
                          

This electronic thesis or dissertation has been
downloaded from Explore Bristol Research,
http://research-information.bristol.ac.uk

Author:
Evans, Christopher T

Title:
Applications of HS-AFM Imaging to Marine Microbial Life and its Environment

General rights
Access to the thesis is subject to the Creative Commons Attribution - NonCommercial-No Derivatives 4.0 International Public License.   A
copy of this may be found at https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode  This license sets out your rights and the
restrictions that apply to your access to the thesis so it is important you read this before proceeding.

Take down policy
Some pages of this thesis may have been removed for copyright restrictions prior to having it been deposited in Explore Bristol Research.
However, if you have discovered material within the thesis that you consider to be unlawful e.g. breaches of copyright (either yours or that of
a third party) or any other law, including but not limited to those relating to patent, trademark, confidentiality, data protection, obscenity,
defamation, libel, then please contact collections-metadata@bristol.ac.uk and include the following information in your message:

•	Your contact details
•	Bibliographic details for the item, including a URL
•	An outline nature of the complaint

Your claim will be investigated and, where appropriate, the item in question will be removed from public view as soon as possible.



i 

 

 

 

 

 

Applications of HS-AFM Imaging to Marine 

Microbial Life and its Environment 

 

 

 

 

 

 

 

 

Christopher Thomas Evans 

Interface Analysis Centre, School of Physics 

A thesis submitted to the University of Bristol in accordance with the 

requirements for award of the degree of Doctor of Philosophy in the Department 

of Physics, Faculty of Science  

 

June 2020       Word Count: ~ 47,000 words 

  



ii 

 

 



i 

 

Abstract 

This PhD project aims to exploit the capabilities offered by High-Speed Atomic Force Microscopy (HS-

AFM) to characterise the interactions between coccolithoviruses (Emiliania huxleyi Virus, EhV) and 

their globally important coccolithophore hosts (Emiliania huxleyi, E. hux), as well as investigating 

application of HS-AFM to related environmental samples and beyond. 

A selection of marine science focussed examples are explored with HS-AFM centred towards 

developing protocols and methodology applicable to imaging and collecting data from the microalgae-

virus system. These samples also test applying HS-AFM to a representation of the environmental niche 

inhabited by the model system. This includes producing large Scanning Electron Microscopy (SEM) 

sized area scans whilst maintaining high resolution Atomic Force Microscopy (AFM) information in 

both air and aqueous environments. Through development of the liquid cell, HS-AFM provides 

capability to visualise individually unique particles, surfaces and structures under environmentally and 

physiologically relevant conditions.  

Structural characterisation of EhV is investigated, being critical for following experiments involving 

both viruses and cell membranes. The development of a novel 3D printed array for cell immobilisation 

facilitates analysis of E. hux cell membranes. 

EhV is first introduced to supported lipid bilayers (SLBs) generated from E. hux cell membrane 

components with transient viral binding of EhV to E. hux derived SLBs imaged in a liquid environment. 

Next, binding of EhV to live E. hux cells prepared in 3D cell arrays with contact mode HS-AFM in a 

physiologically relevant aqueous environment is presented.  

Unique data is collected utilising HS-AFM technology, on samples and in a field traditionally lacking 

access to, or history, of such techniques. This data has intrinsic value that is explored whilst maintaining 

project focus of characterising the interactions between coccolithoviruses and their coccolithophore 

hosts.  

Atomic force microscopy may have been overlooked as a structural tool, but with speed increases shows 

promise as a method for dynamic observations. In my opinion, HS-AFM is a useful tool for studying 

host, virus and the infection process in a dynamic way that is not applicable to other approaches, as well 

as many alternative experimental hypotheses surrounding the microalgal-virus environment and system. 
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Chapter 1: Introduction 

Declaration: This chapter is a mildly modified version of the article: ‘Christopher T. Evans, Oliver 

Payton, Loren Picco and Michael J. Allen; Algal viruses: The (atomic) shape of things to come. Viruses 

10, (2018) DOI: 10.3390/v100904901. I conceived of and wrote the first draft of the manuscript. Oliver 

Payton, Loren Picco and Mike J Allen reviewed and contributed to the final manuscript. Added to this 

thesis-appropriate adjusted article are Table 1 and sections ‘1.2 Emiliania huxleyi’, ‘1.3 

Coccolithovirus, EhV’ and ‘1.7 Summary of Results Chapters’. Elements from this article are also used 

in further parts of this thesis: Parts of Figure 91 and final paragraph of ‘Chapter 9: Conclusions and 

Future Work’. 

1.1 Introduction 

Visualization of algal viruses and their hosts has been paramount to their study and understanding. The 

direct observation of the morphological dynamics of infection is a highly desired capability and the 

focus of instrument development across a variety of microscopy technologies. However, the high 

temporal (ms) and spatial resolution (nm) required, combined with the need to operate in 

physiologically relevant conditions presents a significant challenge. Considering the sheer diversity and 

abundance of algal viruses2,3, and their influence on global geochemical cycles, potential food and value 

product stocks, and even climate change4,5; the quantity of research into their physical and structural 

characteristics, and its implications for their infection strategies is surprisingly low. Gaining structural 

insight may seem of little importance to understanding infection strategy. In reality, the opposite is 

likely true: in an environment where opportunistic interaction determines the fate of a virus capsid, its 

structure and ability to successfully interact with an amenable host is of great importance. The study of 

their structures and mechanics goes hand in hand with progress on understanding their role in the global 

ecosystem. Indeed, the study of virus dynamics for the prevention and control of infections in both 

animals and plants (and the associated societal and economic devastation), has been popular ever since 

their discovery around a century ago. Understanding the viral mechanism and structure-function 

relationship is often a key focus for developing prevention and mitigation strategies. The techniques 

used in these studies are constantly evolving and improving, providing a greater insight into the hidden 

world of these tiny entities. Crucially, whilst applied virus research usually drives technological 

developments, marine virologists have been relatively quick to apply these techniques to their own 

model systems. Yet, in an increasingly competitive research environment, structural studies on marine 

viruses and their hosts could mistakenly be regarded as a low priority activity, especially in a still young 

field where easily accessible genomic studies continue to provide far reaching implications on broader 

virus function.  

The overarching aim of this PhD project was to exploit the capabilities offered by High-Speed Atomic 

Force Microscopy to characterise the interactions between coccolithoviruses and their coccolithophore 
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hosts. A secondary, yet required aim, was to explore the instrumentation and preparations for associated 

aspects other than host-virus interactions. This includes applying HS-AFM to the environmental niche 

of this host-viral system, incorporating a range of samples sharing a variety of both similarities and 

differences to algal cells and viruses. The Bristol Nano Dynamics Ltd designed High Speed-Atomic 

Force Microscope (HS-AFM) has seen limited application to the life sciences, in contrast with far 

greater application in materials science (2D materials, aerospace metal fatigue, energy industry, 

corrosion etc.). Amplicon mapping at Virginia Commonwealth University is the only research activity 

currently using the equipment in this biological area6–8.  

Specifically, techniques and methodologies were tested on iterative, varied samples, extracting suitable 

scientific information, leading towards HS-AFM being collected from the virus (EhV) and the host 

(Emiliania huxleyi) surface both individually and during infection. 

 To achieve the host-virus goal, many marine (as well as selected non-marine) focussed samples (Table 

1) required method development, optimisation and investigation to utilise contact mode HS-AFM 

technology for this purpose. The intention was that produced data could then be analysed, compared to 

and supplement existing data types9. This had the possibility to provide a more comprehensive overview 

of the infection of coccolithophores with coccolithoviruses and their environment by truly taking 

advantage of the ‘High Speed’ aspect of HS-AFM. 
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Sample 

Scale 

Properties Shape X / Y 

Axis 

Z 

Axis 

3.2 Coccolith <4 µm <500 nm Inert, Biological / Chemical Flat Disk 

3.3 Microorganism 
<4 µm × <2 

µm 
<200 nm Inactive Biological Bacillus / Coccus / Vibrio 

3.4 Flagella 
2 - 20 µm × 

0.2 µm 
~10 nm Inactive Biological Filamentous 

3.5 Fungi 
>2 µm × <2 

µm 
~200 nm Inactive Biological Ovate 

Fungal Features ~ 60 nm <5 nm   

3.6 Aluminium Hydroxide 

Floc 

~ 100 nm to 

Macro 

<20 nm to 

<200 nm 
Inert Chemical Spheroids to Hydrogel 

3.7 Gold Nanocage <200 nm <200 nm Inert Chemical Hollow Cube 

3.8 Microplastic Macro Macro 
Inert Chemical 

Filaments, Spheres, Sheets 

Antibiotics  <20 nm  

Biofilm  <400 nm Inactive Biological  

4.2 Mermaid’s Purse Macro Inert Biological Macro 

4.3 Nanobubble <400 nm <50 nm Inert Physical Sphere 

On Patterened Graphene Macro ~2 nm Inert Material Flat Surface 

5.3 Coccolithovirus, EhV ~ 200 nm ~200 nm Inert Biological Icosahedral 

6.2 Phaeodactylum 

tricornutum 

>5 µm × <5 

µm 
<500 nm 

Live Biological 
Fusiform / Triradiate 

Membrane  <15 nm Flat Surface 

6.3 Emiliania huxleyi ~ 5 – 10 µm ~ 5 – 10 µm 
Live Biological 

Spherical 

Membrane  <15 nm Flat Surface 

7.2 Supported Lipid Bilayer Macro <15 nm Synthetic Biological Flat Surface 

7.3 Live Cell Virus Binding Combination Cell / Virus 

8.2 DNA  <5 nm Biological Filamentous 

8.3 Disrupted EhV Capsid ~ 200 nm ~ 50 nm Inert Biological Disrupted Icosahedral 

Table 1: Thesis Samples Overview 

1.2 Emiliania huxleyi 

Emiliania huxleyi (E. hux) is the most numerically dominant, and widespread coccolithophore in Earth’s 

oceans, inhabiting all but extreme polar oceans10. E. hux has a biphasic life cycle11–13 and is one of the 

most abundant marine phytoplankton species. E. hux is a member of the photosynthetic microalgae that 

form the base of the ocean’s food chain and is a key player in the process of CO2 exchange between the 

atmosphere and the ocean. In some marine systems 20 % of the total carbon is fixed by E. hux14 

suggesting this microscopic alga has influenced the global climate for over 200 million years15. Thus, 

E. hux is used as a model for studying how physical, chemical, and biological processes regulate the 

Earth's systems. E. hux directly links to climate change through the production of dimethyl sulfide 

(DMS), which when released during senescence, zoo-plankton grazing and viral lysis induces cloud 
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formation and blocks solar radiation16. Diploid, non-motile E. hux forms pale chalky cases called 

coccoliths during the spring bloom in the seas around the UK. Satellite observations (Figure 1 a) often 

observe late stage, spring blooms through the mass shedding of the highly scattering calcium carbonate 

coccoliths that coat the surface of diploid cells (Figure 1 b)17.  

  

Figure 1: a. Satellite image of E. hux bloom in the English Chanel (Scale bar 20 km, Landsat 7, 

1999, S Groom) and b. Scanning electron micrograph of E. hux (Scale bar 3 µm, Mikrotax.org) 

Algal blooms grow rapidly before abruptly disappearing. Implicated in this process are giant, specific, 

lytic double-stranded DNA (dsDNA) viruses belonging to the Phycodnaviridae family18–20. Emiliania 

huxleyi viruses (EhV) are thought to release particulate carbon and other nutrients into the water column 

through E. hux cell lysis, a process called the ‘viral shunt’21–23 and increase the production of transparent 

exopolymer particles that accelerate the formation of sinking particles from the upper water column24, 

making these host-virus interactions a driving force behind their potential impact on global 

biogeochemical cycles. The haploid phase of E. hux, by contrast to the calcifying diploid phase, is 

flagellated, motile and appears to be resistant to viral infection suggesting a way of ‘escaping’ 

infection25. 

The E. hux genome includes core regions shared by all strains, with some variable elements. Regions 

with high levels of tandem repeats and low complexity may have allowed rapid evolutionary adaptation 

over many millions of years, allowing current strains to live in a range of light conditions15. The study 

of the E. hux genome reveals many unexpected features that may be unique or common in microalgae 

warranting further investigation. For example, metabolic pathways, known previously only in fungi and 

animals that allow lipid synthesis were found26,27.  

a. 

b. 
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Glycosphingolipds (GSLs) are abundant in E. hux cells and are common constituents of cell membranes. 

These may form lipid rafts and be involved in E. hux viral infection as seen in entry and budding of 

HIV and Hepatitis C28,29. During infection, viral GSLs known to play a role in the regulation of cell 

death are present suggesting an important role of these discovered metabolic pathways 30–32.  

Using this insight, there is future potential for E. hux to be used to synthesize nutritional supplements, 

biofuels, feedstock, and polymer precursors, which may make E. hux a valuable species for cutting edge 

biotechnology.  

1.3 Coccolithovirus, EhV 

EhV is a giant, lytic, double stranded DNA coccolithovirus, part of the Phycodnaviridae group known 

for infecting microalgae. This is one of seven families formally recognized families in a diverse group 

of viruses known as nucleocytoplasmic large dsDNA viruses (NCLDVs, Figure 2). EhV-86, the type 

strain, has a circular genome 407,339 bp in size26 coding for 472 predicted genes. This genome is 

encased in a lipid enveloped, icosahedral capsid roughly 170 - 200 nm in size20,33. This virus replicates 

in E. hux’s nucleus and is assembled in the cytoplasm. As well as the lytic phase, there is also a budding 

viral release phase and the virus infects other cells through passive diffusion whereby the virus as a 

whole enters the algal cell9. Infection and release mechanisms are novel among phycodnaviruses and 

have never been observed in a direct, dynamic fashion. 
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Figure 2: Latest Phylogenetic tree of NCLDVs (Including suggested ‘Mininucleoviridae’: DhV1, 

CmV1 and PaV1; Adapted from 34) 

1.4 Electron Microscopy 

1.4.1 Early Virus Structural Studies 

In 1956 Crick and Watson suggested the hypothesis that ‘rod’ and ‘spherical’ viruses could be built 

from regularly packed identical sub-units. The basis for this idea was the high degree of order seen in 

X-ray photographs of crystallized plant viruses35. In this same issue, Caspar explained how for the 

Bushy Stunt Virus, the number of subunits by X-ray is a multiple of 12, most likely a multiple of 60, 

with chemical data suggesting up to 30036. Work published in the same year used electron microscopy 

(EM) (invented in 193537) with shadowing, and the ordered subunit packing hypothesis to suggest 

icosahedral structure for ‘spherical’ viruses38. These three examples neatly display the underlying 

methods of viral structure investigation: Orthogonal approaches to instrumentation and methodology, 

and theoretical models. Throughout the years, although the resolution to which virus structure is 

deduced is constantly increasing, the research still relies upon these core principles. 

Post-1956, research included the probable icosahedral structure of Tipula iridescent virus using EM 

with double shadowing39, direct subunit visualization, organization and symmetry of Sericesthis 

iridescent virus40, and ϕ6 lipid envelope discovery41. We will briefly skip past these and the initial 

discovery of virus like particles (VLPs) associated with eukaryotic algal species42 to the next relevant 

crucial juncture in algal virology with the introduction of culturable eukaryotic viruses43. This 

development, driven by the Chlorella – Chlorovirus system, meant obtaining the quantity of virus 

required for further study was no longer an impediment in these new model systems. Algal viruses are 

diverse in type and all require study, however laboratory propagation in many cases still presents a 
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challenge. This ability to culture, however, subsequently paved the way for more detailed research into 

both algal viral structure and function including E. hux - EhV system study. 

The main technique for ultrastructural studies in the early era was electron microscopy (EM). This will 

be briefly discussed here with relation to viral study. EM can be split into transmission electron 

microscopy (TEM, developed first) and scanning electron microscopy (SEM). TEM provides greater 

resolution than light microscopy and SEM offers surface imaging of solid samples, allowing for 

visualization of extremely small viral particles (see 44,45 for a comprehensive review of the early 

development of EM and SEM, respectively). Insights into structural features of infection are not only 

discovered by microscopy (e.g. 46). Molecular and other laboratory techniques in combination with the 

imaging analytical disciplines increase understanding of virus properties. For example, chemical 

composition can lead to information on surface protein modification and number, potential internal or 

external lipid membranes and their criticality in infection dynamics47. Sequence / proteomic analysis 

can predict the presence of structures such as channel proteins48. For algal viruses, the work on 

Paramecium bursaria chlorella virus-1 (PBCV-1) from the 1980′s onwards was at the forefront of 

intensive characterization through a variety of techniques as they became readily available for applied 

use. 

1.4.2 Cryo-Electron Microscopy 

EM received a huge upgrade for viral studies in 1984 with the publication of cryo-electron microscopy 

(cryo-EM) methods for virus samples49 (see 50 for an interesting review of cryo-EM origins and beyond). 

For PBCV-1, 1996 was the year for cryo-EM analysis and 3D image reconstruction51, with the technique 

providing impressive detail (26 Å resolution limit) into capsid construction and structure. From this 

data it was possible to ascertain the triangulation value (T) for the virus (T = 169 for PBCV-1). The T 

number of icosahedral viruses was first investigated in 1962 by Caspar and Klug52 as a way to describe 

the 20T triangular faces of an icosahedron where T = Pf2 (P = h2 + hk + k2, for all pairs of integers h 

and k having no common factor; f is any integer). Using only basic electron micrograph and X-ray 

diffraction data the pair were able to generate a theory on virus structure using geometric rules, later 

proven correct by direct visualization. EM and cryo-EM data has been iteratively improving since its 

inception and use in icosahedral viral analysis, increasing resolution for PBCV-1 (Figure 3) three-fold 

to 8.5 Å53 whilst using the T value theory as a way to describe structure. 
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Figure 3: Cryoelectron microscopy map of PBCV-1 (Scale bar 50 nm, Adapted from 53) 

1.4.2 Electron Microscopy Viral ‘Dynamics’ 

EM techniques are not only useful for intact virus structural study but can also be used in investigation 

of viral dynamics and the analysis of individual components. For example, when using TEM and its 

various derivatives such as scanning transmission electron microscopy tomography, immuno-electron 

microscopy and whole-cell focused ion beam-scanning electron microscopy54,55. These techniques give 

the ability to take a snapshot of an algal cell during infection; viruses will be in various stages of 

replication and assembly56. Analysis of this data can highlight the localization of viruses on the cell 

surfaces57 and early infection events58, location of assembly sites59 and intracellular virus-host 

interactions60. This has peaked recently as exemplified with single particle cryoelectron tomography 

(Cryo-ET) being used to investigate cyanophage-host interactions showing phage tail angles and 

membrane penetration61. Cryo-ET has also been used in combination with other techniques to analyse 

the herpes virus infection cycle62. Individual component analysis often combines EM data, with some 

form of theoretical modelling, sequencing and alignment to provide information (in the case of PCBV-

1), on structure of the major capsid protein (MCP) and therefore capsomer subunits63,64, functional 

surface channel proteins48,65,66 and lipid membranes67. These techniques, although extremely powerful, 

currently cannot do justice to the dynamic nature of infection as they rely on individual static pictures 

in a constantly changing system. Observing this dynamism in real time is extremely difficult. 

Nevertheless, EM studies (SEM and TEM) continue to dominate the research landscape and are often 

the first tools applied to the structural study of previously uncharacterized viruses, often followed by 

the use of cryo-EM and other EM techniques. 

1.5 Atomic Force Microscopy 

An alternative form of microscopy and utilised in viral structural analysis is atomic force microscopy. 

Invented in 1986 by IBM scientists68, the Atomic Force Microscope (AFM) relies on the measurement 
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of deflection of a microcantilever, armed with a sharp tip, as it passes over and physically interacts with 

a surface (Figure 4). This interaction can occur in a few different ways. Contact mode being the original 

imaging mode has the imaging tip of the cantilever in continuous contact with the surface during 

scanning. Intermittent contact mode or tapping mode oscillates the cantilever at its fundamental 

resonance frequency with the probe interacting with the surface at the end of each oscillation. The 

cantilever can be monitored by, for example, optical beam deflection, optical interferometry, or laser 

doppler vibrometery detection schemes. Compared with the EM methods, and in the context of this 

thesis, AFM promises the ability to analyse biological samples without fixative steps, staining or 

labelling, in environments that are physiologically relevant (see 69 for early biological applications of 

the AFM). This is because the image contrast arises from physical contact with the sample rather than 

electron interaction and can operate in liquids. EM cannot operate in an aqueous environment easily. 

The average resolution for AFM ranges from sub nanometre to 50 nm depending on sample type, 

preparation, and instrumentation. The primary negative of AFM is the slow speed of data acquisition, 

which is itself a result of the serial nature of data collection as the cantilever moves from pixel to pixel. 

With small image areas (typically less than 10 × 10 µm) and long collection times (typically between 5 

and 10 min for a 512 × 512 pixel image collected at a scan rate of 1 or 2 lines per second) it is challenging 

to collect enough data when compared to EM studies. It was not long after its initial design that AFM 

studies were performed on viruses. By 1992, a group at IBM had published an experiment observing 

the biological, in situ process of pox virus infection of live cells70. This was achieved by holding the 

target cell in place with a patch-clamp pipette, while the cantilever deflection was measured using either 

a tunnel probe (i.e. from a scanning tunnelling microscope) or the deflection of a reflected laser beam 

falling on a quadrant photodiode. The images provided revealed the cell membrane structure as well as 

time-course exocytotic processes. Notably, at the time of this study the atomic force microscope had 

only been available for roughly 10 years but had already exhibited the time resolution and imaging 

environments necessary to observe a dynamic event, albeit with slow image acquisition. A similar study 

was again performed in 1997 with increased speeds of one frame per second71. An impressive feat for 

the time and a hint of the future to come. 
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Figure 4: Schematic diagram of a high speed-atomic force microscope (Adapted from 72) 

Although a cryo-atomic force microscope was developed in 199673, this technique requires specialist 

equipment and doesn’t offer obvious advantage over EM and cryo-EM for virus analysis and has been 

largely ignored in studies. Interestingly, a review of marine virus study in 199774 fails to mention the 

development of AFM and the potential for viral structural analysis compared to other microscopy 

methods. Perhaps suggesting that AFM at that time was a niche field, unknown and unavailable to many 

researchers. In 1999 a structural biology group from the University of California with experience in X-

ray diffraction analysis of crystals reported one of the first examples using AFM as a tool for viral 

structural analysis75. This study used the crystallization of Turnip Yellow Mosaic Virus (TYMV, A 

relatively simple T = 3 Tymovirus) and tapping mode AFM76,77 as a platform to directly visualise the 

capsomere structures of virions immobilized within crystals. Presumably, the group was successful due 

to the increased physical stability offered by immobilization, and reduction in cantilever-tip forces on 

the sample through tapping mode AFM. Although impressive, and a demonstration of the power in 

directly mapping a surface, this technique did not offer the advantages expected from AFM, namely 

viral investigation in, or at near physiological conditions due to limitations in viral preparation methods 

and knowledge at that time. The year of 2001 took the technology, in one aspect, closer to this goal, 

with the imaging of free virus directly adsorbed to mica substrate by AFM analysis in liquid78. 

Icosahedral viruses such as satellite tobacco mosaic virus, brome mosaic virus and cauliflower mosaic 

virus yielded capsomeric structure without the use of a crystalline lattice. Enveloped viruses Tipula 

Iridescent Virus and Herpesvirus did not immediately display capsid structure, but with a detergent 

treatment to remove their outer lipid membrane these were also imaged successfully. Rod shaped 

viruses such as Tobacco Mosaic Virus were also imaged in a liquid environment. Being able to obtain 

quality data without crystallization of the virus sample is a huge advantage for AFM as an analysis tool. 

This doesn’t, however, mean that AFM requires no sample preparation, with immobilization of the 

sample being key to successful imaging79. 
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1.5.1 PBCV-1 Atomic Force Microscopy 

For the next twelve years the California group published extensively their research into AFM study of 

viruses (reviewed in 80), with the introduction of algal viruses in 200481 (Figure 5). It is mentioned in 

this study that due to the large size of PBCV-1 and its softness, for AFM imaging a glutaraldehyde 

fixation step and a poly-L-lysine treatment of the mica surface was required, with the structural data 

obtained intended to complement the electron microscopy and X-ray diffraction analyses that preceded 

it. For algal virus structural studies this was a demonstration of technique applicability, and further 

highlights PBCV-1 as the premier test subject in this realm, but in some respects could be interpreted 

as not offering advantage over the established microscopy methods. This is not entirely true (mentioned 

by the authors) as AFM is not limited by both symmetry averaging (cryo-EM) or physical averaging 

(crystallization) and can also give detailed biological defect and anomaly examples, including an insight 

into internal structural features when imaging damaged and imperfect particles. 

 

Figure 5: Selected AFM image of PBCV-1 (Adapted from 81) 

1.5.2 Atomic Force Microscopy Viral ‘Dynamics’ 

It is of note that a 2002 study by the California structural group performed a similar viral infection 

experiment to the IBM scientists from 10 years previous82, however, in this instance the group relied on 

heavy dehydration, fixation and post-fixation to provide extremely high quality imaging of Murine 

Leukemia Virus (MuLV) emerging from NIH 3T3 cells. Similarly, the same technique was applied to 

Human Immunodeficiency Virus (HIV) and lymphocytes, in the process providing the most detailed 

cellular AFM data at that time83. This method has similar restrictions to this style of study when utilizing 

EM and cryo-EM, in that only an individual moment of infection is visualized. In 2007 a similar 

publication examined a MuLV mutant with the same methodology, with no image acquisition speed 

increase (approximately 4 min per frame)84. Fixation at differing time points and having virus naturally 

at various stages of infection can act as proxy to dynamism. However, even though the resolution of the 
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techniques was extremely impressive, the ‘real-time’ measurement of virus infection initially reported 

in 1992 was still elusive. In the year of 2008 a comparable study was performed showing an increase 

in resolution with less reliance on fixation and dehydration and an image acquisition interval of 6 min 

for Moloney Murine Leukemia virus (MLV) budding events85, arguably not displaying the expected 

potential improvements from over a decade of progress. 

1.5.3 Improving AFM speeds 

As with EM before the invention of cryo-EM, the technical challenges of improving the instrumentation 

and methodology was restricting the key theoretical output of what AFM should be able to offer. A few 

groups were working in the late 90s / early 2000s on one facet of this limitation, the speed of imaging. 

It was at this time high speed-atomic force microscopy emerged in its early state after being initially 

described in 199186. Development in active cantilever deflection feedback loops, instrumentation and 

equipment led to key speed increases being demonstrated via observations of biopolymers, 

biomolecules and soft crystalline or molten crystalline polymers. This led to increases in single frame 

acquisition time from four to six minutes to 1.7 s87 and within six years, framerates of 12.5 s−1 88 and 70 

s−1 89, to essentially provide video data via HS-AFM. It should be noted that contact mode HS-AFM 

was developed for materials science as opposed to the more classically biologically relevant tapping 

mode90, but, due to imaging orders of magnitude faster, offers reduced probability of sample damage 

compared with conventional contact mode AFM91 and frame rates as high as 1300 frames s−1 92. With 

this significant increase in image acquisition speed, the stable foundations for dynamic, viral process 

study were laid. 

Perhaps one of the most prolific groups in AFM is part of the Nano Life Science Institute at Kanazawa 

University. Becoming particularly well-known with the 2010 Nature publication of myosin V 

translocation along actin filaments by HS-AFM imaging93 and recently successfully visualising the 

dynamics of a CRISPR-Cas9 system in real time94. However, these studies are likely the tip of the 

iceberg regarding their HS-AFM progress. Described in 2001, 2002 and 2003 using myosin V as the 

test sample, the group explained their new tapping mode HS-AFM. This had an image acquisition time 

of 80 ms and data showing potential for collecting video data of molecular processes in buffer in real 

time88. Progress has continued for the past 15 years focusing on the applicability of HS-AFM to 

molecular mechanisms which is reviewed extensively in 200895. The limitations to imaging speed and 

examples of biomolecular process study were explained in 201296, 201397, 201498,  201799 and 2018100, 

respectively. In the most recent review, the future of HS-AFM is discussed speculating on faster 

imaging rates, hybrid HS-AFM / optical microscopy or optical tweezers systems, nanoendoscopy and 

noncontact imaging. Although viruses, and specifically algal viruses, are not mentioned the 

improvement in the technology associated with this ‘soft-touch’ (low interaction forces) methodology 

HS-AFM could certainly be applied in monitoring interactions between viruses and cell surfaces. For 

example, using methods such as generating artificial membranes in order to visualize porating 
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proteins101,102 could be used to investigate the molecular bio-machines that might be involved in cell 

adhesion and entry or imaging the reconstructed or in situ ionic channels predicted in algal viruses103. 

An alternate strategy for improving the speed of HS-AFM to the optimized tapping mode developed by 

researchers at Kanazawa University utilizes contact mode HS-AFM with low spring constant AFM 

cantilevers and a passive mechanical feedback loop89. This format of HS-AFM removes the bottleneck 

associated with developing faster feedback electronics and mechanics and has the highest potential 

imaging speeds72. The loss of force regulation does however make the technique unsuitable for samples 

requiring extremely low interaction forces. The HS-AFM typically collects data at 2 million pixels per 

second, however this can be increased to 10 million pixels per second if required. These pixel rates 

allow the HS-AFM to image millimetre-sized areas in under a day, a task that would take a conventional 

AFM in excess of a year of continuous imaging. Examples include vast sampling of nanostructures for 

unbeatable sample statistics and measurement certainty, and mapping of nano structures across large 

areas104,105. In addition to imaging large areas, the high pixel rate of the instrument can be used to 

observe nano and microscale dynamic processes with millisecond temporal resolution. Examples 

include corrosion of metallic surfaces, formation of crystals and salts, and bio-molecular processes. The 

biological variance expected in algal virus systems could be accommodated with better sample 

statistics. Rare events are more likely to be discovered and easier to monitor. For instance, contact mode 

HS-AFM has recently been used to quantify amplicon expression and contamination6,7, and CRISPR-

Cas9 sequence targeting DNA mapping8. This suggests potential for HS-AFM in analysis of internal 

viral or cell features before, during and after algal infection.  

The obvious step for utilisation of HS-AFM in algal virus systems is to move towards not only imaging 

of the virus for structural information, but the interactions involved in infection to understand the 

dynamics between the virions and the cells they infect. This idea being the driving force of this thesis. 

One part of this interaction that has only been briefly mentioned thus far and must be acknowledged is 

the AFM imaging of the cell itself. Whole and intact cells offer many difficult challenges as samples 

for AFM. AFM relies on tip interaction with the surface for data acquisition. Cells are essentially large, 

biological, liquid filled, membrane surrounded ‘balloons’ with a tendency to be damaged by prolonged 

interactions with the AFM cantilevers. Even with this limitation, the obvious advantage of AFM of 

cellular structures was soon realised and proved possible by the 1992 contact mode, in situ, virus 

infection study70. The investigation of granule motion, membrane spreading in human platelets106; and 

other studies also utilized AFM for cell imaging (for the early review into cell imaging by AFM see 

107). 

The development of tapping mode as an improvement to AFM for biological studies has already been 

mentioned but applies even more so to the softness of cells. Physical fixation of samples as big as cells 

is also an issue for AFM, with the instrumentation having difficulty in dealing with the large height 
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differentials seen in many cells. One can only imagine the practical difficulty in the patch clamp method 

used by the pioneering IBM group. Advances in these ideas will be explored during this thesis. For 

algal studies, to date, the main attention has been in the in vivo study of diatoms, mainly due to interest 

in biomimetics of the diatom silicified frustule108,109 and also secreted adhesives such as by the green 

alga Enteromorpha110. Although several studies have been made into visualizing infected cells (often 

mammalian) with various viruses, to date there have been none involving algae – virus systems.  

The key benefit that HS-AFM techniques bring is that their resolution is the same as regular speed AFM 

and the quick succession of images reveals minute fluctuations and events on the cell surface. Since the 

invention and development of AFM, the capabilities of the technique have consistently improved and 

are now reaching a point where the original premise and potential of AFM can be realized. In my 

opinion, the current lack of studies is both due to the difficulty of live cell imaging by AFM, the lack 

of instrumentation availability at marine focused institutions and the interest in algal viral dynamics. 

To measure these algal host-virus interactions, there are currently two main approaches that could be 

pursued. One is taking advantage of the speed of HS-AFM to truly visualize and gather data on dynamic 

infection processes. To achieve this, taking advantage in improvements in live cell imaging 

techniques111 and using a HS-AFM with the resolution and frame rate necessary to observe fast 

biological processes is key. This PhD project focusses on this approach. 

1.5.4 Force-Distance Curve-Based Atomic Force Microscopy 

The second avenue is an aspect of AFM not thus far mentioned but must be discussed for completeness. 

Atomic force microscopes can be operated in a point-measurement mode that enables them to collect 

force-distance curves at different locations on the nanoscale surface. These curves can then be processed 

to obtain data about the material properties of the sample surface. With these methods it may be feasible 

to quantify lipid domains / sphingolipid raft size structure and characteristics with conceivable inference 

of sphingolipid production rates in examples such as E. hux in natural and modified forms. Also, 

discovery of specific membrane areas involved in algal viral adhesion, and fusion entry and exit should 

be possible. 

Having the sensitivity to measure piconewton interaction forces enables AFM to study the interaction 

forces between single biomolecules112 and to probe microbial cell surface properties. This includes 

charge, hydrophobicity, elasticity and receptor ligand interactions113. This technique has been recently 

reviewed in relation to microbial cells114 with the author questioning the utility of HS-AFM for live cell 

imaging, mentioning the limitations of whole cell imaging. I envisage the technology will, in time, 

overcome these methodology and instrumentation issues. This aspect of AFM (sometimes called force 

spectroscopy) deserves far more discussion, but in the context of this review the most important piece 

of work to date involves using AFM cantilever tips functionalized with a PEG crosslinker and bound to 

an engineered rabies virus in combination with confocal microscopy. With this ‘activated’ tip, an 
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interaction force map was generated of the live cell surface by measurement of the interaction forces 

and therefore likely areas of adhesion between the virus and cell in various locations115,116. This exhibits 

the possibility for using this technique in other virus-host systems and could, with some work, be 

applied to algal virology (likely involving a combination of techniques from a PBCV-1 dynamic 

attachment study117 and the afore mentioned AFM force spectroscopy) as a useful form of AFM in 

examining viral binding and entry dynamics. 

There are other imaging modes available for AFM118 that have potential in algal virus study and must 

be mentioned. For example, multifrequency AFM can provide more information by measuring several 

frequencies of cantilever motion such as simultaneous measurement of topography and the viscosity 

map of virions119, cells120 and VLPs121. It is also possible to use the AFM as a physical micromanipulator 

in force nanoindentation studies to map the mechanical properties of viruses in uncoating and capsid 

interaction studies122,123 and there exists a modification of force spectroscopy using hybrid binding 

domain functionalised AFM cantilevers to investigate and quantify the in situ hybridization of miRNA 

and other nucleic acids in single cells124. 

1.5.5 Subsurface Atomic Force Microscopy 

AFM, in its basic form is fundamentally a surface imaging technique similar to rudimentary SEM. SEM 

in truth does have an interaction volume, giving information about electronic and elemental 

characteristics. AFM can provide physical and mechanical characteristics of samples such as friction 

and stiffness. However, in the context of this section SEM and AFM are considered as surface imaging 

techniques. The idea that AFM in this respect provides insight into the internal features of various 

biological samples seems counter-intuitive considering the mechanism of data acquisition. Indeed, few 

studies have explored this idea. With current technology, techniques including Cryo-ET, confocal and 

fluorescence-based microscopy arguably produce better results with less effort. The initial, and arguably 

most influential, work in this area was seen in 2002 using Herpes Simplex Virus-1 (HSV-1). Using 

various methods involving differing levels of vigour of detergent treatments causing removal of external 

lipid envelopes to expose capsid structure, tegument proteins, the structure of the lipid envelope itself 

and even the DNA and its associated proteins were observed spilling out from the core of the virion125. 

They predicted that AFM resolution would improve in the future to match the resolution of EM. The 

same group applied similar detergent based treatments to viruses such as Intracellular Mature Vaccina 

Virus (IMV) in 2003 in conjunction with enzyme proteinase K treatment to directly examine the internal 

DNA genome structure and its surrounding 30 - 40 nm diameter tubules126, and the RNA of HIV127 and 

TYMV128. In an extension of this idea, AFM was used to examine phenol / chloroform extracted RNA 

from several icosahedral viruses to display consistent structural dynamics of the RNA during 

preparation and imaging129; highlighting potential for structural analysis of nucleic acids in both its 

‘natural’ and extracted forms, and in parallel with other biophysical analysis130. Another improvement 

in methodology was seen in 2006, utilizing ribonuclease A to discriminate between single- and double-
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stranded DNA and RNA131. Using specific enzymes and antibodies and other obviously noticeable sized 

proteins to highlight certain structural features is an important method in AFM data confidence, 

considering the usual lack of markers. Perhaps the most extensive use of these ‘internal features’ AFM 

techniques was in the investigation into Mimivirus viral factories. Mimivirus is a close relative of the 

coccolithoviruses and replicates in the cytoplasm of amoeba, offering unparalleled insight into its 

replication cycle through direct visualization of these locations132. The field of algal virology first 

invoked these methods in 2012 in combination with a fluorescence-based approach (4′,6-diamidino-2-

phenylindole DNA stain)133. PBCV-1 releases its DNA for fluorescence imaging into the media during 

high multiplicity of infection of C. variabilis cells and AFM of osmotic shock treated virus was used to 

examine single virions and their emerging DNA with associated proteins. Further treatment of the 

exposed DNA with proteinase K removed the proteins and it was possible to calibrate AFM images by 

analysis of BSA and a purified, putative DNA-binding protein coded by PBCV-1 to measure the size 

of DNA associated proteins. Using the structural data and other molecular techniques, hypotheses were 

generated regarding DNA packaging within the virion and behaviour during infection. It is worth 

mentioning that DNA has also been imaged by AFM to very high resolution revealing different 

structural conformations of the DNA double helix134. Current AFM studies in this area are limited, being 

performed under non physiological or destructive conditions. Other techniques currently provide 

arguably biologically significant data regarding infection monitoring. Although the use of AFM for 

internal imaging is an initially, unexpected output, and again currently lacks the dynamic nature of 

infection, it shows potential for future work into algal viral dynamics when potentially combined with 

different methodology and improved instrumentation.  

1.6 Conclusions 

The focus of algal virus study has followed the same paths as generally pioneering studies into 

medically relevant, human pathogenic viruses. This being the initial interest into the unseen structure 

of these nanoscale biological particles, how their structure relates to and follows geometric rules, the 

structure of the individual building blocks and eventually insight into infection dynamics and strategies. 

The principles of theory and orthogonal instrumentation and methodology have been key in every stage 

of the improving understanding. Theory suggests hypotheses to later be proven by improved 

instrumentation, and the improved instrumentation providing data from which more detailed theory can 

be hypothesised. Key to this process is the constant iteratively refining methodology for analysing these 

host-viral systems on such a small scale. Specifically, for this project this also includes the investigation 

of a variety of model system related samples whose data help direct future studies. The ideas outlined 

above have led to the goals driving this project showing feasible potential.   
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1.7 Summary of Results Chapters 

Chapter 3: HS-AFM Imaging of Samples in an Air Environment 

This chapter aims to investigate HS-AFM’s suitability for marine science focussed samples. 

Information within this chapter has intrinsic structural, topographical and scientific value and is also 

collected to lay foundations for future microalgae-virus system analysis. 

To achieve this a selection of marine focused samples either with previously low volume of data 

collection, or zero available AFM data were investigated with iterative optimisations to preparation and 

imaging protocol. The question being asked is: ‘What (Marine) sample types are suitable for contact 

mode HS-AFM analysis in an air environment and how could preparations be used in future 

experiments?’. 

Chapter 4: HS-AFM Imaging of Samples in a Liquid Environment 

‘Chapter 3: HS-AFM Imaging of Samples in an Air Environment’s outputs demonstrated the 

requirement for liquid environment HS-AFM image capability to visualise fully hydrated samples, 

making this capability an aim for Chapter 4. A separate focus of this chapter is the qualification of the 

HS-AFM to produce large, ‘SEM sized’ stitched scans of sample areas. 

Using both biological and non-biological surfaces with features of various size and scale for data 

collection, the liquid cell was developed, alongside assessment of the automatic restitching software 

and investigation of said surfaces and features. Here I ask: ‘Is liquid mode imaging efficient and 

beneficial for contact mode HS-AFM imaging?’ and ‘Can AFM typical image size range be increased 

to include ‘magnifications’ similar to SEM imaging with contact mode HS-AFM?’. 

Chapter 5: HS-AFM Assessment of EhV Structure 

This experimental chapter attempts to quantify EhV-86 and EhV-99B1 viral structure by contact mode 

HS-AFM. EhV has not been visualised by AFM previously and this data is also important for viral 

identification in further experiments involving EhV.  

Viral samples have their preparation optimised and the level of structural detail and geometry 

collectable is assessed: ‘What EhV structural information can contact mode HS-AFM provide and is 

this applicable to later experiments?’.  

Chapter 6: HS-AFM Assessment of Algal Cell Membranes 

Chapter 6 examines ways to negate the issues associated with preparing and imaging spherical cells 

with AFM and probes the temporal and spatial resolution of E. hux cell membranes with contact mode 

HS-AFM. 

E. hux cells are prepared in iterative ways leading to immobilisation of cells in bespoke 3D printed 

arrays and analysis of cell membranes in liquid environment. The research question explored is: ‘Can 
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E. hux cells be imaged effectively with contact mode HS-AFM under environmentally relevant 

conditions?’. 

Chapter 7: HS-AFM Assessment of Viral Binding 

The data collected throughout the earlier chapters but particularly ‘Chapter 5: HS-AFM Assessment of 

EhV Structure’ and ‘Chapter 6: HS-AFM Assessment of Algal Cell Membranes’ lead towards 

attempting to visualise both EhV virus and E. hux cells together through viral binding experiments. 

An alternative preparation involving generation of supported lipid bilayer (SLB) cell component-based 

membranes is explored, followed by experiments introducing purified virus to both SLB and 

immobilised live cells under environmental conditions. This chapter explores the ultimate aim of this 

thesis: ‘Can contact mode HS-AFM be used to visualise E. hux infection by EhV?’. 

Chapter 8: HS-AFM Imaging of Nucleic Acids 

The final chapter focuses on validation of contact mode HS-AFM imaging of DNA including novel 

investigation of extremely long strands and natural genomic material from disrupted EhV capsids: 

‘Can contact mode HS-AFM, including image stitching, be used to investigate both long length nucleic 

acid strands and natural viral DNA?’. 
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Chapter 2: Materials and Methods 

2.1 Algal Cell Culture 

E. hux cells (CCMP 2090 / CCMP 374, National Culture Collection of Marine Phytoplankton for the 

USA, Bigelow Laboratory for Ocean Sciences) were maintained at 17°C under a 16 : 8 hour light : dark 

cycle in f / 2 media135 in a Versatile Environmental Test Chamber (Sanyo MLR - 350, Japan). 

2.1.1 F / 2 Media 

Media was prepared by 0.2 µm / 30 KDa filtering Atlantic seawater to ~ 33 PPT (3.3 %) salinity (diluted 

with analytical grade water and determined by refractometer) and autoclaving at 121°C for 20 mins. To 

1 L Media was added 1 mL of each f / 2 Stock Solutions (Nitrogen, Phosphorous, Trace Metals and 

Vitamins). Stocks were dissolved in analytical grade water, sterile filtered and stored at -20°C (working 

stock maintained at 4°C) Stocks are shown below: 

f/2 Nitrogen: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Sodium 

Nitrate 
NaNO3 0.882 84.99 75.00 g L-1 7631-99-4 Sigma Aldrich 

 

f/2 Phosphorous: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Sodium 

Phosphate 

Monobasic 

NaH2PO4 0.035 119.98 4.25 g L-1 7558-80-7 Sigma Aldrich 

 

f/2 Trace Metals: 

Iron: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Fe.EDTA 

(Ethylenediam

inetetraacetic 

acid iron(III) 

sodium salt) 

C10H12FeN2Na

O8 
0.014 367.05 5.00 g L-1 15708-41-5 Sigma 
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 To 245 mL of Fe.EDTA,  1 mL of each primary metal stock was added 

Primary Metal Stocks: 

Copper: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Copper (II) 

sulphate 

pentahydrate 

CuSO4.5H2O 0.034 249.69 8.39 g L-1 7758-99-8 Sigma Aldrich 

 

Zinc: 

Name Formula Molarity 
Molecular 

Weight 
CAS Number Concentration Supplier 

Zinc sulphate 

heptahydrate 
ZnSO4.7H2O 0.077 287.56 7446-20-0 22.00 g L-1 Sigma 

 

Cobalt: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Cobalt (II) 

chloride 

hexahydrate 

CoCl2.6H2O 0.042 237.93 10.00 g L-1 7791-13-1 Sigma 

 

Manganese: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Manganese 

(II) chloride 

tetrahydrate 

MnCl2.4H2O 0.091 197.91 18.00 g L-1 13446-34-9 Sigma Aldrich 

 

Molybdate: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Sodium 

molybdate 

dihydrate 

Na2MoO42. 

H2O 
0.026 241.95 6.30 g L-1 10102-40-6 Sigma Aldrich 
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f/2 Vitamins: 

Vitamin B1: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Thiamine 

Hydrochloride 

(B1) 

C12H17ClN4O

S.HCl 
0.0003 337.27 0.10 g L-1 67-03-8 Sigma Aldrich 

 

 To 198.9 mL of B1, 1 mL of Biotin and 100 µL of B12 was added 

Primary Vitamin Stock: 

Vitamin B7: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Biotin (B7) C10H16N2O3S 0.0004 244.31 0.10 g L-1 58-85-5 Sigma Aldrich 

 

Vitamin B12: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Cobalamin 

(B12) 

C63H88CoN14

O14P 
0.0007 1355.37 1.00 g L-1 68-19-9 Sigma 

 

2.2 Virus Culture 

EhV viral lysates were added to E. hux cultures at 5 : 1 multiplicity of infection33,136. The infections 

were allowed to occur under normal E. hux culture conditions until lysis and a full collapse of the algal 

culture occurred (Figure 6). 

Collected viral lysates were filtered through 0.45 µm and 0.2 µm PVDF Durapore filters (Millipore) 

and stored at 4°C in low light conditions.  

Viruses were enumerated using analytical flow cytometry137,138 and cells were counted using a 

haemocytometer139. 
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Figure 6: Three lysed E. hux cultures verses control sample (Far Right) as enumerated in 

Figure 56 after 72 hours (Scale bar 100 mm) 

2.3 Optical / Fluorescent Microscopy 

Optical and fluorescent microscopy was performed on a Lecia DM IL LED Fluo invert microscope with 

an attached Lecia EL600 compact light source. An N2.1. small filter was used to visualise natural 

fluorescence. The data was collected and processed using Lecia Application Suite (Las X, 2.0).  

2.4 High Speed-Atomic Force Microscopy 

The instrument used was a Bristol Nano Dynamics ltd. prototype (Supplementary Figure 1) with a 

custom piezo-actuated flexure stage mounted with no Z feedback on a stick-slip X - Y positioner 

(Smaract, Inc.). The sample is translated by a stage with 5 µm in X and Y axes range in 1000 Hz (fast) 

and 1 - 10 Hz (Slow) directions. A 2.5 MHz-bandwidth laser Doppler vibrometer (Polytec) measures 

vertical deflection (with height decoder module) of a low spring constant triangle cantilever 

(Supplementary Figure 2, Bruker Nano, MSNL, 0.01 N m-1 spring constant) in contact mode using 

custom LabVIEW software (BND Collect v40). Data was generally collected at 2 fps.  

HS-AFM samples (Supplementary Figure 3) are mounted onto 12.5 mm SEM pin stubs (EM 

Resolutions). The mica used throughout the work were 10mm V1 Mica Disks (Agar Scientific). These 

were attached to the stubs with 9mm adhesive carbon tabs (EM Resolutions). 

2.5 Liquid Cell Development 

One of the advantages of HS-AFM over other techniques is the ability to collect data in an aqueous 

environment which is often environmentally or physiologically relevant. With this in mind, the liquid 

cell was developed, and throughout the project iteratively improved for increased capability and 

functionality.  
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Figure 7: Original liquid cell design including mounted sample showing liquid imaging 

environment and tubing for control of this liquid environment (Scale bar 25 mm) 

3D printing was utilised for fast and easy bespoke design and production for testing. The liquid cells 

were printed on a Form 2 3D Printer (formlabs.com) in either black or clear Formlabs photopolymer 

resin. An initial design was created and tested as seen in Figure 7. This liquid cell contains a space 

bounded by a glass coverslip fed by two tubes. This space or aperture (5 mm radius) can be filled with 

liquid to form a droplet. The cantilevers are mounted on mild angle (7 – 10 degrees as a rule) and 

covered by the liquid cell droplet. Liquid is sufficiently applied to form an encompassing droplet over 

the sample. This droplet covering the sample can then be brought close to the droplet filing the aperture, 

joining the two meniscuses, and creating one liquid environment bounded by the high surface tension 

of the liquid itself. Later, through iterative feedback from use, this was redesigned using the easy 

production methods to create three different designs. These had a mild overall redesign, with the main 

differences in the size and shape of the aperture. These were a 6 mm (Supplementary Figure 4 a), 8 mm 

(Supplementary Figure 4 b) and 10 mm (Supplementary Figure 4 c) aperture. Of the three, the median 

aperture (8 mm, Figure 8) was the clear winner in terms of practical efficiency, maintaining the 

cantilever covering liquid cell droplet most effectively during mounting and preparation. These three 

designs had issues with longevity with repeated cantilever chip mounting and removal damaging 

specific angle of the cantilever and therefore imaging tip. With this improved, smaller different shaped 

aperture redesign chosen, this was advanced with more robust materials (glass) for cantilever mounting 

position (Figure 8 b). 
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Figure 8: Improved liquid cell CAD designs a. 8 mm aperture liquid cell with liquid input and 

output (Scale bar 20 mm) b. Base of 8 mm aperture liquid cell highlighting glass cantilever 

mounting position (Scale bar 20 mm) 

2.6 HS-AFM Data Processing 

Data was collected as video .hsafm files specific to BND Collect software. This could be viewed in 

further custom HS-AFM Display readback software. Both of these programs were created and have 

been updated throughout the project by Bristol Nano Dynamics ltd. This produced newer functionalities 

including but not limited to: Automatic phase adjustment for data collection, automatic frame analysis 

(e.g. Particle count, roughness) and numerous quality of life improvements. Additionally, automatic 

stitching software was created for generation of large-scale HS-AFM data maps from multiple serially 

collected data frames. These software programs were improved in part with feedback from the small 

group of BND HS-AFM users including myself. 

Individual frames were exported by the readback software into .gsf files for further processing and 

analysis with gwyddion (http://gwyddion.net). Here statistical properties and intrinsic topographical 

data could be obtained from single frames by extraction of profiles, single point and part or whole frame 

information. Additionally, image processing could be applied to improve the presentation of the data. 

This included basic functions, fixing zero, adjustment to the colour scale, levelling data by mean plane 

subtraction, 3 point plane, or intersections, correction of horizontal scars, alignment of rows, removal 

of polynomial background and integral transforms of the data. Gwyddion also allowed for the 3D 

display of data with optional artificial ‘light source’ to provide shading which has been used throughout 

this thesis. These processes were applied where required for improved data presentation, often due to 

image artefacts generated during data collection.  

2.7 HS-AFM Data Artefacts 

Image artefacts are common in AFM imaging data due to the mechanics and quality of the tip probing 

the surface topography. This includes tip shape and jumping, cantilever bending and flexing, and 

artefacts caused by flattening and data processing methods. Modern fabrication and modern tip 

architecture results in lower issues with wide pyramidal tip shape artefacts, which originally were seen 

in rough samples140. However, the issue of step height described in this 1994 paper still exist. Indeed, 

a. b. 

http://gwyddion.net/
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one of the driving factors for cell array method developments seen in ‘6.3 Emiliania huxleyi’ was to 

minimise this step height problem. Step heights that are too large are simply unimageable, causing 

wildly incorrect heights as seen in Figure 84 with an estimated step height of ~ 5 µm. Lower step heights 

(<2 µm) will generate a distorted image when compared to the true topography. This can manifest as a 

streaking effect (Figure 85 b) or by an exaggerated slope (Figure 85 a). This is caused by tip ‘jumping’ 

where the raster scanning tip does not follow the geometry of the sharp angle but instead is dislodged 

from the surface and also therefore presents the data as the shallower angle due the tip moving through 

the imaging environment in non-contact to the lower step height (Figure 9). Also, in the two cases in 

Figure 85 it is likely that the tip is not reaching the bottom of the pit due to restrictions in tip length and 

cantilever presence. 

   

Figure 9: How step height can affect resulting tip trajectory and therefore resulting in HS-AFM 

data artefact 

‘Streaks’ can also be caused by other means. This includes vibration during imaging manifesting as 

very regular row, oscillatory visualisation as seen in the imaging of a salt crystal in Figure 10. Vibration 

of the imaging machinery occurred during the collection of this frame.  
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Figure 10: Example of salt crystal visualised by HS-AFM in air (Data captured at 2 fps) a. 

Showing vibration artefacts (Scale bar 400 nm) b. Zoom of area highlighted in Figure 10 a to 

show vibration imaging artefacts more clearly (Scale bar 100 nm) 

Another ‘streak’ artefact is a result of sample surface properties. If the sample is particularly soft and 

unstable the tip will dig in and / or drag material across the scan frame. This can be seen in the below 

high-density aluminium hydroxide floc potential hydrogel example (Figure 11). Here the loose floc is 

being dislodged, moved, and deforming under applied tip imaging force resulting in uneven streaks in 

an apparent, fairly flat imaging surface. 

 

Figure 11: Example of aluminium hydroxide floc visualised by HS-AFM in air (Scale bar 400 

nm, Data captured at 2 fps) showing ‘streaking’ imaging artefacts as a result of a soft unsecured 

sample surface 

This principle of sample properties can also result in other image effects. Seen below (Figure 12) is the 

comparison of a known hard surface, a scratch in the mica141 and a known soft surface, melting 

a. 

b. 
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chocolate142. Although the softer material has a greater Z axis differential, what should be clear is the 

difference in apparent ‘resolution’. This ‘blurring’ of the data is again caused by deformation of the soft 

surface topography under imaging forces resulting in less crisp, clear tracing measurements of the 

sample geometry. This is unlikely to be due to tip contamination as mentioned below. The data in Figure 

12 b was collected within the first few frames of sample-tip contact with a fresh and expectedly sharp 

imaging tip. 

 

Figure 12: Example of a. Scratch in mica surface (Hard sample, Scale bar 400 nm) and b. 

Chocolate (Soft sample, Scale bar 500nm) visualised by HS-AFM in air (Data captured at 2 fps) 

showing difference in apparent resolution as a result of sample properties 

A reduction in resolution can also be caused by a degradation in the quality of the tip quality. This can 

rarely be caused by excessive force to the tip during imaging, blunting, or damaging the tip structure. 

This is more likely due to contamination of the tip with sample surface material during imaging. This 

will also alter tip geometry lowering precision of imaging. An extreme version of this contamination is 

seen in Figure 13. Here individual data pixels are instead replaced with triangular shape reflecting the 

new contaminated apex shape of the tip. Another example of this could be a ‘double image’ caused by 

a second protrusion on the cantilever tip caused by contamination. 

a. b. 
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Figure 13: Example of feature seen amongst viral sample visualised by HS-AFM in liquid (Scale 

bar 500 nm, Data captured at 2 fps) showing contamination of tip causing repetitive triangular 

imaging artefact during data collection 

A common problem caused by image processing is automatic levelling. Levelling attempts to fit and 

subtract functions from the image to remove overall tilt from the image. This can result in prominent 

features with comparatively larger height to the surrounding scan area result in axial ‘shadows’ as seen 

in the salt crystal example in Figure 14 a. These artifacts can also appear as ‘highlights’ if the prominent 

feature has comparatively lower height to the surrounding scan area. Careful manual application of 

levelling can remove these artifacts in image post processing as seen in Figure 14 b. The ‘shadows’ 

have gone, giving a truer representation of the sample background whilst still removing overall tilt from 

the sample surface. 

 

Figure 14: Example of salt crystal visualised by HS-AFM in air (Scale bar 400 nm, Data 

captured at 2 fps) a. Automatic levelling showing axial ‘shadows’ and b. Manual levelling 

during post processing removing levelling imaging artefacts 

 

a. b. 
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2.8 Buffers and Materials 

2.8.1 Chapter 3 

(All buffers made with analytical grade water) 

0.5 % Gelatin: 

Name Formula Concentration 
Molecular 

Weight 
Dilution CAS Number Supplier 

Gelatin Type 

B 2% (w/v) 

C102H151O39 

N31 
0.5% ~ 10,000 1 in 4 9000-70-8 Sigma Aldrich 

 

0.1 % Poly-L-Lysine: 

Name Formula Concentration 
Molecular 

Weight 
Dilution CAS Number Supplier 

Poly-L-Lysine 

0.1% (w / v) 
(C6H12N2O)n 0.1% 

~ 150,000 – 

300,000 
1 in 1 25988-60-0 Sigma 

 

2.8.2 Chapter 4 

Silver Paint was purchased from Agar Scientific, Nail varnish used was commercial clear nail polish. 

2.8.3 Chapter 5 

2.8.3.1 Virus HS-AFM buffers 

Poly-L-Lysine 5 mg L-1: 

Name Formula Concentration 
Molecular 

Weight 
Dilution CAS Number Supplier 

Poly-L-Lysine 

0.1% (w / v) 
(C6H12N2O)n 5 mg L-1 

~ 150,000 – 

300,000 
1 in 20 25988-60-0 Sigma 

 

0.2 % Triton X-100: 

Name Formula Concentration 
Molecular 

Weight 
Dilution CAS Number Supplier 

Triton X-100 

(Polyethylene 

glycol tert-

octylphenyl 

ether) 

(C2H4O)n 

C14H22O 
0.2% ~ 625  1 in 2000 9002-93-1 Sigma 
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Glutaraldehyde 0.1 %: 

Name Formula Concentration 
Molecular 

Weight 
Dilution CAS Number Supplier 

Glutaraldehyd

e Soln. Grade 

1 25% (w / v) 

C5H8O2 0.1% 100.12 1 in 250 111-30-8 Sigma 

 

0.1 M Phosphate Imaging Buffer pH 7.4: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Sodium 

Phosphate 

Dibasic 

Na2HPO4 0.078 M 141.96 11.07 g L-1 7558-79-4 Sigma Aldrich 

Sodium 

Phosphate 

Monobasic 

NaH2PO4 0.022 M 119.98 2.64 g L-1 7558-80-7 Sigma 

 

2.8.4 Chapter 6 

2.8.4.1 Phaeodactylum tricornutum  

Phaeodactylum tricornutum strains used were wild type and a strain genetically modified to express 

additional copies of a Fatty Acid Elongase gene and the DGAT gene (Pt_Elo5)143,144. 

0.2 % Polyethylenimine: 

Name Formula Concentration 
Molecular 

Weight 
Dilution CAS Number Supplier 

Polyethylenei

mine solution 

50 % (w / v) 

(NC2H5)nNH3 0.2 % 
~ 10,000 – 

25,000 
1 in  9002-98-3 Sigma Aldrich 

 

1 % NaCl: 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Sodium 

Chloride 
NaCl 0.171 58.44 10 g L-1 7647-14-5 

Sigma 

Aldridge 
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2.8.4.2 SYTOX Green Cell Viability Solution 

Name Formula Concentration 
Molecular 

Weight 
Dilution CAS Number Supplier 

SYTOX Green 

Nucleic Acid 

Stain 5 mM 

Solution in 

DMSO 

N / A 
0.000000167 

M 
N / A 1 in 30,000 194100-76-0 

Thermo Fisher 

Scientific 

 

2.8.5 Chapter 7 

2.8.5.1 SLB Adsorption Buffer pH 7.2 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

HEPES  

(4-(2-

hydroxyethyl)

-1-

piperazineetha

nesulfonic 

acid) 

C8H18N2O4S 0.020 238.30 4.77 g L-1 7365-45-9 Sigma 

Sodium 

Chloride 
NaCl 0.150 58.44 8.77 g L-1 7647-14-5 

Sigma 

Aldridge 

Magnesium 

Chloride 
MgCl2 0.020 95.21 1.90 g L-1 7786-30-3 Sigma 

Calcium 

Chloride 
CaCl 0.020 110.98 2.22 g L-1 10043-52-4 Sigma Aldrich 

 

2.8.5.2 SLB Imaging Buffer pH 7.2 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

HEPES  

(4-(2-

hydroxyethyl)

-1-

piperazineetha

nesulfonic 

acid) 

C8H18N2O4S 0.020 238.30 4.77 g L-1 7365-45-9 Sigma 

Sodium 

Chloride 
NaCl 0.150 58.44 8.77 g L-1 7647-14-5 Sigma Aldrich 
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2.8.5.3 Cell Lysis Buffer pH 8.0: 

Name Formula Molarity  
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Brij 58 

(Polyoxyethyl

ene (20) cetyl 

ether) 

C56H114O21 0.004 (0.5 %) 1123.51 5 g L-1 9004-95-9 Sigma 

Tris-HCl 

(Tromethane 

hydrochloride) 

C4H11NO3. 

HCl 
0.025 121.14 3.03 g L-1 1185-53-1 BDH 

Sodium 

Chloride 
NaCl 0.150 58.44 8.77 g L-1 7647-14-5 Sigma Aldrich 

PMSF >= 99 

% (GC) 

(Phenylmetha

nesulfonyl 

Fluoride) 

C7H7FO2S 0.001 174.19 0.17 g L-1 329-98-6 Sigma 

 

2.8.5.4 OptiPrep Discontinuous Density Gradient  

OptiPrep gradient for detergent resistant lipid raft isolation: 

Top Layer, 4 mL at 5 %,  

Middle Layer, 4 mL at 35 %,  

Bottom Layer, 2 mL at 45 % (Sample) 

Name Formula Concentration 
Molecular 

Weight 
Dilution CAS Number Supplier 

Iodixanol 

solution 60 % 

(w / v) 

C35H44I6N6O15 

5 % 

35 % 

45 % 

1550.19 

1 in 12 

1 in 1.71 

1 in 1.33 

92339-11-2 Sigma Aldrich 

 

2.8.5.5 Caesium Chloride Continuous Density Gradient 

Density gradient media for viral purification: 

Top Layer, 3 mL at 1.1 g cm-3 

Top Middle Layer, 3 mL at 1.2 g cm-3 

Bottom Middle Layer, 3 mL at 1.3 g cm-3 

Bottom Layer, 3 mL at 1.4 g cm-3 
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Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Caesium 

Chloride 
CsCl 

0.854 

1.647 

2.492 

3.257 

168.36 

143.8 g L-1 

277.3 g L-1 

419.5 g L-1 

548.3 g L-1 

7647-17-8 Sigma Aldrich 

 

2.8.6 Chapter 8 

2.8.6.1 DNA Adsorption Buffer pH 7.6 

Name Formula Molarity 
Molecular 

Weight 
Concentration 

CAS 

Number 
Supplier 

Tris-HCl 

(Tromethane 

hydrochloride) 

C4H11NO3. 

HCl 
0.010 121.14 1.21 g L-1 1185-53-1 BDH 

Magnesium 

Chloride 
MgCl2 0.020 95.21 1.90 g L-1 7786-30-3 Sigma 
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Chapter 3: HS-AFM Imaging of Samples in an Air 

Environment 

3.1 Introduction 

The focus of this chapter is to explore and landscape HS-AFM’s application in and around marine 

science with the drive towards developing protocols applicable to imaging and collecting data from a 

microalgae-virus system.  

Presented are many different sample preparations, imaging data and analysis. These samples range from 

non-biological, yet ‘virus sized’ gold nanocages, calcite mineral algal coccoliths and microplastics, to 

various biological microbes, fungi, and algae. Imaged in air environments, many of these preparations 

are iteratively improved on or specifically optimised from those described in the literature. 

The majority of these samples have previously been minimally imaged with AFM at best, most not at 

all, having never been investigated using HS-AFM, and are almost guaranteed not to have been imaged 

with contact mode HS-AFM. These data show the variety, strengths and weaknesses of contact mode 

HS-AFM through an assortment of different scales, properties and shapes as seen in Table 2. 

This data set is broad and unique, yet in the scope of this thesis’ main scientific investigation, was the 

Petri dish of innovation with which contact mode HS-AFM has been developed for marine focussed 

samples. The data, although in aid of establishing protocols for future work, should not be dismissed as 

anecdotal with much of this data exhibiting intrinsic potential that is briefly explored, or the proof of 

concept for easy future experimentation and hypothesis investigation. 
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Sample 

Scale 

Properties Shape X / Y 

Axis 

Z 

Axis 

3.2 Coccolith <4 µm <500 nm 
Inert, Biological / 

Chemical 
Flat Disk 

3.3 Microorganism 
<4 µm × 

<2 µm 
<200 nm Inactive Biological 

Bacillus / Coccus / 

Vibrio 

3.4 Flagella 
2 - 20 µm 

× 0.2 µm 
~ 10 nm Inactive Biological Filamentous 

3.5 Fungi 
>2 µm × 

<2 µm 
~ 200 nm Inactive Biological Ovate 

Fungal Features ~ 60 nm <5 nm   

3.6 Aluminium 

Hydroxide Floc 

~ 100 nm 

to Macro 

<20 nm to 

<200 nm 
Inert Chemical Spheroids to Hydrogel 

3.7 Gold Nanocage <200 nm <200 nm Inert Chemical Hollow Cube 

3.8 Microplastic Macro Macro 
Inert Chemical 

Filaments, Spheres, 

Sheets 

Antibiotics  <20 nm  

Biofilm  <400 nm Inactive Biological  

Table 2: ‘Chapter 3: HS-AFM Imaging of Samples in an Air Environment’ Samples Overview 

3.2 Coccolith 

3.2.1 Introduction 

E. hux coccoliths are a complex composite structure produced intracellularly in vesicles (before being 

transported to the exterior of the cell) at ambient temperatures and pressures utilising natural inorganic 

materials such as calcium carbonate. These calcite coccoliths are the unicellular marine algal equivalent 

of complex mineral shells seen in molluscs. Liths are radially arranged elements forming small tube 

connected double disk, or ‘sewing reel’ shaped scales that generally interlock and overlap to form a 

hollow (cocco)sphere surrounding the cell. The coccosphere increases overall cell size from ~ 5 µm to 

~ 10 µm. Coccoliths have been implicated in several hypotheses. These range from protection, to 

buoyancy and light refraction145. Coccoliths are shed by dead and dying cells. Being physically hard 

and possessing intricate structural elements, these structures are both interesting in terms of insights 

into coccolith structure and a good test for contact mode HS-AFM’s efficacy. Coccoliths were collected 

from cultured E. hux cells and investigated with HS-AFM. 
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3.2.2 Preparation / Results / Discussion 

Aged E. hux CCMP 1516 cell culture (approximately 2 months old) displaying a chalky white 

appearance was collected. A sample of this culture was centrifuged for 5 mins at 4000 RPM. The 

supernatant was removed, and the resulting pellet resuspended in 1 mL of MilliQ water. 75 µL of 

concentrated and resuspended cell debris was deposited neat onto freshly cleaved mica attached to SEM 

stubs with an adhesive carbon tab.  

It was found that the initial sample preparation protocol: a simple deposition and air drying of the cell 

debris onto freshly cleaved mica resulted in the majority of sample being washed away in the final 

MilliQ wash stage pre-imaging. The calcified liths were too large for the native negative charge of the 

mica surface to have any substantial effect on sample immobilisation. Indeed, there are no examples of 

this preparation shown as no data was collected. 

In a separate preparation, 25 µL of 0.5 % gelatin in MilliQ was added to freshly cleaved mica and 

incubated for 30 mins. This gelatin coating was washed three times with 1 mL of MilliQ water prior to 

sample addition. The deposited samples were incubated overnight for 16 hours at ambient temperature. 

Incubated samples were washed with 5 × 1 mL of MilliQ and allowed to dry at ambient temperature. 

Samples were imaged in air by HS-AFM. 
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Figure 15: a. Complete coccolith structure visualised by HS-AFM in air (3D render, Data 

captured at 2 fps) b. Example coccolith width and height measurement transects (Scale bar 1 

µm), extracted transects are seen in Figure 15 c. 

 

a. 

b. c. 
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Figure 16: Examples of coccolith structures in various states of degradation / malformation 

visualised by HS-AFM in air (Scale bar 1 µm, Data captured at 2 fps) a. Near complete coccolith 

covered by contaminating material b. Fairly complete coccolith c. Malformed coccolith 

The addition of a 0.5 % gelatin coating to the preparation, inspired by prokaryotic adhesion AFM 

studies146, resulted in a far higher percentage sample retention success during washing and sample 

immobilisation during imaging. The data displayed in this section uses this gelatin protocol.  

Compared to the idealised impressions seen in textbooks or the selected images seen with artistic SEMs, 

the consistency of lith structure varied greatly in the data collected by HS-AFM. Indeed, out of the 

examples presented here, only one appears fully formed and as expected (Figure 15). The other 

presented cases appeared in various states of degradation or malformation (Figure 16). It is not known 

if this is due to natural variation in structure (my preferred hypothesis), or whether it is a consequence 

of sample age or forces exerted during preparation method. In other imaging studies, researchers are 

more prone to showing close to perfect, textbook lith examples. This creates a potential bias in the 

literature, giving the impression that liths are always perfect. In reality, they are often quite misshapen. 

The high speed and large data collection of our AFM means that these imperfect lith examples have 

also been imaged providing a probable overview of lith variations. To test this, differing forces could 

be applied to lith samples during preparation, with the HS-AFM generating a large library of data for 

each force variable. Examining these data and assigning a degradation level could provide a quantitative 

measurement of lith completeness versus force applied when compared to natural lith variation. If lith 

completeness correlates negatively with force applied during preparation we could assume that 

preparation is causing variation in structure. The same experiment could also be trialled with 

differentially aged samples to test the sample age hypothesis mentioned above. 

Lith width and length was measured across the two perpendicular axis of the ovoid, giving an average 

(N = 8) length and width of 3.40 µm (Max 4.21, Min 2.72, SD 0.45) and 2.57 µm (Max 3.88, Min, 1.80, 

SD 0.80) respectively. Thickness is difficult to determine as backgrounds are not even which would 

lead to false readings. An example of the profiles produced by the measured axis is seen in Figure 15 c 

and suggests a height of ~ 200 nm. My data can be compared to a single contact mode AFM image147 

as seen in Supplementary Figure 5. This image displays a high amount of imaging artefacts (Figure 9) 

and would have taken far longer to collect than the 0.5 s using HS-AFM. The measured coccolith values 

a. b. c. 
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can be compared to previously measured Coccolithus pelagicus liths of ‘2 µm long’, 130 nm flat surface 

plugs with heights of 200 nm – 1.5 µm measured by AFM148. In 2013 E. hux lith measurements were 

reported as length 3.3 µm (2.4 - 4.4 µm range) and width 2 - 3.6 µm as measured by SEM149. My E. 

hux lith measurements made by contact mode HS-AFM are consistent with these reported results. 

 

Figure 17: Example of poorly complete coccoliths highlighting ‘rod’ structures visualised by 

HS_AFM in air (Scale bar 1 µm, Data captured at 2 fps) 
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Figure 18: a. Example of the ‘rod’ structures visualised by HS-AFM in air (3D render, Data 

captured at 2 fps) b. Example transect along the length of a ‘rod’ (Scale bar 1 µm), extracted 

transect seen in Figure 18 c. 

Another result of this preparation method was various fragments and ‘shards’ (Figure 17, 

Supplementary Figure 6) of liths. Alongside these were individual elongated, flat ‘rods’ (Figure 18, 

Supplementary Figure 7, ~8 nm height) with a raised lump (~ 4 nm) at one end. Measured along their 

axis (N = 8) gives and average length of 1.65 µm (Max 2.37, Min 1.15, S.D. 0.44). These are suspected 

individual ‘spokes’ that form the ‘waggon wheel’ structure of the coccolith, with the ‘lump’ potentially 

being the remnant of the rod breaking from the main structure. In Figure 17 what seems to be a collection 

of these ‘rods’ can be seen partly forming a lith structure. 

Single frames were collected in 0.5 s, with the frame size in the X and Y axis being limited by pixel 

quantity are close to the limit of individual frame size, with height variation of ~ 0.5 µm. This means 

liths are close to the limit of sample imageable in their entirety in a single frame. Samples with a larger 

a. 

b. c. 
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size would need multiple frames to be collected and collated into a single image. With such a fast data 

acquisition, HS-AFM proved to be an excellent tool in quickly collecting topographical and geometric 

data of E. hux’s calcite plates. This gives insight into lith structure and potential component structure 

as seen in the suspected calcite rods. This speed also allows for scanning of sample to find specimens 

of interest. This is highlighted by the discrepancy in intra sample completeness of liths. The ability to 

search a large sample area whilst constantly collecting HS-AFM data led to a near perfect lith example 

being discovered and imaged amongst all the example sample variation  

3.3 Microorganism 

3.3.1 Introduction 

Microbes are ubiquitous in the marine environment150. These prokaryotic samples were selected as the 

initial test of the HS-AFM’s ability to image soft, biological matter when compared to mineral based 

coccoliths in the previous section (3.2 Coccolith). Various cultured, but unidentified microbes were 

collected and investigated with HS-AFM. 

3.3.2 Preparation / Results / Discussion 

4-month-old, non-axenic E. hux CCMP 2090 cell cultures were collected. 25 µL of 0.5 % gelatin in 

MilliQ was added to freshly cleaved mica and incubated for 30 mins. This gelatin coating was then 

washed with 3 × 1 mL of MilliQ water. In one instance, 80 µL of the cell culture was deposited neat 

onto the gelatin coated mica. A separate sample of the cell culture was collected and centrifuged for 5 

mins at 4000 RPM. The supernatant was removed, and the resulting pellet resuspended in 1 mL of 

MilliQ water. 80 µL of this resuspension was also deposited neat onto the gelatin coated mica. The 

deposited samples were incubated overnight for 16 hours at ambient temperature. Incubated samples 

were washed with 3 × 1 mL of MilliQ and allowed to dry at ambient temperature. All samples were 

imaged in air by HS-AFM. 
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Figure 19: Example unidentified microbes visualised by HS-AFM in air (Scale bar 1 µm, Data 

captured at 2 fps) a. Three bacillus b. Coccus with pilli and flagellum c. Example seen in Figure 

19 b with false colour bar reduced to 10 nm (Scale bar 1 µm) 

 

Figure 20: Example single bacillus highlighting different levels of dehydration visualised by HS-

AFM in air (Scale bar 1 µm, Data captured at 2 fps) a. Near full air hydration b. Fairly 

dehydrated c. Extremely dehydrated exhibiting ‘skeletal’ effect 

Optimising preparation methods for contact mode HS-AFM of biological samples is an important part 

of successful imaging and data collection. For microbial samples, some existing methods were trialled. 

This included air drying alone, dental wax preparations151, poly-L-lysine Prep152 and gelatin coatings. 

Of these, the most successful method was 0.5 % gelatin coating. This preparation generated the data 

seen in this section. Air drying and poly-L-lysine preparation methods did not immobilise the samples 

sufficiently for contact mode HS-AFM analysis in air. With dental wax preparations, it is difficult to 

maintain a significant sample Z axis height position, resulting in an overly rough background and often 

covered or contaminated sample surface and imaging tip. Therefore, no data is shown for these other 

methods. 

Shown in Figure 19 / Supplementary Figure 8 are many examples of unidentified microbes. It would 

be impractical to attempt to identify these organisms from the data presented here. What the quantity of 

images does show is the speed at which HS-AFM can be used similarly to a normal microscope to 

visually and manually scan large areas of an unfamiliar sample surface and quickly (images collected 

in 0.5 s) capture data at desired points of interest. HS-AFM also can clearly capture data of structural 

features highlighted by Figure 19 b / Supplementary Figure 8 b / c / d such as flagella, pilli, tails etc. as 

well as sample surface topography of various form microbes. These features are further highlighted by 

a. b. c. 

a. b. c. 
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a reduction in the false colour bar to match the Z axis scale of these features (Figure 19 c, Supplementary 

Figure 8 e / f). Flagella will be discussed in more detail in the section below (3.4 Flagella). 

Compared to the mineral based coccoliths seen in ‘3.2 Coccolith’, presented here are far softer 

biological samples. In the absence of Z feedback and force measurements, with base knowledge of the 

sample this difference in hardness can still be stated with confidence.  

The general structural outline of various bacilli and other microbes can be seen, however there is a clear 

dehydration effect. This is apparent to varying degrees between imaging subjects and is a consequence 

of preparation and imaging environment. i.e. air samples can appear as having rough surface topography 

to appearing as ‘skeletons’ of their hydrated structure (Figure 20).  

 

Figure 21: Unidentified bacillus microbe field visualised by HS-AFM in air (Data captured at 2 

fps) a. Automatic stitch of raster scanned data collection (3D render)  b. / c. / d. Example 

individual frames extracted from Figure 21 a raster scan (Scale bar 1 µm) 

 

a. b. c. d. 
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Also seen here are frames of data from .hsafm video files automatically stitched back together using 

bespoke software (supplied by Bristol Nano Dynamics ltd) to provide a larger view of the sample area. 

The software is most effective when applied to data collected in a raster pattern for easy reconstruction. 

This analysis was applied retroactively to collected .hsafm video data and proved extremely effective 

in reforming both simpler raster and complex paths into coherent images. The advantages of scale and 

perspective can be seen when comparing the limits of select individual frames seen in Figure 21 b / c / 

d when compared to the automatically stitched image of the entire data collection (Figure 21 a). Due to 

the rapid serial data collection method, detail is not lost when generating larger images as the individual 

frame data is still available for further analysis. This gives both a broad overview of the imaged sample 

area and the ability to inspect individual areas with single frame and therefore maximum pixel resolution 

AFM data. 

 

Figure 22: Non raster pattern automatic restitching of aggregated 4°C condition Oleispira 

visualised by HS-AFM in air (3D render, Data captured at 2 fps) 

Seen in Figure 22 / Supplementary Figure 9 are examples of the marine species Oleispira antarctica. 

Scientific hypothesis for these samples will be discussed later (3.4 Flagella), but are included here as 

excellent examples of soft bacillus shaped microbes with instances of retroactive, complex path, image 

stitching applied to aggregated collections of these organisms.  

Bacterial cells were imaged successfully in air as softer sample examples when compared with liths, 

with (raster) stitched data providing a fast way to collect data of a large sample area to both extend 

image size and provide context. Dehydration effects are seen in air, and liquid imaging would be 

required to remove this effect and provide more environmentally accurate topographical information. 
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3.4 Flagella 

3.4.1 Introduction 

Following the success of imaging bacterial cells with flagella and pilli (Figure 20 / Supplementary 

Figure 8), and with the knowledge that haploid E. hux cells are flagellated, the ability of the AFM to 

assess larger flagella was investigated. It was also important to characterise flagella with HS-AFM for 

identification of a possible portion of cultured haploid E. hux cells; the microalgal cell that is integral 

to the main aims of this thesis. Flagella are super structural, filamentous appendages involved in motility 

in many species. They are delicate protein structures and on a different order of scale in all axis to the 

microbial body or a coccolith.  

Flagella were investigated in more detail for the species Oleispira antarctica. A species ~ 2 - 5 µm in 

length by 400 – 800 nm in diameter with monopolar flagellation (~ 5 µm). These are obligate 

hydrocarbon degrading micro-organisms153. Blooms of these organisms are found in the presence of oil 

pollution154. In an unpublished proteomics assessment of Oleispira, differences were seen in the 

regulation of flagellin protein at 4°C vs 16°C. (Boyd, personal comm) HS-AFM was used to visually 

investigate potential phenotypic differences in size and structure of the flagella at these differing 

temperatures. This experiment was performed in collaboration with Dr. Boyd McKew, School of Life 

Sciences, Colchester Campus, University of Essex. Oleispira cultures grown at the differing 

temperature regimes (4°C and 16°C) were provided by Dr. McKew. 

3.4.2 Preparation / Results / Discussion 

The sample preparation for flagella imaging are described in ‘3.3.2 Preparation / Results / Discussion’.  



46 

 

 

Figure 23: Individual flagellum of unidentified microbe visualised by HS-AFM in air (3D 

render, Data captured at 2 fps) 

Several examples of flagellated microbes are shown (Supplementary Figure 10) including the flagella 

alone (Figure 23). This is a good display of contact mode HS-AFM and the used preparation method 

proving to be suitable for potentially fragile structures.  

Of particular interest were the potential phenotypic differences between Oleispira flagella grown at 4°C 

vs 16°C. A noticeable upregulation in the flagellin protein seen at 4°C production could be an indicator 

of a possible longer or thicker flagellum, faster replenishment of the flagellum or even multiple flagella. 

This upregulation could be due to the changes in water viscosity at different temperatures155. At 4°C 

compared to 16°C the comparative viscosity of seawater is increased. For a microbe of this size, this 

increase is not trivial. The flagellin upregulation could be a response to the increased energy required 

for propulsion and movement towards the restricted substrate profile of these hydrocarbonoclastic 

microorganisms. 

For Oleispira, due to the extremely long flagella, the absolute minimum force was applied to the sample 

during preparation in attempt to preserve the flagella including none or slow speed centrifugation and 

widened tip soft pipetting with minimal careful gentle preparation steps.  

Although examples of flagella are shown below, maintaining integrity of these relatively long flagella, 

when compared to the body of the bacteria, was of particular difficulty. Instead of enough examples of 

flagella with which to draw a statistical conclusion, presented here are individual examples seen in both 

experimental temperature culture conditions. 
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Figure 24: Manually stitched 4°C condition Oleispira highlighting flagellum visualised by HS-

AFM in air (Scale bar 4 µm, Data captured at 2 fps, Note: overall Z axis scale is not correct due 

to stitching method) a. / b. Perpendicular and c. / d. Longitudinal transects 

 

 

 

 

a. 

b. 

c. 

d. 
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Figure 25: Flagella dimensions for 4°C condition Oleispira sample. Extracted transects showing 

a. / b. Perpendicular measurements and c. / d. Longitudinal measurements as highlighted in 

Figure 24 a / b and Figure 24 c / d respectively 

 

 

 

 

 

 

 

a. b. 

c. d. 
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Figure 26: Manually stitched 16°C condition Oleispira highlighting flagellum visualised by HS-

AFM in air (Scale bar 2 µm, Data captured at 2 fps) a. Perpendicular and b. Longitudinal 

transects 

 

 

 

a. 

b. 
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Figure 27: Flagella dimensions for 16°C condition Oleispira sample. Extracted transects 

showing a. Perpendicular measurements and b. Longitudinal measurements as highlighted in 

Figure 26 a and b respectively 

In these examples it would appear that Oleispira acclimatised to 4°C have far longer (~ 18.8 µm, Figure 

24) flagella than those acclimatised to 16°C (~ 5.7 µm, Figure 26). However, it is not known if this is 

due to potential destructive forces applied to the flagella during preparation and imaging or a direct 

response to the experimental temperature variable. Based on these observations, further investigation 

into suitable protocols to preserve these extremely long, delicate flagella from culture, through 

preparation and during imaging could prove fruitful. This combined with additional imaging time 

allocation could result in the number of measured examples required for statistical analysis of the 

sample and experiment hypothesis.  

This currently collected data could suggest that at 4°C, where the viscosity of seawater is higher, 

flagellin production is upregulated to generate lengthier flagella that would provide more efficient 

movement towards the hydrocarbon substrate. 

Also shown are some morphological data of the flagella itself. 6 and 3 transects were taken 

perpendicular to the flagellum length for 4°C and 16°C respectively. 4 and 2 transects along the length 

axis of flagella were taken for both 4°C and 16°C respectively (Figure 25 and Figure 27). This shows 

consistency in measurement of intrasample transect profiles (4°C Mean Height 9.9 nm, SD = 2.4 N = 6 

/ Width ~ 100 nm; 16°C Mean Height 5.4 nm, SD 0.6, N = 3 / Width ~ 200 nm). Height differences 

between samples could reflect thicker flagella at 4°C. This would agree with potential conclusions 

drawn from these collected data. Width measurements could be easily affected by tip-sample artefacts 

mentioned previously in this thesis. The undulating longitudinal profiles probably reflect the ‘rope-

like’, spiral construction (4°C and 16°C apparent height maxima periodicity ~ 100 nm) of the flagella 

protein structural architecture156. Indeed, having collected the individual frames in such a short amount 

of time (2 fps), it is promising that HS-AFM can provide such detailed information. 

a. b. 
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3.5 Fungi 

3.5.1 Introduction 

Fungi differ from bacteria, being larger cells with chitinous cell walls. As a further, biological example 

with differing properties, fungi were another demonstration of the HS-AFM’s suitability for a multitude 

of samples of interest and preparation techniques in an air environment. There was thought to be small 

pore structures in the cell wall of Septoria tritichi, whilst Ustilago maydis is not thought to feature such 

structures (Steinberg, Pers. Comm.). HS-AFM was used to try and identify, investigate, and measure 

these features. 

 3.5.2 Preparation / Results / Discussion 

25 µL of the fungal samples fixed in glutaraldehyde were deposited onto freshly cleaved mica. Samples 

were dried at 37°C and imaged in air by HS-AFM. 

 

Figure 28: a. Example of Ustilago cell wall visualised by HS-AFM in air (3D render with lighting 

overlay, Data captured at 2 fps) b. (Inset) Whole frame HS-AFM data with highlighted area 

seen in Figure 28 a (Scale bar 500 nm) 

 

a. b. 
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Figure 29: a. Example of Septoria cell wall visualised by HS-AFM in air (3D render with lighting 

overlay, Data captured at 2 fps) b. (Inset) Whole frame HS-AFM data with highlighted area 

seen in Figure 29 a (Scale bar 500 nm) c. Transect including four suspected membrane pore 

features (Scale bar 300 nm, Figure 29 a data), extracted transect is seen in Figure 29 d. 

Data is shown here for two different strains of fungi. There is a clear difference in surface topography 

seen. There are many small ‘bumps’ seen in Septoria images (Figure 29). These were investigated 

further as it is thought they could be examples of the expected pore structures. A transect is shown 

including four of these features as example (Figure 29 c / d). These bumps (N = 21) have an average 

width and height of 60 nm (SD 10 nm) and 3.1 nm (SD 0.2 nm) respectively, likely representative of 

protein pores in the cell membrane. This effect could represent covered, raised, membrane pore protein 

structures. Through dehydration, the outer most layer of the sample (glucans, chitin, mannoproteins) 

could be ‘pulled thin’ over the surface. This might explain why these possible pores appear in this 

a. b. 

c. 

d. 
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pronounced rounded fashion. Although these features could be due to dehydration and imaging in an 

air environment, they appear too regular in shape and structure for this to be the case.  

There is a noticeable interesting observation regarding the spatial positioning of these surface features. 

They appear to be arranged in fairly regular, straight lines. This could reflect some form of intracellular 

structural association with the surface features such as microtubule cytoskeleton. Indeed, to indulge in 

this hypothesis further, it could be that these features represent membrane channels involved in 

orientation and thigomotrophism157. These suggestions are open for discussion but are nonetheless a 

curious observation.  

Samples were also incubated overnight at 4°C but this left the fungi further dehydrated leading to flatter 

and rougher surfaces. Washing with DI to attempt a level of rehydration of these older examples leads 

to sample being washed away due to the relatively simple nature of the preparation method. 

It is also apparent that a cursory examination of a sample with HS-AFM provides a wealth of possible, 

information extremely quickly that could take far longer with standard AFM.  With a small time 

investment new and statistically interesting data can be obtained prompting interesting follow up 

studies. 

3.6 Aluminium Hydroxide Floc 

Declaration: This section contains data that contributed to article ‘Andrew Landels, Tracey A. 

Beacham, Christopher T. Evans, Giorgia Carnovale, Sofia Raikova, Isobel S. Cole, Paul Goddard, 

Christopher Chuck, Michael J. Allen; Improving electrocoagulation floatation for harvesting 

microalgae. Algal Res. 39, (2019).’158 Figure 30 a / b and Figure 31 c were used in a modified form in 

this article. I performed the HS-AFM experiments and provided the HS-AFM analysis and 

methodology. 

3.6.1 Introduction 

In ongoing research activity in the laboratory, electro-coagulation flotation (ECF) was investigated as 

a dewatering, separation methodology for both algal and viral samples. ECF combines the production 

of metal flocculent (in this case a positively charged aluminium hydroxide at neutral pH) and 

microbubbles in-situ. The flocculent acts as a glue to create stable bridges between particles suspended 

in water to generate flocs. This floc structure was investigated with HS-AFM in native and freeze-dried 

states, both alone and in the presence of Chlorella algal cells and viral lysate. This could provide a 

framework with which to try and image spherical cells and their membrane features as seen in fairly 

flat, ovoid fungi in 3.5 Fungi. ECF could provide a stable preparation method with which to image cells 

not suitable (High Z axis height differential) for simple air drying onto mica methods. 
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 3.6.2 Preparation / Results / Discussion 

Aluminium hydroxide Floc was spread thinly across freshly cleaved mica and allowed to dry at ambient 

temperature. This includes pure floc and flocculated algal samples (Chlorella sorokiniana, C. 

sorokiniana). For details on flocculent production methods see 158.  

 

Figure 30: Examples of increasing density aluminium hydroxide floc visualised by HS-AFM in 

air (Scale bar 1 µm, Data captured at 2 fps) a. Low density b. Medium density c. High density 

Imaging the floc was initially thought to be near impossible due to the material properties of the dried 

material. With a threshold thickness, the floc would deform and disintegrate under force, becoming un-

imageable. The requirement for successful imaging with contact mode HS-AFM was spreading the floc 

as thinly as possible across a mica surface. The results of this are seen in Figure 30.  

At its least dense, the flocs appear as small individual spheroids <100 nm in diameter with a height of 

~ 20 nm (Figure 30 a). As the floc increases in density larger individual spheroids are seen as well as 

merged homogenous composites (Figure 30 b). It is thought that this is the precursor to a complete 

hydrogel once density is high enough (Figure 30 c). 

 

Figure 31: C. sorokiniana embedded in floc visualised by HS-AFM in air (Scale bar 500 nm, 

Data captured at 2 fps) a. Pre b. During and c. Post ‘excavation’ 

Flocculation was in part being investigated for separation of algal cells from solution. It was considered 

whether using flocculent could be useful for HS-AFM imaging by physically immobilising the cells 

and reducing the height differential between surface and background. Another thought was it is 

suspected that coccoliths are attached to E. hux cells by a sugary matrix159. It was considered whether 

flocculent present on the surface of the cell could be used as an initial proxy for this possible microalgal 

polysaccharide surface material. This was partly successful with the overall cell structure being visible. 

a. b. c. 

a. b. c. 
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This was made possible by ‘excavating’ on the nanoscale, using the action of the imaging tip to 

mechanically scrape away layers of flocculent until the cell surface is reached (Figure 31). Layers of 

the flocculent appear to coat the cell, creating a snowdrift-like effect of distinct layers or shells of 

hydrogel on the cell surface. This image shows that the cell membrane has developed pits, likely 

resulting from the air-drying preparation method (Figure 31 c). In reality, the floc degraded the possible 

quality of algal membrane imaging with its contaminating behaviour of the surface and scanning tip. 

Compared to the fungal work, no clear membrane features were identified using this method of HS-

AFM preparation. This suggests that although it may be possible to remove E. hux liths through 

chemical or mechanical action, the suspected matrix would probably interfere with membrane data 

acquisition. Thus, a move to uncalcifying E. hux cells was decided upon for future E. hux membrane 

studies (Chapter 6: HS-AFM Assessment of Algal Cell Membranes). A similar approach for reducing 

sample Z axis differential could be taken by immobilising algal cells in dental wax, however, similarly 

to preparations in floc, controlling the Z position of cell surfaces is practically difficult to predict, keep 

consistent and replicate. 

In a separate example, pure floc and flocculated viral lysate was freeze dried then prepared for imaging 

by spreading thinly over freshly cleaved mica. 

 

Figure 32: Example freeze dried aluminium hydroxide flocculent visualised by HS-AFM in air 

(Scale bar 500 nm, Data captured at 2 fps) a. Unknown ‘shards’ b. Potential virus like particles 

c. Possible cell membrane 

Figure 32 shows examples of floc imaged post-freeze drying. The floc is comparable to a medium dense 

example with a rougher surface probably due to the loss of water bulk. There are noticeable shards 

present (Figure 32 a) in the raw floc which could be examples of the aluminium metal present or purely 

due to the freeze drying process. 

Floc containing virally lysed Emiliania huxleyi cells was also freeze dried and analysed with HS-AFM. 

Here, when compared to the control containing no lysate, there are features that would appear to be the 

correct size and shape as viruses engulfed in floc (Figure 32 b). Also seen are curious features that 

resemble isolated patches (Figure 32 c). I suspect these could be sections of lysed cell membrane from 

dead cells. 

a. b. c. 
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Further use of the floc to mechanically isolate virus or cells for HS-AFM imaging was discredited due 

to the surface changes caused by immersion in flocculent leading to poor quality or outright false 

information of the viral structure and surface.  

3.7 Gold Nanocage 

Declaration: This section contains data that was used in article ‘Miusi Shi, Wai Ling Kok, Christian 

Hacker, Tian Deng, Donald Singer, Qin Zhao, Christopher T. Evans, Peng Zhang, Kailun Shen, Rui 

Wang, Tong Zhang, Charlotte Illsley, Vikram Sharma, Mike J. Allen, Haojian Zhang, Bing Hu, Yufeng 

Zhang; Nano Gold Simulated Autophagy Prevents Cell Death. ACS Nano. In review’ Figure 35 and 

Supplementary Figure 11 c /d were used in a modified form in this article. I performed the HS-AFM 

experiments and provided the HS-AFM analysis and methodology. 

3.7.1 Introduction 

Gold nanocages (GNCs) are specifically designed hollow, cubic shaped gold-based nanoparticles with 

porous walls, approximately the size of virus capsids. GNCs were originally designed for delivering 

localised surface plasmon resonance to kill cancer cells and bacteria. Here they were used in an attempt 

to enhance cell and animal life survival through connecting phagocytosis with autophagy by stimulating 

autophagosome functions and pathway cascades. Phagocytosis is utilised for internalising extrinsic 

particles through plasma membrane invagination and phagosome formation160,161. Autophagy is a 

homeostatic process in which autophagosomes target intrinsic cellular waste162,163. Both phagosomes 

and autophagosomes can fuse with lysosomes to degrade and recycle the components within these 

vesicles. HS-AFM was developed as an assaying tool for low concentration nanocage sample 

quantification. Nanocages are also a non-biological sample with similar axial dimensions to viruses and 

therefore a worthwhile investigation of HS-AFM’s suitability for such samples. 

3.7.2 Preparation / Results / Discussion 

Initially, 25 µL of undiluted GNC was deposited onto freshly cleaved mica as proof of concept. This 

was dried at ambient temperature, washed with 3 × 100 µL MilliQ water and then dried again at ambient 

temperature. 
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Figure 33: Examples of GNCs visualised by HS-AFM in air (Scale bar 300 nm, Data captured at 

2 fps) a. Examples of aggregated GNCs b. Poly-L-lysine preparation c. Poly-L-lysine 

preparation with more extensive washing 

Undiluted, simple air dried GNCs on mica provided high quality structural data. Although, I suspect 

that due to the overall negative charge of mica surfaces at neutral pH164, this caused the GNCs to 

accumulate and clump together (Figure 33 a). The general shape of the clumped GNCs can clearly be 

seen in this example. 

In an improved preparation, mica was coated with 25 µL of 0.1 % poly-L-lysine for 30 min at room 

temperature. This was washed with 3 × 100 µL MilliQ water prior to deposition of 25 µL of GNC 

sample and drying at ambient temperature. This was washed again with 5 × 200 µL MilliQ water. This 

became the final preparation for experimental samples as it resulted in the GNCs being far more 

individual and spread. However, undesirably, there is an obvious surface coating of the GNCs causing 

a decrease in the quality of GNC structural data (Figure 33 b and Figure 34). For later experiments this 

was not an issue. It was not the structure of the GNC that was important, but the total number of 

suspected GNCs in a certain area being used as a relative quantitation proxy for concentration in sample. 

Further washing could decrease this effect (Figure 33 c). 

a. b. c. 
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Figure 34: a. Example of GNCs prepared by surface Poly-L-Lysine treatment visualised by HS-

AFM in air (3D render, Data captured at 2 fps) b. Transects across the individual GNC (Scale 

bar 100 nm), extracted transects are seen in Figure 34 c. 

 

 

 

 

 

a. 

b. c. 



59 

 

 

Figure 35: Example frame of raster scan of eluted GNC + IgG precipitation visualised by HS-

AFM in air (Scale bar 300 nm, Data captured at 2 fps) 

As part of ongoing research in the lab, GNCs were precipitated with different proteins: IgG, p62, LC3 

and ATG5 to evaluate the association of the GNC with early autophagy marker proteins key for 

autophagosome formation (p62, LC3 and ATG5). The experiment’s aim was to determine whether 

GNCs bound with high affinity to any of these proteins. If this was the case, once internalised, GNCs 

could initiate a novel kind of autophagosome formation. The concentration of eluted GNCs should 

describe the efficacy of protein association i.e. a higher concentration of GNC seen in the sample, the 

higher the affinity with the protein variable. GNC concentration was difficult to quantify through other 

methods due to low sample concentration and therefore low response to existing assay conditions. In 

response, an HS-AFM assay was developed suitable for consistent detection efficacy for particles of 

this size with fast data collection to attempt to quantify sample GNC concentration. 

The sample was prepared with the method described in ‘3.7.2 Preparation / Results / Discussion’, three 

locations were chosen at random on the mica surface and a 20 × 20 µm area was raster scanned and 

data collected at each (Figure 35, Supplementary Figure 11). Custom LabVIEW (National Instruments, 

USA) software provided by Bristol Nano Dynamics ltd was applied to the data to attempt to quantify 

nanocage abundance. The criteria used were particle detection set as >1.5 standard deviations in feature 

height vs background. Particles at / on boundary of field of view were ignored. Positive count 

parameters set as bounding rectangular height 25 – 175 nm and bounding rectangular width 25 – 175 

nm.  
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Figure 36: Average suspected GNC counts, error bars show one standard deviation above and 

below mean. (‘FT IgG’ is Flow through IgG control) 

Potential GNC counts for each of the three areas per sample treatment were averaged and a relative 

GNC count was compared in brief (Figure 36). This GNC count can be used as a proxy for original 

sample concentration in a relative system of identical preparations. I suggest there is no specific affinity 

between GNCs and individual proteins. This is because there is no apparent statistical difference seen 

in suspected GNC counts seen between the control IgG and autophagy marker protein variables (One 

way ANOVA p = 0.897). Final interpretation of these results is open for discussion; however, HS-AFM 

proved to be an effective assay tool for GNC quantification in experimental samples with the 

preparation described. This method could be applied to other automatic particle quantification including 

similarly sized viruses. 

3.8 Microplastic 

3.8.1 Introduction 

Microplastics are plastic particles of size <5 mm165. Thought to be widespread in the marine 

environment, and being potentially inherently harmful, they also provide a platform for attachment of 

harmful pollutants and organisms. Here, similarly to protein binding to GNC surface, antibiotic 

adsorption to microplastics and biofilm formation and microbe colonisation were investigated with HS-

AFM. 

3.8.2 Preparation / Results / Discussion 

Microplastics are now considered ubiquitous166, however there is still a possibility microplastics alone 

may not have a significant negative environmental effect. The field of research is not mature enough to 

conclude one way or the other165. What, in theory, might prove more dangerous is the ability of 

microplastics to act as a carrier for other, potentially harmful, organisms or chemicals167. Here, HS-

AFM has been used to investigate changes to the surface of microplastics on the nanoscale under 

different conditions.  
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250 µm polyethylene beads were incubated in an antibiotic solution. These microplastics were dried at 

ambient temperature and adhered directly to adhesive carbon tabs attached to SEM stubs. This was an 

experiment in collaboration with a Masters student from Exeter University, Nika Lo. HS-AFM was 

used to attempt to confirm or disprove the ability for antibiotic to adsorb to different plastic surfaces. 

Samples were prepared in antibiotic solution and provided by Nika Lo. 

 

Figure 37: 250 µm diameter microplastic sphere surfaces visualised by HS-AFM in air (Scale 

bar 500 nm Data captured at 2 fps) a. Untreated polyethylene surface b. Control polyethylene 

incubated surface c. Antibiotic polyethylene incubated surface 

With no chemical analysis possible in this context, the only conclusion that can be drawn is the change 

in surface structure. High performance liquid chromatography, liquid or gas chromatography-mass 

spectroscopy can be used to chemically determine antibiotic presence by destructively dissociating the 

adsorbed material from the plastic surface. Confirming antibiotic adsorption in situ in a non-destructive 

manner is difficult. HS-AFM could be used to quickly measure changes in microplastic surface 

topography as a proxy for antibiotic presence and as an alternative to SEM imaging. A combination 

AFM with combined Fourier-transform infrared spectroscopy (FTIR) spectra has a resolution of around 

50 - 100 nm168 and may be able to distinguish between control and antibiotic covered plastics. However, 

this is extremely time consuming and required highly specific instrumentation. Whilst SEM can also 

observe changes in surface topography169, there are required preparation steps and imaging 

requirements compared to the direct observation of HS-AFM with minimal sample preparation in both 

air and aqueous environment. HS-AFM has a much better Z axis resolution meaning films in the tens 

of nm are far easier to identify. This difference will be explored in ‘Chapter 4: HS-AFM Imaging of 

Samples in a Liquid Environment’. SEM can offer Energy-dispersive X-ray spectroscopy (EDS) 

analysis, however EDS is not a tool for precision chemical analysis, it is designed to provide an 

estimation of elemental distribution in a specimen. It may be possible to distinguish between control 

and antibiotic covered surfaces; though I am unaware of any studies that have successfully 

accomplished this, with destructive methods favoured. 

There is a clear change in surface roughness (Figure 37 a: Sa 0.3 nm, Figure 37 c: Sa 1.87 nm) in 

samples incubated with antibiotic solutions versus control samples. It is highly likely, being the only 

experimental variable; that this change in roughness is due to antibiotic adsorption. Similarly to the 

a. b. c. 
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biofilm possibilities discussed below, there is a chance that antibiotics and comparable chemicals could 

bioaccumulate on microplastic surfaces and be exported to unnatural areas and in higher concentrations 

where they may have a negative effect on the environment. 

With a similar hypothesis, an experiment was performed in collaboration with Dr. Wei Luo, a short-

time scholarship-visitor from the State Key Lab of Urban and Regional Ecology, Research Center for 

Eco-Environmental Sciences, Chinese Academy of Sciences. Dr. Wei Luo was interested in the 

ecocorona formation on microplastics incubated in river water.  

Microplastics of various materials and shapes were incubated in river water for up to four weeks. These 

included isotactic polypropylene, polyamide, polypropylene, and polystyrene. These microplastics were 

dried at ambient temperature and adhered directly to adhesive carbon tabs attached to SEM stubs. 

 

Figure 38: Examples of Polyamide microplastic surfaces visualised by HS-AFM in air (Scale bar 

500 nm, Data captured at 2 fps) a. Possible unidentified spirulina microbe b. Possible 

unidentified centric diatom 

These samples were examined for surface properties, biofilm formation and potential colonisation of 

microorganisms (Figure 38, Supplementary Figure 12 to Supplementary Figure 15). It is clear, and not 

overly surprising, that after very short periods of time, the microplastic surface is obviously different 

from the control samples. With a lack of alternative data e.g. chemical analysis, provided by HS-AFM 

apart from structural, topographical information, it is difficult to determine exactly what is causing this 

change. It appears there is, indeed, rapid biofilm accumulation on microplastic substrates. What is 

potentially more surprising and important is evidence for colonisation by potential centric diatoms 

(Figure 38 b) and other unidentified microorganisms after such a short incubation time (Figure 38 a, 

Supplementary Figure 13 c / d and Supplementary Figure 14 c).  

With the properties offered by a microplastic substrate such as an unnatural buoyancy change and 

response to current and flow, these biofilms could be transported to areas they would not naturally reach 

under their own physical parameters. Although there is no proof with this simple experiment, it suggests 

a. b. 
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potential for non-natural species migration, permitting invasive and potentially harmful organisms to 

be transported by a microplastic carrier.  

Further experiments would need to be performed to confirm or deny any presented hypothesis; however, 

HS-AFM has proved itself as a viable, fast and effective tool for analysis of microplastic surfaces and 

changes. 

3.9 Conclusions 

AFM has seen limited application in marine and other environmental sciences. HS-AFM access is very 

much a rarity in this field due to the low availability, high cost of instrumentation and requisite skills 

for operation and analysis that are not often found at marine focussed labs. In this chapter I have briefly 

outlined a plethora of samples producing quality data both in, around marine science and some others. 

In summary here are some observations and concluding remarks produced by these series of 

experiments. 

The E. hux coccolith near reached the limit of size for a single frame collected at 2 fps in X, Y and Z 

axis differential. The coccolith is an integral part of most wild type E. hux cells, however for analysis 

of membrane features and dynamics it is a substantial hinderance. To avoid the requirement of stripping 

the cells of their liths for further work, strains of E hux were later used that do not produce coccoliths 

(5.2 Algal-Virus Infection System). Nonetheless, the analysis of individual liths offered insight into 

potential preparation methods, analysis methods and options and a non-biological example of marine 

HS-AFM data in an air environment. 

Microorganisms have the advantage of being in high abundance in non-axenic samples. Being of a 

moderate size in AFM scales, they provided the perfect soft biological example and iterative model for 

contact mode HS-AFM development and analysis of such sample types. For preparations in air, using 

gelatin coated mica to mechanically isolate and adhere samples proved to be most effective when 

compared with alternatives. The data produced in air suffers greatly from dehydration highlighting the 

requirement to take advantage of the ability for AFM to collect data in liquid environments for more 

naturally representative information. 

During analysis of microorganisms, it was noted that relatively delicate features such as potential pilli 

or flagella could be imaged quickly and effectively with contact mode HS-AFM. These features were a 

different order of magnitude in scale (in all axes) when compared to whole microorganisms or liths. 

This highlighted the variable size range of applicable HS-AFM samples. The analysis of Oleispira 

flagella did not yield statistically significant data yet suggested possible explanations. These 

conclusions could be expanded on with further optimisation of preparation methods and increased 

quantitation. This experiment also displayed HS-AFM as a promising assaying tool of nanoscale 

components. The manual path scanning of flagella and aggregated Oleispira resulted in difficult to 
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compile and incomplete data sets. Due to this, raster scanning of surfaces, including automatic stitching 

of images, was developed and utilised to generate SEM scale datasets with intrinsic AFM resolution. 

Two strains of fungi were examined by HS-AFM. These samples offer a comparable yet different 

biological alternative to eukaryotic microalgae cells. A main advantage of these fungal strains was their 

‘canoe’ like, flattened shape. This shape means a reduction in the Z axis differential between sample 

surface and background which can render a sample unimageable, or cause data artefact issues during 

high speed contact mode imaging (2.7 HS-AFM Data Artefacts, Figure 9) even with the softest, lowest 

spring constant, cantilevers. Although the preparation of fungal samples in this case was extremely 

basic, it is sufficient for imaging in air. It can be imagined that imaging in a liquid environment could 

offer further challenge when compared to this simplicity. These data suggest that analysis of nanoscale 

features of the cell membrane of biological samples should be possible with high temporal and spatial 

resolution of contact mode HS-AFM at least in an air environment.  

The aluminium hydroxide flocculent is, mechanically, an entirely different type of sample. The data 

shows how HS-AFM can be applied to a wide variety of sample examples. The main reason for being 

interested in flocculent is as a method for immobilising the components of my model system of interest. 

Namely E. hux cells and EhV viruses. Although some success was had, it is clear that the main issue 

with using flocculent as a preparation method is the contamination of the sample surface and imaging 

cantilever tip. This was investigated in air, and this is when the flocculent is at its most structurally 

strong for imaging with HS-AFM. Considering the properties of flocculent when hydrated as noted 

during preparation of these samples, the likelihood of this method working in a liquid environment is 

extremely low. One unique aspect of this experiment is using the action of the tip as a tool to affect the 

surface of the sample. This allowed for in situ, percentage cleaning of the sample. This method, although 

potentially damaging to the cantilever tip, could offer future experiments utilising this technique of 

directed surface interaction and modification. 

The gold nanocage experiment is the most removed from marine science case study. However, it offers 

a great example of a ‘virus-sized’ non biological control. By collecting high quality data of the 

nanocages, and in combination with successful imaging of soft biological samples such as flagella, 

confidence is provided for efficacious imaging of a biological sample within that size range. Automatic 

particle processing was also efficiently used for quantification of suspected nanocages. This could be a 

potential future assaying tool for lower labour quantification difficult to detect samples. 

The microplastics examined were extremely varied in their shape and size, from 250 µm beads to small 

diameter tubular strands. Due to the forgiving design of the sample stage, all were successfully imaged 

by contact mode HS-AFM. The surface resolution of nanoscale features and changes is very promising. 

Of particular excitement is the discovery of organisms such as probable diatoms colonising these 

surfaces as example of higher levels of biofilm succession. HS-AFM has the ability to collect huge 
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amounts of data and very quickly locate and image these admittedly rare examples within the overall 

sample variation. 

The main results of this chapter are: 

• Contact mode HS-AFM proved highly effective as a tool for analysis of many marine focussed 

samples, and indeed other diverse samples, in an air environment.   

• Successful preparation and subsequent data collections have shown intrinsic value through 

structural and topographical analysis, showing promise for potential further future study. 

• Highlighted is the requirement for liquid imaging proficiency to provide environmentally and 

physiologically relevant imaging data for further study. This additional capability and its 

advantages for imaging cell virus interactions will be discussed in the next chapter.  
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Chapter 4: HS-AFM Imaging of Samples in a 

Liquid Environment 

4.1 Introduction 

A recurring theme in the previous chapter was the impact of dehydration on the efficacy of HS-AFM 

to visualise biological samples. In many ways, this chapter is a continuation of, and comparable to 

‘Chapter 3: HS-AFM Imaging of Samples in an Air Environment’. Here further sample examples are 

explored in parallel with the development of liquid environment HS-AFM image capability. The 

samples investigated are mermaid’s purse structures and nanobubble formation on graphene surfaces. 

A focus of these experiments is the qualification of the HS-AFM to produce large, stitched scans of 

sample areas. These sample areas are of a comparable size to lower end SEM magnifications. However, 

the composite data sets inherently contain high resolution AFM topographical and surface information 

due to the serial nature of component frame, raster scan data collection. This, in combination with liquid 

imaging, produces a framework and workflow within which high quality AFM data can be collected of 

extensive sample areas in an extremely fast time by contact mode HS-AFM. 

Sample 

Scale 

Properties Shape X / Y 

Axis 

Z 

Axis 

4.2 Mermaid’s Purse Macro Inert Biological Macro 

4.3 Nanobubble <400 nm <50 nm Inert Physical Sphere 

On Patterned 

Graphene 
Macro ~ 2 nm Inert Material Flat Surface 

Table 3: ‘Chapter 4: HS-AFM Imaging of Samples in a Liquid Environment’ Samples 

Overview 

4.2 Mermaid’s Purse 

4.2.1 Introduction 

Mermaid’s purse is the colloquial name for the eggs of oviparous elasmobranchs. They are a tough, 

leathery, and durable protective capsule for some shark and all skate embryos. Composed almost 

entirely of protein, mermaid’s purses are adhered to stationary objects during development. Here they 

must withstand predatory attacks and the inherently corrosive marine environment. It was noted that 

egg cases appear to be particularly resistant to biofouling170 (Pers. Comm., Mike Allen). This could 

have a chemical basis. For example, the production of hydroxyl free radicals at the surface of the egg 

case and reacting with fouling species170 or the presence of heavy metal ions and inherent hydrophobic 

nature of the outer layer171. Another explanation for this could be the structural properties of the outer 
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surface. This structural property could be in either the macro, micro or nano range, with HS-AFM 

hopefully providing insight into all these different size range ideas. HS-AFM was used to investigate 

Mermaid’s purses both in an air and liquid environment. This information was compared with SEM 

data collected from the same samples as an orthogonal approach to imaging data collection, providing 

surface topographies of different areas of different species mermaid purses. These results were 

investigated for egg case structural information and their potential role in biofouling resistance. The 

collected data was also a test and validation for contact mode HS-AFM’s ability to gather SEM-scale, 

serially collected, stitched images with AFM level resolution under arguably more relevant biological 

conditions. 

Species 

 

 

Sample 

(HS-AFM samples Liquid unless specified 

otherwise) 

Figure Number 

 

 

Scyliorhinus canicula 

Small-spotted Catshark 

Outer Surface (Air) 

Inner Surface (Air) 

Tendril (Air) 

Outer Surface  

Inner Surface  

Tendril Connection 

Tendril  

Figure 39 c / d 

Figure 39 e / f / g 

Figure 39 h / i 

Figure 40 

Figure 41 

Figure 42 

Figure 43 

Scyliorhinus stellaris 

Bull Huss – Nurse 

Hound 

Outer Surface 

Inner Surface 

Tendril Connection 

Tendril 

Supplementary Figure 16 

Supplementary Figure 17 

Supplementary Figure 18 

Supplementary Figure 19 

Raja montagui 

Spotted Ray 

Outer Surface 

Inner Surface 

Supplementary Figure 20 

Supplementary Figure 21 

Table 4: Mermaid’s Purse Optical, SEM and HS-AFM Samples 

4.2.2 Preparation / Results / Discussion 

Suitable sections of mermaid’s purses were cut using a scalpel. These were dried at ambient temperature 

then adhered to SEM stubs with silver paint and initially imaged in air by HS-AFM. As comparison, 

SEM samples were first oven dried at 40°C with small weights to attempt to avoid sample deformation 

then coated with a gold 10 nm conductive layer. SEM data was collected with the help of Dr. Yang Liu, 

Technical Specialist at Plymouth Electron Microscopy Centre, Plymouth, UK. 

Shown here are examples of both individual frames and automatically re-stitched, HS-AFM raster scans 

of mermaid’s purse surfaces alongside roughly equivalent SEM images of the same samples.  
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Small-spotted Catshark (Scyliorhinus canicular) Oven Dried Preparation SEM and Air 

Environment HS-AFM Data 

 

 

 

a. 
b. 

c. d. 

e. f. 
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Figure 39: Small-spotted Catshark (Scyliorhinus canicula) a. Optical representation (Not to 

scale) b. Stitched 100× magnification outside surface SEM image (Scale bar N / A) c. Automatic 

stitch of raster scanned outside surface collected by HS-AFM in air (3D render, Data captured 

at 2 fps) d. (Inset) Example individual frame extracted from outside surface raster scan (Scale 

bar 1 µm) e. Automatic stitch of raster scanned inside surface collected by HS-AFM in air (3D 

render, Data captured at 2 fps) f. (Inset) Example individual frame extracted from inside 

surface raster scan (Scale bar 1 µm) g. SEM Ion beam milled cross section of inside surface h. 

Automatic stitch of raster scanned tendril collected by HS-AFM in air (3D render, Data 

captured at 2 fps) i. Example individual frame extracted from tendril raster scan (Scale bar 1 

µm) 

As seen in ‘Chapter 3: HS-AFM Imaging of Samples in an Air Environment’, imaging of biological 

samples in air is generally simpler for sample preparation and ease of HS-AFM imaging. Thus, samples 

of the Small-spotted Catshark (Scyliorhinus canicula) were first imaged in an air environment (Figure 

39). It was discovered that if a sample was not fully dehydrated, i.e. was drying during the imaging 

process, this produced noticeably blurred HS-AFM images. This phenomenon was caused by the 

contractions in the surface during the natural drying process being apparent between frames at 2 fps. 

g. 

h. i. 
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Data shown in Figure 39 are therefore images and raster stitches collected from fully dehydrated 

samples to avoid this issue. Given as example is a large area stitch of low magnification SEM data of a 

fully dehydrated, oven dried mermaid’s purse section (Figure 39 b). This image clearly shows the 

curled, dried state these samples enter when removed from a hydrated liquid environment compared to 

the original level section. This suggests that topographical and structural data collected from samples 

in this desiccated state probably does not reflect the true representation of these samples. 

The HS-AFM data collected in air suggests that both the outer (Figure 39 c: Average Sa = 43.6 nm) and 

inner (Figure 39 e: Average Sa = 87.0 nm) surfaces of the small spotted catshark case are being 

relatively rough compared to expected measurements based on optical investigation. The Inner surface 

measuring as being approximately twice as rough as the outer surface (When compared to data 

described later, this is probably being heavily influenced by dehydration). Explanation of these 

roughness measurements are described below. 

In the inner surface HS-AFM single frame (Figure 39 f), some apparent porosity can be seen. These 

features could be for improved gas exchange between the developing embryo and the external 

environment. However, this porosity is not seen clearly in the outer HS-AFM frame, placing uncertainty 

on how deep these apparent pores reach through the egg case wall. A SEM cross section of the inner 

surface was generated by focussed ion beam milling (Figure 39 g) and some evidence of pores was seen 

within the internal structure. However, these SEM ‘pores’ are far larger (~ 500 nm – 1 µm) than the 

structures seen in the HS-AFM images (~ 100 nm – 500 nm), appear to be concentrated towards the 

‘outer’ side of the sample and extend laterally, rather than vertically through the sample cross section. 

It is suspected that these features, when combined with possible surface damage as evidenced by the 

highly regularly ‘dimpled’ topography, are caused by the power of the ion beam rather than being the 

equivalent of the pores seen in the HS-AFM image.  

Figure 39 h / i nicely display the rope-like, striated, collagen structure172 of the mermaid’s purse tendrils. 

This is in drastic contrast to the bumpy, yet planar surface of the egg case body. The collagen strands 

appear to have a periodicity of ~ 1 µm. This could provide the strength and flexibility required of the 

tendril for adherence of the egg case to the substrate. 

In order to combat the dehydration issues mentioned above, it is imperative to collect data from these 

samples under physiologically / environmentally relevant conditions. This can be achieved by 

immobilising hydrated samples and maintaining hydration throughout preparation and HS-AFM data 

acquisition. Fortunately for sample sections such as these with dimensions of roughly 1 × 1 × 0.5 cm 

(X × Y × Z), adhesion is easily achieved with silver paint or nail varnish. Utilising the surface tension 

of water, a fully encompassing liquid droplet provides an aqueous environment during preparation and 

imaging. This in combination with the correct hardware i.e. the iteratively designed liquid cell (2.5 
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Liquid Cell Development) for the contact mode HS-AFM, offers the ability to maintain hydration and 

thus collect more representative data on these inert biological surfaces.  

For SEM to attempt to combat this dehydration effect, samples were prepared through critical point 

drying followed by coating with a conductive 10 nm layer of gold. Critical point drying should preserve 

sample morphology by using liquid carbon dioxide’s critical point of 31°C and 74 bar. An exchange 

fluid such as Ethanol or Acetone replaces the water in the sample. In turn, Liquid CO2 replaces the 

exchange fluid. This liquid CO2 is then brought to its critical point and converted to gaseous phase by 

decreasing pressure whilst maintaining critical point temperature. This process takes about 3 - 4 hours 

for these samples. Despite this preparation process, which takes far longer than preparation for HS-

AFM, there were issues with samples deforming and becoming twisted and curling. SEM samples were 

imaged in a vacuum environment. Even with critical point drying, this cannot easily be considered 

equivalent the natural, unlabelled, unmodified state seen during HS-AFM preparations and imaging. 

Throughout the SEM preparation method and imaging conditions dehydration of the sample can still 

occur resulting in shrinking of the samples and reduced measurement accuracy. Indeed in 171 it was 

stated ‘scanning of the original egg cases was not possible since critical point drying could not prevent 

shrinkage’ meaning resin replicas had to be made of the surface. HS-AFM circumnavigates this issue 

completely by consistently maintaining hydration. 

As a second imaging regime, the samples were adhered with clear nail polish and the samples were 

imaged in a liquid environment by HS-AFM. Further SEM samples were prepared with critical point 

drying followed by coating with a 10 nm conductive gold layer. Fully hydrated HS-AFM samples were 

compared with SEM images prepared by critical point drying at roughly similar scales. 
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Small-spotted Catshark (Scyliorhinus canicular) Outer Surface, Critical Point Preparation SEM 

and Liquid Environment HS-AFM Data 

 

 

Figure 40: Small-spotted Catshark (Scyliorhinus canicula) outside surface a. Optical 

representation and sample section (Not to scale) b. Stitched 100× magnification SEM image 

(Scale bar N / A)  c. Automatic stitch of raster scanned outside surface collected by HS-AFM in 

liquid (3D render, Data captured at 2 fps) d. (Inset) Example individual frame extracted from 

outside surface raster scan (Scale bar 1 µm) e. 10,000× magnification SEM  f. (Inset) 20,000× 

magnification SEM 

 

 

c. d. 

a. 

e. f. 

b. 



73 

 

Small-spotted Catshark (Scyliorhinus canicular) Inner Surface, Critical Point Preparation SEM 

and Liquid Environment HS-AFM Data 

 

 

 

Figure 41: Small-spotted Catshark (Scyliorhinus canicula) inside surface a. Optical 

representation and sample section (Not to scale) b. Stitched 100× magnification SEM image 

(Scale bar N / A) c. Automatic stitch of raster scanned inside surface collected by HS-AFM in 

liquid (3D render, Data captured at 2 fps) d. (Inset) Example individual frame extracted from 

inside surface raster scan (Scale bar 1 µm) e. 10,000× magnification SEM  f. (Inset) 20,000× 

magnification SEM 

 

 

a. b. 

c. d. 

e. f. 
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Small-spotted Catshark (Scyliorhinus canicular) Tendril Connection, Critical Point Preparation 

SEM and Liquid Environment HS-AFM Data 

 

 

 

Figure 42: Small-spotted Catshark (Scyliorhinus canicula) tendril connection  a. Optical 

representation and sample section (Not to scale) b. Stitched 100× magnification SEM image 

(Scale bar N / A) c. Automatic stitch of raster scanned tendril connection collected by HS-AFM 

in liquid (3D render, Data captured at 2 fps) (Inset) Example individual frame extracted from 

tendril connection raster scan (Scale bar 1 µm) e. 10,000× magnification SEM  f. (Inset Right) 

20,000× magnification SEM g. (Inset Left) Further example individual HS-AFM frame 

highlighting ‘sticky’ matrix material (Scale bar 1 µm) 

 

5 
a. 

b. 

c. d. 

g. 

e. 

f. 
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Figure 43: Small-spotted Catshark (Scyliorhinus canicula) tendril a. Optical representation and 

sample section (Not to scale) b. Automatic stitch of raster scanned outside surface collected by 

HS-AFM in liquid (3D render, Data captured at 2 fps) c. (Inset) Example individual frame 

extracted from tendril raster scan (Scale bar 1 µm) 

Data collected from the outer surface of the Small-spotted Catshark is displayed in Figure 41. 10,000 × 

magnification SEM (Figure 41 e) can be directly compared to automatically stitched raster scanned HS-

AFM data (Figure 41 c) and 50,000 × magnification SEM (Figure 41 f) compared to single frame HS-

AFM data (Figure 41 d). It is immediately apparent that these two techniques produce data with a high 

degree of similarity. The outer surface of the catshark egg case is extremely ‘bumpy’ with both very 

small, and larger protrusions covering an undulating surface. The inner surface appears to be much 

smoother than the outer surface of the sample. This is in direct contrast to the data collected in air, 

however taking into account the expected preservation of the natural sample structure in these 

preparations, these liquid HS-AFM and critical point dried SEM collected data should be more correct 

to environmental circumstances. What remains similar to the air data is the apparent porosity of the 

inner surface of the egg case. This strengthens the idea that there are indeed structural features present 

to aid in gas exchange. 

For this mermaid’s purse, the tendril section was split into two separate samples. Seen here is HS-AFM 

data and SEM data from both the ‘thicker section’ or tendril connection (Figure 42) of this tendril and 

the ‘thinner section’ (Figure 43). For air imaging, only the ‘thinner section’ was examined. The thinking 

behind this tendril connection data was to investigate the possible transition from ‘rope-like’ collagen 

tendril seen in air experiments to planar body surface. The thicker section in this case appears similar 

to the outer section of the egg case body but seems to be covered by a ‘stringy’ matrix. This is most 

apparent in the SEM, but on close examination of the HS-AFM raster scan there are frames containing 

features that produce a fair amount of ‘streaking’ consistent with a less firm, more malleable surface 

which could be interpreted as this extra-surface, matrix-like material. This could potentially be some 

5 
a. 

b. 
c. 
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form of environmental material or biofilm or could be a consequence of the structural transition 

composition. If this matrix is a microbial biofilm, it is only seen at the tendril transition lending potential 

weight to the anti-biofouling properties of the mermaid’s purse body outer surface. 

The thinner section of the tendril appears similarly in the liquid HS-AFM imaging to the air HS-AFM 

imaging data displaying a regularly banded collagen structure with periodicity of ~ 1 µm. 

Outer surface measurements of the Scyliorhinus stellaris (Nurse hound) egg case shares similarities 

with the small-spotted catshark with its undulating structure and ‘bumpy’ surface (Supplementary 

Figure 16). Also seen in both HS-AFM and SEM data are ring like structures roughly ~ 1 µm in 

diameter. These are not clearly present in the catshark data. The function of these features is unknown, 

but with the apparent higher porosity seen in the SEM images, might be involved in the gas exchange 

process. These features could also be from external influence on the sample or represent a form of 

damage or contamination. The inner surface of the Bull Huss appears extremely flat and porous 

(Supplementary Figure 17), seen in both HS-AFM and SEM data. The 10,000 × magnification SEM 

data (Supplementary Figure 17 e) shows a large feature that is not seen in the HS-AFM data and could 

reflect a form of sample damage during preparation or handling. The thick section of the Nurse Hound’s 

tendril (Supplementary Figure 18) appears covered in chain, or rope like structures, these are 

particularly apparent in the SEM data, but are also seen in the HS-AFM data although less clearly. 

Extracting a perpendicular transect of these ropes from the HS-AFM data highlights these features more 

obviously with heights of up to ~ 300 nm and widths of ~ 1 µm. I suspect this is a true reflection of the 

transition between collagen rope structure seen in the thinner section of the tendril and the body of the 

egg case with these features, having the same dimensions as the thinner section periodicity, representing 

structural collagen fibres. The thinner section of the Bull Huss (Supplementary Figure 19) again shows 

a similar look to the catshark examples with regular periodicity structured collagen. 

The Raja montagui (Spotted Ray) egg case outer surface (Supplementary Figure 20) is interesting, being 

comprised of a highly fibril surface in contrast to the general planar nature of the previous species 

examples. HS-AFM struggles with the difference in the Z axis of this surface leading to poor quality 

data, but this organisation can be seen clearly in the SEM data. HS-AFM data also shows these fibrils 

as shown in Supplementary Figure 20 d. The inner surface (Supplementary Figure 21) returns to 

expected surface structure, with a flat, ‘bumpy’ porous textured topography, seen in both HS-AFM and 

SEM data. 

An advantage of HS-AFM data in this format is the retention of the ‘~ 50,000+ × magnification’ data 

resolution within a single image of ‘10,000 × magnification’ image when compared to SEM. HS-AFM 

data retains extremely accurate Z axis height measurements for every acquired pixel. This can lead to 

extremely precise topography and statistical measurements without the need for stereographic imaging. 

Tip convolution effects can affect the X / Y axis measurements of HS-AFM data; however, in these 
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samples, with robust features orders of magnitude larger than tip diameter, these should be 

inconsequential when, for example, extracting profiles and feature measurements.  

Small-spotted Catshark (Scyliorhinus canicular) Roughness measurements 

 

 

 

Figure 44: Roughness maps measured by HS-AFM in liquid (Data collected at 2 fps) of samples 

seen in a. Small-spotted Catshark outer surface (Figure 40 c) and b. Small-spotted Catshark 

inner surface (Figure 41 c), numerical roughness histogram of Figure 44 a / b data is seen in  

Figure 44 c. and Figure 44 d. respectively 

From these collected HS-AFM data it is possible to extract quantitative values for surface properties. 

These include transect profiles and roughness parameters. The roughness measurement can be applied 
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to each frame for an automatically stitched area and gives both a quantitative measure of overall 

roughness of the imaged area and the distribution of this roughness. When, for example as presented in 

Figure 44, the outside and inside surface of the catshark are compared, there is a clear difference in this 

roughness parameter. The inner surface is far smoother than the outer surface, consistent with visual 

observations, with an overall lower and smaller range of roughness values. This can give insight into 

potential surface organisation and properties.  

When biological samples imaged with HS-AFM under native hydrated conditions are compared to 

critical point dried SEM images, many comparisons in general surface topography and individual 

features of biological samples can be drawn highlighting the overlap in scale range, method efficacy 

and appropriateness.   

In terms of general mermaid’s purse sample topography, the outer surface of a mermaid’s purse appears 

quite smooth on the macro scale. Investigating further the catshark and nurse hound purses appear to 

have a regular, mesoscale, undulating structure forming parallel peaks and troughs (e.g. Figure 44 c / 

e), with some larger protrusions. This scale is roughly what has been measured before noted as 

‘Arithmetic mean roughness 3.7 µm; parallel ridges 30 - 50 µm wide’173. Analysis of individual frames 

highlights a nanoscale ‘bumpy’ surface (Figure 44 d / f). It is possible that these structures at each scale, 

as the egg case moves through the water and is affected by current generates a boundary layer174 that is 

sub-optimal for biofilm formation. Another option could be the principle of attachment point theory 

which predicts lower settlement on microtextures with a smaller size than the width of the settler175. 

Considering the differing scales of the observed textures, this could lead to a resistance to surface 

modification and colonisation of a wide range of species sizes. Further investigation including 

attachment studies would have to take place for any further conclusions to be made, however HS-AFM 

has provided greater topographical insight with increased spatial resolution under environmentally 

relevant conditions than any previous study. The ray data has a different external texture, however this 

highly fibril topography might offer some of the same advantages suggested by the rough texture of the 

other species. 

A major hardware development in this Mermaid’s purse section is the introduction of experimental 

liquid imaging. This is one aspect of AFM that makes contact mode HS-AFM a particularly exciting 

and useful tool, especially in marine science. The liquid cell provides a platform within which data can 

be collected under physiologically relevant conditions, whilst retaining high spatial and temporal 

resolution. This is clearly advantageous when compared to other imaging techniques such as simpler 

forms of electron microscopy, where without careful control of the dehydration probabilities could raise 

question the accuracy of routine SEM imaging of such structural samples. These large inert, fairly 

robust, biological samples provided a comparatively simple sample for preparation and iterative 

development of liquid imaging hardware and workflow. 
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Also demonstrated here is the success of automatically stitching larger area scans whilst retaining the 

macroscale picture. The ability to apply quantitative properties to collected HS-AFM data such as 

roughness measurements of the imaged surfaces adds potentially excellent numerical and statistically 

significant evidence to hypothesis.  

4.3 Nanobubble 

Declaration: This section contains data that contributed to article ‘Camilla L Owens, Christopher T. 

Evans, Cheng Shi, Michael J. Allen, Geoffrey R; Nash Surface Nanobubbles on Patterned Graphene. 

Journal of Colloid and Interface Science. In review’ Data seen in this section appears modified in this 

article. I performed the HS-AFM experiments with assistance from Camilla Owens and provided the 

HS-AFM analysis and methodology. 

4.3.1 Introduction 

Nanobubbles are tiny (<100 nm diameter), long lived gas domains seen at the surface of hydrophobic 

materials. Nanobubbles are thought to have potential uses in improving flotation of froth and linked to 

cases of decompression sickness. Nanobubbles are long lived due to gas oversaturation within the liquid 

and the hydrophobicity of the material surface, in this case graphene. Graphene is a promising 2D 

material due to its physiochemical properties176. For many of its applications graphene often needs to 

be exposed to, or in contact with aqueous systems making its behaviour in liquid environments 

important. Nanobubble formation and localisation were investigated on patterned and unpatterned 

graphene layers (Table 5). For this experiment, graphene offers an atomically flat surface advantageous 

for high resolution HS-AFM imaging, whilst patterning is explored for developing control and 

constraint on nanobubble formation. 

This experiment was performed in collaboration with Camilla Owens. Graphene samples were provided 

by Camilla L Owens and Cheng Shi (Both from College of Engineering, Mathematics and Physical 

Sciences, University of Exeter). Further nanobubble analysis is being prepared for publication. Here, 

nanobubbles are investigated for their lateral length and contact angle at the surface of plain and 

patterned monolayer graphene with HS-AFM. Samples were fabricated using single layer graphene, 

grown by chemical vapor deposition and transferred (by Graphenea) onto Si / SiO2 substrates. For 

patterning, graphene was patterned using e-beam lithography and reactive ion etching using oxygen and 

argon. This work suggests that patterning of graphene can, in part, be used to control properties of 

surface nanobubbles. This experiment also offered the continuation of liquid HS-AFM development 

and the further operational validation of raster scanning and stitching in data acquisition. 
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Sample Sample Diagram 
Pattern Optical Image 

(Not to scale) 

Multilayer Graphene 

 

N/A 

Single Layer Graphene 

 

N/A 

Ribbon patterned 

Graphene 

  

Ring patterned 

Graphene 

  

Spotted patterned 

Graphene 

  

= Graphene  = SiO2 

Table 5: Graphene Samples Overview 

4.3.2 Preparation / Results / Discussion 

Graphene samples were cleaned by washing with Acetone for 3 – 5 minutes followed by Isopropyl 

Alcohol for 3-5 minutes and dried in nitrogen. Samples were attached to an SEM stub with an adhesive 

carbon tab. These were then imaged in either an air or liquid environment with HS-AFM.  
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Figure 45: a. Automatic stitch of raster scanned multilayer graphene collected by HS-AFM in 

liquid (3D render, Data captured at 2 fps) b. (Inset) Example individual frame extracted from 

multilayer graphene raster scan (Scale bar 1 µm) 

 

Figure 46: a. Automatic stitch of raster scanned single layer graphene collected by HS-AFM in 

liquid (3D render, Data captured at 2 fps) b. (Inset) Example individual frame extracted from 

single layer graphene raster scan (Scale bar 1 µm) 

a. b. 

a. b. 
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Figure 47: a. Automatic stitch of raster scanned ribbon patterned graphene collected by HS-

AFM in liquid (3D render, Data captured at 2 fps) b. (Inset) Example individual frame 

extracted from ribbon patterned graphene raster scan (Scale bar 500 nm) 

 

Figure 48: a. Automatic stitch of raster scanned ring patterned graphene collected by HS-AFM 

in liquid (3D render, Data captured at 2 fps) b. (Inset) Example individual frame extracted from 

ring patterned graphene raster scan (Scale bar 2 µm) 

a. b. 

a. b. 
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Figure 49: a. Automatic stitch of raster scanned spotted patterned graphene collected by HS-

AFM in liquid (3D render, Data captured at 2 fps) b. (Inset) Example individual frame 

extracted from spotted patterned graphene raster scan (Scale bar 1 µm) 

Single layer, multilayer and patterned graphene proved excellent samples for automatic stitching of 

raster collected HS-AFM data. These samples were imaged in both an air and liquid environment. With 

patterned surfaces (ribbons, spots, and rings), considering the features have a z axis differential of <10 

nm, the HS-AFM can quickly, accurately and easily map the nanoscale surface topography. 

To induce nanobubble formation, the solvent exchange process was used. This involves the flushing of 

the liquid cell and sample environment with water, then ethanol and then refilling with water177.  

 

 

 

a. b. 

c. 
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Figure 50 : Example of individual frame post solvent exchange multilayer graphene data 

collected by HS-AFM in liquid (Scale bar 1 µm, Arrows highlights example nanobubble, Data 

captured at 2 fps) 

 

Figure 51 : Example of individual frame post solvent exchange single layer graphene data 

collected by HS-AFM in liquid (Scale bar 1 µm, Arrow highlights example nanobubble, Data 

captured at 2 fps) 

 

c. 
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Figure 52: Example of individual frame post solvent exchange ribbon patterned graphene 

collected by HS-AFM in liquid (Scale bar 500nm, Arrow highlights example nanobubble, Data 

captured at 2 fps) 

 

Figure 53: Example of individual frame post solvent exchange ring patterned graphene data 

collected by HS-AFM in liquid (Scale bar 500 nm, Arrow highlights example nanobubble, Data 

captured at 2 fps) 

The solvent exchange process is a common protocol for nanobubble production. Even with the high 

temporal resolution of HS-AFM it was extremely difficult to capture data during nanobubble creation 

mainly due to the disruptive forces generated by the exchange process itself. This fast data collection 

rate did, however, mean that data could be collected of generated nanobubbles in the time window 

before disruption by the tip action on both single, multilayer, ribbon and ring patterned graphene (Figure 

50 / Supplementary Figure 26, Figure 51 / Supplementary Figure 27, Figure 52 / Supplementary Figure 

28 and Figure 53 / Supplementary Figure 29 respectively). The liquid cell design facilitated easy 

exchange of different liquids for nanobubble formation protocol. Nanobubble pinning was investigated 

with different patterning and surface properties of graphene and SiO2. 

Nanobubble height (N = 49) was measured as 24.8 nm (SD = 12 nm) and lateral length as 339 nm (SD 

= 100 nm). These values agree with previously measured values of nanobubbles on HOPG178,179. 
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Nanobubbles tended to form on the surface of the graphene (0.61 nanobubbles µm-1 on graphene rings 

and 0.43 nanobubbles µm-1 on unpatterned graphene), and not the underlying SiO2 (Figure 52 / 

Supplementary Figure 28 and Figure 53 / Supplementary Figure 29). This is consistent with the increase 

in hydrophobicity of graphene compared to SiO2. Nanobubble geometry was apparently constrained by 

the patterning of graphene rings, reducing lateral length from a maximum of 700 nm on unpatterned 

graphene to 300 nm, and increasing contact angle from 16.7 (SD = 6.5) to 22.4 degrees (SD = 11.3) on 

patterned graphene. These values are consistent with previously reported values on HOPG and 

mechanically exfoliated graphene178,180. 

Nanobubbles are a sample example that could be seen as tangentially removed from marine science 

unless you consider the decompression sickness link and the fact liquid imaging was used. However, 

more importantly, nanobubbles are similarly sized to smaller viruses but completely different in their 

architectural construction. The layered and patterned graphene surfaces also test the Z axis resolution 

of multi-height, non-biological surfaces in both air and liquid environments. With proven distinction of 

the smallest step heights, these could hopefully be applied to biological examples such as membranes 

and bilayers. Attempting to image nanobubble formation proved to be too difficult currently with the 

added complication of working in a liquid environment. However, this does not remove the possibility 

of this happening in the future. The high temporal resolution of contact mode HS-AFM was proven to 

be successful in collecting data prior to destruction by prolonged imaging forces, strengthening the hope 

for successfully capturing rare events; and in generating large scan size images in a short time frame. 

These samples have also helped develop skills in localisation of features of interest in a liquid 

environment, which can prove particularly troublesome. Although tangential, this work illustrates the 

advantages of HS-AFM for liquid imaging and increased my proficiency in live liquid imaging of small, 

mobile nanostructures. These advances are essential for future work involving cell and virus interactions 

later in this thesis. 

4.4 Conclusions 

The main results of this chapter are: 

• HS-AFM proves to be a very suitable tool for analysing biological and non-biological surfaces 

with basic SEM scale and coverage.  

• The major advantage is imaging in environmentally representative settings with fully hydrated 

samples capability, and the ability to easily experimentally modify the liquid imaging 

environment. This gives a more accurate measurement of surface properties as found in their 

native state and provides a framework within which to introduce new variables to samples 

during the imaging process with real time data acquisition. 
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• With the information and expertise gathered during this chapter, and the previous experimental 

chapter on a multitude of air example samples; moving onto analysis of the microalgae-viral 

system becomes possible. 
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Chapter 5: HS-AFM Assessment of EhV Structure 

5.1 Introduction 

Coccolithoviruses (EhV) are nucleocytoplasmic large dsDNA viruses (NCLDV) thought to be roughly 

spherical shaped with icosahedral arrangement of their capsid protein subunits and 170 – 190 nm in 

diameter20. The model species, EhV-86 has a genomic size of 407,339 bp and is an enveloped virus. 

This chapter hopes to confirm some of these structural assumptions through novel HS-AFM data.  

AFM data has been used previously to complement electron microscopy and X-ray diffraction data for 

structural analysis of viruses, including another NCLDV PBCV-181. AFM provides capability to 

visualise structures in appropriate buffers and the ability to examine individually unique particles 

without relying on a form of averaging or symmetry for structural information. Biological variation in 

these particles can be measured, especially with the huge quantities of data generated by HS-AFM. This 

technique typically collects data at 2 million pixels per second being able to amass a volume of 

information in under a day that might take a conventional AFM a year to collect. General HS-AFM has 

not been widely applied to viruses and especially not contact mode HS-AFM. It is imperative that the 

behaviour of these entities is understood during imaging with our HS-AFM for easy identification and 

preparations in later experiments. Viruses are also a good test of roughly nanobubble and GNC sized 

biological particle. This is also the first time that EhV will be investigated using AFM. It is interesting 

to see the potential level of structural detail and information that can be measured whilst collecting 

diverse particle data extremely quickly (0.5 s per individual frame). 

Sample 

Scale 

Properties Shape X / Y 

Axis 

Z 

Axis 

5.3 Coccolithovirus, 

EhV 
~ 200 nm ~ 200 nm Inert Biological Icosahedral 

Table 6: ‘Chapter 5: HS-AFM Assessment of EhV Structure’ Samples Overview 

5.2 Algal-Virus Infection System  

EhV-86 / E. hux 2090 lysate stored in low light conditions at 4 °C was filtered through 0.8 µm, followed 

by 0.45 µm and 0.2 µm filters to remove large and smaller particulates. Using Ultracel 100 KDa 

molecular weight cut off centrifuge filter tubes (Millipore) and multiple centrifuge runs at 4000 RPM, 

viruses were concentrated around 200 fold. The membranes were washed with salinity adjusted 

seawater for maximum viral recovery. Concentrate would be used in later infection / HS-AFM 

experiments.  

In EhV-86 E. hux 2090 systems, full expected infections never occurred in all test conditions. Although 

initial dips in exponential growth were observed, a full recovery of the culture always occurred (Figure 
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54) suggesting defective, non-viable virus-host interactions between CCMP 2090 and EhV-86. This 

was most likely due to the age of the virus used in this case.  

 

Figure 54: Cell counts for example E. hux 2090 failed infection with EhV-86 (Error bars are 

standard error) 

 

Figure 55: Cell counts for example E. hux 374 successful infection with EhV-99B1 

After the consistent failure of viral infections as mentioned above. A fresh virus-host system was tested: 

EhV-99B1, E. hux CCMP 374 (Figure 55). At a 5:1 multiplicity of infection, infections were consistent 

in their dynamics with full collapse of cell culture after 72 hours (Figure 56). Lysates (e.g. Figure 6) 

were vacuum filtered through both 0.45µm and 0.2µm low viral bind filters and stored in low light at 

4°C for later infections and HS-AFM experiments. 
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Figure 56: Cell counts and virus numbers for example E. hux successful infection with EhV-

99B1 (Error bars are standard error) 

5.3 Coccolithovirus, EhV 

5.3.1 Preparation / Results / Discussion 

Initially 10 µL of 0.45 µm filtered and concentrated EhV-86 viral lysate was added to freshly cleaved 

mica. This was allowed to dry at room temperature then washed with 5 × 100 µL of MilliQ to remove 

contaminants, and again allowed to dry at room temperature. This sample was imaged by HS-AFM in 

an air environment. 
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Figure 57: Three EhV-86 viruses visualised by HS-AFM in air (Scale bar 400nm, Data captured 

at 2 fps) b. Example viral width and height measurement transects (Scale bar 400nm), extracted 

transects are seen in Figure 57 c. 

Seen in Figure 57 is an example of collected viral EhV-86 HS-AFM data in an air environment. In these 

examples the expected icosahedral shape expected from these double stranded NCLDV viruses181 can 

be seen. EhV-86 has an external lipid membrane9, and the observations suggest Figure 57. shows the 

virus with this external membrane present due to its smooth, lack of distinction outer surface 

topography.  

a. 

b. c. 
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For what is arguably the highest quality example I have collected of this preparation and imaging 

method exhibiting clear, distinct, expected icosahedral shape; three transect profiles were extracted 

between each of the six apex corners of the icosahedron for each of the three viruses present as example. 

This gives values as seen in Table 7. The average (N = 9) width and height measure 446.2 nm (Min 

339.6, Max 560.8, SD 75.3nm) and 89.2 nm (Min 63.8, Max 106.3, SD 14.8 nm) respectively. 

 
Width 

(nm) 
Height (nm) Average Width (nm) Average Height (nm) 

EhV-86 

1 

Profile 1 520.7 85 

445.4 79.5 Profile 2 428.4 76.2 

Profile 3 387.1 77.2 

EhV-86 

2 

Profile 4 532.4 84.7 

435.5 98.3 Profile 5 339.6 103.8 

Profile 6 434.6 106.3 

EhV-86 

3 

Profile 7 560.8 102.9 

457.6 81.4 Profile 8 386.3 77.5 

Profile 9 425.8 63.8 

Table 7: Figure 57 measurement values 

Width measured here is larger than the expected up to 250 nm9 and height is smaller than the expected 

corresponding diameter / height maximum. The difference in width could be explained by tip 

convolution effects as discussed in ‘2.7 HS-AFM Data Artefacts’ or potentially by the presence of the 

outer lipid membrane rounding the geometry. In brief, with a typical pyramidal shaped tip and the 

contact, scanning, raster scan nature of data collection; high surface steps with imaged slopes steeper 

than the gradient of the probe tip appear far wider than their actual geometry. This could certainly apply 

to icosahedral viruses of this size. The height is surprisingly low, considering the established accuracy 

of AFM height measurements, and this could possibly be attributed to a few ideas. One could be the 

effect of dehydration and air imaging on the viral dimensions versus a fully hydrated sample or perhaps 

the compression of the virus by the action of the imaging cantilever tip causing a flattening effect. 

Imaging the virus in a liquid environment could validate this and will be explored later. The 

compression of the virus under imaging conditions combined with the tip convolution effects could 

potentially result in an increased measured viral width and reduced viral height compared to theoretical 

values. 
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Figure 58: Two highly dehydrated EhV-86 viruses visualised by HS-AFM in air (Scale bar 200 

nm, Data captured at 2 fps) 

A more extreme example of dehydration effects during air imaging is seen in Figure 58. This image 

shows example of the pronounced central raised area as seen in previous regular speed AFM enveloped 

viral studies126. 

    

   

   

Figure 59: a. / b. / c. Examples of expected icosahedral viral geometries based on adhesion 

orientation and collected AFM data (AFM images 60 × 60 nm). Adapted from 182 

 

a. 

b. 

c. 
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Another explanation could be purely geometric. Considering the shape of these viruses and the simple 

preparation method, adhesion to the mica could favour a particular orientation with a flat face as the 

highest point above the mica compared to a maximal height corner. Indeed, for the perimeter of the 2D 

shape to exhibit a clear hexagonal shape, then the upper surface would indeed be a face or an edge, 

rather than corner (Figure 59 a / b). A third explanation could be for viruses to actual adhere to the 

surface with such a simple preparation then contact surface area must be maximal. This could mean that 

viruses not washed away during preparation are compressed onto the surface to remain attached. 

Improving the adhesion protocol to provide a stronger bond with lower surface area could give evidence 

towards this theory by having more examples of less compressed viruses available for HS-AFM 

imaging. 

 

Figure 60: a. / b. / c. Examples of EhV-86 viruses exhibiting various states of envelope removal 

visualised by HS-AFM in air (Scale bar 200 nm, Data captured at 2 fps) 

Detergent (0.2 % Triton X-100) was used to attempt to remove the outer lipid membrane and reveal the 

underlying capsid topography. This was done by addition of the detergent to the sample prior to addition 

to the freshly cleaved mica surface. Figure 60 shows this removal to what appears as varying degrees. 

Figure 60 a is very similar to fully enveloped viral images as seen in Figure 57 but with a little more 

definition in surface. Viruses in Figure 60 b / c appear to have the lipid membrane removed and although 

the resolution and quality of the images is fairly low which could perhaps be attributed to resistant 

detergent not washed away during preparation for HS-AFM imaging. The apical point is seen quite 

nicely with Figure 60 c even exhibiting multiple high points that could represent hints of imaging capsid 

proteins surrounding the icosahedral corner with correct adhesion orientation as seen in Figure 59 c. 

a. b. c. 
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Figure 61: EhV-86 virus undergoing imaging tip produced degradation visualised by HS-AFM 

in air (Scale bar 200 nm, Data captured at 2 fps) 

One reason behind the data quality in these presented air images could be the simplicity of the 

preparation. There is no fixative step used as imaging in this natural state is one advantage of HS-AFM. 

In theory the technique does not require any labelling or fixation, just physical adhesion to a solid 

substrate during imaging. Shown in Figure 61 is the result of extended imaging with higher, manually 

applied cantilever imaging force with simple air drying preparation and lipid envelope removal by 

detergent. It is clear that tip interaction is causing degradation of the example virus, with proteins being 

removed and swept to the edges of the frame. It is also possible for viruses to be manually cracked open, 

revealing further internal structural data. This will be explored in greater depth in ‘8.3 Disrupted EhV 

Capsid’. For pure maintenance of protein structural imaging, the addition of a fixation step could 

increase data quality. 

For improved viral adhesion and fixation, initially 25 µL of 5 mg L-1 poly-l-lysine was incubated on 

freshly cleaved mica for 30 mins. Next, 25 µL of filtered viral lysate was incubated overnight (~ 16 

hours) at room temperature. The sample was washed with 3 × 1 mL of 0.1M Phosphate buffer and 

followed by addition of 25 µL of 0.1 % glutaraldehyde for 30 min. Finally, the sample was washed with 

5 × 100µL of MilliQ and allowed to dry at room temperature. This preparation was applied to viruses 

with and without detergent treatments to remove outer lipid envelopes. 
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Figure 62: Example of EhV-86 viruses at high concentration visualised by HS-AFM in air (Scale 

bar 400 nm, Data captured at 2 fps) 

 

Figure 63: Example of EhV-86 viruses with high background contamination visualised by HS-

AFM in air (Scale bar 400 nm, Data captured at 2 fps) 

Figure 62 / Supplementary Figure 30 shows high concentrations of viruses in single frames, making 

analysis of individual viruses unaffected by neighbours difficult, using this new preparation. Figure 63 

/ Supplementary Figure 31 shows areas of lower concentration virus, but with high background density 

and therefore potentially sample surface contamination. To attempt to alleviate both of these issues, 

further washing was added to the final preparation step. 
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Figure 64: Example of EhV-86 viruses with low background contamination visualised by HS-

AFM in air (Scale bar 400 nm, Data captured at 2 fps) 

The data shown in Figure 64 / Supplementary Figure 32 is of viral samples that were washed with 5 × 

1000 µL of MilliQ and allowed to dry at air temperature. These viruses did not receive detergent 

treatment and exhibit the undefined topography associated with the lipid envelope. This extra washing 

has had a general effect on lowering background and improving overall viral concentration for HS-

AFM  imaging. 
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Air Environment, Lipid Envelope Removal Preparation, EhV-86 HS-AFM Data 

 

 

a. 

b. 

c. 
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Figure 65: a. Three EhV-86 viruses showing capsid protein structure visualised by HS-AFM in 

air (Scale bar 400 nm, Data captured at 2 fps) b. Zoom of highlighted bottom right virus seen in 

Figure 65 a (Scale bar 200 nm) c. Zoom of Figure 65 b data displaying potential apical 

pentasymmetron structure (3D render with lighting) d. Example of EhV-86 viruses exhibiting 

envelope removal visualised by HS-AFM in air (Scale bar 400 nm, Data captured at 2 fps) e. 

Zoom of highlighted bottom virus seen in Figure 65 h (Scale bar 200 nm) f. Figure 65 d data 

displaying potential face trisymmetron structure (3D render with lighting)  

 

e. 

f. 

d. 
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Figure 65 gives examples of detergent treated virus samples in an air environment. This in combination 

with the adhesion improvements of poly-l-lysine coated mica, gluteraldehyde fixation and extended 

washing provides the highest quality sample imaging by contact mode HS-AFM. This is seen to varying 

degrees between examples with some such as in Supplementary Figure 33 b having lower resolution, 

and Figure 65 d / e / f in states of degradation. Indeed, in cases, much of the capsid structure is visible 

in frames generated in just 0.5 seconds. This improved preparation is best exemplified by the marked 

virus in Figure 65 a / b / c. In this example, contact mode HS-AFM has resolved five high points as the 

data is true topography rather than pixel intensity can clearly be seen which would represent a pentomer 

of the trimeric capsid proteins at the apex vertex of the viral icosahedral structure. This virus has 

potentially adhered in an orientation as seen in Figure 59 c to make this possible. I suspect the degraded 

virus highlighted in Figure 65 d / e / f could represent a flattened face of the capsid perhaps highlighting 

the trisymmetron organisation of capsid proteins. 

 

Figure 66: a. / b. / c. Examples of degraded stored EhV-86 viruses visualised by HS-AFM in air 

(Scale bar 400 nm, Data captured at 2 fps) 

Interstingly, if HS-AFM prepared samples were incubated in situ and stored for an extra 24 hours at 

4°C, collected HS-AFM images resulted in  data as seen in Figure 66. These structures seen on the mica 

surface appear to be either empty viral shells under extreme dehydration Figure 66 a to flat layers Figure 

66 b and even viral diameter sized rings Figure 66 b / c. It appears that the genomic material, and often 

the majority of the capsid stucture is no longer adhered to the poly-l-lysine coated mica. Figure 66 c 

could be the imprint of where the virus was deposited along with a build up of material around the 

immobilized virus. The virus could then have been dislodged in some way, by washing or tip action 

revealing the collected boundery material surrounding mica surface the virus was attached to. These 

examples could also be residual unfolded viral lipid membranes, due to tip action on these older 

samples, or could occur during the extended storage. 

Occasionally, unidentified larger particles were seen on in the samples (Figure 67). These exhibit virus 

capsid like topography and structure, but even with tip convolution effects are far too large to be 

confidently classified as such (up to ~ 800+ nm diameter). These types of structures have been seen 

before in viral AFM samples183. Here the authours name these anomalous paticles ‘Particle X’. They 

suggest this could be a ‘contaminating virus of minor abundance or some aberrant… virus’. With the 

a. b. c. 
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volume and speed of HS-AFM data collection, even low concentration samples can be explored and 

imaged and it is not too much of a stretch to see how such potential unidentified contamintating 

structures could be captured during data collection. Indeed, low concentration contamminants compared 

to the actual sample population have previously been revealed by contact mode HS-AFM in DNA 

purification kits7. 

 

Figure 67: Example of the ‘unidentified larger particle’ visualised by HS-AFM in air (Scale bar 

400 nm, Data captured at 2 fps) 

For infection studies later in this thesis, the switch was made from EhV-86 to EhV-99B1. The reasoning 

was explained in ‘5.2 Algal-Virus Infection System’, but in all events, structure between these two 

viruses should, in theory be near identical. EhV-99B1 has 96.5 ± 7.9 % pairwise nucleotide identity and 

homologues in the CDS or region of the gene coding for the MCP (The protein of the viral capsid 

resulting in its structure) when compared to EhV-86184. To test this, EhV-99B1 was prepared for HS-

AFM using the above-mentioned preparation method, including poly-l-lysine coated mica, 

glutaraldehyde fixation, and detergent treatment and imaged in air. 
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Figure 68: Example of EhV-99B1 visualised by HS-AFM in air (Scale bar 400 nm, Data 

captured at 2 fps) 

Figure 68 / Supplementary Figure 34 shows some examples of EhV-99B1 samples. There is distinct 

visual similarity between this virus and EhV-86. At face value, the quality of data is not as high as EhV-

86 and this is because far more imaging time and therefore much greater quantity of data was collected 

for EhV-86 (N = 86 examples, ~ 38 hours of imaging in air) than EhV-99B1 (N = 17 examples, ~ 18 

hours of imaging including air and liquid). From initial observations, EhV-99B1 displayed enough 

similarity so as not to be explored further in an air environment. Quantitative data later in this chapter 

supports this showing no statistical difference between EhV-86 and EhV-99B1 heights and widths. 

What was worth exploring further, was how these viruses appear in a liquid environment. For this, with 

the aid of the developed liquid imaging cell as described in ‘2.5 Liquid Cell Development’ data was 

collected with HS-AFM of EhV-99B1 in a liquid environment. 

Initially an identical preparation was used, with a poly-l-lysine coated mica and glutaraldehyde post 

fixation of the viral samples. It was ensured that the virus remained hydrated by shorted viral incubation 

time (30 min) on mica, and included no drying between preparation steps, washing and imaging with 

salinity adjusted, autoclaved seawater as described in ‘2.1.1 F / 2 Media’.  
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Figure 69: a. / b. Examples of EhV-99B1 visualised by HS-AFM in seawater (Scale bar 400 nm, 

Data captured at 2 fps) 

Data of viruses was collected as displayed in Figure 69 a / Supplementary Figure 35 , suggesting that 

the same preparation used for HS-AFM imaging of these viruses in air could also be applied to liquid 

imaging in seawater. What is clear from these data is the loss in resolution compared with air HS-AFM 

imaging. This could be due to changes in the interaction forces between the imaging tip and the sample 

in a liquid environment verses in an air environment, however I suggest another explanation. Shown in 

Figure 69 b is data collected from these seawater, aqueous imaging environment, EhV-99B1 samples. 

It appears that there is non-dissolved salt on the surface of the mica. Considering the high salinity (~ 

3.2 %), it could be that the charge of the poly-l-lysine coated mica is attracting positive salt ions weakly 

held in solution. This in turn could be coating the viral capsids of interest and reducing image quality. 

In response to this finding, salinity of the imaging environment and during preparation protocol was 

drastically reduced. Samples were washed during preparation with 0.1 M phosphate buffer and imaged 

in MilliQ water. It was hoped that this environment would not be so severe as to induce osmotic shock 

of the viruses. 

a. b. 
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Figure 70: Example of EhV-99B1 visualised by HS-AFM in MilliQ (Scale bar 400 nm, Data 

captured at 2 fps) 

The result of the salinity reduction can be seen in Figure 70 / Supplementary Figure 36. Here image 

quality is increased with both higher resolution structural information of the viral capsid geometry, and 

a reduction in background roughness (Figure 69 c Sa = 4.2 nm vs Figure 70 a Sa = 0.7 nm). These 

enveloped EhV-99B1 are exhibiting the expected icosahedral shape and appear directly comparable to 

the data collected in an air environment. In Figure 71 an example air image is compared to an example 

liquid image. It can be seen here that the liquid example (Figure 71 c / d) is a far flatter 390 nm width, 

34 nm height versus the 322 nm width, 68 nm height air example (Figure 71 a / b). There appears to be 

a very roughly calculated 20 % reduction in volume in liquid versus air measurements in this particular 

example. This could suggest degradation of the capsid. However, there is an associated increase in 

width and the viral structure is stable under consistent imaging and is not comparable to the degradation 

example seen in Figure 61. Dimensional differences will be explored further later in this chapter. This 

flattening is also seen in air examples, so appears to not be exclusive to liquid imaging, and suggests to 

me a compression of the viral capsid through tip force interaction. One interpretation of the results could 

be that the liquid example is orientated similar to the example Figure 59 a or b, and the air example 

similar to Figure 59 c. This could also contribute to dimensional proportions. 
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Comparison between Air Preparation EhV-86 and Liquid Preparation EhV-99B1 

 

 

Figure 71: a. Example of EhV-86 visualised by HS-AFM in air (3D render with lighting, Data 

captured at 2 fps) b. (Inset) Whole frame HS-AFM data with highlighted area seen in Figure 71 

a (Scale bar 400 nm) c. Example of EhV-99B1 visualised by HS-AFM in MilliQ (3D render with 

lighting, Data captured at 2 fps) d. (Inset) Whole frame HS-AFM data with highlighted area 

seen in Figure 71 c (Scale bar 400 nm) 

 

a. b. 

c. d. 
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Figure 72: Example of the ‘unidentified hexagonal features’ visualised by HS-AFM in MilliQ 

(Scale bar 400 nm, Data captured at 2 fps) 

Unexpectedly, there were features as shown in Figure 72 seen. These appear as ~ 500 nm to 1 µm sized 

structures with very low height (~ <5 nm) and an apparent ‘boundary layer’ of lower topography 

surrounding the feature with similar geometry. They exhibit hexagonal shape associated with viral 

profiles yet are too large in diameter and too flat to be classified as viral capsids. It is possible that these 

are comparable to the empty shells and or membranes or rings that were seen in air samples; yet take 

on a different appearance in an aqueous environment. These are a curious observation. Indeed, a similar 

effect can be seen by closely examining Supplementary Figure 32 b. This is an air example so suggests 

these are not liquid specific but were seen at higher frequency in liquid samples. One explanation could 

be that an icosahedral virus bound to the surface occupied the ‘feature’. This virus could either be 

compressed by tip action or during preparation steps, revert to original size followed by viral removal 

or destruction. The boundary layer could be the residue of this compression and expansion. 

Alternatively, but similarly, the virus could be pivoting around a fixed bound point also generating a 

hypothetical similar effect. In the Supplementary Figure 32 b example the virus remains, potentially 

supporting this pivoting hypothesis as I am unsure how plastic the virus would be to return from 

compression, and a rigid pivoting could be more probable. This is a tip artefact, as tip architecture is 

pyramidal and would produce diamond artefacts, not hexagonal features. Considering the variation seen 

in width increase and height reduction versus theoretical values in the vast majority of cases, these 

features being the fingerprint of a previous compression seems the more likely of the two possible ideas. 

Above is a description and primarily qualitative evaluation of the HS-AFM images. With the incredible 

speed of HS-AFM data acquisition, there were enough examples of EhV virus capsids collected for 

further quantitative investigation.   
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Figure 73: All virus preparations’ measured heights and widths 

Shown in Figure 73 is the dimensional measurements of all viruses (EhV-86 and EhV-99B1) under all 

described preparation conditions. Taking this data set as a whole and using the methods seen in Figure 

57 and Table 7 to manually measure dimensions provides an average viral diameter (N = 103) of 333.6 

nm (Min = 147.5, Max = 842.8, SD = 123.8 nm) and average viral height of 50.6 nm (Min = 10.0, Max 

= 144.6, SD = 31.6 nm). This data is dominated by measurements of EhV-86 prepared by poly-l-lysine 

adhesion and glutaraldehyde fixation (N = 68). This can be seen when the virus type, preparation 

method and imaging condition are labelled separately as seen in Figure 74 and Table 8. 

 

Figure 74: All virus preparations’ measured heights and widths, split by preparation type 
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Virus prep 

(Imaging 

condition) 

N 

Height Width 

Min Max Average SD SE Min  Max  Average SD SE 

EhV-86 

(Air) 
18 12.8 98.3 36.5 26.1 6.1 196.7 652.8 377.7 135.8 32.0 

EhV-86 

Improved 

Prep. (Air) 

68 10.0 144.6 57.1 33.2 4.0 147.5 842.8 332.9 123.3 15.0 

EhV-99B1 

Improved 

Prep. (Air) 

6 37.4 86.4 64.9 21.4 8.8 196.9 505.0 362.4 107.2 43.8 

EhV-99B1 

Improved 

Prep 

(Liquid) 

11 17.7 40.8 27.4 6.7 2.0 197.8 349.9 266.9 62.4 18.8 

Table 8: All virus preparations’ heights and widths, split by preparation type as seen in Figure 

74 

Applying a few very simple statistical tests we can say there is statistical significance between the 

overall viral heights (One Way ANOVA p = 0.002), air versus liquid heights and widths (Two tailed T 

test assuming unequal variances p = <0.001, p = 0.003 respectively). There is no statistical significance 

between the overall widths (One Way ANOVA p = 0.112) or EhV-86 versus EhV-99B1 heights and 

widths (Two tailed T test assuming unequal variances p = 0.236, p = 0.677 respectively). 

Both Figure 74 and Table 8 show the entirety of the collected data for each condition with no quality 

control of image type. This leads to huge variation in extracted measurements and includes data that is 

potentially not truly representative of the viral dimensions.  

By manually assigning descriptors to the data we can begin to loosely bin this data into observed 

categories such as ‘normal’ looking viruses, ‘naked’ viruses with removed external membrane, ‘large’ 

viral examples (potentially flattened or completely different particles), potential empty ‘shells’ of 

viruses and broken viruses. This is a fairly arbitrary assignment of image type decided by human 

observation, however, should aid in reducing outliers and generating more precise and accurate viral 

proportional data. 

These assignments are shown in the following graphs: 
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Figure 75: Simple EhV-86 preparation (Air drying onto mica) measured heights and widths in 

air 

It was discovered that viral particles are somewhat soft and easily deformed under pressure from 

neighbouring viruses, especially with no fixation using this preparation method. Indeed, the example 

heights and widths of the three viruses together (Figure 57) can be seen as grouped separately from 

individually situated viruses (Figure 75).  

 

Figure 76: Improved EhV-86 preparation (Poly-l-lysine coating and glutaraldehyde post 

fixation) measured heights and widths in air 

This preparation method has a far higher number of example viruses and will no doubt have higher 
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‘Naked’ viruses will be included in the improved quantification as there is no statistical significance 

between the measured height and width values of enveloped and envelope removed EhV-86 (Two tailed 

T test assuming unequal variances p = 0.646, p = 0.848 respectively). 

 

Figure 77: Improved EhV-99B1 preparation (Poly-l-lysine coating and glutaraldehyde post 

fixation) measured heights and widths in air 

 

Figure 78: Improved EhV-99B1 preparation (Poly-l-lysine coating and glutaraldehyde post 

fixation) measured heights and widths in liquid 

Shown below (Table 9) are structural measurements generated by using these adjusted viral examples.  
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Virus prep 

(Imaging 

condition) 

N 

Height Width 

Min Max Average SD SE Min  Max  Average SD SE 

EhV-86 

(Air) 

16 

(-2) 
15.8 98.3 

37.3 

(+0.8) 
26.7 

6.7 

(+0.6) 
196.7 457.6 

340.4 

(-37.3) 
86.4 

21.6 

(-10.4) 

EhV-86 

Improved 

Prep. (Air) 

55 

(-

13) 

22.1 144.6 
55.4 

(-1.7) 
25.9 

3.5 

(-0.5) 
147.5 734.4 

317.6 

(-15.3) 
101.1 

13.6 

(-1.4) 

EhV-99B1 

Improved 

Prep. (Air) 

3 

(-3) 
44.0 86.4 

70.0 

(+5.1) 
22.8 

13.2 

(+4.4) 
305.1 440.9 

373.6 

(+11.2) 
68.0 

39.2 

(-4.6) 

EhV-99B1 

Improved 

Prep 

(Liquid) 

6 

(-5) 
17.7 40.8 

29.4 

(+2.0) 
6.4 

2.6 

(+0.6) 
210.5 349.9 

273.7 

(+6.8) 
67.1 

27.4 

(+8.6) 

Table 9: All virus preparations’ manually adjusted heights and widths, split by preparation 

type as seen in Figure 75, Figure 76, Figure 77 and Figure 78 (Bracketed numbers show 

difference from Table 8) 

Applying the same simple statistical tests as before, we can say there is still statistical significance 

between the overall viral heights (One Way ANOVA p = 0.011) and air versus liquid heights (Two 

tailed T test assuming unequal variances p = <0.001). There is no statistical significance between the 

overall widths (One Way ANOVA p = 0.435), air versus liquid widths (Two tailed T test assuming 

unequal variances p = 0.169) or EhV-86 versus EhV-99B1 heights and widths (Two tailed T test 

assuming unequal variances p = 0.301, p = 0.340 respectively). Applying manual quality control 

suggests the main issue for observed differences between variables is liquid imaging and this appears 

to statistically effect the height measurements. Reasons for this are explored below. In an air 

environment, EhV-86 and EhV-99B1 can be considered dimensionally statistically similar when 

measured by contact mode HS-AFM.  

The overriding theme of these results is an apparent overestimation of virus diameter and an 

underestimation of virus height when compared to expected results. For a regular icosahedral shaped 

virus, the height should equal the width. Removing unrepresentative outliers by visual categorisation 

does generally reduce measurement ranges and standard errors, in theory giving a more precise average 

measurement where this reduction applies. Accuracy improvements can only be compared to 

measurements made with different methods. I suggested earlier that improved preparation methods over 

simple air drying, including better viral adhesion, and imaging in a liquid environment may improve 

measurements. It is clear from the results that inaccuracies still appear. 
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Diameter ranges include what could be expected from AFM width measurements of this virus, 

especially with higher example numbers and therefore a greater variation and representative spread of 

sample measurement and expected tip convolution effects. Heights measured by contact mode HS-AFM 

never appear to reach expected values even at maximal measurements for each variable. Indeed, 

compared to an estimated ~ 200 nm diameter virus the overall average width is measured at an increase 

of 67 % and the overall average height is measured at a decrease of 58 % of the estimate. Of note by 

carefully, manually adjusting the background flattening in data processing can increase the height 

measurement by ~ 20 – 25 % and could help to explain some of the inaccuracy in height measurements. 

This manual flattening process was not applied to the entire dataset due to wanting to use raw data for 

measurements which would hopefully transfer to later combination virus / surface experiments.  As a 

rough estimate, overall average height could be measured at closer to 60 nm than the originally reported 

50.6 nm with this potential increase.  

The image of three viruses in contact proximity with each other as seen in Figure 57 could aid in 

explaining this. Even these three EhV-86 virus examples, that have the pressure of their neighbours to 

aid in ‘sitting upright’ and at maximal height, exhibit transactional profiles that resemble flattened 

domes (Figure 57 c). It is unsurprising that unsupported viruses could exhibit an even flatter, wider, 

ovoid structure. A combination of sample dehydration, tip convolution effects and the force of the 

cantilever compressing the virus reducing height and increasing apparent width compared to expected 

dimensions as it passes over these raised features could contribute to this geometry. All of these could 

vary with imaging time leading to higher variation in measurements. This in combination with possible 

adhesion orientation (Figure 59) could affect measurements. Another issue is the method of dimensional 

measurement with transects being drawn by hand and numbers extracted manually. This will always 

lead to human generated error but is more accurate than currently available automatic tools in the HS-

AFM analysis workflow of viruses in this thesis. 

Liquid imaging was expected to produce fully hydrated samples, and therefore more accurate 

dimensional measurements. The data in Table 8 does not appear to support this with viral sizes measured 

as greatly reduced compared to expected proportions. One reason for this could be the far fewer, 

individual examples of EhV-99B1 viruses measured (N = 6 in liquid) vs EhV-86 in air (N = 55 + N = 

16) meaning that this sample measurement may not be representative of the population as a whole. It is 

also possible that fully hydrated viruses could be softer and more plastic allowing greater deformation 

than air dried samples. Another hypothesis could be the change in tip forces and dynamics in an aqueous 

environment especially considering seawater and MilliQ imaging environment data has been grouped 

together to increase sample size. Indeed, in seawater data, there is clear blurring of the viral structure, 

probably caused by differing tip artefacts and the presence of contaminating salt, which could be 

affecting viral measurements. 
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Figure 79: Example of possible iron chloride precipitated virus like particle on 1 µm filter 

visualised by HS-AFM in air (Scale bar 400 nm, Data captured at 2 fps) 

Additional viral preparations were also attempted. One such example was using aluminium flocculation 

to mechanically isolate viruses from viral lysate as seen in Figure 32. Another example was imaging 

FeCl3 precipitated viruses from natural seawater samples on 1 µm filters. This is a typical preparation 

for concentrating viruses from seawater for further downstream processing185. An example of a possible 

iron chloride precipitated virus like particle on the surface of a membrane is seen in Figure 79. Filter 

samples were provided by Dr Ben Temperton, Department of Life Sciences, University of Exeter. In 

both these cases, contamination of the viral surface and an extreme background is present, so although 

there are possible virus like particles (not seen in control samples) present, the data will not match 

viruses under minimal preparation methods or be representative of viruses in their natural environment. 

The successful mechanical isolation of viruses with these techniques is far outweighed by the decrease 

in HS-AFM data quality. 

5.4 Conclusions 

The main results of this chapter are: 

• HS-AFM has been instrumental in collecting sufficient data from samples to generate large 

amounts of quantifiable structural data. Without the speed of collection and ability to rapidly 

scan the surface area for sample examples, far fewer images would have been collected in the 

imaging timeframe.  

• Geometry and, once the outer envelope is removed, general capsid protein position can be 

imaged successfully through contact mode HS-AFM.  

• Knowledge of the expected dimensions and viral imaging motifs using this technique will be 

critical in following experiments where attempts will be made to image both viruses and cell 

membranes together. 
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Chapter 6: HS-AFM Assessment of Algal Cell 

Membranes 

6.1 Introduction 

A challenging feature of biological sample preparation for high resolution AFM imaging, in air or liquid 

environments, is suitable immobilisation to solid substrate. This issue has been addressed several times 

so far throughout this thesis for various different samples. Adhesion must withstand forces exerted by 

the AFM tip throughout data acquisition which can deform or even displace soft samples during 

imaging. The Z axis (i.e. vertical) range of AFM cantilevers is limited, often making samples with large 

height differentials or exceptional roughness difficult to measure in their entirety. 

Indeed, eukaryotes such as the unicellular algae E. hux, could be considered the antithesis of model 

AFM samples. Their structural, spherical, softness, roughness, size and height variance and low contact 

area offer challenging sample preparation issues. A well prepared, immobilized sample allows for high 

resolution imaging, without modifying the structure of interest. With this in mind, first an ovoid algal 

cell with high contact area was imaged. Secondly, different preparation methods were trialled for HS-

AFM of E. hux cells, resulting in development of a novel 3D printed array for successful cell 

immobilisation during imaging. 

Sample 

Scale 

Properties Shape X / Y 

Axis 

Z 

Axis 

6.2 Phaeodactylum 

tricornutum 

>5 µm × 

<5 µm 
<500 nm 

Live Biological 
Fusiform / Triradiate 

Membrane  <15 nm Flat Surface 

6.3 Emiliania huxleyi 
~ 5 – 10 

µm 

~5 - 10 

µm Live Biological 
Spherical 

Membrane  <15 nm Flat Surface 

Table 10: ‘Chapter 6: HS-AFM Assessment of Algal Cell Membranes’ Samples Overview 

6.2 Phaeodactylum tricornutum 

6.2.1 Introduction 

Considering the difficulty in imaging spherical cells, an alternative ‘flatter’ diatom was initially trialled 

instead as part of a specific membrane investigation experiment. Phaeodactylum tricornutum is a 

‘canoe’ shaped diatom roughly 3.5 × 3.5 × 15 µm in size with fusiform and triradiate morphotypes. The 

genetic manipulation of these marine microalgae could be utilised for production of membrane 

associated products such as triacyl glycerides (energy product), omega 3 oils (nutraceuticals) and 
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triterpenoids (pharmaceutical precursors). HS-AFM was used to compare the wild type with a mutant 

strain genetically modified (GM) with outer membrane modifying characteristics to see if HS-AFM 

could resolve potentially subtle changes in the membrane topography. These cells were genetically 

modified to express additional copies of a Fatty Acid Elongase gene and the DGAT gene 

(Pt_Elo5)143,144. Over-expression of these 2 genes is designed to increase the total cellular content of the 

‘omega 3 and 6 oils’ such as long chain polyunsaturated fatty acids Eicosapentaenoic acid and (EPA) 

Docosahexaenoic acid (DHA). 

 

Figure 80: Scanning electron micrograph of Phaeodactylum a. Fusiform and b. Triradate 

morphotypes (Steve Gschmeissner) 

6.2.2 Preparation / Results / Discussion 

Initially, 25 µL of Phaeodactylum samples at 106 cells mL-1 in stationary phase were deposited neat, 

directly onto freshly cleaved mica. Samples were dried at ambient temperature and imaged in air by 

HS-AFM. 

a. b. 
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Figure 81: Example of wild type Phaeodactylum visualised by HS-AFM in air (Scale bar 2 µm, 

Data captured at 2 fps) 

Phaeodactylum were first imaged in air (Figure 81 / Supplementary Figure 37). With a far simpler and 

less involved preparation than liquid imaging, this provided quality HS-AFM images. However, this 

data comprises of dehydrated cells, and has potential surface contamination with apparent salt crystals. 

To combat these issues, imaging was then performed in a low salt, liquid environment. This 

environment should maintain hydration of the sample, whilst providing suitable conditions to prevent 

catastrophic osmotic shock of the sample cells (Figure 82 and Figure 83). 

For liquid imaging a different preparation was used when compared to bacterial or fungal preparations 

mentioned previously in this thesis.186 glass coverslips were immersed in 0.2 % polyethylenimine 

overnight for ~ 16 hours at ambient temperature. These coverslips were then washed with MilliQ water 

and allowed to dry at ambient temperature. 1.5 mL of Phaeodactylum sample was centrifuged gently at 

1000 RPM for 5 minutes. The cell pellet was collected and resuspended in 1 mL 1 % NaCl. This was 

repeated two more times for a total of three cell washes. 25 µL of washed cell material was deposited 

on PEI coated glass coverslips and incubated for 2 hours at ambient temperature remaining in liquid 

through addition of 1 % NaCl where required. Finally, samples were washed with 5 × 1 mL 1 % NaCl 

and imaged in 1 % NaCl imaging buffer, liquid environment by HS-AFM.  
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Comparison between wild type and GM Phaeodactylum 

 

Figure 82: a. Wild type Phaeodactylum visualised by HS-AFM in liquid (Block colour, 3D 

render, Data captured at 2 fps) and b. (Inset) HS-AFM data seen in Figure 82 a (Scale bar 300 

nm) 

 

Figure 83: a. GM Phaeodactylum visualised by HS-AFM in liquid (Block colour, 3D render, 

Data captured at 2 fps) and b. (Inset) HS-AFM data seen in Figure 83 a (Scale bar 300 nm) 

 

a. b. 

a. b. 



118 

 

In a liquid environment, HS-AFM can be used to examine the surface structure of the Phaeodactylum 

cell membrane. Examples of raw cell membrane data collected are shown in Figure 82 b / Figure 83 b. 

With further analysis, qualitative and quantitative analysis can be made of the membrane features and 

compared between wild type and genetically modified samples. 

The block false colour examples in Figure 82 a and Figure 83 a are intended to aid the eye visualise 

overall smoothness and roughness of the membrane. RMS roughness (Sq) and Average roughness (Sa) 

are 3.26 and 2.65 nm respectively for the wild type membrane compared with Sq 1.82 and Sa 1.34 nm 

for the GM Phaeodactylum. In theory the modified cell’s membrane lipid profile should be more 

uniform forming a more consistent height across the surface of the cell with maximal measured EPA 

making up 24.8 % and DHA 10.3 % of the total fatty acid content versus 10.1 % and 7.3 % respectively 

in the wild type144. This should translate to an overall lower roughness measurement of the membrane 

of the GM sample, and the collected data appears to support this hypothesis. Many more replicates 

would have to be analysed for statistical significance to be drawn. As proof of concept, this shows that 

HS-AFM can be effectively used for analysis of delicate cell membranes in physiologically relevant 

environments. 

Phaeodactylum tricornutum shares similarities in its overall shape with the fungi explored in ‘3.5 Fungi’ 

This elongated shape limits Z axis differential (flattened, canoe shape) when compared to spherical cells 

such as E. hux. The data shown displays the ability to collect high quality topographical information of 

the soft cell membrane with contact mode HS-AFM. Analysis of this data also showed how hypothesis 

can be drawn with supported evidence as seen in the roughness measurement of the cell membrane 

potentially reflecting the lipid profile of the cell. Although the preparation method would be unlikely to 

work for E. hux, it could be applied to other samples of similar dimensions for contact mode HS-AFM 

imaging in a liquid environment. It does show, however, that with the displayed resolution, HS-AFM 

could possibly be used to identify lipid rafts in E. hux. 

6.3 Emiliania huxleyi 

6.3.1 Introduction / Preparation / Results / Discussion 

E. hux, a spherical cell of diameter ~ 5 - 10 µm, has a larger height differential and lower contact area 

than the above discussed Phaeodactylum. Seen in Figure 84 is an attempt to image E. hux simply 

directly adsorbed to a mica surface and allowed to dry at room temperature in a preparation identical to 

as seen in Figure 81 for Phaeodactylum. The HS-AFM hardware and software struggles with the Z axis 

differential and provides inaccurate, false data height ‘spikes’ and ‘streaks’. This single frame of data 

encapsulates the difficulties faced in E. hux cell imaging. Discussed next are iteratively designed and 

modified methods to overcome these issues. This resulted in successful contact mode HS-AFM imaging 

of live cells in an aqueous environment. 
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Figure 84: E. hux cell adsorbed to mica surface visualised by HS-AFM in air (Scale bar 2 µm, 

Data captured at 2 fps) 

One approach to preparing cells for HS-AFM data collection could be to physically immerse the sample 

in a solidifying matrix such as agar187 or dental wax for AFM analysis151. Dental wax was briefly tried 

for E. hux cells, but preparation was practically very difficult, ineffective and had very low percentage 

success. Data is not shown as none was saved following collection and real-time analysis. As shown in 

Figure 31 I have had mild success using an aluminium hydroxide derived hydrogel matrix for imbedding 

spherical C. sorokiniana and imaging in an air environment. A drawback to these immersion protocols, 

as previously mentioned, is the possibility of altered biological surface, cantilever tip pollution, uneven 

background and difficulty controlling background heights. Specifically for hydrogel preparations, it 

was not attempted, but it is highly likely that imaging with this preparation method in an aqueous 

environment would cause the hydrogel to absorb high volume of liquid and / or partly redissolve or 

refloat the flocs making the surface and sample unimageable. 

Filtering and trapping spherical shaped cells in track etched polycarbonate membranes (Isopore 

Polycarbonate WH PL 13 mm 5 /8 / 10 µm, Merck) is a well described preparation methodology that 

can be applied to E. hux188. Using membranes with pore sizes comparable to cell diameter results in an 

elegant mechanical isolation of the cell with minimal sample alteration, which simultaneously 

minimizes the Z axis height differential between sample and background. Shown in Figure 85 are 

examples of the control Isopore membranes in both air (5 µm pore size, Figure 85 a) and liquid (8 µm 

pore size, MilliQ imaging buffer, Figure 85 b) environments. In the air environment it appears the edges 

of the polycarbonate membrane pores are extremely shallow slopes. This is not a true representation 

but is instead caused by tip artefacts and flattening effects, accentuated by having the pore filling the 

imaging area (Figure 85 c). In reality, the liquid example is more representative of true pore topography 

although affected by streaking caused by Z axis differential. 
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Figure 85: Empty Isopore membrane pores visualised by HS-AFM (Data captured at 2 fps) a. 5 

µm pore size in air (Scale bar 1 µm) and b. 8 µm pore size in liquid (Note no scale bar, 

instrument not correctly calibrated in X / Y axis) c. How step height can affect resulting tip 

trajectory and therefore resulting in HS-AFM data artefact 

Knowing that E. hux cells range from ~ 5 to 10 µm as measured by optical microscopy; membranes 

with 5, 8 and 10 µm pore sizes were tested in various preparation methods. Initially, 100 µL of CCMP 

2090 cells were added to 5, 8 and 10 µm pore size membranes adhered to an SEM stub with an adhesive 

carbon tab. Membranes were allowed to air dry at room temperature with the hope that cells of the 

correct diameter would fill pores under gravity. Finally, the membranes were washed with 3 × 1 mL 

0.1M Phosphate buffer, allowed to dry at room temperature and imaged in an air environment. 

Examples are shown from all three pore sizes in Figure 86 and Supplementary Figure 38. 

        

a. b. 
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Figure 86: a. Example E. hux CCMP 2090 cell membrane Isopore gravity preparation (10 µm 

pore size) visualised by HS-AFM in air (3D render, Data captured at 2 fps) b. (Inset) HS-AFM 

data seen in Figure 86 a (Scale bar 500 nm) c. Diagonal transects (Scale bar 500 nm) d. Diagonal 

transects marked in Figure 86 c 

In practice using this preparation method, cells fill pores with very low success rate and pores are time 

consuming to locate in part due to being randomly spaced and difficult to identify. Indeed, the optical 

microscope on the HS-AFM cannot differentiate between empty and cell filled pores. The HS-AFM tip 

at 2 fps has to be used for pore investigation and characterisation. Cell height within the pore is also 

uncontrolled and early identification of potentially suitable cells for high definition analysis is difficult 

and time consuming. Even with speed of data acquisition available to contact mode HS-AFM, this leads 

to extreme, manual imaging time allocation for little data collection. Despite this, E. hux cell membrane 

data was collected in an air environment using this method Figure 86 / Supplementary Figure 38. 

Dehydration effects are clear in an air imaging environment. This appears as a pitted or overly rough 

surface. For example, roughness measurements (Sa) of 29.44 nm for Supplementary Figure 38 f. This 

a. b. 

c. 
d. 
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is especially apparent when compared to the statistically different, liquid imaging roughness 

measurements of the same sample type e.g. Sa Supplementary Figure 39 f = 0.58 nm (N = 7 Two tailed 

T Test assuming unequal variances p = 0.004). This difference in roughness is also seen in collected 

diagonal profiles of Figure 86 b / c and Figure 91 d / e. It was initially considered whether the apparent 

porosity might have any biological significance but was quickly dismissed as a consequence of 

dehydration effects on the cell membrane with the absence of this effect in a more naturally 

representative liquid imaging environment. 

No quantitative data was collected, but 8 µm pore size preparations qualitatively provided the highest 

percentage of successful, cell filled pores. This makes sense considering the gravity filling mechanism 

of pores with cells that are generally at least 5 µm in diameter. Individual membranes were also cut in 

half and loaded with cells on both sides in case of a cone shaped pore structure which could lead to 

differing Z heights of cells in wells or improved pore filling. However, there appeared to be no effect 

on pore filling effectiveness or cell membrane depth. These suspect cone effects were originally 

considered, but later dismissed, due to the imaging artefacts seen in control pore samples such as Figure 

85 a.  

To further improve the preparation method, cells were vacuum filtered onto 5 and 8 µm Isopore 

membranes until no further material passed through the filter (~ <15 mL). This suggests that all pores 

should be filled with potential cells for imaging or cell debris. Percentage of pores containing suitable 

cells should be increased. An example of data collected in an air is seen in Supplementary Figure 38 f. 

Liquid environment data using this method is seen in Supplementary Figure 39. For liquid imaging, the 

filter post vacuum filtration is washed with 3 × 1 mL 0.1M Phosphate buffer and imaged in a 0.1 M 

Phosphate buffer imaging buffer environment. 

Supplementary Figure 39 shows examples of E. hux cells vacuum filtered into both 5 and 8 µm Isopore 

membranes. This produces high resolution images of live cell membranes with individual data frames 

captured in 0.5 seconds. Pore location is unfortunately even more time consuming in a liquid 

environment, with zero visual cues from optical microscopy to help position the imaging tip in line with 

pores, both empty and cell filled. There was complete reliance on the fast AFM scanning for sample 

location. Without Z axis feedback, manual application of imaging tip force in these examples is 

particularly difficult. E. hux cells are extremely soft, with varying planes of imaging for different 

samples due to the lack of control of cell depth during vacuum filtration preparation. Without the ability 

of the HS-AFM to provide AFM images in essentially real time to aid orientation and positioning, even 

this small amount of data would have been extraordinary difficult to produce. 

Reduction in the softness of cell membrane surface and to increase potential image resolution was 

attempted, at the compromise of impaired cellular function. Fixation methods were explored using the 

vacuum filtration preparation method. Both formaldehyde and 0.1 % glutaraldehyde were trialled in 
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this fixation role. To achieve this, 100 µL of fixative was added to samples post vacuum filtration for 

30 mins. No data was collected for formaldehyde imaging as HS-AFM imaging appeared to be 

completely compromised, producing no distinguishable resolution images. Seen in Figure 87 / 

Supplementary Figure 40 is the data collected with glutaraldehyde treatment immobilised in 5 µm 

Isopore membranes. 

 

Figure 87: Example E. hux CCMP 2090 cell membrane Isopore (5 µm pore size) vacuum 

preparations with glutaraldehyde fixation visualised by HS-AFM in liquid (Scale bar 200 nm, 

Data captured at 2 fps) 

It appears that the addition of a fixation agent such as formaldehyde (impossible to collect data) and 

glutaraldehyde drastically reduces imaging quality. The cell membrane surface becomes incredibly 

‘streaky’ behaving as a potentially soft sample coating that is disrupted by the imaging tip as described 

in ‘2.7 HS-AFM Data Artefacts’. 

Considering the challenge and time investment in sample location of this Isopore method, even with an 

extremely fast data acquisition HS-AFM, improvements had to be made for future experiments to 

become practically feasible. Immobilising single cells with a patch clamp micropipette can circumvent 

this pore location difficulty70,71, but requires additional instrumentation setup challenges and only one 

sample cell can be imaged at a time. The most recent improvement to the foundation polycarbonate 

membrane method involves trapping cells in micro structured polydimethylsiloxane (PDMS) stamps by 

capillary deposition189. This method is a controlled way of preparing and gathering statistically 

significant data from multiple cells. PDMS stamps require multiple fabrication steps in the creation of 

a microstructured silicon master (~ 1 week for fabrication) and PDMS stamp moulding (~ 3 hours) with 

stages requiring degassing under vacuum and crucial, manual cutting and demoulding of the 

microstructured PDMS motif. 

The ideal solution is a regular array, for ease of sample location, with flexible shape and size design for 

differing samples. The array should be non-toxic, have a low and regular background, be cheap and fast 

to produce and be able to support multiple live cells simultaneously under optimal conditions. The 
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Nanoscribe GmbH (www.nanoscribe.de) system utilises multiphoton polymerisation also known as 

direct laser writing (DLW, reviewed in 190), this fabrication method achieves highly localised 

polymerisation and cross-linking of photopolymers with a tightly focussed femtosecond pulsed laser. 

This allows for three dimensional (3D) printing of structures with 0.1 µm resolution191 and true 3D 

patterning as polymerisation is not limited to the surface of the monomer in contrast to conventional 

stereolithography. Stereolithography can suffer from high surface tension leading to possible distortion. 

Another advantage is no requirement for supports, and a reduction in oxygen inhibition. The basic 

principle utilises the simultaneous adsorption of two or more photons to excite a molecule from one 

energy state to a higher state. These photons can be of identical or differing frequencies, usually excited 

from the ground state, and are most efficiently produced by pulsed lasers at high intensities. A 

photoinitiatior absorbs the laser light to produce an active species which causes directed polymerisation 

of the monomer to form a 3D structure. Here I present the method developed for preparing live cells for 

contact mode HS-AFM; utilising the versatility of Nanoscribe direct laser writing to 3D print bespoke 

designed arrays to study our cell strains of interest. 

The Nanoscribe method was used to fabricate an array featuring wells of 5, 8, 10 µm diameter and 2.5 

/ 5, 4 / 8, 5 / 10 µm depth respectively (Figure 88 and Table 11). Designing with AutoCAD allowed for 

quick iterative design with variations in block and well design and layout easily combined in to one 

single large structure giving intra array versatility and optimisation opportunities for specific cell types 

and morphologies. AutoCAD designs and Nanoscribe printing was performed in collaboration with Dr 

Sara Baldock, Department of Chemistry, Lancaster University, Lancaster.  

 

Figure 88: AutoCAD Nanoscribe cell array design 

 

http://www.nanoscribe.de/
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Block Label (X × Y × Z 

block dimensions, type of 

pit design, pit diameter) 

Cylinder 

diameter 

Cylinder 

depth 
Feature 

100 × 100 × 5 

Cyl 5 
5 µm 5 µm Full block depth 

100 × 100 × 8 

Cyl 8 
8 µm 8 µm Full block depth 

100 × 100 × 10 

Cyl 10 
10 µm 10 µm Full block depth 

100 × 100 × 5 

Half Cyl 5 
5 µm 2.5 µm Half block depth 

100 × 100 × 8 

Half Cyl 8 
8 µm 4 µm Half block depth 

100 × 100 × 10 

Half Cyl 10 
10 µm 5 µm Half block depth 

100 × 100 × 8 

Taper 5 - 8 
8-5 µm 8 µm 

Truncated cone, diameter 8um taper to 5 µm 

over 8 µm Z 

100 × 100 × 10 

Stack 5 - 10 

5 µm, 10 

µm 

5 µm, 5 

µm 

10 µm diameter 5 µm height cylinder 

stacked on 5 µm diameter 5 µm height 

cylinder 

Table 11: Original block designs for designed cell array as seen in Figure 88 

Grid designs were created in AutoCAD (AutoDesk, San Rafael, CA, USA) and imported into the 

Nanoscribe Photonic Professional GT scripting program DeScribe 2.4 (NanoScribe, GmbH) as 3D 

stereolithography format (.stl) files. 3D structures were transformed into xyz commands using a Z 

slicing of 0.3 µm and 200 nm hatching and compiled into a command script with the laser writing speed 

and power. Structures were processed so as to ensure sufficient overlap of the polymerised voxels (Z - 

slicing and X & Y hatch settings) for structural integrity. 

A Photonic Professional GT (Nanoscribe GmbH) equipped with a 100 fs pulsed 780 nm laser focussed 

with microscale ×63 (Numerical aperture 1.4) laser objective was used. Direct Laser Writing (DLW) 

was carried out using ‘conventional’ mode. Index matched oil was coupled to a methacrylate coated 

glass coverslip with a dropcast resist (Nanoscribe IP-L) on top. 38 % laser power (~ 16 mW) at 20,000 

µm s-1 was used. Post DLW the non-polymerised monomer solution was removed by immersing the 

coverslips in developer solution, Propylene glycol methyl ether acetate (PGMEA) for 20 mins, followed 

by IPA rinse for 5 mins. The slides were blown dry with nitrogen.  
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Methacrylation of slides (performed by Dr. Garry Harper, formerly Department of Chemistry / Material 

Science, Lancaster University) was carried out using a 3 stage: clean, activate and modify process. This 

was adapted from 192. Coverslips were immersed for 30 mins in 1 M NaOH, rinsed in deionised water, 

immersed for 30 mins in 1 M HCl, rinsed in deionised water, dried in a stream of nitrogen. Then 200 

µl of 20 v/v % 3-trimethyloxysilyl) propyl methacrylate (Aldrich) solution prepared in ethanol was 

added to each coverslip and allowed to evaporate before second application. After 30 mins they were 

then dipped in acetone and dried in a stream of nitrogen.  

Figure 89 shows the precision with which the array is printed during a successful job with no defects. 

It is worthy of note that, again, the HS-AFM struggles with the differential in height represented by 

individual empty cell wells similarly to in Figure 85 b, the data clearly demonstating the well base is 

not in contact with the cantilever and thereby generating an untrue Z value (Figure 89 e). HS-AFM 

offers high resolution in a liquid environment, giving insight into the pattern and structure of the DLW 

method’s linear printing regime Figure 89 f) with individual, regular periodicity, print rows (~ 0.4 µm 

width / periodicity, ~ 30 nm measured height) clearly visible in both forming the well and in connecting 

layers. Exhibiting a refractive index of 1.48, the Nanoscribe arrays are well suited to both optical and 

fluorescence microscopy, allowing visualisation and identification of the naturally fluorescent 

microalagal cells under study. 
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Optical, SEM and HS-AFM Cell Array Data

 

Figure 89: a. Optical microscope images of empty array x10 obj (Scale bar 100 µm) and b. x63 

obj (Cyl 5) (Scale bar 20 µm) c. Scanning electron micrograph of empty array featuring Cyl 8 

(top), Cyl 5 (middle), Cyl 10 (bottom) and d. Cyl 5 (top), Cyl 10 (middle), Cyl 8 (bottom) 

(Working distance = 9.5 mm, accelerating voltage = 1 kV, magnification = × 500) e. Array 

individual empty cell well (Cyl 5) visualised by HS-AFM in liquid (Scale bar 1 µm, Data 

captured at 2 fps) f. Topography of surface structure generated by Nanoscribe DLW method 

visualised by HS-AFM in liquid (Scale bar 500 nm, Data captured at 2 fps) 
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For cell preparaton on grids, 100 µL of E. hux CCMP 374 was incubated for 45 mins – 1 hour at ambient 

temperature. The sample was then washed by 5 × 1 mL of 0.1 M phosphate buffer. 100 µL of 0.1 M 

phosphate buffer was loaded as a covering droplet and imaging buffer.  

 

 

Figure 90: Settled E. hux cells at x40 obj by a. optical microscopy and b. fluorescence 

microscopy (Scale bars 50 µm) c. Optical image of array with loaded cells using in-line HS-AFM 

optical microscope 

 

a. b. 

c. 
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Through imaging of the natural fluorescene of chlorophyll with an N2.1 filter, combined with optical 

microscopy, it is easy to identify suitable viable cells for HS-AFM analysis (Figure 90 a / b). The grid 

nature of the array can be used to identify coordinates of interest, locating the cells following transfer 

to the HS-AFM via AFM cantilever tip alignment. Despite being practically challenging, is far easier 

and has higher success rate than the Isopore method even in an liquid environment (Figure 90 c). 

 

 

Figure 91: a. (Inset left) E. hux cell visualised by optical microscopy at x63 obj (Cyl 5) (Scale bar 

10 µm) b. (Inset right) HS-AFM data seen in Figure 91 c (Scale bar 500 nm) c. E. hux cell 

visualised by HS-AFM in liquid (3D render, Data captured at 2 fps) d. Diagonal transects (Scale 

bar 500 nm) e. Diagonal transects marked in Figure 91 d 

Figure 91 shows a well positioned and settled E. huxleyi cell in ‘Cyl 5’ well by optical microscopy and 

a correlative, select, single frame of data by contact mode HS-AFM collected in 0.5 s in a 

physiologically relevant, aqueous environment. Membrane structure and variation can be seen that most 

likely represents different localised lipid compositions and associated membrane proteins. 

a. 

c. 

b. 

d. 
e. 

2 

1 
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Figure 92: Time series of select E. huxleyi cell membrane visualised by HS-AFM in liquid (Scale 

bar 500 nm, Individual frames captured at 2 fps) 58 seconds; arrows track a mobile feature 

between the frames 

E. hux cell membranes appear to have distiguishable structural, yet flexibly mobile features when 

imaged over a longer timescale (Figure 92 / Supplementary Figure 41). This structured mobility and 

natural fluorescence of cells can be used as a proxy for viability during longer AFM data acquisitions. 

Attempts were made to develop an in situ nanoscribe array cell viability assay. Ultimately this failed 

due to inability to detect fluorescent dye filled dead cells against the background using our system. The 

method utilised 167 nM SYTOX Green diluted in seawater media. 500 µL of this solution was added 

to the sample and incubated for 30 mins at ambient temperature. Stain was then washed away with 

further seawater and imaged with fluorescent microscopy using a GFP filter.  

Building on visualisation of the same regions over relatively short periods of time (Figure 92 / 

Supplementary Figure 41), I then successfully imaged an individual cell continuously with HS-AFM 

for 5512 s (92 % tip contact time). The membrane retained clearly identifiable features, although a 

possible drop in resolution was observed over time due to AFM cantilever tip degradation (Figure 93). 

The same microscale region could be studied for a prolonged period of time by positioning and 

orientation by stable structural patterns observed. Crucially, even following ~ 1.5 hours of HS-AFM 

analysis the whole cell remained optically and fluorescently viable.  

T=0s T=10s T=18s T=30s 

T=38s T=50s T=58s 



131 

 

 

Figure 93: E. huxleyi cell membrane visualised by HS-AFM in liquid (Scale bar 500 nm, 

Individual frames captured at 2 fps) from near continual data acquisition at a. T = 0 and b. T = 

5512 s; arrows mark persistant, recognisable features of the membrane 

6.4 Conclusions 

E. huxleyi cells can clearly be observed at high temporal and spatial resolution in a liquid environment 

with contact mode HS-AFM. This was achieved by mechanically immobilising the cells in a Nanoscribe 

3D printed array during preparation. Algal cells were not chemically modified in any way during 

preparation and survived in the grids for an extended period of time. In theory any single cell should be 

suitable for this technique. These could be mammalian, plant, fungal etc. The technique may be limited 

for the smaller viruses and bacteria due to the resolution limit of the Nanoscribe, however this may not 

remain a limitation if the technology and resolution improve further. 

Two further grid designs were genereated for E. hux cell HS-AFM experimentation. These included 

arrays with higher numbers of exclusively 5, 6, 7, and 8 µm diameter / depth pits to more effectively 

capture cells during preparation (Supplementary Figure 42 a). This design was further improved by 

introducing a gap between each of the array category blocks (Supplementary Figure 42 b) producing 

higher Nanoscribe fabriaction success and easier coordination location across all microscopy 

techniques. 

Crucially, arrays are chemically inert and the cells are not fixed to the grid chemically, but rely on a 

mechanical settling and restriction making the arrays fully reusable in theory. Indeed, for experiments 

a 70 % ethanol wash followed by DI rinse was identified as a suitably robust and reliable method of 

cleaning. Over time the accumulation of cellular debris is likely to occur following repeated use, but 

this is not likely to be an insurmountable problem with tougher cleaning regimes. Recent developments 

in industrial grade (Quantum X; Nanoscribe, GmbH) 2PP printers will enable the cost reduction benefits 

of mass production to be realised and enable single use analysis which will benefit pharmaceutical 

applications. Currently the material cost of a grid is estimated at £ 17 - 20 and printing run time is 15 

hours. 

a. b. 
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The regularity of the grid structure nature allows for easy transfer of cell location between optical, 

fluorescence and atomic force microscopes, crucially without having all technologies in line. This 

makes the method applicable and adaptable to many existing instrumental setups and workflows. 

In line with the theme of this thesis, this section has focussed on one cell type and one grid design. 

However, the method platform allows for high customisation in design specificity. By modifying design 

parameters, differences within and between arrays can be swiftly iterated so suit the sample of interest 

or to separate major phenotypic differences. For example un-calcified, spherical, E. huxleyi are 

optimally measured in cylindrical 5 × 5 – 8 × 8 µm wells, however calcified cells would be better suited 

to the larger 10 × 10 µm wells. A different species of algae could require an entirely different well size 

and / or shape. With a lower resolution limit of 0.1 µm, and an upper limit of mm’s with the latest 

instrumentation, the potential for high sample variability applicability is present. The array loading 

efficacy could be used as a simple selection process. For example, haploid gametes vs diploid cells for 

microalgae12 through to selecting for cancerous human cells based on their morphology193. 

With this technique it will be possible to learn a huge amount about the structural functionality of 

suitable and diverse live cell membranes in their most natural state. The array fabrication method is 

relatively easy and versatile, with sample preparation being straight forward and fast. This chapter 

utilises this technique to analyse spherical algal cell samples with a high-speed contact mode atomic 

force microscope. There should be no limitations when using a standard or high-speed tapping mode or 

force spectroscopy based atomic force microscopes for analysis of samples, opening up a plethora of 

applications and scientific hypothesis to test. Using this array as a platform it is easily possible to 

immobilise numerous cells and cell types simultaneously. This provides the ability to study multiple 

cells at multiple locations under suitable environmental conditions. Coupling the capability of HS-AFM 

as a tool, with this presented methodology could lead to preparations suitable for diagnostics and 

screening and future sample mechanics studies. 

The main results of this chapter are: 

• Fabricated bespoke cell arrays are successful in anchoring live cells for identification, location 

and contact mode HS-AFM analysis. 

• Contact mode HS-AFM can be used to collect high temporal and spatial resolution of live E. 

hux cells membranes under environmentally relevant conditions for extended periods of time. 

• The results in this chapter combined with the data collected in ‘Chapter 5: HS-AFM Assessment 

of EhV Structure’ suggest a combination imaging of both cells and virus during infection should 

be possible with contact mode HS-AFM and this is explored in the next chapter. 
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Chapter 7: HS-AFM Assessment of Viral Binding 

7.1 Introduction 

The array design described in ‘Chapter 6: HS-AFM Assessment of Algal Cell Membranes’ produced 

high resolution, both temporal and spatial, HS-AFM cell membrane data over extended periods of time. 

Expected viral characteristics under HS-AFM imaging is seen in ‘Chapter 5: HS-AFM Assessment of 

EhV Structure’. With these two data sets and collected experience, the foundation has been laid for 

combination imaging of these two biological entities under experimental conditions. 

Before delving into live cell virus infection experiments, an alternative preparation was considered that 

could aid in ease of imaging, and perhaps provide higher resolution cell membrane information under 

arguably more controlled conditions. 

This preparation involves the utilisation of supported lipid bilayer (SLB) membranes laid over mica 

surface. This overlays a soft biological feature for analysis over a supporting hard surface. These have 

been used previously in various biophysical research examples as model systems194. Contact mode HS-

AFM has been shown earlier in this thesis, through patterned layered graphene, to have the Z axis 

resolution required for distinction between potentially small-scale bilayer heights and features to sub-

nanometre resolution. 

Model lipids were initially trialled for HS-AFM suitability in both air and liquid environments. This 

was followed up by generation of SLBs from E. hux cell membrane components and finally, EhV was 

introduced for recognition testing.  

Sample 

Scale 

Properties Shape X / Y 

Axis 

Z 

Axis 

7.2 Supported Lipid 

Bilayer 
Macro <15 nm Synthetic Biological Flat Surface 

7.3 Live Cell Virus 

Binding 
Combination Cell / Virus 

Table 12: ‘Chapter 7: HS-AFM Assessment of Viral Binding’ Samples Overview 

7.2 Supported Lipid Bilayer 

7.2.1 Preparation / Results / Discussion 

The vesicle deposition method was chosen over the Langmuir-Blodgett (LB) technique for SLB 

generation. Briefly, the LB technique uses a teflon bath to compress lipid molecules at the air-water 

interface. The interface surface pressure is measured giving an indication of the lipid organisation. A 

solid support is carefully dipped through the lipid monolayer to generate a bilayer. The instrumental 
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cost (LB trough quoted at ~ £ 12,000 - £ 50,000) for this method is greatly increased compared to vesicle 

deposition. 

Vesicle deposition195 relies on the generation of small unilamellar vesicles (SUVs). For the data 

generated in this thesis, lipids were solubilised in an organic solvent, dried under nitrogen to form a 

lipid film and resuspended in an aqueous buffer. At this stage the lipids are expected to form 

multilamellar vesicles. Further processing of this suspension through sonication and extrusion generates 

SUVs which can be fused, ruptured and adsorbed to a solid support to form SLBs. 

 

Figure 94: a. Langmuir-Blodgett method and b. Vesicle deposition method of SLB formation 

(Adapted from 194) 

1,2-dilauroyl-sn-glycero-3-phosphocholine (12 : 0 PC, DLPC, Stratech) was used as the initial test lipid 

for SLB formation. 

For single lipid SLB generation first, DLPC was dissolved in chloroform at 1 mg mL-1. This was then 

dried with nitrogen at 40 ⁰C to create a DLPC film. This lipid film was resuspended in adsorption buffer 

(150 mM NaCl, 20 mM HEPES, 20 mM MgCl2, 20 mM CaCl2, pH7.2) to a concentration of 1 mg mL-

1. The resuspended lipid was sonicated for 30min and then extruded 15 times through a 50 nm 

nucleopore membrane. 25 µL of the extruded lipid was incubated on freshly cleaved mica for 90 mins 

at ambient room temperature. The sample was then washed with 5 × 100 µL of imaging buffer (150 

mM NaCl, 20 mM HEPES, pH 7.2). For imaging in air, this washed sample was then allowed to dry 

before imaging. For imaging in liquid, a sample covering droplet of imaging buffer was maintained. 

a. b. 
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Single lipid SLB samples were imaged with contact mode HS-AFM in both an air and liquid 

environment. 

 

Figure 95: Examples of Single lipid DLPC SLB examples visualised by HS-AFM in air (Scale 

bars 400, 500 and 500 nm respectively, Data captured at 2 fps) 

Figure 95 a and Figure 95 b display complete bilayer coverage of the mica surface in an air environment. 

Controlling applied tip force is challenging in these sample examples due to the extreme smoothness of 

the SLB surface being comparable to a freshly cleaved mica control. In an air environment, a contact 

cue can be occasional defects in the bilayer coverage (Figure 95 a) or an apparent porosity (Figure 95 

b) similar to the pitted nature of dehydrated cell membranes visualised in an air environment. In Figure 

95 c extremely strong proof is seen for SLB generation. This frame of HS-AFM data displays a gradient 

of increasing SLB percentage coverage in the Y axis from mica surface at the top of frame. This gradient 

is likely formed by differing SUV suspension concentration across the entire mica surface during 

preparation.  

 

Figure 96: Single lipid DLPC SLB example visualised by HS-AFM in liquid (Note no scale bar, 

instrument not correctly calibrated in X / Y axis, Data captured at 2 fps) 

In a liquid imaging environment, the bilayer displays an increased ‘completeness’ with little to no 

variation in texture, in contrast to the provided example air images. Through sample imaging 

experience, I suspect Figure 96 to be data collected from a single purified lipid SLB on mica surface in 

liquid. However, to confirm this, forced variation in the lipid and therefore SLB profile is required in 

a. b. c. 
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aqueous environment. This data is shown below and shares the exact same preparation method as this 

single lipid example, lending weight to this claim. 

Next, the same preparation and imaging methods were applied to a mixed lipid SLB system. 1-

palmitoyl-2-oleoyl-glycero-3-phosphocholine (16 : 0 – 18 : 1 PC, POPC, Stratech) was chosen as the 

second lipid for use in these mixed purified lipid experiments. This lipid is physically comparable in 

SLB / AFM terms with DLPC, but with essentially a longer fatty acid chain.  

For mixed dual lipid SLB generation, 0.5 mg mL-1 DLPC and 0.5 mg mL-1 POPC was mixed and 

dissolved in chloroform for a total lipid concentration of 1 mg mL-1. This was then dried with nitrogen 

at 40 ⁰C to create a DLPC / POPC mixed film. The lipid film was then resuspended in adsorption buffer 

to a concentration of 1 mg mL-1. The resuspended lipid was sonicated for 30min and then extruded 15 

times through a 50 nm nucleopore membrane. 25 µL of the extruded lipid was then incubated on freshly 

cleaved mica for 90 mins at ambient room temperature. The sample was then washed with 5 × 100 µL 

of imaging buffer. For imaging in air, this washed sample was then allowed to dry before imaging. For 

imaging in liquid, a sample covering droplet of imaging buffer was maintained. Dual lipid SLB samples 

were imaged with contact mode HS-AFM in both an air and liquid environment. 

 

Figure 97 : Examples of Dual mixed lipid DLPC / POPC SLB examples visualised by HS-AFM 

in air (Scale bar 500 nm, Data captured at 2 fps) 

 

a. b. c. 
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Figure 98: Dual mixed lipid DLPC / POPC SLB example visualised by HS-AFM in liquid (Scale 

bar 400 nm, Data captured at 2 fps) 

 

 

Figure 99: Transects across DLPC / POPC domains a. In air (Scale bar 500 nm) b. Extracted 

transects marked in Figure 99 a c. In liquid (Scale bar 400 nm) d. Extracted transects marked in 

Figure 99 c 

Broadly speaking, there is a six carbon difference between the two chosen lipids’ aliphatic fatty acid 

chain. Assuming a rough bond length of 120 - 154 pm196, we expect a ~ 0.72 nm – 0.92 nm difference 

in lipid height in a monolayer arrangement. In a SLB arrangement, we can expect a ~ 1.44 – 1.85 nm 

difference in lipid height. Indeed, in Figure 99 a / Figure 99 b in an air environment, the maximal step 

height of the extracted profile is ~ 1.24nm. In a liquid environment (Figure 99 c / Figure 99 d) this value 

a. b. 

c. d. 
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is ~ 1.65 nm. This is roughly in line with the expected height difference between the two purified lipids 

giving further validation to the small scale, Z axis accuracy and precision of HS-AFM measurement. 

Considering the probable lack of accuracy in the expected measurement; the liquid measurement sits 

nicely in the roughly estimated theoretical range whilst the air example is slightly below this range. 

This could be the consequence of a fully hydrated SLB in liquid vs a dehydrated SLB in air. Following 

success with purified lipids, SLBs were attempted to be created from natural membrane lipid 

components reconstituted on a mica surface. 

The literature suggests that lipid rafts in cell membranes can be targeted by pathogens197. For E. hux, it 

has been hypothesised that these rafts could function as specific points of viral attachment, entry 

assembly and budding9,198. Indeed, EhV induce and employ virus encoded glycosphingolipids (GSLs) 

during E. hux infection24,30,198. With this in mind lipid raft enriched cell membrane fractions were 

isolated, purified as buoyant, detergent-resistant membranes199 and formed into SLBs for HS-AFM 

analysis. 

For preparation of detergent resistant, lipid raft origin SLBs first, E. hux CCMP 374 culture was 

centrifuged at 5,000 × g to generate a cell pellet. This pellet was resuspended in 1 mL of lysis buffer 

(0.5 % Brij-96, 25 mM Tris-HCl, 150 mM NaCl, 1 mM PMSF) for 30 min on ice. The lysate was 

clarified by centrifugation at 4,000 × g at 4 ⁰C. The supernatant generated during lysate clarification 

was loaded into a 5 - 35 % discontinuous OptiPrep density gradient. OptiPrep gradient was 

ultracentrifugated for 16 hrs at 39,000 × g at 4 ⁰C. 12 × 1 mL fractions were collected post 

ultracentrifugation. A control was also generated by identical preparation of a balancing 5 – 35 % 

discontinuous OptiPrep density gradient. This control sample also had 12 × 1 mL fractions collected 

post ultracentrifugation (Method adapted from 199). These fractions were prepared for HS-AFM 

analysis, with 25 µL of sample incubated on freshly cleaved mica for 90 mins at ambient room 

temperature. The sample was then washed with 5 × 100 µL of imaging buffer. For imaging in air, this 

washed sample was then allowed to dry before imaging. For imaging in liquid, a sample covering 

droplet of imaging buffer was maintained. Fractionated SLB samples and controls were imaged with 

contact mode HS-AFM in both an air and liquid environment. 

These 12 fractions were also further purified by dialysis with a 3.5 KDa MWCO membrane for 16 hrs 

at 4 ⁰C into adsorption buffer to attempt to remove residual OptiPrep and / or possible residual detergent. 

Again, these fractions were prepared for HS-AFM analysis, with 25 µL of sample incubated on freshly 

cleaved mica for 90 mins at ambient room temperature. The sample was then washed with 5 × 100 µL 

of imaging buffer. For imaging in air, this washed sample was then allowed to dry before imaging. For 

imaging in liquid, a sample covering droplet of imaging buffer was maintained. Fractionated and 

dialysed SLB samples were imaged with contact mode HS-AFM in both an air and liquid environment. 
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Figure 100: Fraction examples visualised by HS-AFM in air (Scale bar 1 µm, Data captured at 2 

fps). From left to right columns: Control, Raw Fraction, and Dialysed Fraction. From top to 

bottom rows: Fractions 1, 2 and 12 

Control samples (Figure 100 / Supplementary Figure 43 and Figure 101 / Supplementary Figure 44 left 

column) appear as expected plain, featureless surfaces with occasional ‘texture’ caused by probable 

residual Optiprep, cantilever tip contamination and imaging artefacts. The raw fractionated samples all 

display a relatively similar surface topography. I suspect this is due to the residual polymeric Optiprep 

high density gradient medium present in these samples obscuring fractionated call components. 

Through further dialysis purification, the data suggests the OptiPrep density gradient medium and any 

residual detergent is removed, leaving primarily extracted and purified cell components to coat the mica. 

In 199 it was found through TEM that fraction 2 and to some extent Fraction 3 contained prominent 

detergent resistant lipid vesicles. None were found in other fractions. The HS-AFM data provided here 

agrees with this finding with apparent complete SLB seen in Fraction 2 in both air and liquid. There 

could be detergent resistant vesicles present in Fractions 1 and 3, however concentration is clearly not 

high enough for complete bilayer coverage making positive or negative confirmation difficult through 

HS-AFM. In all other fractions, it seems cell debris indiscriminately covers the mica surface. 



140 

 

Comparing the air and liquid versions of Fraction 2, the air data (Figure 100) displays a similar 

‘porosity’ and / or dehydration, similar to Figure 95 b along with a ‘peeling’ at the edges of frame for 

parts of the SLB and occasional surface defects as seen in Figure 95 a. The liquid example (Figure 101) 

for Fraction 2 shows a uniform complete SLB with nanoscale features that should represent any 

associated membrane proteins co-purified during preparation.  

 

 

 

Figure 101: Fraction examples visualised by HS-AFM in liquid (Scale bar 1 µm, Data captured 

at 2 fps). From left to right columns: Control, Raw Fraction, and Dialysed Fraction. From top 

to bottom rows: Fractions 1,2 and 12 

For these lipid raft enriched, natural component SLBs, there was no extrusion stage utilised to reduce 

the size and increase uniformity of SUVs. Instead, the fractions were kept as natural as possible during 

the production method. This was done in the hope that eventually the associated virus could have a 

better chance at recognition and binding to these SLBs. However, Fraction 2 containing the suspected 

detergent resistant membranes was also experimentally sonicated, extruded and formed into SLBs. To 

achieve this, Fraction 2 was sonicated for 30 min and then extruded 15 times through a 50 nm 

nucleopore membrane. 25 µL of the extruded lipid was incubated on freshly cleaved mica for 90 mins 

at ambient room temperature. The sample was then washed with 5 × 100 µL of imaging buffer. A 
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sample covering droplet of imaging buffer was maintained. Samples were imaged with contact mode 

HS-AFM in a liquid environment. 

 

Figure 102: Fraction 2 examples visualised by HS-AFM in liquid (Scale bar 1 µm, Data 

captured at 2 fps) a. Non sonicated and extruded vesicles (control) b. Sonicated and extruded 

vesicles 

Example data for sonicated and extruded preparation Fraction 2 SLBs is seen in Figure 102. This sample 

(Figure 102 b) is compared with non-sonicated and extruded preparations samples (Figure 102 a / 

Supplementary Figure 45). The main difference between these data is the apparent qualitative 

weakening of SLB by sonication and extrusion. This is reflected in, admittedly difficult to quantify, 

disruption of the bilayer under manually applied imaging forces. Without Z feedback it is challenging 

to statistically test this difference, but through sample imaging experience, this appears to be the case 

in a liquid environment. As a result, sonication and extrusion of Fraction 2 was not utilised in further 

experiments, as SLBs formed despite these steps. 

Fraction 2, through vesicle deposition, is generating a SLB on a solid substrate made from natural cell 

components and is relatively stable with carefully applied tip force during contact mode HS-AFM 

imaging in a liquid environment. The application of these bilayers could be effectively mimicking cell 

membrane surfaces for associated dynamic processes.  

Next, attempts were made to image EhV viral recognition and binding events of SLBs in real time in 

physiologically relevant conditions. To achieve this, 0.2 µm filtered EhV-99B1 viral lysate was flowed 

into the liquid imaging environment during HS-AFM data collection. 

 

 

 

a. b. 
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Figure 103: a. Assigned ‘likelihood’ histogram and b. Relationship between likelihood 

assignment and viral presence time for suspected EhV-99B1 / E. hux derived SLB binding 

interactions 

Figure 103 shows summary graphs of the collected data. In total, there were 27 examples of suspected 

viral binding. These data were isolated, processed and assigned a likelihood score from 0 – 5 (0 being 

non-virus, and 5 being confirmation of viral presence). The likelihood scored is a qualitative measure 

of the confidence with which I can say the data sequence in question is of EhV-99B1 / SLB binding 

interaction. These interactions ranged from 1 to 25 frames of potential viral presence.  

2

11

8
6

0
0

5

10

15

1 2 3 4 5
Fr

eq
u

en
cy

Likelyhood Bin

SLB Viral Likelihood Histogram

R² = 0.4102

0

2

4

6

8

10

12

14

16

18

20

0 1 2 3 4 5

V
ir

al
 P

re
se

n
ce

 T
im

e 
(s

)

Likelihood

SLB Viral Adhesion

a. 

b. 



143 

 

 

Figure 104: Example of suspected EhV-99B1 / E. hux derived SLB binding interaction 

visualised by HS-AFM in liquid (Scale bar 500 nm, Data captured at 2 fps) 

Figure 104 shows an area of dialysed fraction 2 SLB three frames apart post-viral flow. The first 

example frame (Figure 104 a) highlights a ~ 20 nm high ~ 300 nm diameter measuring, roughly surfaced 

hemisphere that is not seen in control bilayer samples. This feature is strongly believed to be introduced 

EhV-99B1 virus. When comparing to expected dimensions as explored in ‘Chapter 5: HS-AFM 

Assessment of EhV Structure’, these proportions are in line with measured liquid environment sample 

data; especially when this produced data has been anecdotally noted as applying little manually 

determined, Z axis, cantilever imaging tip force on the virus. Indeed, to maintain SLB integrity of these 

natural component bilayers, operator applied minimal tip interaction force is instrumental to produce 

reliable imaging data. The basic idea is to gently interact with the maximal protruding surface of the 

virus with the HS-AFM imaging tip, in an aqueous environment. This can produce poor background 

quality and a potential for misrepresented relative height feature to background measurements but leads 

to the highest percentage chance of capturing dynamic, random viral adhesion events. The second frame 

(Figure 104 b) highlights the same area on the SLB membrane where the potential virus was thought to 

be present. In this image there is a clear ~ 5 nm depth ‘hole’ in the SLB that, relative to surrounding 

SLB features and by shape, matches the two dimensional ‘silhouette’ of the virus seen in the first frame. 

With this rapidly collected data, this is potential evidence of contact mode HS-AFM capturing a 

transient binding of EhV virus to E. hux derived SLBs in aqueous environment.  

Below are further examples of suspected EhV binding events. 

 

Figure 105: Example of suspected EhV-99B1 / E. hux derived SLB binding interaction 

visualised by HS-AFM in liquid (Scale bar 300 nm, Data captured at 2 fps) 

Figure 105 a to b and b to c are one and five frames apart respectively. Highlighted is a flattened 

hemisphere roughly 300 nm in diameter. The background in these are particularly ‘streaky’ highlighting 

the surface non-contact artefacts as explained in ‘2.7 HS-AFM Data Artefacts’ caused by purposeful 

a. b. 

a. b. c. 
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minimally applied imaging force. The ‘virus’ is first captured at the edge of frame. This is often the 

case, with the edges and corners of frame experiencing lower imaging force than centre frame and 

potentially having partial percentage of the virus with no applied tip force. To explain this further, the 

flexure piezo actuated sample stage drive signals are sinusoidal. This means that the edges and corners 

of each frame have much lower tip velocities and therefore the lateral forces (the tip pushing the surface 

features sideways) will be lower. However, at the same time, one might expect to see greater 

compression from vertical forces because the tip is dwelling in each pixel for longer. I expect more 

disruption of a protruding feature in the centre of the imaging frame resulting in a higher proportion of 

viral adhesion to the edges and in corners of the frame than in the middle. I suspect the Figure 105 

example to differ from Figure 104 as there is no easily recognisable defect in the bilayer once the virus 

has been removed. I hypothesise that in Figure 104 there was a fairly strong binding event, with the 

force of virus binding to bilayer being higher than the intrinsic forces maintaining the integrity of the 

bilayer and / or forces adhering SLB to the mica surface. Furthermore, one interpretation is that the 

binding event was disrupted by imaging forces causing the virus to be knocked into solution, along with 

the lipids and proteins the virus had bound to leaving a virus shaped defect in the bilayer. In Figure 105 

I suspect that there was a minimal or negligible binding force meaning that disruption of the potential 

binding event by imaging forces, but did not disrupt the structure and stability of the SLB the virus 

might have been adhered to. 

Seen in Figure 106 is a further example of a suspected attempted adhesion event. Here the data shows 

15 frames of data from 15 seconds of HS-AFM data acquisition. The possible virus is present in some 

form for 13 (87 %, ~ 13 s) of those frames. The background has the similar ‘streaky’ effect as mentioned 

above and the virus structure is very poor quality with minimally applied force. With no obvious SLB 

hole to support the hypothesis of relatively strong binding, to the intrinsic SLB forces, it appears this 

longer data sequence of suspected binding is disrupted by tip action whilst attempting to maintain the 

virus in frame and improve data quality. 
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Figure 106: Example of suspected EhV-99B1 / E. hux derived SLB binding interaction 

visualised by HS-AFM in liquid (Scale bar 500 nm, 1s between frames, Data captured at 2 fps) 
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Although I suspect, albeit transient and potentially non-specific, viral binding to E. hux derived SLB 

has been imaged using contact mode HS-AFM in a liquid environment, it is clear to me there are 

probable issues with this experiment in its currently presented form.   

Firstly, there is no confirmation of SLB orientation. By the nature of the lipid / protein extraction method 

from starting cells and vesicle deposition method mixing, I do not know whether the targeted membrane 

area is in the correct planar rotation for viral adhesion. On a similar note it is known that this method 

may leave some areas the ‘correct’ way up and other areas in the incorrect orientation when compared 

with a natural cell membrane103. 

There is also a question whether the correct, yet unknown, proteins and lipids are present for viral 

recognition and adhesion of these reconstituted SLBs. According to the literature, the detergent resistant 

areas of the membrane I have targeted in this extraction are thought to be involved with viral adhesion, 

entry and maybe exit in E. hux. There is only evidence providing partial proof of this being the case in 

these experiments9. If viral adhesion had been consistently successful during the experiments presented 

in this section, then potentially more information could have been extracted. Future work could attempt 

to determine whether virus binding to a particular membrane fraction location and or / motifs and 

determining which proteins / lipids are present in this fraction. 

There is uncertainty in the method that EhV binds to and enters the cell. Literature suggests the entire 

virus including the capsid and outer lipid membrane enters the cell9. It is likely that there are surface 

receptors that trigger some form of threshold dependant cascade for binding and internalisation that 

may just not be possible in this setup. The membrane proteins could be in an incorrect orientation, may 

not be present or they may not have enough space for the proteins to change confirmation and / or carry 

out their function. This is because the SLB is ‘connected’ to the mica surface via a small hydration layer 

in which correctly orientated transmembrane proteins are expected to function. There simply could be 

too much physical or steric hindrance for this to occur in the space between the mica and essentially 

free floating SLB. Indeed, should a virus attempt to puncture through the membrane in an infection 

even on these artificial cell membranes, there is nowhere for the virus to go which would also inhibit 

virus from crossing the SLB. 

It is difficult to prove whether the virus recognises these SLBs for binding processes when compared 

to a natural cell membrane. I have presented some examples of possible adhesion, but none of these led 

to absolute confirmation of successful binding events. The data showing probable virus potentially 

removing a section of SLB during disruption is the best evidence of a stronger binding event. With 

complete coverage of the mica with SLB, I would suspect that there is a huge surface area for viral 

interactions to occur. This could work in two opposing ways; binding events could be more frequent 

and therefore easier to capture. Alternatively, the random nature of interactions could mean that even 

with the real time data acquisition of contact mode HS-AFM, long imaging sessions would be required 
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to successfully capture successful adhesion events. An alternative approach would be to attach a virus 

to an AFM cantilever then use force spectroscopy to measure interaction forces between the SLB and 

virus115. This, however, would not be a natural interaction and wouldn’t give topographical data of the 

event. With enough measurements, this interaction force could quantitatively describe and categorise 

successful adhesion events. Single particle fluorescence microscopy could also be used to visualise dye 

labelled viruses to SLBs200. However, this does not confirm binding events, only that virus has entered 

the range detectible by the light field. An increase in time spent in this range could indicate adhesion. 

Interestingly, residence time of virus measured by Weninger et. al. was estimated at around 0.25 s, 

suggesting that the binding events seen by HS-AFM of EhV to E. hux derived SLBs are greater than or 

equal to those seen in the literature using a different technique.   

The adhesion force is critical and is not measured using our contact mode system. Viral binding is 

reversible117. This is shown in both other viruses and EhV, that a binding event does not necessarily 

lead to an infection event. Viruses can ‘bind’, unbind and attach in another location. This is probably 

determined by some threshold event that pushes the virus and host to the next stage of the infection 

process.  During contact mode HS-AFM imaging, it is hoped that the adhesion force of the virus binding 

to the SLB is larger than the force of the tip action, and that the presence of the tip does not affect 

binding events. It is unlikely that a virus will bind during constant surface imaging as I do not expect 

there to be unhindered space with the speed the tip is moving at in the data collection window. A useful 

approach for study of soft, fragile surfaces scanning for random events to occur is to periodically raise 

and lower the imaging tip in and out of contact with the surface. With the tip not in contact, these 

random occurrences have a higher chance to proceed naturally with the return to contact collecting data 

of the event with minimal disruption. Even with leaving surface contact at regular intervals to give the 

virus a chance, spatially, to recognise and bind strongly, there is no guarantee of successful events. 

Including the potential for differential between intrinsic SLB force versus viral binding force, does the 

membrane hold up to the rigours of contact mode HS-AFM imaging with a large virus bound by 

potentially quite a small surface area?  

SLB studies in an aqueous environment using such high-speed contact mode AFMs are rare. With the 

successes presented here, others directly interested in live cell membrane derived SLB, viral, protein, 

antimicrobial and drug interactions could use this methodology as the foundations for further study. 

7.3 Live Cell Virus Binding 

7.3.1 Introduction / Preparation / Results / Discussion 

One way of increasing the strength of membrane for the virus to attach to compared to artificially 

generated SLBs made with real membrane components, is to use intact, live cell membranes. 

Considering the encouraging data produced by SLB experiments and live cell imaging success, this was 
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the next experiment attempted. Live cell infection observation in real time has always been one of the 

major goals of this project. Here I present data showing probable viral adhesion events.  

E. hux CCMP 374 cells were prepared in bespoke Nanoscribe cell arrays as described in ‘Chapter 6: 

HS-AFM Assessment of Algal Cell Membranes’. Suitable cells were located using optical and 

fluorescence microscopy and transferred to HS-AFM for imaging in liquid. 0.2 µm filtered EhV-99B1 

lysate was introduced into the aqueous environment and data was collected during and post viral flow. 

An immediate issue was encountered with this method. Lysate flow produced near instant obscured 

optical microscope imagery used for tip positioning upon introduction to imaging environment Figure 

107. This meant that if contact was briefly lost with monitored algal membrane and positioning was 

lost, it was extremely time consuming, if not impossible to relocate the cell surface having to rely on 

array edge orientation and well coordinate counting by HS-AFM at high scan voltages. This was not an 

issue during SLB imaging as optical cues were not used for location of samples due to the complete 

covereage of the mica surface by SLB. However, positively, live cells isolated in arrays reduces the 

monitored surface area requirement for possible binding events. 

 

Figure 107: HS-AFM in line Optical Microscope images a. pre and b. post viral lysate 

introduction to imaging environment (Scale bars 200 µm) 

As well as a decrease in optical image quality, there is an apparent decrease in cell membrane HS-AFM 

data quality too. Although the below example pre-viral flow Figure 108 a is of average quality when 

compared to the best cell membrane examples as seen in ‘Chapter 6: HS-AFM Assessment of Algal 

Cell Membranes’, there is a very obvious degradation in image quality of the same membrane area in 

Figure 108 b. It has been shown that under stable conditions cells can be imaged for long periods of 

time with little reduction in data quality; however, these examples occur extremely quickly after filtered 

viral lysate being introduced to the imaging environment.  

I do not suspect this is due to the imaging mechanics themselves, but instead due to the introduction of 

the virus. I hypothesise this to be a result of the lysate not only containing virus, but also remaining cell 

debris (note the green colouration in optical image Figure 107 b) from lysed E. hux CCMP 374 cells 

a. b. 
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contaminating the sample surface and imaging tip. The preparation filter (0.2 µm) cannot be reduced in 

average pore size without significantly reducing the viral concentration, so alternative methods to purify 

the virus were made. Namely, caesium chloride ultracentrifugation concentration gradient followed by 

band isolation and dialysis201. 

 

Figure 108: Corresponding cell membrane data a. pre and b. post viral lysate introduction to 

imaging environment visualised by HS-AFM in liquid (Scale bar 500 nm, Data captured at 2 

fps) corresponding to examples seen in Figure 107 

0.2 µm filtered and concentrated (Amicon Ultra 100 KDa MWCO centrifuge Spin Tubes, MERCK or 

TFF system with 100 KDa MWCO cassette) EhV-99B1 lysate was loaded into a 1.1 g cm-1 – 1.4 g cm-

3 continuous Caesium Chloride gradient and centrifuged (Ultra-Clear 14 x 89 mm, Beckman) for 2 

hours at 25000 RPM at 20 °C with a slow deceleration speed. The generated viral band was isolted by 

direct syringe extraction through the wall of the centrifuge tube (Supplementary Figure 46). This 

collected virus was then dialysed against imaging buffer with a 3.5 KDa MWCO dialysis membrane. 

This ‘cleaner’ virus preparation did not cause the optical impairment or reduction in HS-AFM 

membrane data and was used for all further algal – virus interaction experiments. 

 

 

 

a. b. 
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Figure 109: a. Assigned ‘likelihood’ histogram and b. Relationship between likelihood 

assignment and viral presence time for suspected EhV-99B1 / E. hux binding interactions 

 

Figure 109 shows summary graphs of the collected data. In total, there were 105 examples of suspected 

viral binding. These data were isolated, processed and assigned a likelihood score from 0 – 5 (0 being 

non-virus, and 5 being confirmation of viral presence). The likelihood scored is a qualitative measure 

of the confidence with which I can say the data sequence in question is of EhV-99B1 / E. hux binding 

interaction. These interactions ranged from 1 to 29 frames of potential viral presence.  

When live cell binding events were compared with SLB binding events, there was no statistically 

significant difference between average likelihood assignment (Two tailed T test assuming unequal 

variances p = 0.649). This suggests I identified the presence of virus statistically similarly on both SLB 

and live cell membranes by HS-AFM in the identified and processed examples. There was, however, a 

statistical difference between average viral presence time (Two tailed T test assuming unequal variances 

p = 0.020) with live cell being higher (8.1 s) than SLB (5.4 s) average. From this it could be concluded 

that live cell interactions are more robust, being imaged for longer times on average than those 
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interactions with SLB. This would support the reasoning behind moving to live cell membranes from 

SLB experiments for adhesion studies. Another explanation could be that the interactions are of similar 

strength, but the flexibility of the live cell membrane versus the solid substrate mica overlaid SLB has 

more plasticity when interacting with the imaging cantilever tip allowing for more deformation of the 

virus intractable surface during scanning and data collection leading to longer viral presence times. 

The average likelihood measurement assigned to live cell membrane events is overall higher when 

compared to SLB, but not significant. This could suggest my measurement of likelihood is inaccurate 

if live cell membrane interactions are indeed more robust. Considering simple linear regression of 

likelihood versus viral presence time does not strongly correlate (R2 = 0.41 and 0.33 for SLB and live 

membrane respectively), this suggests my observational, qualitative recognition of virus is not 

statistically attributable to stronger adhesion events. It might be suggested that the differing numbers of 

likelihood examples as seen in the likelihood histogram could be responsible for this poor correlation. 

However, analysis of variance of viral presence time between likelihood bins is not significant with a p 

value of 0.526 (N = 27) and 0.325 (N = 105) for SLB and live cell respectively; suggesting these 

differing example numbers is not the case. Indeed, considering the variable, manually applied force 

during the data acquisition of processed imaging sequences, dimensional pattern recognition of virus 

data quality does not seem to predict binding event success. High likelihood does however help to 

identify the best data for presentation. An arbitrary, simple multiplicative factor assignment to 

sequences (Likelihood × Viral Presence time) although expected to focus on the best examples of viral 

binding events to either SLB or live cells, would not highlight the best quality data for visual 

presentation of HS-AFM data. This makes the likelihood assignment important for further visual data 

presentation. Selected examples of the highest allocated likelihood data sequences are shown below. 
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Figure 110: Example of suspected EhV-99B1 / E. hux binding interaction centre frame 

visualised by HS-AFM in liquid (Scale bar 300 nm, 1 s between frames, Data captured at 2 fps) 
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Figure 111: Example of suspected EhV-99B1 / E. hux binding interaction edge of frame 

visualised by HS-AFM in liquid (Scale bar 500 nm, 1 s between frames, Data captured at 2 fps) 

Figure 110 shows an example of a likelihood 4.5 assigned data sequence consisting of 22 data frames 

with the suspected virus adhering to the cell membrane towards the centre of the imaging frame. This 
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is a fairly rare example as similarly with the SLB data, it is more likely for the probable virus to appear 

at the edges or corner of frames as seen in Figure 111 (Another 4.5 assigned likelihood processed image 

sequence, 20 data frames). 

The ‘virus’ appears as a maximal ~ 10 nm height, 200 – 400 nm width hemispheres in both examples 

(Figure 110 and Figure 111). This height value is low, and width value at its maximum is high when 

compared to the hypothetical viral diameter. However, these measurements are in line with sizes and 

explanations discussed and presented in chapter 3 and in the SLB binding examples. The afore 

mentioned deformability of the background surface and of the viral structure itself under imaging 

conditions is likely having a huge effect on these dimensional measurements. To reiterate, these strongly 

suspected viral structures are not present in control cell membrane surface examples. Ignoring specific 

height values and taking into account their diameters and motility in comparison to cell membrane these 

are, in my opinion, highly likely to be virus. 

In all examples, it would appear that viral binding to cell membrane may occur, however there is no 

evidence of transmembrane travel. Speculatively, the last frame of Figure 110 has a relatively low area 

compared to the overall height of the membrane located at the last known viral position a frame earlier; 

this could be minor evidence of a perturbed membrane. Many similar long lasting, central frame 

adhesion event examples would have to be examined for this theory to be taken any further. It is most 

likely that the disappearance of virus is due to the structure being spatially lost from the data collection 

frame by small sample movements. Attempted improvement and optimisation of image quality with 

manual adjustments in the Z axis and therefore applied force could also result in virus being lost from 

cell surface. In attempting to provide physical space for viral adhesion to occur, intermittent contact 

with the cell surface was made during and post viral flow into the imaging environment. Although this 

should provide a higher chance of successfully capturing a viral adhesion event with HS-AFM imaging, 

this technique also increases the variability in imaging force without Z feedback resulting in background 

and viral resolution issues and relative height measurement issues, and increasing imaging artefacts 

such as streaking (explained in ‘2.7 HS-AFM Data Artefacts’) similarly to SLB data. This inconsistency 

in applied force could also increase inaccuracy of dimensional measurements. 

There were a few examples of viral dimensions appearing closer to expected theoretical values in select 

data sequences. A short 5 frame sequence exhibiting this (Figure 112) is explored below. 
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Suspected EhV-99B1 / E. hux binding interaction 

 

Figure 112: Example of suspected EhV-99B1 / E. hux binding interaction edge of frame 

visualised by HS-AFM in liquid (Data captured at 2 fps). For each frame top to bottom rows: 

Processed frame (scale bar 500 nm), Reduced z axis scale to highlight virus (scale bar 500 nm), 

Profile (scale bar 500 nm), Extracted profile marked in row 3 and Viral zoom (Scale bar 100 

nm) 

Here, part of the virus is briefly imaged in the top right hand corner of the data collection frame window 

for 3 frames. Two of these frames exhibit what would be expected from a partial data collection of an 

icosahedral shaped viral capsid with correct dimensions in height and extrapolated width (Figure 113). 

This example only truly exists for two frames and around 2 seconds of time (Figure 113 a and Figure 

113 c). It is likely the virus is very quickly dislodged by the cantilever leaving doubt about the binding 

strength in this example. When compared to previous examples, this data series is one of 5 examples 

that exhibit high quality dimensional resolution, but particularly poor framing and time lengths. Indeed, 

the other examples have further reduced percentage potential viral surface area in frame for similar or 

lower time lengths.  
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Figure 113: a. Enlarged marked profile (Figure 112, Row 3 Column 3) b. Profile extracted from 

Figure 113 a (Figure 112, Row 4 Column 3) c. Enlarged marked profile (Figure 112, Row 3 

Column 4) d. Profile extracted from Figure 113 c (Figure 112, Row 4 Column 4) 

Attempts were made to try and capture high spatial resolution example seen in Figure 114 with higher 

temporal resolution. Data was collected at 10 fps resulting in 11 frames of data with the virus present 

for under 2 seconds. This higher framerate has viral presence for similar lengths of time to the above-

mentioned examples. The higher temporal resolution shows that the percentage of ‘virus’ visible rapidly 

moves out of frame either through tip disruption pushing out the virus by dwelling in the area for longer, 

or movement of data collection window. 

 

 

 

 

a. b. 

c. d. 
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Figure 114: Example of suspected EhV-99B1 / E. hux binding interaction edge of frame 

visualised by HS-AFM in liquid (Scale bar 200 nm, 0.2 s between frames, Data captured at 10 

fps) 

It seems that using the current methods, having both high quality spatial resolution of the virus and the 

background membrane with the virus centre frame has extremely low capture percentage by contact 

mode HS-AFM. It seems one or more of these factors have to be sacrificed in the examples collected 

during this experimental series.  

7.4 Conclusions 

In brief summary, I suspect that binding of the coccolithovirus EhV-99B1 to live E. hux cell membranes 

has been captured with contact mode HS-AFM in a physiologically relevant aqueous environment. 

However, there is no strong evidence to support viral transport across the cell membrane; whilst 

adhesion has been imaged, there is currently little to be said for specificity of viral binding using this 

collected data. 

Transmembrane transport could potentially be easier to image with HS-AFM during viral release. The 

overriding difficulty with imaging viral infection with this method seems to be disruption of rare viral 

binding events with the imaging cantilever. Without the preparation methods developed and the extreme 
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speed and therefore real time AFM imaging of sample surfaces, it would be extremely difficult and time 

consuming to collect data presented in this thesis. In theory, viral release might not be as influenced by 

the fast scanning of the imaging tip. Specifically, EhV has both a budding and lysis phase of viral 

release. Using high temporal resolution sampling and flow cytometry of viral populations in infected 

cultures, the time point for initial viral release could be narrowed down. Using this time point, infected 

cells could be loaded into bespoke cell arrays and imaged with HS-AFM to viral release data collected. 

It is even possible that the physical restriction imposed on infected cells might force viral release from 

the imageable face of the spherical cell. Conversely, viruses might try and fail to release from the cell 

into unimageable locations within the depth of the array wells. 

The data generated in this chapter holds promise for future experiments using this technology platform. 

Iterative improvement and differing hypothesis could quickly be tested resulting in further biological 

questions being answered. HS-AFM differs to other techniques such as forms of electron microscopy 

or fluorescence microscopy by being the only label-less method that can directly collect data with the 

required spatial and temporal resolution under physiologically or environmentally relevant conditions 

of these dynamic events. 

The main results of this chapter are: 

• It is possible to generate supported lipid bilayers using targeted cell membrane lipids isolated 

from E. hux cells. 

• The data suggests EhV binding to both SLB generated from E. hux cell components and live E. 

hux cells has been imaged by contact mode HS-AFM. 

• The level of success of these experiments has been discussed, suggesting strengths and 

weaknesses for the contact mode HS-AFM technique in visualising E. hux infection with EhV.  
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Chapter 8: HS-AFM Imaging of Nucleic Acids 

8.1 Introduction 

AFM as a technique has been successfully employed for the imaging of both DNA202 and RNA131. 

Contact mode HS-AFM has been effective in imaging large areas of DNA sample to high resolution6. 

With this in mind, presented here is contact mode HS-AFM analysis of genomic material with a focus 

on long strand fragments of double stranded DNA. The thinking behind this was to create a workflow 

and framework for the potential imaging of complete or near complete viral genomes. The data shown 

below is a validation of contact mode HS-AFM imaging of genomic fragments through model DNA 

samples.  

Sample 

Scale 

Properties Shape X / Y 

Axis 

Z 

Axis 

8.2 DNA  <5 nm Biological Filamentous 

8.3 Disrupted EhV 

Capsid 
~ 200 nm ~ 50 nm Inert Biological Disrupted Icosahedral 

Table 13: ‘Chapter 8: HS-AFM Imaging of Nucleic Acids’ Samples Overview 

8.2 DNA 

8.2.1 Introduction / Preparation / Results / Discussion 

An early test of the HS-AFM’s capabilities was the attempted imaging of EhV microarrays. In theory 

these microarrays should have short single stranded DNA sequences that normally act as probes for 

specific viral genes. These probe elements are deposited and immobilised onto amino silane treated 

glass slides203. This immobilisation was thought to provide an available preparation of genomic material 

using existing materials and components. EhV microarrays were attached to SEM stubs using an 

adhesive carbon tab. The imaging area was covered with a droplet and imaged in a liquid environment 

(0.1 M Phosphate buffer) by HS-AFM.  
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Figure 115: EhV microarray visualised by HS-AFM in liquid (Scale bar 1 µm, Data captured at 

2 fps) 

Figure 115 shows an example frame of microarray data collected in liquid. The single stranded DNA 

appears as motile, blurry strands. This is probably what is expected of DNA annealed at a single end to 

the glass slide surface. The action of the cantilever in a liquid environment would surely disrupt the 

untethered parts of the DNA creating blurred structures even with high temporal resolution of 2 fps. 

This data displays that contact mode HS-AFM is capable of imaging samples with scales of ~ 2 - 4 nm 

height and a very roughly estimated (due to intraframe collection movement of sample increasing 

measurement) ~ 50 – 100 nm in width. As it is very hard to determine detail, it is unclear of the lengths 

of fragments. It can be imagined that due to the polar nature of the immobilisation of these flexible 

strands, this would appear to translate into decreasing height gradient from tethered to loose end. The 

tethered end would move minimally under the action of the cantilever giving more accurate, replicably 

precise height measurements. Conversely, the loose end would be free floating in the liquid solution 

and simply be forced away from the imaging tip under data collection conditions resulting in variable 

minimal to no measured height. It is clear that although the spatial resolution for DNA is present, 

immobilisation along the length of the fragment (as is the case with all AFM sample preparations) is 

key for quality data acquisition. 

A method has previously been shown to be successful in DNA imaging by a sister contact mode HS-

AFM instrument. Methods were adapted from 6 and applied to our hardware setup. 

DNA samples were diluted in deposition buffer (10 mM TRIS, 10 mM MgCl2, pH 7.6, stored at -20 °C, 

heated to 80 °C for one hour and cooled to ambient temperature prior to dilution). 1 µL of this diluted 

sample was deposited onto freshly cleaved mica and incubated at room temperature for 1.5 minutes. 

The sample was then washed with 3 × 200 µL of MilliQ water and incubated at 120 °C for 20 minutes. 

The sample was then cooled to 40 °C and imaged with HS-AFM in an air environment. 
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Initially a small fragment DNA ladder from a DNA 1000 Kit (Agilent Technologies) was tested. This 

contained shorter DNA fragments from 25 – 1000 bp in length. Different dilutions of this sample were 

mixed in deposition buffer and imaged with the results shown below.  

 

Figure 116: Example of 1 in 10 dilution 25 - 1000 bp DNA ladder visualised by HS-AFM in air 

(Scale bar 300 nm, Data captured at 2 fps) 
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25 - 1000 bp DNA ladder visualised by HS-AFM in air 

 

 

 

Figure 117: Examples of 1 in 250 dilution 25 - 1000 bp DNA ladder visualised by HS-AFM in air 

(Data captured at 2 fps) a. Whole frame HS-AFM data with highlighted area seen in Figure 117 

b / c (Scale bar 300 nm) b. DNA zoom (3D render) c. (Scale bar 100 nm) (Inset) DNA zoom HS-

AFM data d. Example transect DNA profiles (Scale bar 100 nm) e. Profiles marked in Figure 

117 j 

It is clear that a concentrated 1 in 10 dilution demonstrated that the preparation method generated easily 

imageable samples and high-quality data that can be collected extremely quickly with large scale raster 

scans collected at high framerates. However, the overlap between fragments is too large for any further 

a. 

b. c. 

d. e. 
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measurements to be taken (Figure 116). Further dilutions using identical preparation methods resulted 

in a far more manageable concentration spread of ladder fragments resulting in further processable 

individual DNA strands (Figure 117 / Supplementary Figure 47).  

Using large area raster scans, many suitable sample examples can be easily found after a relatively 

straight forward data collection. This is especially apparent when compared to, for example, imaging 

of live cells. During live cell analysis, very specific, comparatively difficult to locate samples have to 

be carefully aligned with the imaging cantilever followed by delicate manual adjustment of imaging 

forces to generate high quality data. With a solid mica substrate and well adhered DNA ladder 

fragments, automatic raster scanning can be used with manual intervention occasionally required to 

remain in optimal contact with the sample surface in case of a slight background angle.  

DNA ladder fragments are measured as ~ 1.5 nm height, ~ 30 - 40 nm width strands of varying lengths. 

Measured heights are smaller than in the microarray example, however, the complete strand 

immobilization to a flat background environment and potential differences in tip interaction with the 

genomic material in an air versus liquid environment most likely account for this difference. 

Determined widths are exaggerated, probably due to adherence of the structures to solid substrates and 

are often the case with general AFM data when compared to potential expected DNA strand width (~ 2 

nm). This width is still lower than the microarray example, lending weight to the hypothesis that the 

strands in the array example are definitely motile under imaging. The manually measured lengths of 

presented molecules are ~ 234.7 nm (Supplementary Figure 47 a / b / c), 208.7 nm (Supplementary 

Figure 47 d / e / f), 70 nm (Figure 117 a), 359.5 nm, 213.7 nm and 79.3 nm (Figure 117 b / c). With a 

rough ratio of 3 bp nm-1 this produces estimated fragment lengths of 704, 626, 210, 1097, 641.1 and 

234 bp respectively. The dimensions, accounting for error in the operator measurement of these 

fragments, is comparable to the expected DNA strand lengths of 25 - 1000 bp in this sample. 
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Figure 118: Example of 1 in 250 dilution 25 - 1000 bp DNA ladder visualised by HS-AFM in 

liquid (Data captured at 2 fps) a. Whole frame HS-AFM data with highlighted area seen in 

Figure 118 b / c (Scale bar 300 nm) b. DNA zoom (3D render) c. (Inset) DNA zoom HS-AFM 

data (Scale bar 40 nm) 

An identical method was attempted followed by imaging in an aqueous environment (Deposition 

buffer). This generated data with apparent reduced imageable fragments on the surface of the mica. 

Indeed, the presented example is not convincing as a DNA fragment example when compared to the air 

collected HS-AFM data. However, it is sufficiently different from control examples to be considered 

low quality, potentially poorly adhered DNA image in a liquid environment. The potential DNA strand 

presented in Figure 118 has a height of ~ 0.6 - 0.8 nm, width ~ 20 - 40 nm and a manually measured 

length of ~ 180.3 nm (~ 541 bp). The height is a little low and could be explained by imaging in an 

aqueous environment, but the dimensions are comparable to expected measurements, and those seen in 

air environment. It is likely that a modification of the preparation protocol would have to be optimised 

for contact mode HS-AFM in a liquid environment. For the work presented in this thesis, this was not 

taken any further, with focus placed on increasing the size of DNA strands being imaged in an air 

environment instead.  

Larger fragments of genomic material are generally not examined with AFM, however they could be 

important for determining information regarding the structural organisation of for example EhV’s 

a. 

b. c. 
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relatively large double stranded DNA genome. Considering the image seen below in Figure 121 of a 

disrupted EhV capsid releasing its genomic material, other examples of such studies133, and published 

results of smaller RNA based viral genomes204; attempts were made to utilise the extraordinary speed 

of contact mode HS-AFM data collection to investigate larger DNA fragments.  

DNA Pulse Marker™ (Sigma-Aldrich) containing DNA fragments from 50 - 1000 Kbp were diluted 

into deposition buffer to 5 ng µL-1 based on dilutions established with DNA ladder experiments. The 

same preparation method was used as described for smaller DNA fragments and samples were imaged 

in air with HS-AFM.  

 

Figure 119: a. / b. / c. Example of 5 ng µL-1 dilution 50 - 1000 Kbp DNA ladder individual 

frames visualised by HS-AFM in air (Scale bar 300 nm, Data captured at 2 fps) 

Individual frames show the variance in DNA fragment length, with some samples appearing similarly 

to the DNA ladder fragments (Figure 119 a), but others as continuous strands (Figure 119 b) or lengthy 

knotted webs (Figure 119 c). Using the rapid raster scanning capability of the HS-AFM, large areas can 

be imaged and automatically stitched together (Figure 120). This is particularly useful for these longer 

DNA fragments, being able to successfully reform the larger image, capturing the structures in their 

entirety. Without this, only much smaller fragments would be manageable both in time and scale and 

this could potentially miss the overall structural organisation of these larger strands. 

It is near impossible to measure the entirety of the length of the DNA fragment presented in this 

example. There is not enough linearity or distinction between potential multiple strands. However, other 

dimensions can be collected. Assumedly double strands of DNA are measured as ~ 1 nm in height with 

widths of ~ 40 nm. Again, these measurements are consistent with previously presented dimensions. 

There should be no proteins in these Pulse Field Markers and the strands are non-motile, therefore, the 

noticeable, large sized high points (~ 3 - 5 nm height, ~ 50 – 125 nm diameter) seen consistently along 

the length of the DNA strands can be interpreted as knots and / or overlaps of the strands.  

 

a. b. c. 
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Figure 120: Example of 5 ng µL-1 dilution 50 - 1000 KB DNA ladder raster scan stitch visualised 

by HS-AFM in air (Data captured at 2 fps) a. 3D render and b. (Inset) HS-AFM data (Scale bar 

500 nm) 

8.3 Disrupted EhV Capsid 

It was found that as well as partial degradation of EhV viruses as seen in Figure 61 during HS-AFM 

imaging in air, capsids could be caused to crack open and spill their internal components. An example 

of this is seen in Figure 121 / Supplementary Figure 48. This manipulation was purposefully achieved 

by an increased application of pressure to the virus utilising the interaction force of the contact mode 

imaging tip. Shown in this HS-AFM image is a disrupted EhV-86 virion spilling its genomic content 

(dsDNA) and potential associated proteins onto the mica surface. 

a. b. 
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Figure 121: EhV-86 post imaging tip produced disruption releasing genomic material visualised 

by HS-AFM in air (Data captured at 2 fps) a. 3D render and b. (Inset) HS-AFM data (Scale bar 

400nm) 

 

 

 

a. 

b. 
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Figure 122: EhV-86 post imaging tip produced disruption releasing genomic material visualised 

by HS-AFM in air (Colour bar limited to 10 nm maxima, Data captured at 2 fps) a. 

Longitudinal genomic material transect (Scale bar 400 nm), extracted transects are seen in 

Figure 122 b. c. Genomic features transects (Scale bar 400 nm), extracted transects are seen in 

Figure 122 d. 

By reducing the colour bar range to 10 nm, detail of the broken capsid is lost, but it is easier to visualise 

the suspected genomic content covering the mica (Supplementary Figure 49). Measurements were made 

of the suspected dsDNA providing a longitudinal profile (Figure 122 a) with perpendicular heights and 

width measurements of ~ 1.5 - 4 nm and ~ 40 nm respectively. These measurements are directly 

comparable to the measured model DNA strands under ideal conditions. The longitudinal profile has a 

periodicity of ~ 35 nm with height changes ≤ 1 nm (Figure 122 b). This periodicity is far too large to 

be attributed to intrinsic DNA structure such as major and minor grooves205. This profile and measured 

heights (Transect not shown) are perhaps not surprising considering this is a natural viral DNA sample 

with potential associated proteins, disorganised DNA orientation or contaminants. Alternatively, as the 

EhV genome is expected to be circular, visualised strands that end linearly could have differing 

explanations. It is possible that the increased measured DNA height might reflect the strand 

organisation. Theoretically, these linear strands could be fragmented genomic material, perhaps 

generated during the disruption of the viral capsid and release of its contents. However, I do not expect 

this spillage to be likely to form as many fragments as there are ‘dead end’ fragments in this example. 

What is more likely is that, maybe, due to the preparation for viral adhesion and HS-AFM imaging, 

a. b. 

c. d. 
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strands could be aggregating, twisting, folding back and adhering to themselves forming more complex 

structures than at first glance and compared to previously measured individual fragments. This could 

help explain the increased height compared to model DNA measurements.  

Three transect profiles are shown in Figure 122 d with height and width measurements of 6.5 nm and 

44 nm, 4.4 and 30 nm and 3.6 nm and 30 nm for Profile 2, Profile 1 and Profile 3 respectively. 

Speculatively, based on dimensions alone and compared to above measured model dsDNA and 

previously measured DNA bound proteins8; Profile 2 might represent a DNA bound protein or part of 

the broken capsid, Profile 1 could represent a DNA knot or DNA bound protein and Profile 3 could 

represent potentially DNA alone or DNA with a slightly higher organisation order such as a knot, twist 

or overlap. Many more examples would have to be processed and compared to characterised model 

examples using this system before further conclusions could be made about the structural organisation 

of the viral genomic material, however this experiment shows potential promise as foundation for future 

study of similar samples.  

8.4 Conclusions 

This work has validated the established foundation methodology for imaging double stranded DNA 

with contact mode HS-AFM in an air environment. The novelty of this work includes the long fragment, 

large scale scanning, facilitated by the extreme speed of our HS-AFM and stitching of large surface 

area raster scans. Through this capability, structural organisation of long strand DNA can be 

investigated further to answer scientific questions. As well as this, natural viral DNA samples have been 

examined by disruption of the capsid structure to release genomic content. Dimensional measurements 

have been made and speculative hypothesis made. Specifically, in the case of this thesis, through 

minimal processing of the EhV viral genome and using these preparation method, investigation of the 

viral genome structure could be made both in a model and natural sample form. With this as a base, 

further exploratory experiments could be attempted that will be discussed in the concluding chapter of 

this thesis. 

The main results of this chapter are: 

• Contact mode HS-AFM has been successful in imaging both short and long DNA strands, 

especially in an air environment.  

• Image stitching proved particularly important to image longer DNA strands. 

• Disruption of viral capsids led to successful contact mode HS-AFM imaging of expelled natural 

EhV dsDNA. 
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Chapter 9: Conclusions and Future Work 

The aim of this project was to exploit the capabilities offered by contact mode HS-AFM to characterise 

the interactions between coccolithoviruses and their coccolithophore hosts and their associated 

environment. Prerequisite to experiments directly investigating the microalgal-virus system brief, 

methodology and instrumentation had to be iteratively developed through a variety of sample types. 

This provided training in utilisation of the technology and helped gain knowledge and experience of 

samples with diverse properties and requirements. Furthermore, methods found in the literature could 

be tested and further improved and optimised for developing our contact mode HS-AFM system, 

processes, and workflows. 

AFM has seen limited application to various aspects of marine science due to instrumentation 

availability and required skills. HS-AFM is even rarer in this field, generally limited to nanoscience 

focused groups or institutions. Access to the BND HS-AFM purchased for the Plymouth Marine 

Laboratory Single Cell Genomics facility offered unprecedented sample investigation through 

topographical imaging data. Providing near unparalleled spatial and temporal resolution in this sphere 

of research, this facilitated study of a range of marine focussed examples. 

Initially, predicted relatively simple marine samples were chosen as initial tests of this system in 

previously uncharted territory. This procedure saw a number of samples with high variability in scale, 

property and shape investigated to differing degrees. Analysis of these samples led to a wide array of 

different data outputs and interesting scientific discussion. Indeed, many of these investigations could 

easily lead to further hypothesis testing and experimentation now the initial foundation and framework 

has been established for many distinct samples. Some examples of these could be:  

• Analysis of coccolith morphology under different environmental conditions such as simulated 

ocean acidification, and its relation to carbon capture and sequestration. 

• Microorganism phenotyping with future potential automation through pattern recognition and 

machine learning.  

• Using high throughput rapid data acquisition for statistical analysis of delicate features such as 

pilli, flagella or membrane features of prokaryotes, fungi and eukaryotes. 

• Utilising the mechanical action of the HS-AFM cantilever tip to mechanically modify samples 

such as surface cleaning on the nanoscale and to provide unique measurements including 

biofilm thickness and subsurface layer data. 

• Assaying of difficult to detect, characterise, identify and quantify particulates. 

• Nanoscale, high temporal resolution analysis of microplastic degradation and biofilm 

formation. 
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With some application, the initial high-resolution data and analysis produced by these preliminary, often 

previously unstudied sample findings shows promise for these hypothetical future experimentations. 

During these investigations, the time consuming and challenging manual stitching of multiple frames 

led to the development of automatic stitching software. This optimally processed serially raster 

collected data frames for rapid generation of large low magnification SEM sized maps with intrinsic 

extractable AFM resolution data. 

As well as the temporal and spatial resolution of HS-AFM as a technique, another advantage is the 

ability to image samples in aqueous environments with potential environmental or physiological 

relevancy. The development of the 3D printed liquid cell delivered this capability, but also 

complications. Imaging in a liquid environment provides its own set of challenges and issues in the HS-

AFM workflow. This includes differences in preparation methodology, problems with sample location 

and practical obstacles with instrumentation set up and use. However, the scientific advantages liquid 

imaging offers outweighs these complexities. This includes the ability to control the liquid environment 

during experiments allowing for introduction of new buffers and samples during the imaging process. 

Aqueous imaging is critical for analysing aquatic cells and viruses in their natural condition, making 

this development, training, and testing essential for the ultimate aims of this thesis. 

Combination of liquid imaging with large scale mapping of surfaces in short time periods due to the 

high speed of data acquisition opened doors for novel use of AFM to rapidly analyse large scale 

biological and non-biological sample surfaces. This extends the traditional size range of AFM sample 

scale capability without requiring long image collection times that might be expected from this kind of 

analysis with traditional AFMs. This was shown clearly with direct analysis and comparison with SEM 

data. This high temporal resolution can also be used to investigate dynamic events that without the high 

framerate and ability to scan and explore samples in real time looking for rare features or events. These 

uncommon and / or dynamic events were imaged in aqueous environment, paving the way for potential 

capture of viral host interactions and could be applied to future samples and processes. The data 

collected of these areas and incidents not only provide a visual insight into topography and mechanics, 

but also contains a wealth of extractable information regarding geometry and properties of large scale 

or short-lived features. Specifically, for the analysis seen in ‘Chapter 4: HS-AFM Imaging of Samples 

in a Liquid Environment’, further work could include: 

• Further analysis of greater variety and individual mermaid’s purse architecture under 

environmentally relevant conditions for structural quantification and comparison. 

• Investigation of the possible mechanical anti fouling properties through biofilm formation 

assessment under controlled and native conditions including possible biomimicry for artificial 

surfaces. 
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• Additional investigation into nanobubble geometry, formation and pinning to various surface 

type and patterns including optimisation of methods and statistical analysis of information. 

Experiments involving the specific joint imaging of both marine viruses and their algal host first 

required the investigation of this system’s individual components to characterise their structure and 

behaviour in both air and liquid environments using our contact mode HS-AFM system. Techniques 

and frameworks developed in ‘Chapter 3: HS-AFM Imaging of Samples in an Air Environment’ and 

‘Chapter 4: HS-AFM Imaging of Samples in a Liquid Environment’ enabled this. This provided 

morphological data under imaging conditions of many unique examples without the need for symmetry 

or averaging. Considering the speed and potential destructive method of imaging, surprisingly high 

levels of structural detail could be seen in viral examples, including clear icosahedral shape and 

potential capsomere protein arrangements. The ability to analyse numerous examples quickly provided 

sufficient data resolution for sample characterisation. Basic statistical analysis compared different 

preparations and modifications that provided expected geometric values for future viral identification 

in less controlled model samples. Although HS-AFM analysis of viruses does not require averaging or 

symmetry, there is a possibility that with enough high quality examples of non-enveloped viruses, able 

to be collected with the data acquisition capabilities of HS-AFM, this could lead to: 

• Detailed analysis of different virus structures utilising an averaging technique similar to cryo-

EM or cryo-ET for determination of capsid protein structure and T number.  

• The potential to build a library of topographically categorised virus structures visualised by HS-

AFM for automatic identification in mixed or more complex samples. This could lead to 

assaying in a similar way to the GNC examples for viral detection. 

With the virus characterised under our specific contact mode HS-AFM, the second part of the algae 

virus system to explore was the algal cell itself. Issues in Z height differentials of cells which are 

essentially large, fluid filled flexible, soft structures make E. hux cellular imaging particularly 

challenging imaging samples. To deal with these issues, reduction in the Z differential was imperative 

for quality cell membrane imaging.  

A possible solution for reduction of this Z differential was to somehow flatten out the membrane over 

a solid substrate for hopefully easier collection, better quality HS-AFM data. The Z axis resolution 

required for membrane detail had previously been proven through patterned graphene examples. HS-

AFM could easily distinguish between two subtly differing purified lipids formed into SLBs in an 

aqueous environment. Indeed, purification of membrane structures thought to be involved in viral 

infection reformed into SLBs formed over a mica surface. This was shown in one cell type, but could 

be applied to: 
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• SLBs formed from a variety of varying lipid bases both synthetic lipid cocktails and natural 

extractions from biological samples. 

• Experiments involving analysis of modification of these SLBs including pore forming 

proteins206 for antibacterial analysis or similar. 

• Overlaying SLBs on alternative surfaces including hydrogels207,208 or patterned potentially 

nanoscribed surfaces for more natural, unrestricted investigation including more complicated 

membrane models such as gut or plant with controlled polarity and imaging plane.  

The requirements and wish to image natural algal cells culminated in the generation of bespoke cell 

arrays that hold live cells in environmentally relevant conditions for real time nanoscale analysis of the 

cellular membrane with HS-AFM. Semi quantitative analysis of cell membranes showed promise of 

directly visualising phenotypic changes in the membrane caused by genetic modification of the lipid 

profiles. A combination of specifically designed relatively easy to produce cell arrays combined with 

this level of analysis of the cellular membrane could have many applications including: 

• How genetic modification or cancerous cells can change membrane structural functionality and 

properties209. 

• Viral adhesion and infection localisation210 and the underlying associated membrane motifs. 

• Nanoscale response to pharmacological drugs211 at high temporal resolution. 

With a workflow, methodology and characterisation of the component parts of the algal virus system, 

and the experience of all the previous samples and developments, attempts could be made towards 

visualising viral infections. Initially, virus was introduced to the imaging environment of the SLB 

formed from natural components. Successes was discussed in the chapter, and showed potential for 

future comparable studies with further optimisation of preparation and imaging conditions such as: 

• Overlaying the natural component SLB over a hydrogel or patterned surface might provide a 

better opportunity for virus to recognise, bind and pass through these semi synthetic membranes 

in a more natural manner. 

• Introduction of the virus or another component via some form of microfluidic device to the 

‘outside’ of the SLB whilst imaging the ‘inside’ could speculatively provide data during or post 

membrane transference. 

Purified virus was also introduced to live cells immobilised in cell arrays. This is the leading experiment 

relating to the overarching aim of this project. I suspect binding of EhV to E. hux has been visualised 

for the first time, however the entire infection process could not be utilising existing methodology. I 

predict that virus egress, although difficult to time and capture, may have higher probability of being 

analysed in its fullest with current advances described herein. This framework can however be applied 

to differing examples and to further extract information: 
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• Careful analysis of the membrane patterning pre and post viral presence could give some 

indication of possible modifiable motifs that could relate to viral localisation. This would 

require large quantities of high-quality membrane data and potential optimisation and / or 

automation of the current manual processing methods perhaps relying on viral characterisation 

under HS-AFM imaging on differing substrates. 

• Analysis of virus egress from live cells and the associated membrane cues relating to this 

process. 

Some elementary work was made towards imaging genomic material with contact mode HS-AFM. The 

high framerate of data acquisition allowed for imaging of flexible, partially adhered single stranded 

DNA. Although the strands were likely motile in the aqueous environment they appear as measurable 

blurry, crinkled features. This suggests that with high enough framerate, even samples not fully adhered 

could in theory be investigated. This could include: 

• Genomic material and other strand like samples including long chain lipids or other chemicals 

passing though pore like structures or present on membrane or other sample surfaces with only 

single point adhesion 

Building on established methodologies, model DNA samples were examined, determining size and 

dimensions of shorter stands with our system in an air environment and to some extent in an aqueous 

environment. The novelty of this work was in imaging and stitching longer DNA strands than previously 

seen in the literature. This was towards the goal of attempting to image whole viral genomes. Indeed, 

samples up to 1000 Kbp in length were imaged which covers EhV genomic size range. Unfortunately, 

due to disruption of studies by the Covid pandemic, isolated viral genomes could not be analysed during 

this project in isolation, however a disrupted EhV capsid provided data of natural viral genomic 

material. Analysis of this example provided some observations that could be taken forward in the future: 

• Optimisation of genomic imaging in liquid environments with contact mode HS-AFM. 

• Analysis of extracted viral genomic material for investigation of structural motifs relating 

to genomic content including modification of adsorption conditions and substrate for 

analysis of different levels of structural organisation204. 

• Combination of CRISPR – Cas9 as programmable nanoparticle8 for marking of specific 

points of genomes as reference for location of specific sections. 

• Analysis of possible changes and mechanics of viral genomic replication pre, during and 

post infection132 

Many of the presented ideas in this conclusion for future work are extremely speculative and would 

require huge amounts of optimisation and experimentation for potential results to be achieved. 
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However, what these ideas suggest is a plethora of options that could be investigated as a result of the 

frameworks and foundations generated during this project.  

These developments should be seen for their own merits. A huge amount of unique data has been 

collected utilising contact mode HS-AFM technology, on incredibly diverse samples and in a field 

generally without access to or history of such techniques. Much of this data has intrinsic value that has 

been extracted to a level considerate with the project focus of imaging associated environmental 

samples, whilst still heading towards the aim of characterising the interactions between 

coccolithoviruses and their coccolithophore hosts. Through methodology and development resulting in 

the data collection of numerous developmental samples and the system’s individual components, the 

possibility of real time visualisation of infections of live cells under physiologically relevant conditions 

seemed likely. I believe this goal was achieved to the best of current ability in the time given. Possible 

improvements could still be made for more detailed information, but this is the first example of such 

events being visualised and analysed in this manner.  

Atomic force microscopy has typically been regarded primarily as a structural tool but has showed 

recent promise as a method for dynamic observations. I have confidence that with reducing costs and 

increased availability and when applied in parallel / correlatively with other approaches; these 

techniques can be effective in the study of many systems to determine mechanisms and to collect direct 

evidence for existing theory. Hopefully, as is usually the case, once methods are established they 

become far easier to perform and more widely available, leading to a far wider range of samples and 

experiments being studied in greater detail when compared with the limited test systems being used in 

recent history and current work.  

In my opinion AFM shows potentially extreme importance as a tool for studying host, virus and the 

infection process in a dynamic way that is not applicable to other approaches, as well as many other 

possible example experiments. What is the limit of resolution when using these techniques? For EM, 

we are currently at near atomic resolution212 and for AFM it is possible to resolve molecules213,214 and 

collect data at the atomic scale215,216. In the future, who knows how far we can push our understanding 

of these important and globally relevant viral and other sample systems? One thing is for certain, the 

utilisation of this technology has a great future. 

 

 

 

 

 



176 

 

References 

1. Evans, C. T., Payton, O., Picco, L. & Allen, M. J. Algal viruses: The (atomic) shape of things to 

come. Viruses 10, (2018). 

2. Bergh, Ø., BØrsheim, K. Y., Bratbak, G. & Heldal, M. High abundance of viruses found in 

aquatic environments. Nature 340, 467–468 (1989). 

3. Breitbart, M., Thompson, L., Suttle, C. & Sullivan, M. Exploring the Vast Diversity of Marine 

Viruses. Oceanography 20, 135–139 (2007). 

4. Guidi, L. et al. Plankton networks driving carbon export in the oligotrophic ocean. Nature 532, 

465–470 (2016). 

5. Danovaro, R. et al. Marine viruses and global climate change. FEMS Microbiol. Rev. 35, 993–

1034 (2011). 

6. Mikheikin, A. et al. Atomic force microscopic detection enabling multiplexed low-cycle-

number quantitative polymerase chain reaction for biomarker assays. Anal. Chem. 86, 6180–

6183 (2014). 

7. Gimzewski, J. K. et al. High-Speed Atomic Force Microscopy Revealing Contamination in 

DNA Purification Systems. Anal. Chem. 88, 2527–2532 (2016). 

8. Mikheikin, A. et al. DNA nanomapping using CRISPR-Cas9 as a programmable nanoparticle. 

Nat. Commun. 8, 1665 (2017). 

9. Mackinder, L. C. M. et al. A unicellular algal virus, Emiliania huxleyi virus 86, exploits an 

animal-like infection strategy. J. Gen. Virol. 90, 2306–2316 (2009). 

10. Winter, A., Jordan, R. W. & Roth, P. H. Biogeography of living coccolithophores in ocean 

waters. in Coccolithophores (2006). 

11. Klaveness, D. Coccolithus huxleyi (Lohm.) kamptn ii. the flagellate cell, aberrant cell types, 

vegetative propagation and life cycles. Br. Phycol. J. 7, 309–318 (1972). 

12. Green, J. C., Course, P. A. & Tarran, G. A. The life-cycle of Emiliania huxleyi: A brief review 

and a study of relative ploidy levels analysed by flow cytometry. J. Mar. Syst. 9, 33–44 (1996). 

13. Von Dassow, P. et al. Transcriptome analysis of functional differentiation between haploid and 

diploid cells of Emiliania huxleyi, a globally significant photosynthetic calcifying cell. Genome 

Biol. 10, (2009). 

14. Poulton, A. J., Adey, T. R., Balch, W. M. & Holligan, P. M. Relating coccolithophore 

calcification rates to phytoplankton community dynamics: Regional differences and 

implications for carbon export. Deep. Res. Part II Top. Stud. Oceanogr. 54, 538–557 (2007). 

15. Paasche, E. A review of the coccolithophorid emiliania huxleyi (prymnesiophyceae), with 

particular reference to growth, coccolith formation, and calcification-photosynthesis 

interactions. Phycologia 40, 503–529 (2001). 

16. Larsen, S. H. Solar variability, dimethyl sulphide, clouds, and climate. Global Biogeochem. 

Cycles 19, 1–12 (2005). 

17. Tyrrell, T., Holligan, P. M. & Mobley, C. D. Optical impacts of oceanic coccolithophore blooms. 

J. Geophys. Res. Ocean. 104, 3223–3241 (1999). 

18. Bratbak, G., Egge, J. K. & Heldal, M. Viral mortality of the marine alga Emiliania huxleyi 

(Haptophyceae) and termination of algal blooms. Mar. Ecol. Prog. Ser. 93, 39–48 (1993). 



177 

 

19. Van Etten, J. L., Graves, M. V., Müller, D. G., Boland, W. & Delaroque, N. Phycodnaviridae - 

Large DNA algal viruses. Arch. Virol. 147, 1479–1516 (2002). 

20. Wilson, W. H. et al. Isolation of viruses responsible for the demise of an Emiliania huxleyi 

bloom in the English Channel. J. Mar. Biol. Assoc. United Kingdom 82, 369–377 (2002). 

21. JA Fuhrman. Marine viruses and their biogeochemical and ecological effects. Nature 399, 541–

548 (1999). 

22. Suttle, C. A. Marine viruses - Major players in the global ecosystem. Nat. Rev. Microbiol. 5, 

801–812 (2007). 

23. Jover, L. F., Effler, T. C., Buchan, A., Wilhelm, S. W. & Weitz, J. S. The elemental composition 

of virus particles: Implications for marine biogeochemical cycles. Nat. Rev. Microbiol. 12, 519–

528 (2014). 

24. Vardi, A. et al. Host-virus dynamics and subcellular controls of cell fate in a natural 

coccolithophore population. Proc. Natl. Acad. Sci. 109, 19327–19332 (2012). 

25. Frada, M., Probert, I., Allen, M. J., Wilson, W. H. & de Vargas, C. The ‘Cheshire Cat’ escape 

strategy of the coccolithophore Emiliania huxleyi in response to viral infection. Proc. Natl. 

Acad. Sci. U. S. A. 105, 15944–9 (2008). 

26. Wilson, W. H. et al. Complete Genome Sequence and Lytic Phase Transcription Profile of a 

Coccolithovirus. Science (80-. ). 309, 1090–1092 (2005). 

27. Monier, A. et al. Horizontal gene transfer of an entire metabolic pathway between a eukaryotic 

alga and its DNA virus. Genome Res. 19, 1441–1449 (2009). 

28. Brügger, B. et al. The HIV lipidome: A raft with an unusual composition. Proc. Natl. Acad. Sci. 

U. S. A. 103, 2641–2646 (2006). 

29. Sakamoto, H. et al. Host Sphingolipid Biosynthesis as a Target for Hepatitis C Virus Therapy. 

Nat. Chem. Biol. 1, 333–337 (2005). 

30. Vardi, A. et al. Viral Glycosphingolipids Induce Lytic Infection and Cell Death in Marine 

Phytoplankton. Science (80-. ). 326, 861–865 (2009). 

31. Fulton, J. M. et al. Novel molecular determinants of viral susceptibility and resistance in the 

lipidome of Emiliania huxleyi. Environ. Microbiol. 16, 1137–1149 (2014). 

32. Rosenwasser, S. et al. Rewiring Host Lipid Metabolism by Large Viruses Determines the Fate 

of Emiliania huxleyi, a Bloom-Forming Alga in the Ocean. Plant Cell 26, 2689–2707 (2014). 

33. Schroeder, D. C., Oke, J., Malin, G. & Wilson, W. H. Coccolithovirus (Phycodnaviridae): 

Characterisation of a new large dsDNA algal virus that infects Emiliania huxleyi. Arch. Virol. 

147, 1685–1698 (2002). 

34. Subramaniam, K., Behringer, D. C., Bojko, J., Yutin, N. & Clark, A. S. Ecological and 

Evolutionary Science A New Family of DNA Viruses Causing Disease in Crustaceans from 

Diverse Aquatic Biomes. 11, 1–14 (2020). 

35. Crick, F. H. C. & Watson, J. D. Structure of Small Viruses. Nature 177, 473–475 (1956). 

36. Caspar, D. L. D. Structure of small viruses - tomato bushy stunt virus. Nature 177, 79–81 (1956). 

37. von Ardenne, M. B. Die praktische Ausführung der Elektronensonden-Mikroskope. in 

Elektronen-Übermikroskopie: Physik ·Technik ·Ergebnisse 231–253 (Springer Berlin 

Heidelberg, 1940). doi:10.1007/978-3-642-47348-7_10. 

38. Kaesberg, P. Structure of Small ‘Spherical’ Viruses. Science (80-. ). 124, 626–629 (1956). 



178 

 

39. Williams, R. C. & Smith, K. M. The polyhedral form of the Tipula iridescent virus. Biochim. 

Biophys. Acta 28, 464–469 (1958). 

40. Steinmann, E. An Eletron Microscope Study of the Structure of Sericesthis Iridescent Virus. J. 

gen. Virol. 123–134 (1969) doi:10.1016/0014-4827(52)90130-4. 

41. Vidaver,  a K., Koski, R. K. & Van Etten, J. L. Bacteriophage phi6: a Lipid-Containing Virus of 

Pseudomonas phaseolicola. J. Virol. 11, 799–805 (1973). 

42. Dodds, J. A. Viruses of marine algae. Experientia 35, 440–442 (1979). 

43. Van Etten, J. L., Burbank, D. E., Kuczmarski, D. & Meints, R. H. Virus Infection of Culturable 

Chlorella-Like Algae and Development of a Plaque Assay. Science (80-. ). 219, 994–996 (1983). 

44. Mulvey, T. Origins and Historical Development of the Electron Microscope. Brittish J. Appl. 

Phys. 13, 197 (1962). 

45. Oatley, C. W. The early history of the scanning electron microscope. J. Appl. Phys. 53, R1–R13 

(1982). 

46. Meints, R. H., Lee, K., Burbank, D. E. & van Etten, J. L. Infection of a chlorella-like alga with 

the virus, PBCV-1: Ultrastructural studies. Virology 346, 341–346 (1984). 

47. Skrdla, M. P., Burbank, D. E., Xia, Y., Meints, R. H. & van Etten, J. L. Structural proteins and 

lipids in a virus, PBCV-1, which replicates in a Chlorella-like alga. Virology 135, 308–315 

(1984). 

48. Gazzarrini, S. et al. The viral potassium channel Kcv: Structural and functional features. FEBS 

Lett. 552, 12–16 (2003). 

49. Adrian, M., Dubochet, J., Lepault, J. & McDowall, A. W. Cryo-electron microscopy of viruses. 

Nature 308, 32–36 (1984). 

50. The Nobel Prize in Chemistry 2017 - Scientific Background: The development of cryo-electron 

microscopy. Nobelprize.org. Nobel Media AB 2014. Web. 29 Jul 2018. 

<http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2017/advanced.html>. 

Nobelprize.org. Nobel Media AB 2014 (2017). 

51. Yan, X., Olson, N. H., Etten, J. L. Van & Baker, T. S. Cryo-electron microscopy and image 

reconstruction of PBCV-1 , an algal virus with T = 169 lattice symmetry. Electron Microsc. 1, 

775–776 (1998). 

52. Caspar, D. L. & Klug, A. Physical principles in the construction of regular viruses. Cold Spring 

Harb. Symp. Quant. Biol. 27, 1–24 (1962). 

53. Zhang, X. et al. Three-dimensional structure and function of the Paramecium bursaria chlorella 

virus capsid. Proc. Natl. Acad. Sci. 108, 14837–14842 (2011). 

54. Bushby, A. J. et al. Imaging three-dimensional tissue architectures by focused ion beam 

scanning electron microscopy. Nat. Protoc. 6, 845–858 (2011). 

55. Aoyama, K., Takagi, T., Hirase, A. & Miyazawa, A. STEM tomography for thick biological 

specimens. Ultramicroscopy 109, 70–80 (2008). 

56. Fu, C. Y. & Johnson, J. E. Viral life cycles captured in three-dimensions with electron 

microscopy tomography. Curr. Opin. Virol. 1, 125–133 (2011). 

57. Yashchenko, V. V., Gavrilova, O. V., Rautian, M. S. & Jakobsen, K. S. Association of 

Paramecium bursaria Chlorella viruses with Paramecium bursaria cells: Ultrastructural studies. 

Eur. J. Protistol. 48, 149–159 (2012). 

58. Thiel, G., Dunigan, D., Etten, J. L. Van & Etten, J. L. Van. Progress in botany. Nature 194, 1023 



179 

 

(1962). 

59. Meints, R. H., Lee, K. & Van Etten, J. L. Assembly site of the virus PBCV-1 in a Chlorella-like 

green alga: Ultrastructural studies. Virology 154, 240–245 (1986). 

60. Milrot, E. et al. Virus-host interactions: Insights from the replication cycle of the large 

Paramecium bursaria chlorella virus. Cell. Microbiol. 18, 3–16 (2016). 

61. Murata, K. et al. Visualizing adsorption of cyanophage P-SSP7 onto marine prochlorococcus. 

Sci. Rep. 7, 1–10 (2017). 

62. Zeev-Ben-Mordehai, T., Hagen, C. & Grünewald, K. A cool hybrid approach to the herpesvirus 

‘life’ cycle. Curr. Opin. Virol. 5, 42–49 (2014). 

63. Nandhagopal, N. et al. The structure and evolution of the major capsid protein of a large, lipid-

containing DNA virus. Proc. Natl. Acad. Sci. U. S. A. 99, 14758–63 (2002). 

64. De Castro, C. et al. Structure of the chlorovirus PBCV-1 major capsid glycoprotein determined 

by combining crystallographic and carbohydrate molecular modeling approaches. Proc. Natl. 

Acad. Sci. U. S. A. (2018) doi:10.1073/pnas.1613432115. 

65. Romani, G. et al. A virus-encoded potassium ion channel is a structural protein in the chlorovirus 

Paramecium bursaria chlorella virus 1 virion. J. Gen. Virol. 94, 2549–2556 (2013). 

66. Thiel, G., Greiner, T., Dunigan, D. D., Moroni, A. & Van Etten, J. L. Large dsDNA 

chloroviruses encode diverse membrane transport proteins. Virology 479–480, 38–45 (2015). 

67. Yan, X. et al. Structure and assembly of large lipid-containing dsDNA viruses. Nat. Struct. Biol. 

7, 101–3 (2000). 

68. Binnig, G., Quate, C. F. & Gerber, C. Atomic Force Microscope. Phys. Rev. Lett. 56, 930–933 

(1986). 

69. Kasas, S. et al. Biological applications of the AFM: from single molecules to organs. Int. J. 

Imaging Syst. Technol. 8, 151–161 (1997). 

70. Häberle, W., Hörber, J. K. H., Ohnesorge, F., Smith, D. P. E. & Binnig, G. In situ investigations 

of single living cells infected by viruses. Ultramicroscopy 42–44, 1161–1167 (1992). 

71. Ohnesorge, F. M. et al. AFM review study on pox viruses and living cells. Biophys. J. 73, 2183–

2194 (1997). 

72. Payton, O. D., Picco, L. & Scott, T. B. High-speed atomic force microscopy for materials 

science. Int. Mater. Rev. 6608, 1–22 (2016). 

73. Zhang, Y. Y., Sheng, S. T. & Shao, Z. F. Imaging biological structures with the cryo atomic 

force microscope. Biophys. J. 71, 2168–2176 (1996). 

74. Proctor, L. M. Advances in the Study of Marine Viruses. Microsc. Res. Tech 37, 136–161 

(1997). 

75. Malkin,  a J., Kuznetsov, Y. G., Lucas, R. W. & McPherson,  a. Surface processes in the 

crystallization of turnip yellow mosaic virus visualized by atomic force microscopy. J. Struct. 

Biol. 127, 35–43 (1999). 

76. Zhong, Q., Inniss, D., Kjoller, K. & Elings, V. B. Fractured polymer/silica fiber surface studied 

by tapping mode atomic force microscopy. Surf. Sci. 290, L688–L692 (1993). 

77. Hansma, P. K. et al. Tapping mode atomic force microscopy in liquids. Appl. Phys. Lett. 64, 

1738 (1994). 

78. McPherson, A. & Kuznetsov, Y. G. Atomic force microscopy investigation of viruses. Methods 



180 

 

Mol. Biol. 736, 171–195 (2001). 

79. Wagner, P. Immobilization strategies for biological scanning probe microscopy. FEBS Lett. 430, 

112–115 (1998). 

80. Kuznetsov, Y. G. & McPherson, A. Atomic Force Microscopy in Imaging of Viruses and Virus-

Infected Cells. Microbiol. Mol. Biol. Rev. 75, 268–285 (2011). 

81. Kuznetsov, Y. G., Gurnon, J. R., Van Etten, J. L. & McPherson, A. Atomic force microscopy 

investigation of a chlorella virus, PBCV-1. J. Struct. Biol. 149, 256–263 (2005). 

82. Kuznetsov, Y. G. et al. Atomic force microscopy investigation of fibroblasts infected with wild-

type and mutant murine leukemia virus (MuLV). Biophys. J. 83, 3665–3674 (2002). 

83. Kuznetsov, Y. G., Victoria, J. G., Robinson, W. E. & Mcpherson, A. Atomic Force Microscopy 

Investigation of Human Immunodeficiency Virus ( HIV ) and HIV-Infected Lymphocytes. J. 

Virol. 77, 11896–909 (2003). 

84. Low, A. et al. Mutation in the glycosylated gag protein of murine leukemia virus results in 

reduced in vivo infectivity and a novel defect in viral budding or release. J. Virol. 81, 3685–92 

(2007). 

85. Gladnikoff, M. & Rousso, I. Directly monitoring individual retrovirus budding events using 

atomic force microscopy. Biophys. J. 94, 320–6 (2008). 

86. Barrett, R. C. & Quate, C. F. High-speed, large-scale imaging with the atomic force microscope. 

J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 9, 302 (1991). 

87. Viani, M. B., Schäffer, T. E., Paloczi, G. T., Pietrasanta, L. I. & Smith, B. L. Fast imaging and 

fast force spectroscopy of single biopolymers with a new atomic force microscope designed for 

small cantilevers. Rev. Sci. 70, 4300–4303 (1999). 

88. Ando, T. et al. A High-speed Atomic Force Microscope for Studying Biological 

Macromolecules in Action. ChemPhysChem 4, 1196–1202 (2003). 

89. Humphris, A. D. L., Miles, M. J. & Hobbs, J. K. A mechanical microscope: High-speed atomic 

force microscopy. Appl. Phys. Lett. 86, 034106 (2005). 

90. Ando, T., Uchihashi, T. & Fukuma, T. High-speed atomic force microscopy for nano-

visualization of dynamic biomolecular processes. Prog. Surf. Sci. 83, 337–437 (2008). 

91. Picco, L. M. et al. High-speed AFM of human chromosomes in liquid. Nanotechnology 19, 

384018–6 (2008). 

92. Picco, L. et al. Breaking the speed limit with atomic force microscopy. Nanotechnology 18, 

044030 (2007). 

93. Kodera, N., Yamamoto, D., Ishikawa, R. & Ando, T. Video imaging of walking myosin V by 

high-speed atomic force microscopy. Nature 468, 72–76 (2010). 

94. Matsui, S. et al. Fast Adsorption of Soft Hydrogel Microspheres on Solid Surfaces in Aqueous 

Solution. Angew. Chemie - Int. Ed. 56, 12146–12149 (2017). 

95. Ando, T. et al. High-speed AFM and nano-visualization of biomolecular processes. Pflugers 

Arch. Eur. J. Physiol. 456, 211–225 (2008). 

96. Ando, T. High-speed atomic force microscopy coming of age. Nanotechnology 23, 062001 

(2012). 

97. Ando, T., Uchihashi, T. & Kodera, N. High-Speed AFM and Applications to Biomolecular 

Systems. Annu. Rev. Biophys. 42, 393–414 (2013). 



181 

 

98. Ando, T. High-speed AFM imaging. Curr. Opin. Struct. Biol. 28, 63–68 (2014). 

99. Ando, T. Directly watching biomolecules in action by high-speed atomic force microscopy. 

Biophys. Rev. 9, 421–429 (2017). 

100. Ando, T. High-speed atomic force microscopy and its future prospects. Biophys. Rev. 10, 285–

292 (2018). 

101. Hodel, A. W., Leung, C., Dudkina, N. V., Saibil, H. R. & Hoogenboom, B. W. Atomic force 

microscopy of membrane pore formation by cholesterol dependent cytolysins. Curr. Opin. 

Struct. Biol. 39, 8–15 (2016). 

102. Leung, C. et al. Real-time visualization of perforin nanopore assembly. Nat. Nanotechnol. 12, 

467–473 (2017). 

103. Sumino, A., Uchihashi, T. & Oiki, S. Oriented Reconstitution of the Full-Length KcsA 

Potassium Channel in a Lipid Bilayer for AFM Imaging. J. Phys. Chem. Lett. 8, 785–793 (2017). 

104. Miller, T. S. et al. Single Crystal, Luminescent Carbon Nitride Nanosheets Formed by 

Spontaneous Dissolution. Nano Lett. 17, 5891–5896 (2017). 

105. Watts, M. C. et al. Production of phosphorene nanoribbons. Nature 568, 216–220 (2019). 

106. Fritz, M., Radmacher, M. & Gaub, H. E. Granula Motion and Membrane Spreading during 

Activation of Human Platelets Imaged by Atomic-Force Microscopy. Biophys. J. 66, 1328–1334 

(1994). 

107. Henderson, E. Imaging of living cells by atomic force microscopy. Prog. Surf. Sci. 46, 39–60 

(1994). 

108. I. C. Gebeshuber, J. H. Kindt, J. B. Thomson, Y. Del Amo, H. Stachelbergers, M. A. Brzezinski, 

G. D. Stucky, D. E. Morse, P. K. H. Atomic force microscopy study of living diatoms in ambient 

conditions. J. Microsc. 212, 292–299 (2003). 

109. Luís, A. T. et al. Atomic force microscopy (AFM) application to diatom study: review and 

perspectives. J. Appl. Phycol. 29, 2989–3001 (2017). 

110. Callow, J. A., Crawford, S. A., Higgins, M. J., Mulvaney, P. & Wetherbee, R. The application 

of atomic force microscopy to topographical studies and force measurements on the secreted 

adhesive of the green alga Enteromorpha. Planta 211, 641–647 (2000). 

111. Shibata, M., Uchihashi, T., Ando, T. & Yasuda, R. Long-tip high-speed atomic force microscopy 

for nanometer-scale imaging in live cells. Sci. Rep. 5, 1–7 (2015). 

112. Berquand, A. et al. Antigen binding forces of single antilysozyme Fv fragments explored by 

atomic force microscopy. Langmuir 21, 5517–5523 (2005). 

113. Dufrêne, Y. F. Using nanotechniques to explore microbial surfaces. Nat. Rev. Microbiol. 2, 451–

460 (2004). 

114. Dufrêne, Y. F. Microbial Nanoscopy: Breakthroughs, Challenges, and Opportunities. ACS Nano 

11, 19–22 (2017). 

115. Alsteens, D. et al. Nanomechanical mapping of first binding steps of a virus to animal cells. Nat. 

Nanotechnol. 12, 177–183 (2016). 

116. Sieben, C. & Herrmann, A. Single virus force spectroscopy: The ties that bind. Nat. 

Nanotechnol. 12, 102–103 (2017). 

117. Agarkova, I. et al. Dynamic attachment of Chlorovirus PBCV-1 to Chlorella variabilis. Virology 

466–467, 95–102 (2014). 



182 

 

118. Dufrêne, Y. F. et al. Imaging modes of atomic force microscopy for application in molecular 

and cell biology. Nat. Nanotechnol. 12, 295–307 (2017). 

119. Cartagena, A., Hernando-Pérez, M., Carrascosa, J. L., de Pablo, P. J. & Raman, A. Mapping in 

vitro local material properties of intact and disrupted virions at high resolution using multi-

harmonic atomic force microscopy. Nanoscale 5, 4729 (2013). 

120. Cartagena-Rivera, A. X., Wang, W. H., Geahlen, R. L. & Raman, A. Fast, multi-frequency, and 

quantitative nanomechanical mapping of live cells using the atomic force microscope. Sci. Rep. 

5, 1–11 (2015). 

121. González-Domínguez, I., Gutiérrez-Granados, S., Cervera, L., Gòdia, F. & Domingo, N. 

Identification of HIV-1-Based Virus-like Particles by Multifrequency Atomic Force 

Microscopy. Biophys. J. 111, 1173–1179 (2016). 

122. Marchetti, M., Wuite, G. & Roos, W. Atomic force microscopy observation and characterization 

of single virions and virus-like particles by nano-indentation. Curr. Opin. Virol. 18, 82–88 

(2016). 

123. Iwata, F., Ohashi, Y., Ishisaki, I., Picco, L. M. & Ushiki, T. Development of nanomanipulator 

using a high-speed atomic force microscope coupled with a haptic device. Ultramicroscopy 133, 

88–94 (2013). 

124. Koo, H. et al. Visualization and Quantification of MicroRNA in a Single Cell Using Atomic 

Force Microscopy. J. Am. Chem. Soc. 138, 11664–11671 (2016). 

125. Plomp, M., Rice, M. K., Wagner, E. K., Mcpherson, A. & Malkin, A. J. Rapid Visualization at 

High Resolution of Pathogens by Atomic Force Microscopy. Amer. J. Pathol. 160, 1959–1966 

(2002). 

126. Malkin, A. J., McPherson, A. & Gershon, P. D. Structure of intracellular mature vaccinia virus 

visualized by in situ atomic force microscopy. J. Virol. 77, 6332–40 (2003). 

127. Kuznetsov, Y. G. et al. Atomic force microscopy imaging of retroviruses: human 

immunodeficiency virus and murine leukemia virus. Scanning 26, 209–16 (2004). 

128. Kuznetsov, Y. G. & McPherson, A. Atomic force microscopy investigation of Turnip Yellow 

Mosaic Virus capsid disruption and RNA extrusion. Virology 352, 329–337 (2006). 

129. Kuznetsov, Y. G., Daijogo, S., Zhou, J., Semler, B. L. & McPherson, A. Atomic force 

microscopy analysis of icosahedral virus RNA. J. Mol. Biol. 347, 41–52 (2005). 

130. Kuznetsov, Y. G., Dowell, J. J., Gavira, J. A., Ng, J. D. & McPherson, A. Biophysical and atomic 

force microscopy characterization of the RNA from satellite tobacco mosaic virus. Nucleic Acids 

Res. 38, 8284–8294 (2010). 

131. Kuznetsov, Y. G. & McPherson, A. Identification of DNA and RNA from retroviruses using 

ribonuclease A. Scanning 28, 278–281 (2006). 

132. Kuznetsov, Y. G., Klose, T., Rossmann, M. & McPherson, A. Morphogenesis of mimivirus and 

its viral factories: an atomic force microscopy study of infected cells. J. Virol. 87, 11200–13 

(2013). 

133. Wulfmeyer, T. et al. Structural organization of DNA in chlorella viruses. PLoS One 7, 1–10 

(2012). 

134. Leung, C. et al. Atomic force microscopy with nanoscale cantilevers resolves different structural 

conformations of the DNA double helix. Nano Lett. 12, 3846–3850 (2012). 

135. Robert R, L, G. Culture of phytoplankton for feeding marine invertebrates. Cult. Mar. Invertebr. 

Anim. 29–60 (1975). 



183 

 

136. Jacquet, S. et al. Flow cytometric analysis of an Emiliana huxleyi bloom terminated by viral 

infection. Aquat. Microb. Ecol. 27, 111–124 (2002). 

137. Brussaard, C. P. D., Marie, D. & Bratbak, G. Flow cytometric detection of viruses. J. Virol. 

Methods 85, 175–182 (2000). 

138. Mojica, K. D. A., Evans, C. & Brussaard, C. P. D. Flow cytometric enumeration of marine viral 

populations at low abundances. Aquat. Microb. Ecol. 71, 203–209 (2014). 

139. Absher, M. Hemocytometer Counting. Tissue Culture vol. 309 (ACADEMIC PRESS, INC., 

1973). 

140. SCHWARZ, U. D., HAEFKE, H., REIMANN, P. & GÜNTHERODT, H. ‐J. Tip artefacts in 

scanning force microscopy. J. Microsc. 173, 183–197 (1994). 

141. McNeil, L. E. & Grimsditch, M. Elastic moduli of muscovite mica. J. Phys. Condens. Matter 5, 

1681–1690 (1993). 

142. Servais, C., Ranc, H. & Roberts, I. D. Determination of Chocolate Viscosity. 34, 467–497 

(2003). 

143. Hamilton, M. L., Haslam, R. P., Napier, J. A. & Sayanova, O. Metabolic engineering of 

Phaeodactylum tricornutum for the enhanced accumulation of omega-3 long chain 

polyunsaturated fatty acids. Metab. Eng. 22, 3–9 (2014). 

144. Hamilton, M. L. et al. Towards the industrial production of omega-3 long chain polyunsaturated 

fatty acids from a genetically modified diatom phaeodactylum tricornutum. PLoS One 10, 1–15 

(2015). 

145. Monteiro, F. M. et al. Why marine phytoplankton calcify (Supplement). Sci. Adv. 2, e1501822–

e1501822 (2016). 

146. Doktycz, M. J. et al. AFM imaging of bacteria in liquid media immobilized on gelatin coated 

mica surfaces. Ultramicroscopy 97, 209–216 (2003). 

147. Henriksen, K., Stipp, S. L. S., Young, J. R. & Marsh, M. E. Biological control on calcite 

crystallization: AFM investigation of coccolith polysaccharide function. Am. Mineral. 89, 1709–

1716 (2004). 

148. Henriksen, K., Young, J. R., Bown, P. R. & Stipp, S. L. S. Coccolith biomineralisation studied 

with atomic force microscopy. Palaeontology 47, 725–743 (2004). 

149. Baumann, K. & Sprengel, C. Morphological variations of selected coccolith species in a 

sediment trap north of the Canary Islands. J. Nannoplankt. Res. 22, 185–193 (2000). 

150. Ibarbalz, F. M. et al. Global Trends in Marine Plankton Diversity across Kingdoms of Life. Cell 

179, 1084-1097.e21 (2019). 

151. Read, N., Connell, S. & Adams, D. G. Nanoscale visualization of a fibrillar array in the cell wall 

of filamentous cyanobacteria and its implications for gliding motility. J. Bacteriol. 189, 7361–

7366 (2007). 

152. Kuyukina, M. S., Korshunova, I. O., Rubtsova, E. V. & Ivshina, I. B. Methods of microorganism 

immobilization for dynamic atomic-force studies (review). Appl. Biochem. Microbiol. 50, 1–9 

(2014). 

153. Yakimov, M. M. et al. Oleispira antarctica gen. nov., sp. nov., a novel hydrocarbonoclastic 

marine bacterium isolated from Antarctic coastal sea water. Int. J. Syst. Evol. Microbiol. 53, 

779–785 (2003). 

154. Kube, M. et al. Genome sequence and functional genomic analysis of the oil-degrading 



184 

 

bacterium Oleispira antarctica. Nat. Commun. 4, (2013). 

155. Korson, L., Drost-Hansen, W. & Millero, F. J. Viscosity of water at various temperatures. J. 

Phys. Chem. 73, 34–39 (1969). 

156. Kerridge, D., Horne, R. W. & Glauert, A. M. Structural components of flagella from Salmonella 

typhimurium. J. Mol. Biol. 4, 227–238 (1962). 

157. Brand, A. & Gow, N. A. Mechanisms of hypha orientation of fungi. Curr. Opin. Microbiol. 12, 

350–357 (2009). 

158. Landels, A. et al. Improving electrocoagulation floatation for harvesting microalgae. Algal Res. 

39, (2019). 

159. Young, J. R. & Henriksen, K. Biomineralization Within Vesicles: The Calcite of Coccoliths. 

Rev. Mineral. Geochemistry 54, 189–215 (2003). 

160. López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The hallmarks of aging. 

Cell 153, 1194 (2013). 

161. Zhu, M. et al. Physicochemical properties determine nanomaterial cellular uptake, transport, and 

fate. Acc. Chem. Res. 46, 622–631 (2013). 

162. Chou, J., Provot, S. & Werb, Z. GATA3 in Development and Cancer Differentiation: Cells 

GATA Have It! J. Cell Physiol. 222, 42–49 (2010). 

163. Hansen, M., Rubinsztein, D. C. & Walker, D. W. Autophagy as a promoter of longevity: insights 

from model organisms. Nat. Rev. Mol. Cell Biol. 19, 579–593 (2018). 

164. Maslova, M. V., Gerasimova, L. G. & Forsling, W. Surface properties of cleaved mica. Kolloidn. 

Zhurnal 66, 364–371 (2004). 

165. Andrady, A. L. Microplastics in the marine environment. Mar. Pollut. Bull. 62, 1596–1605 

(2011). 

166. Andrady, A. L. The plastic in microplastics: A review. Mar. Pollut. Bull. 119, 12–22 (2017). 

167. Amaral-Zettler, L. A., Zettler, E. R. & Mincer, T. J. Ecology of the plastisphere. Nature Reviews 

Microbiology vol. 18 139–151 (2020). 

168. Dazzi, A. et al. AFM-IR: Combining atomic force microscopy and infrared spectroscopy for 

nanoscale chemical characterization. Appl. Spectrosc. 66, 1365–1384 (2012). 

169. Li, J., Zhang, K. & Zhang, H. Adsorption of antibiotics on microplastics. Environ. Pollut. 237, 

460–467 (2018). 

170. Thomason, J. C., Marrs, S. J. & Davenport, J. Antibacterial and Antisettlement Activity of the 

Dogfish ( Scyliorhinus Canicula ) Eggcase. J. Mar. Biol. Assoc. United Kingdom 76, 777–792 

(1996). 

171. Bers, A. V. & Wahl, M. The influence of natural surface microtopographies on fouling. 

Biofouling 20, 43–51 (2004). 

172. Knight, D. P., Feng, D. & Stewart, M. Structure and function of the salachian egg case. Biol. 

Rev. 71, 81–111 (1996). 

173. Scardino, A. J. & de Nys, R. Mini review: Biomimetic models and bioinspired surfaces for 

fouling control. Biofouling 27, 73–86 (2011). 

174. Salta, M. et al. Designing biomimetic antifouling surfaces. Philos. Trans. R. Soc. A Math. Phys. 

Eng. Sci. 368, 4729–4754 (2010). 



185 

 

175. Scardino, A. J., Guenther, J. & de Nys, R. Attachment point theory revisited: the fouling 

response to a microtextured matrix. Biofouling 24, 45–53 (2008). 

176. A. K. Geim. Graphene: Status and Prospects. Science (80-. ). 324, 1530–1534 (2009). 

177. Lou, S. T. et al. Nanobubbles on solid surface imaged by atomic force microscopy. J. Vac. Sci. 

Technol. B Microelectron. Nanom. Struct. 18, 2573–2575 (2000). 

178. Ko, H. C. et al. High-Resolution Characterization of Preferential Gas Adsorption at the 

Graphene-Water Interface. Langmuir 32, 11164–11171 (2016). 

179. Teshima, H., Nishiyama, T. & Takahashi, K. Nanoscale pinning effect evaluated from deformed 

nanobubbles. J. Chem. Phys. 146, (2017). 

180. Zou, Z. L. et al. The properties of surface nanobubbles formed on different substrates. Chinese 

Phys. B 27, (2018). 

181. Xiao, C. & Rossmann, M. G. Structures of giant icosahedral eukaryotic dsDNA viruses. Curr. 

Opin. Virol. 1, 101–109 (2011). 

182. Carrasco, C. et al. DNA-mediated anisotropic mechanical reinforcement of a virus. Proc. Natl. 

Acad. Sci. U. S. A. 103, 13706–13711 (2006). 

183. Kuznetsov, Y., Gershon, P. D. & McPherson,  a. Atomic force microscopy investigation of 

vaccinia virus structure. J. Virol. 82, 7551–7566 (2008). 

184. Pagarete, A. et al. Genomic sequence and analysis of EhV-99B1, a new coccolithovirus from 

the Norwegian fjords. Intervirology 56, 60–66 (2012). 

185. John, S. G. et al. A simple and efficient method for concentration of ocean viruses by chemical 

flocculation. Environ. Microbiol. Rep. 3, 195–202 (2011). 

186. Francius, G., Tesson, B., Dague, E., Martin-Jézéquel, V. & Dufrêne, Y. F. Nanostructure and 

nanomechanics of live Phaeodactylum tricornutum morphotypes. Environ. Microbiol. 10, 1344–

1356 (2008). 

187. Gad, M. & Ikai, A. Method for immobilizing microbial cells on gel surface for dynamic AFM 

studies. Biophys. J. 69, 2226–2233 (1995). 

188. Kasas, S. & Ikai,  a. A method for anchoring round shaped cells for atomic force microscope 

imaging. Biophys. J. 68, 1678–1680 (1995). 

189. Formosa, C. et al. Generation of living cell arrays for atomic force microscopy studies. Nat. 

Protoc. 10, 199–204 (2015). 

190. Selimis, A., Mironov, V. & Farsari, M. Direct laser writing: Principles and materials for scaffold 

3D printing. Microelectron. Eng. 132, 83–89 (2014). 

191. Malinauskas, M., Farsari, M., Piskarskas, A. & Juodkazis, S. Ultrafast laser nanostructuring of 

photopolymers: A decade of advances. Phys. Rep. 533, 1–31 (2013). 

192. Ueda, E., Geyer, F. L., Nedashkivska, V. & Levkin, P. A. DropletMicroarray: Facile formation 

of arrays of microdroplets and hydrogel micropads for cell screening applications. Lab Chip 12, 

5218–5224 (2012). 

193. Léger, D. Y., Battu, S., Liagre, B., Beneytout, J. L. & Cardot, P. J. P. Megakaryocyte cell sorting 

from diosgenin-differentiated human erythroleukemia cells by sedimentation field-flow 

fractionation. Anal. Biochem. 355, 19–28 (2006). 

194. El Kirat, K., Morandat, S. & Dufrêne, Y. F. Nanoscale analysis of supported lipid bilayers using 

atomic force microscopy. Biochim. Biophys. Acta - Biomembr. 1798, 750–765 (2010). 



186 

 

195. Reviakine, I. & Brisson, A. Formation of supported phospholipid bilayers from unilamellar 

vesicles investigated by atomic force microscopy. Langmuir 16, 1806–1815 (2000). 

196. Lide, D. R. CRC Handbook of Chemistry and Physics, Internet Version 2005. CRC Press. 

Taylor Fr. Boca Rat. FL 2660 (2005) doi:10.1016/0165-9936(91)85111-4. 

197. Van Der Goot, F. G. & Harder, T. Raft membrane domains: From a liquid-ordered membrane 

phase to a site of pathogen attack. Semin. Immunol. 13, 89–97 (2001). 

198. Bidle, K. D. & Vardi, A. A chemical arms race at sea mediates algal host-virus interactions. 

Curr. Opin. Microbiol. 14, 449–457 (2011). 

199. Rose, S. L. et al. Isolation and characterization of lipid rafts in Emiliania huxleyi: A role for 

membrane microdomains in host-virus interactions. Environ. Microbiol. 16, 1150–1166 (2014). 

200. Wessels, L., Elting, M. W., Scimeca, D. & Weninger, K. Rapid membrane fusion of individual 

virus particles with supported lipid bilayers. Biophys. J. 93, 526–538 (2007). 

201. Bachrach, U. & Friedmann, A. Practical procedures for the purification of bacterial viruses. 

Appl. Microbiol. 22, 706–715 (1971). 

202. Li, M., Hansma, H. G., Hong, G., Yao, X. & Hansma, P. K. Atomic force microscopy of plasmid 

DNA and DNA polymerase. J. Vac. Sci. Technol., B 12, 1465–1469 (1994). 

203. Allen, M. J. & Wilson, W. H. The coccolithovirus microarray: An array of uses. Briefings Funct. 

Genomics Proteomics 5, 273–279 (2006). 

204. Gilmore, J. L. et al. Nanoimaging of ssRNA: Genome Architecture of the Hepatitis C Virus 

Revealed by Atomic Force Microscopy. J. Nanomed. Nanotechnol. s5, (2011). 

205. Kominami, H., Kobayashi, K. & Yamada, H. Molecular-scale visualization and surface charge 

density measurement of Z-DNA in aqueous solution. Sci. Rep. 9, 1–7 (2019). 

206. Pyne, A. et al. Engineering monolayer poration for rapid exfoliation of microbial membranes. 

Chem. Sci. 8, 1105–1115 (2017). 

207. Kibrom, A. et al. Hydrogel-supported protein-tethered bilayer lipid membranes: A new 

approach toward polymer-supported lipid membranes. Soft Matter 7, 237–246 (2011). 

208. Goksu, E. I. et al. Silica xerogel/aerogel-supported lipid bilayers: Consequences of surface 

corrugation. Biochim. Biophys. Acta - Biomembr. 1798, 719–729 (2010). 

209. Kuznetsova, T. G., Starodubtseva, M. N., Yegorenkov, N. I., Chizhik, S. A. & Zhdanov, R. I. 

Atomic force microscopy probing of cell elasticity. Micron 38, 824–833 (2007). 

210. Newton, R. et al. Combining confocal and atomic force microscopy to quantify single-virus 

binding to mammalian cell surfaces. Nat. Protoc. 12, 2275–2292 (2017). 

211. Formosa-Dague, C., Duval, R. E. & Dague, E. Cell biology of microbes and pharmacology of 

antimicrobial drugs explored by Atomic Force Microscopy. Semin. Cell Dev. Biol. 73, 165–175 

(2018). 

212. Wang, R. Y.-R. et al. De novo Protein Structure Determination from Near-Atomic Resolution 

Cryo-EM Maps. Nat. Methods 12, 335–338 (2015). 

213. Gross, L. et al. The Chemical Structure of a Molecule Resolved by Atomic Force Microscopy. 

Science (80-. ). 325, 1110–4 (2009). 

214. Majzik, Z. et al. Studying an antiaromatic polycyclic hydrocarbon adsorbed on different 

surfaces. Nat. Commun. 9, 2–7 (2018). 

215. Wastl, D. S., Weymouth, A. J. & Giessibl, F. J. Atomically resolved graphitic surfaces in air by 



187 

 

atomic force microscopy. ACS Nano 8, 5233–5239 (2014). 

216. Wastl, D. S., Judmann, M., Weymouth, A. J. & Giessibl, F. J. Atomic resolution of calcium and 

oxygen sublattices of calcite in ambient conditions by atomic force microscopy using qPlus 

sensors with sapphire tips. ACS Nano 9, 3858–3865 (2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



188 

 

Appendix 

Supplementary and / or RAW data is available on reasonable request by emailing cte606@gmail.com 

Chapter 2: Materials and Methods 

2.4 High Speed-Atomic Force Microscopy 

 

Supplementary Figure 1: a. Prototype BND HS-AFM as described above (Scale bar 0.5 m) b. 

Zoom of the sample stage with sample stub present (Scale bar 25 mm) 

 

Supplementary Figure 2: False coloured SEM image of HS-AFM cantilever and tip (Scale bar 

10 µm) 

 

a. 

b. 

mailto:cte606@gmail.com
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Supplementary Figure 3: Example SEM stub, with mica disk attached by adhesive carbon tab 

(Scale bar 10 mm) 

2.5 Liquid Cell Development 

 

Supplementary Figure 4: Improved liquid cell CAD designs a. 6 mm aperture b. 8 mm aperture 

c. 10 mm aperture  

 

 

 

 

 

          

a. b. c. 
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Chapter 3: HS-AFM Imaging of Marine Biological Samples in an Air Environment 

3.2 Coccolith 

 

Supplementary Figure 5: AFM image of E. hux coccolith adapted from 147 (Arrow marks AFM 

artefacts as seen in Figure 9)  

 

 

Supplementary Figure 6: Examples of coccolith structures in various states of degradation / 

malformation visualised by HS-AFM in air (Scale bar 1 µm, Data captured at 2 fps) a. Poorly 

complete coccolith highlighting ‘rod’ structures b. Coccolith shard 

 

b. a. 
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Supplementary Figure 7: a. / b. / c. Further examples of the ‘rod’ structures visualised by HS-

AFM in air (Scale bar 1 µm, Data captured at 2 fps) 

3.3 Microorganism 

 

 

 

Supplementary Figure 8: Example unidentified microbes visualised by HS-AFM in air (Scale 

bar 1 µm, Data captured at 2 fps) a. Potential chain forming microbe b. Potential tailed microbe 

c. Unknown with flagellum d. Bacillus with flagellum e. / f. Examples seen in Supplementary 

Figure 8 c / d with false colour bar reduced to 20 nm and 10 nm respectively (Scale bar 1 µm) 

 

a. b. c. 

a. b. 

c. d. 

f. e. 
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Supplementary Figure 9: Non raster pattern automatic restitching of aggregated 16°C condition 

Oleispira visualised by HS-AFM in air (3D render, Data captured at 2 fps)  

3.4 Flagella 

 

 

Supplementary Figure 10: a. / b. / c. Examples of flagellated unidentified microbes visualised by 

HS-AFM in air (Scale bar 1 µm, Data captured at 2 fps) d. / e. / f. Examples seen Supplementary 

Figure 10 a / b / c with false colour bar reduced to 30 nm (Scale bar 1 µm) 

 

a. b. c. 

d. e. f. 
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3.7 Gold Nanocage 

 

 

Supplementary Figure 11: Example frames of raster scan of GNC + Protein precipitation 

visualised by HS-AFM in air (Scale bar 300 nm, Data captured at 2 fps) a. Flow through (FT) 

Gold Nanorod (GNR) Control b. Flow through GNC + IgG Control c. Eluted GNC + ATG5 d. 

Eluted GNC +LC3 e. Eluted GNC + p62  

3.8 Microplastic 

 

Supplementary Figure 12: Examples of Isotactic Polypropylene microplastic surfaces visualised 

by HS-AFM in air (Scale bar 500 nm Data captured at 2 fps) a. Control surface b. / c. Example 

post incubation biofilm formation 

 

a. b. c. 

a. b. 

a. b. c. 

d. e. 
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Supplementary Figure 13: Examples of Polyamide microplastic surfaces visualised by HS-AFM 

in air (Scale bar 500 nm, Data captured at 2 fps) a. Control surface b. Example post incubation 

biofilm formation c. Possible unidentified bacillus microbe d. Possible unidentified vibrio 

microbe  

 

Supplementary Figure 14: Examples of Polypropylene microplastic surfaces visualised by HS-

AFM in air (Scale bar 500 nm, Data captured at 2 fps) a. Control surface b. Example post 

incubation biofilm c. Possible microorganism   

 

Supplementary Figure 15: Examples of Polystyrene microplastic surfaces visualised by HS-

AFM in air (Scale bar 500 nm, Data captured at 2 fps) a. Control surface b. / c. Example post 

incubation biofilm formation 

 

 

Chapter 4: HS-AFM Imaging of Samples in a Liquid Environment 

4.2 Mermaid’s Purse 

 

c. d. 

a. b. c. 

a. b. c. 
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Nurse Hound (Scyliorhinus stellaris) Outside Surface, Critical Point Preparation SEM and 

Liquid Environment HS-AFM Data 

 

 

Supplementary Figure 16: Bull Huss – Nurse Hound (Scyliorhinus stellaris) outside surface  a. 

Optical representation and sample section (Not to scale) b. Stitched 100× magnification SEM 

image (Scale bar N / A) c. Automatic stitch of raster scanned outside surface collected by HS-

AFM in liquid (3D render, Data captured at 2 fps) d. (Inset) Example individual frame 

extracted from tendril connection raster scan (Scale bar 1 µm)  e. 10,000× magnification SEM 

scan f. (Inset) 50,000× magnification SEM 

 

 

a. 
b. 

c. d. 

e. f. 
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Nurse Hound (Scyliorhinus stellaris) Inside Surface, Critical Point Preparation SEM and Liquid 

Environment HS-AFM Data 

 

 

Supplementary Figure 17: Bull Huss – Nurse Hound (Scyliorhinus stellaris) inside surface a. 

Optical representation and sample section (Not to scale) b. Stitched 100× magnification SEM 

image (Scale bar N / A) c. Automatic stitch of raster scanned inside surface collected by HS-

AFM in liquid (3D render, Data captured at 2 fps) d. (Inset) Example individual frame 

extracted from inside surface raster scan (Scale bar 1 µm) e. 10,000× magnification SEM f. 

(Inset) 50,000× magnification SEM 

 

 

a. b. 

c. d. 

e. f. 
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Nurse Hound (Scyliorhinus stellaris) Tendril Connection, Critical Point Preparation SEM and 

Liquid Environment HS-AFM Data 

 

 

Supplementary Figure 18: Bull Huss – Nurse Hound (Scyliorhinus stellaris) tendril connection  

a. Optical representation and sample section (Not to scale) b. Stitched 100× magnification SEM 

image (Scale bar N / A) c. Automatic stitch of raster scanned tendril connection collected by HS-

AFM in liquid (3D render, Data captured at 2 fps) d. (Inset) Example individual frame 

extracted from tendril connection raster scan (Scale bar 1 µm) e. 10,000× magnification SEM f. 

(Inset) 50,000× magnification SEM 

 

5 

a. 

b. 

c. d. 

e. f. 
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Supplementary Figure 19: Bull Huss – Nurse Hound (Scyliorhinus stellaris) tendril a. Optical 

representation and sample section (Not to scale) b. Automatic stitch of raster scanned tendril 

collected by HS-AFM in liquid (3D render, Data captured at 2 fps) c. (Inset) Example individual 

frame extracted from tendril raster scan (Scale bar 1 µm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 

a. b. c. 
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Spotted Ray (Raja montagui) Outside Surface, Critical Point Preparation SEM and Liquid 

Environment HS-AFM Data 

 

 

 

Supplementary Figure 20: Spotted Ray (Raja montagui) outside surface  a. Optical 

representation and sample section (Not to scale) b. Stitched 100× magnification SEM image 

(Scale bar N / A) c. Automatic stitch of raster scanned outside surface collected by HS-AFM in 

liquid (3D render, Data captured at 2 fps) d. (Inset) Example individual frame extracted from 

outside surface raster scan (Scale bar 1 µm) e. 5,000X magnification SEM f. 30,000X 

magnification SEM 

 

 

a. b. 

c. d. 

e. f. 
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Spotted Ray (Raja montagui) Inside Surface, Critical Point Preparation SEM and Liquid 

Environment HS-AFM Data 

 

 

 

Supplementary Figure 21: Spotted Ray (Raja montagui) inside surface  a. Optical representation 

and sample section (Not to scale) b. Stitched 100× magnification SEM image (Scale bar N / A) c. 

Automatic stitch of raster scanned outside surface collected by HS-AFM in liquid (Data 

captured at 2 fps) d. (Inset) Example individual frame extracted from inside surface raster scan 

(Scale bar 1 µm) e.10,000× magnification SEM f. 20,000× magnification SEM 

 

 

a. 

b. 

c. d. 

e. f. 
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4.3 Nanobubble 

 

Supplementary Figure 22: a. Automatic stitch of raster scanned multilayer graphene collected 

by HS-AFM in air (3D render, Data captured at 2 fps) b. (Inset) Example individual frame 

extracted from multilayer graphene raster scan (Scale bar 1 µm) 

 

a. b. 
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Supplementary Figure 23: a. Automatic stitch of raster scanned single layer graphene collected 

by HS-AFM in air (3D render, False colour bar reduced to 18 nm, Data captured at 2 fps) b. 

(Inset) Example individual frame extracted from single layer graphene raster scan (Scale bar 1 

µm) 

 

a. b. 
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Supplementary Figure 24: a. Automatic stitch of raster scanned ribbon pattern graphene 

collected by HS-AFM in air (3D render, Data captured at 2 fps) b. (Inset) Example individual 

frame extracted from ribbon pattern graphene raster scan (Scale bar 500 nm) 

 

a. b. 
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Supplementary Figure 25: a. Automatic stitch of raster scanned ring pattern graphene collected 

by HS-AFM in air (3D render, Data captured at 2 fps) b. (Inset) Example individual frame 

extracted from ring pattern graphene raster scan (Scale bar 2 µm) 

 

Supplementary Figure 26: Examples of individual frames post solvent exchange multilayer 

graphene data collected by HS-AFM in liquid (Scale bar 1 µm, Arrows highlight example 

nanobubbles, Data captured at 2 fps) 

 

a. b. 

a. a. b. 
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Supplementary Figure 27 : Examples of individual frames post solvent exchange single layer 

graphene data collected by HS-AFM in liquid (Scale bar 1 µm, Arrows highlight example 

nanobubbles, Data captured at 2 fps) 

 

Supplementary Figure 28: Examples of individual frames post solvent exchange ribbon 

patterned graphene collected by HS-AFM in liquid (Scale bar 500nm, Arrows highlight example 

nanobubbles, Data captured at 2 fps) 

 

Supplementary Figure 29: Examples of individual frames post solvent exchange ring patterned 

graphene data collected by HS-AFM in liquid (Scale bar 500 nm, Arrows highlight example 

nanobubbles, Data captured at 2 fps) 

 

a. b. 

a. b. 

a. b. 
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Chapter 5: HS-AFM Assessment of EhV Structure 

5.3 Coccolithovirus, EhV 

 

Supplementary Figure 30: a. / b. Examples of EhV-86 viruses at high concentration visualised 

by HS-AFM in air (Scale bar 400 nm, Data captured at 2 fps) 

 

Supplementary Figure 31: a. / b. Examples of EhV-86 viruses with high background 

contamination visualised by HS-AFM in air (Scale bar 400 nm, Data captured at 2 fps) 

 

Supplementary Figure 32: a. / b. Examples of EhV-86 viruses with low background 

contamination visualised by HS-AFM in air (Scale bar 400 nm, Data captured at 2 fps) 

 

Supplementary Figure 33: a. / b. Examples of EhV-86 viruses exhibiting envelope removal 

visualised by HS-AFM in air (Scale bar 400 nm, Data captured at 2 fps) 

a. b. 

a. b. 

a. b. 

a. b. 
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Supplementary Figure 34: a. / b. Examples of EhV-99B1 visualised by HS-AFM in air (Scale 

bar 400 nm, Data captured at 2 fps) 

 

Supplementary Figure 35: Example of EhV-99B1 visualised by HS-AFM in seawater (Scale bar 

400 nm, Data captured at 2 fps) 

 

Supplementary Figure 36: a. / b. Examples of EhV-99B1 visualised by HS-AFM in MilliQ (Scale 

bar 400 nm, Data captured at 2 fps) 

 

a. b. 

a. b. 
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Chapter 6: HS-AFM Assessment of Algal Cell Membranes 

6.2 Phaeodactylum tricornutum 

 

Supplementary Figure 37: a. / b. Examples of wild type Phaeodactylum visualised by HS-AFM 

in air (Scale bar 2 µm, Data captured at 2 fps) 

6.3 Emiliania huxleyi 

 

 

Supplementary Figure 38: Example E. hux CCMP 2090 cell membrane Isopore gravity 

preparations visualised by HS-AFM in air (Data captured at 2 fps) a. (Scale bar 400nm) / b. 

(Scale bar 400 nm) / c. (Scale bar 1 µm) / d. (Scale bar 1 µm) 5 µm pore size e. 8 µm pore size 

(Scale bar 1 µm) f. E. hux CCMP 374 vacuum preparation, 8 µm pore size (Scale bar 1 µm) 

 

 

a. b. 

a. b. c. 

d. e. f. 
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Supplementary Figure 39: Example E. hux CCMP 2090 cell membrane Isopore vacuum 

preparations visualised by HS-AFM in liquid (Data captured at 2 fps) a. (Scale bar 400 nm) / b. 

(Note no scale bar, instrument not correctly calibrated in X / Y axis) / c. (Scale bar 400 nm) / d. 

(Scale bar 200 nm) 5 µm pore size e. / f. 8 µm pore size (Scale bar 400 nm) 

 

Supplementary Figure 40: a. / b. Example E. hux CCMP 2090 cell membrane Isopore (5 µm 

pore size) vacuum preparations with glutaraldehyde fixation visualised by HS-AFM in liquid 

(Scale bar 200 nm, Data captured at 2 fps) 

 

 

 

 

 

 

 

a. b. c. 

d. e. f. 

a. b. 
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Supplementary Figure 41: Time series of select E. huxleyi cell membrane visualised by HS-AFM 

in liquid (Scale bar 500 nm, Individual frames captured at 2 fps) a. 40 seconds and  

6.4 Conclusions 

 

Supplementary Figure 42: Further specific E. hux cell array iteration diagrams a. 5, 6, 7 and 8 

µm diameter / depth cylinders and b. as in Supplementary Figure 42 a with gaps between array 

blocks 

 

 

T=0s T=4s T=8s T=16s 

T=20s T=24s T=28s T=34s 

T=38s T=40s 

a. b. 
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Chapter 7: HS-AFM Assessment of Viral Binding 

7.2 Supported Lipid Bilayer 
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Supplementary Figure 43: Fraction examples visualised by HS-AFM in air (Scale bar 1 µm, 

Data captured at 2 fps). From left to right columns: Control, Raw Fraction, and Dialysed 

Fraction. From top to bottom rows: Fractions 3 – 11 
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Supplementary Figure 44: Fraction examples visualised by HS-AFM in liquid (Scale bar 1 µm, 

Data captured at 2 fps). From left to right columns: Control, Raw Fraction, and Dialysed 

Fraction. From top to bottom rows: Fractions 3 – 11 

 



215 

 

 

Supplementary Figure 45: Fraction 2 non sonicated and extruded vesicles (control example) 

visualised by HS-AFM in liquid (Scale bar 1 µm, Data captured at 2 fps)  

7.3 Live Cell Virus Binding 

 

Supplementary Figure 46: Example caesium chloride viral concentration. Highlighted is density 

separated viral band to be extracted (Scale bar 50 mm) 
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Chapter 8: HS-AFM Imaging of Nucleic Acids 

8.2 DNA 

25 - 1000 bp DNA ladder visualised by HS-AFM in air 

 

 

 

 

a. 

b. c. 

d. 
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Supplementary Figure 47: Examples of 1 in 250 dilution 25 - 1000 bp DNA ladder visualised by 

HS-AFM in air (Data captured at 2 fps) a. / d. Whole frame HS-AFM data with highlighted area 

seen in Figure 117 b / c / e / f (Scale bar 300 nm) b. / e. DNA zoom (3D render) c. (Scale bar 50 

nm) / f. (Scale bar 50 nm) 

 

 

 

 

e. f. 
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8.3 Disrupted EhV Capsid 

 

Supplementary Figure 48: EhV-86 post imaging tip produced disruption releasing genomic 

material visualised by HS-AFM in air (Data captured at 2 fps, Scale bar 400nm)  

 

Supplementary Figure 49: EhV-86 post imaging tip produced disruption releasing genomic 

material visualised by HS-AFM in air (3D render, Colour bar limited to 10 nm maxima, Data 

captured at 2 fps)  
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