due to their association with cadherin mediated processes, such as 

mechanical adhesions of surface molecules, or maintenance of key cellular pathways. 

These develop from the work already seen in literature, while targeting new 

molecules to attempt to further understand the influence and mechanisms of the 

peptides. 
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Appendix 1  

1.1 -  Preliminary Analysis of E14 and Ecad-/- Cells Using Flow Cytometry 

As outlined previously, the work shown in chapter 5 would naturally be supported by 

further analysis of peptide treated E14 and Ecad-/- cell cultures, with flow cytometry 

presenting a suitable technique to assess the effect of Epep and EpepW2R peptide 

sequences. This method allows for detailed single cell analysis of fluorescently 

labelled markers, while providing a basic interpretation of cell characteristics via 

forward and side scatter measurements. Preliminary development of this 

experiment was performed within this work, and highlights the potential for 

development going forward. However, the optimisation and progression of this 

technique was unfortunately not possible due to the unforeseen shutdown of labs 

during the COVID-19 pandemic. Therefore, this section details the initial flow 

cytometry work completed as a continuation of the data reviewed in chapter 5, 

providing the basis for the continuation of future work.  

1.1 -  Materials and Methods 

1.1.1 -  Sample preparation 

To prepare samples for flow cytometry, the cell cultures were first passaged using 

gentle cell dissociation reagent (GCDR) (STEMCELL Technologies, Canada) for at least 

3 passages prior to experimentation. This reagent is an enzyme-free chemically 

defined dissociation buffer, providing a gentler passaging process compared to the 

commonly used trypsin seen in general cell culture: section 5.1.1.1. Cultures were 

treated with GCDR at 37oC until cells naturally began detachment from the culture 

surface, up to a maximum of 15 minutes. Following detachment, the buffer was 

transferred to a sample tube capable of centrifuging, and a gentle PBS wash of the 

culture surface was performed, adding this solution to the centrifuge tube. The cell 

suspension was then centrifuged at 300g for 3 minutes and the supernatant was 

removed. The cell pellet was then resuspended in the appropriate culture medium 

and reseeded into culture flasks. For experiment samples, peptide or antibody 

medium was used as required, and the cell cultures were seeded into larger gelatin 

coated T75 or T175 flasks until ≈70% confluent or after 48 h incubation. Once 
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confluent the cultures were detached from the culture flask using GCDR as previously 

detailed and resuspended in 0.22 µm filtered 10% (v/v) goat serum in DPBS (staining 

buffer), before being divided into individual samples containing 1x106 cells, as 

required for antibody staining and testing using flow cytometry.  

1.2.1 -  Immunostaining 

For intracellular staining samples were first fixed using 100 µL of 4% (v/v) PFA in DPBS 

with 15 minutes incubation at room temperature. The cell suspension was then 

centrifuged at 300g for 3 minutes and the PFA solution was removed. Multiple PBS 

washes were then performed, before adding 100 µL of 0.4% (v/v) TritonX-100 in DPBS 

(permeabilisation buffer) and incubating for 20 minutes at room temperature. The 

samples were then centrifuged to remove the remaining permeabilisation buffer, 

and multiple PBS washes performed.  

For all samples, blocking using staining buffer or permeabilisation buffer was 

performed for 0.5 h, for extra-cellular and intra-cellular targeting, respectively. 

Meanwhile, antibodies were diluted in staining buffer or permeabilisation buffer and 

incubated on the samples for 1 h in the dark at room temperature following blocking. 

The following antibodies/controls were used: E-cadherin (Cell Signalling 

Technologies, 3199s, AF488) / rabbit DA1E (Cell Signalling Technologies, 2975s, 

AF488), N-cadherin (Miltenyi Biotech, 130-116-171, APC) / mouse MOPC-21 

(BioLegend, 400120, APC), Syndecan-1 (BioLegend, 142514, PE/Cy7) / rat RTK2758 

(BioLegend, 400522, PE/Cy7), Syndecan-4 (BD Biosciences, 550352, PE) / rat R35-95 

(BD Bioscience, 553930, PE), Nanog (BD Biosciences, 560278, AF488) / Mouse 

MOPC-21 (BioLegend, 400134, AF488), Oct-4 (BioLegend, 653704, PE) / mouse MPC-

11 (BioLegend, 400312, PE), Sox-2 (BioLegend, 656112, PB) / mouse MOPC-21 

(BioLegend, 400151, PB), SSEA-1 (BioLegend, 125618, APC) / mouse MM-30 

(BioLegend, 401616, APC), SSEA-4 (BioLegend, 330420, PE/Cy7). Samples were again 

centrifuged following incubation, several PBS washes performed to remove any 

unbound antibody. Finally, each sample was resuspended in 500 µL of PBS and 

covered to protect it from light, and tested immediately. 
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1.3.1 -  Instrument and Data Acquisition 

Samples were analysed using a Beckman Coulter Astrios EQ cell sorter, with UV 

(335 nm), Violet (405 nm), Blue (488 nm), Yellow/Green (561 nm) and Red (633 nm) 

lasers to allow for multi-colour imaging experiments. Events recorded by the 

instrument were between 50,000 and 100,000 for each sample, with control samples 

used to correct for background emission and perform fluorescence compensation 

during testing. Samples were monitored continuously to check for any blockages or 

bubbles in the system, and data was interpreted using Kaluza analysis software v1.1 

(Beckman Coulter).  

1.2 -  Preliminary Flow Cytometry Analysis of Epep and EpepW2R Treated 

mESCs 

Analysis via flow cytometry records properties of single cells as they flow through the 

analysis chamber, using various excitation lasers to measure the fluorescence 

response of the sample. This response does not provide any information regarding 

location on the cell, as is seen for example in Operetta analysis, but gives detailed 

insight into subpopulations of cells and sample uniformity. Furthermore, a large cell 

population can be tested in a single flow cytometry experiment, with a plethora of 

fluorescent tags available due to the prevalence of the technique. Therefore, the first 

process required when reviewing this data is to select the appropriate cell population 

from the events recorded. As seen in Figure A1., this is achieved by using the forward 

scatter (FS) and side scatter (SS) properties of the cells within the sample, which 

correspond to the cell size and granularity, respectively. The ratio of these values 

provides insight into the physical characteristics of the sample population, and it is 

therefore possible to omit the uncharacteristic values from the analysis. In Figure 

A1.A the highlighted region depicts the suspected single cell population, omitting 

debris as seen via the annotations, classified due to the low FS and SS values. This is 

further refined in Figure A1.B, whereby suspected cell doublets are also omitted, 

giving the refined sample population that is used for analysis.  
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After selection of the cell population for each sample, the expression of labelled 

markers can be viewed. Each antibody stain was used alongside a negative control, 

allowing comparison of the sample data to the control to determine a positive or 

negative expression, as outlined in section 2.2.1.3. Subsequently, histograms 

showing the fluorescence intensity of each labelled target were created, and gated 

to determine the percentage of cells within the sample that exhibited positive 

expression for the target (data not shown). The results were then collated into Table 

A1.0.1 for easier comparison.  

Figure A1.1: Graphs showing the isolation of the single cell population from an E14 cell sample using common 
FC analysis processes. The regions within the outlines represent the selected population, showing the omission of 
A) debris within the sample, and B) cell doublets. 
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Preliminary experiments were also conducted on Ecad-/- cell cultures treated with 

peptide media, following the same analysis process. Again, the histograms used to 

determine the percentage of the cell population exhibiting positive expression are 

not shown, with the data from this analysis shown instead in Table A1.0.2. 

Review of Table A1.0.1 and Table A1.0.2 indicates the negative expression of E-

cadherin in all cell conditions, suggesting the labelling process for this protein was 

Table A1.0.1: Table showing data from FC analysis of E14 cell cultures treated with Epep and EPepW2R peptide 
media. Collated analysis of E14 cell samples showing the percentage of cells expressing the corresponding 
targeting fluorophore. Samples were cultured in different treatment media as outlined in the table.  

Table A1.0.2: Table showing data from FC analysis of Ecad-/- cell cultures treated with Epep and EPepW2R 
peptide media. Collated analysis of Ecad-/- samples from FC experiments, following the same fluorescent panel as 
seen for E14 cells previously. The values show the percentage of each cell sample that exhibit positive expression 
of each marker.  
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unsuccessful, as the studies in this thesis and in the literature demonstrate a 

characteristic expression of E-cadherin in E14 cultures. Despite this, the analysis seen 

in Table A1.0.2 indicates that other selected targets may be more closely optimised 

within this initial experiment. This is evidenced by the varied expression of cell 

markers seen in E1 and Ecad-/- treated samples. This experiment therefore succeeds 

in providing an ideal foundation for the progression of future work, despite the 

limitations preventing the optimisation of this experiment within this thesis. 

Continuing this approach, some key comparisons may be possible between selected 

markers, providing a more complete understanding of Epep and EpepW2R peptide 

induced effects on mESCs. Indeed, the experimental process outlined in this chapter 

highlights the potential progression of this work in the future, focussing on the 

optimisation of the antibody panel shown to provide a more complete understanding 

of marker expression, and using the findings from these studies to further refine and 

develop our understanding of peptide interactions. 
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Appendix 2  

 

 

 

Figure A2.1: Fdist analysis of the data shown in Figure 3.8, providing the modal force for specific adhesions as 
outlined in chapter 3. 

Figure A2.2: Fdist analysis of the data shown in Figure 4.6, providing the modal force for specific adhesions as 
outlined in chapter 3. 

Figure A2.3: Fdist analysis of the data shown in Figure 4.9, providing the modal force for specific adhesions as 
outlined in chapter 3. 
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Figure A2.4: Fdist analysis of the data shown in Figure 4.12, providing the modal force for specific adhesions as 
outlined in chapter 3. 


