
1 
 

 

 

 

 

 

 

Intracellular Mapping of Functional Chemistry and 

Nanoparticle Theranostics with Infrared Nano-imaging 

 

 

 

 

 

George E. Greaves 

2024 

 

 

Department of Physics 

Imperial College London 

 

 

Submitted in part fulfilment of the requirements for the degree of Physics 

Doctor of Philosophy of Imperial College London 

and the Diploma of Imperial College London 

  



2 
 

 

Statement of Originality 

The content of this thesis is my own, except where appropriately referenced. Contributions to the 

work in this thesis made by others, from Imperial College and other institutions, has been 

appropriately acknowledged. 

 

 

Copyright statement 

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are 

licensed under a Creative Commons Attribution-Non Commercial 4.0 International Licence (CC BY-

NC). 

Under this licence, you may copy and redistribute the material in any medium or format. You may 

also create and distribute modified versions of the work. This is on the condition that: you credit the 

author and do not use it, or any derivative works, for a commercial purpose.  

When reusing or sharing this work, ensure you make the licence terms clear to others by naming the 

licence and linking to the licence text. Where a work has been adapted, you should indicate that the 

work has been changed and describe those changes. 

Please seek permission from the copyright holder for uses of this work that are not included in this 

licence or permitted under UK Copyright Law.  



3 
 

 

Abstract 

Nanoscale imaging is key in studying cell function and pathology at the cellular level, but the 

diffraction limit (~250nm for visible light) poses a barrier. This necessitates the development of 

advanced imaging techniques such as electron and super-resolution microscopies, which generally 

require samples to be stained or labelled to operate at their full potential. In the handful of label-free 

techniques, it can be challenging to obtain chemical information at the nanoscale spatial resolutions 

required. At the same time, infrared spectroscopy and imaging is routinely used to obtain chemical 

information in a label-free way, but suffers from poor spatial resolution due to the diffraction limit 

(here ~3–5µm), rendering it of little value at the cellular level.  

This thesis presents advancements in the cellular imaging capabilities of scattering-type scanning 

near-field optical microscopy (s-SNOM), a scanning probe microscopy technique that is here 

combined with infrared quantum cascade lasers to image cells with nanoscale (~30nm) spatial 

resolution and chemical sensitivity. In one of the key results of this thesis, multiple myeloma cells 

are imaged label-free at several wavelengths to isolate intracellular structures based on the infrared 

signatures of chemical groups occurring naturally in biomolecules. Several organelles such as 

mitochondria and endoplasmic reticulum are identified, having never been seen before at this spatial 

resolution in a directly optical way. 

s-SNOM is also demonstrated as a tool to image interactions between cells and nanoparticles used 

in drug delivery. This has huge potential in nanomedicine, whereby the intracellular biochemical 

response of cells could be correlated with the uptake of such nanoparticles. Additionally, combining 

chemical mapping with the topographical information also obtained with s-SNOM is shown to provide 

a way of determining whether nanoparticles have internalised into cells, which is crucial in evaluating 

the efficacy of nanomedicines. 
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Chapter 1 

1 Introduction 

Advances in the fields of the life sciences and medicine have long been linked to improvements in 

the ability to image biological systems. Such improvements are typically in the spatial resolution of 

imaging systems, enabling the imaging of smaller objects in greater detail, but also in specificity, 

whereby components of biological systems can be identified by, for example, their chemical make-

up. 

This thesis concerns advancements in the nanoscale imaging of cells and intracellular structures 

using infrared (IR) scattering-type scanning near-field optical microscopy (s-SNOM). It explores the 

key advantages of this technique, chiefly the ability to map the functional chemistry in systems at the 

nanoscale without having to apply stains and/or labels. Applications in nanomedicine are also 

demonstrated by using s-SNOM to image interactions between cells and nanoparticles used for drug 

delivery, whilst simultaneously mapping the cell chemistry.  

This chapter first introduces the diffraction limit, a key concept that sets a limit on the resolving power 

of many microscopies and necessitates the development of advanced techniques. The most relevant 
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of these advanced techniques are discussed, namely electron microscopy (EM), super-resolution 

microscopy and two scanning probe microscopies similar in operation to s-SNOM. Some of the 

shortcomings of these techniques are introduced here, but much of the detail is left for chapter 4. 

1.1 The imaging landscape 

1.1.1 Diffraction-limited imaging 

The maximum spatial resolution achievable with standard optical microscopes (that is, not EM, nor 

the super-resolution or scanning probe techniques discussed later) is set by a property of light known 

as diffraction. This stipulates that the spatial resolution of an imaging system is limited in a way that 

is tied to the wavelength of light it uses. In the simple case of a point source object imaged with a 

lens with a circular aperture (figure 1.1 (a)), the resulting image is not point-like as the object is, but, 

due to diffraction, it forms a pattern known as an Airy disc.  

If two point-sources are sufficiently close together, their Airy discs overlap such that the two objects 

cannot be distinguished. Often the minimum separation at which objects are still resolvable is given 

as the Rayleigh criterion, whereby the centre of the Airy disk of one source coincides with the first 

minimum of the other source [1]. This is shown in figure 1.1 (b), where the intensity profiles shown 

are for lines through the centre of each Airy disc. 

Closely related to the Rayleigh criterion, the diffraction-limited spatial resolution of an imaging 

system, 𝑟, is often given as the Abbe limit 

 
𝑟 =

𝜆

2 ⋅ 𝑁𝐴
 (1.1) 

   

where 𝜆 is the wavelength of the light and 𝑁𝐴 is the numerical aperture of the imaging system [2]. 

Consequently, the spatial resolution of an imaging system can be improved by using light of a shorter 

wavelength and/or by increasing the numerical aperture of the system (for example, by increasing 

the aperture size of lenses).  

The diffraction limit affects a range of imaging systems, including those that use visible light, as well 

as IR microscopies used for chemical mapping. For light in the visible part of the electromagnetic 
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spectrum, the diffraction limit is approximately 250nm, varying with the wavelength of the light and 

the configuration and types of optical elements used. In the context of bioimaging, this is generally 

sufficient to resolve individual cells, and even identify large structures such as nuclei, but there is a 

great wealth of intracellular structures that cannot be resolved at this spatial resolution. Many 

fluorescence-based techniques are similarly limited, since they generally use fluorescent labels that 

operate in the visible, near-IR and near-UV parts of the electromagnetic spectrum [3]. IR 

microscopies operate at much longer wavelengths, with 5–10µm being common. Thus, the 

diffraction limit imposes a much more severe limit on the spatial resolution of IR microscopies, and 

it is therefore challenging to resolve intracellular structures. 

1.1.2 Electron microscopy 

EM is an analogue of optical microscopy that uses electrons instead of photons and electromagnetic 

lenses instead of refractive and reflective optical components. The extremely short wavelength of 

electrons means that EM has a far-superior spatial resolution compared to standard optical 

microscopies. One of the earliest applications of EM, in the late 1930s, was the imaging of viruses 

Figure 1.1  Diffraction-limited imaging. (a) A point source imaged by a lens of finite aperture, d, 

produces a pattern at the image plane known as an Airy disc. (b) Intensity profiles along lines 

through the centres of Airy discs (shown in (a)) for two point sources separated by the distance 

from the centre of an Airy disc to its first minimum. This separation is known as the Rayleigh 

criterion.  
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[4, 5]. This resulted in the coining of the term “ultrastructure”, the fine structure of cells that requires 

an imaging technique such as EM, or one with comparable spatial resolution, to be visualised. EM 

is now widespread in the life sciences and medicine and allows routine visualisation of cell 

ultrastructure and nanomaterials [6, 7].  

Several EM techniques exist to suit a variety of sample types. Transmission electron microscopy 

(TEM) is generally performed on sections of cells and tissues that are chemically fixed, embedded 

in epoxy resin and sliced thinly (~100nm) using an ultramicrotome [8]. As its name suggests, this 

technique measures the transmission of electrons through a sample, which is generally stained with 

heavy metals such as osmium tetroxide (OsO4), uranyl acetate and lead citrate to generate electron 

contrast.  

Another common technique, scanning electron microscopy (SEM), relies on detecting electrons 

scattered off samples. Like TEM, samples prepared for SEM are generally chemically fixed and 

stained with heavy metals but differ in that they need not be embedded in resin [9]. This means SEM 

can be used for imaging whole cells grown on substrates [10]. 

In electron cryomicroscopy (cryo-EM), samples are neither chemically fixed nor stained with heavy 

metals. Instead, they are frozen at cryogenic temperatures in an attempt to better preserve biological 

structures. The lack of staining means that electron contrast is reduced and that samples are more 

easily damaged in the electron beam, so a low power beam is used [11]. As such, images are 

generally quite noisy, so complex image processing is required to interpret images. 

Identification of specific molecules and structures can be achieved in EM through immunolabelling, 

whereby an antibody tag attaches to an antigen target in the specimen. A metallic nanoparticle (NP) 

is conjugated to the antibody tag to provide contrast in EM images [12, 13]. Other techniques such 

as energy dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS) can 

be combined with EM to facilitate chemical identification within samples, but it can be challenging to 

achieve this at the nanoscale resolutions required without the electron beam damaging samples [14, 

15]. 
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Three-dimensional techniques that allow entire cells to be resolved in three dimensions are emerging 

in EM. One such technique, electron cryotomography, involves rotating a sample between capturing 

successive images and using reconstruction algorithms to generate a 3D image [11]. Other 

techniques include ion-beam milling and serial-block face EM, which iteratively image with SEM and 

remove the top layer of a sample using an ion beam or an ultramicrotome, respectively. Three-

dimensional imaging is outside of the scope of this thesis1, but it is worth noting that, in principle, s-

SNOM could be combined with ion-beam milling for three-dimensional imaging. 

1.1.3 Super-resolution microscopy 

Fluorescence microscopy makes use of a wide variety of fluorescent labels that bind to molecules 

and structures of interest in biological systems. By pumping the labels to an excited state and 

measuring the fluorescence emission, the target molecules and structures are visualised. Such 

fluorescent labels typically operate in the visible, near-IR and near-UV parts of the electromagnetic 

spectrum and thus the spatial resolution of many fluorescent techniques is limited by diffraction to 

~250nm [3]. 

A handful of so-called super-resolution techniques surpass the diffraction limit, however [16, 17]. 

One group of such techniques, structured illumination microscopy (SIM), uses a spatially structured 

illumination which generates interference patterns. Careful analysis results in SIM techniques 

surpassing the diffraction limit, and generally yields an improvement in resolution by roughly a factor 

of two [18].  

Another group of techniques, stimulated emission depletion microscopy (STED), beats diffraction 

using a ‘depletion beam’ that creates a doughnut-shaped region in the sample where fluorescence 

is depleted, leaving a central region of sub-diffraction size where fluorescence occurs [19, 20]. 

Resolutions down to 20nm have been observed with STED [21]. 

A third group of techniques, single-molecule localisation microscopy (SMLM), uses a series of 

diffraction-limited images to localise fluorescent molecules by computationally estimating the 

 
1 Three-dimensional imaging of entire cell volumes is outside of the scope of this thesis. Imaging the surface 
of whole cells in three-dimensions, without imaging the internal volume, is covered in chapter 6. 
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locations of the centres of the point-spread functions (PSFs) of the emission from fluorescent labels 

(that is, the diffraction patterns detected from fluorescence emissions). Such techniques use the fact 

that fluorescent molecules switch between on and off states, so each diffraction-limited image 

contains the emission from only a subset of them. The more images (and hence, photons) collected, 

the more accurately the centres of the PSFs can be located [22]. SMLM techniques include 

photoactivated localisation microscopy (PALM) [23, 24] and stochastic optical reconstruction 

microscopy (STORM) [25], the main difference being the fluorescent labels used and the mechanism 

for switching them on and off. 

1.1.4 Other notable fluorescence-based imaging techniques 

There are a number of other notable fluorescence-based techniques that, whilst unable to achieve 

as high spatial resolution as s-SNOM, EM and super-resolution microscopies, are worth including in 

this review due to their widespread use across the life sciences and medicine. 

 Confocal and light sheet microscopies 

Confocal microscopy involves using pinholes to block out-of-focus light and thus improve the spatial 

resolution compared to an ordinary fluorescence-based microscope [26]. One such technique, 

confocal laser scanning microscopy, uses a single pinhole such that only one part of a sample is 

illuminated at a time. 2D (or 3D) imaging therefore requires raster scanning over the entire specimen 

[26]. Another technique, spinning disk confocal microscopy, uses a spinning disk with many pinholes 

to speed up image acquisition time and thus to reduce the effect of phototoxicity and photobleaching 

[27]. 

Another widely used fluorescence-based imaging technique, light sheet microscopy, involves 

illuminating a sample with a sheet of light in a plane whose normal is parallel to the image axis [28]. 

Since only a thin section of the sample is illuminated at any time, the axial resolution of images is 

improved in comparison to that of ordinary fluorescence microscopes, and the effects of phototoxicity 

and photobleaching are reduced [29]. 
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Both confocal and light sheet microscopies are diffraction limited imaging techniques, so their lateral 

spatial resolutions are restricted to approximately 200nm, but they are both extremely powerful and 

versatile imaging techniques that enable three dimensional imaging of fixed and living cells [27, 29]. 

Fluorescence lifetime imaging and fluorescence resonance energy transfer 

microscopies 

As an alternative to conventional fluorescence microscopies, whereby the intensity of fluorophore 

emission is used to generate image contrast, fluorescence lifetime imaging microscopy (FLIM) 

instead uses the excited state lifetime of fluorophores. This alternative mechanism for generating 

contrast can be, for example, sensitive to the changes in molecular environments that can’t be 

detected with conventional fluorescence techniques [30]. There are also significant practical 

advantages such as FLIM being largely unaffected by fluorophore intensity and concentration and 

the phenomenon of photobleaching [31, 32]. FLIM can be experimentally realised by adapting 

confocal or light sheet microscopy techniques [33, 34]. In such cases, of course, the spatial 

resolution of images is diffraction limited. However, efforts have been made to combine FLIM with 

super-resolution techniques to enable sub-diffraction FLIM imaging, both with SMLM [35] and STED 

techniques [36]. 

Fluorescence resonance energy transfer (FRET) – also known as Förster resonance energy transfer 

– is a phenomenon in which energy is transferred from a donor fluorophore to an acceptor 

fluorophore over a short distance (typically several nanometres) [37]. The efficiency of the energy 

transfer is dependent on the distance between the fluorophores, so measuring the FRET efficiency 

allows one to infer the proximity of molecules of interest to one another. FRET-based imaging can 

therefore be used to investigate protein-protein interactions [38], lipid-protein interactions [39] and 

cellular signalling pathways [40], amongst many other biological systems and processes. FRET can 

also be combined with FLIM to study interactions between proteins with high spatial and temporal 

resolution [41, 42]. More recently, FRET has been combined with STED to enable sub-diffraction 

imaging, demonstrated with the imaging of primary neurons [43]. 
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1.1.5 Infrared imaging 

IR imaging techniques do not require samples to be stained or labelled to generate image contrast. 

Instead, they exploit vibrational modes of chemical moieties found naturally in specimens. In addition 

to providing contrast for the morphological identification of structures, probing these vibrational 

modes enables quantitative mapping of functional chemistry in biological specimens. Vibrational 

modes can be probed by exciting them directly with IR wavelengths or indirectly through Stokes-

Raman scattering (figure 1.2). The former has the significant advantage of using longer wavelength 

photons with lower energies. This can reduce the exposure of the sample to radiation and thus 

reduce the potential for damage. 

A common infrared imaging technique uses a Fourier transform infrared (FTIR) spectrometer (a 

technique widely used for generating infrared spectra, formally introduced in section 2.4.2) coupled 

to a focal plane array (FPA) detector. This has been employed to investigate a variety of biological 

tissues [44] and its chemical sensitivity gives rise to applications in disease diagnosis [45]. 

The advent of quantum cascade lasers (QCLs), which offer low noise, single wavelength light 

tuneable throughout the infrared, has resulted in the emergence of QCL microscope systems that 

Figure 1.2  Molecular energy level transitions. Representative molecular energy level transitions 

in infrared imaging, Raman imaging and fluorescence microscopy. 
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offer high throughput imaging compared to their FTIR microscope counterparts [46]. Amongst the 

types of samples investigated with such systems are tissue sections [47], including tissue micro 

arrays, which are a convenient way of imaging sections of tissues from many specimens at once 

[48]. 

Efforts have also been made to develop lower cost, clinic-friendly infrared imaging systems. One 

such system uses a Globar thermal source instead of a QCL and a microbolometer detector rather 

than a liquid nitrogen-cooled mercury cadmium telluride (MCT) detector [49]. However, the superior 

signal-to-noise ratio obtained with FTIR- and QCL-based systems means they are still the most 

popular choices. 

Long imaging wavelengths (several micrometres) mean that the spatial resolutions of IR techniques 

are generally severely restricted by the diffraction limit. However, a family of scanning probe 

microscopy (SPM) techniques, discussed below, have been developed that combine the nanoscale 

resolving power of SPM with the chemical sensitivity of IR imaging techniques. 

1.1.6 Scanning probe microscopy 

Atomic force microscopy 

Atomic force microscopy (AFM) involves raster scanning a sharp probe across a sample to obtain 

topographical and mechanical information. Whilst originally developed to investigate solid-state 

samples [50], there is now a multitude of imaging modes to suit all types of biological specimens, 

from membranes [51, 52] and pore complexes [53, 54], all the way up to whole cells [55] and tissues 

[56], making it a highly versatile and widely used nanoscale imaging tool [57].  

Identifying and monitoring physiological changes to subcellular structures is made possible with AFM 

through measurements of morphology with sub-nanometre spatial resolution, as well as measuring 

mechanical properties such as stiffness, adhesion and roughness [57]. To add to this, a family of 

techniques, all based on AFM, have been developed that combine the chemical sensitivity of infrared 

spectroscopy with the spatial resolution of SPM. This enables identification and monitoring of 

subcellular structures through their optical properties [58], rather than through the use of stains and 

labels as in EM and super-resolution microscopies. 



 1.1    The imaging landscape 

 

  22  

 Tip-enhanced Raman spectroscopy 

One such IR SPM technique, tip-enhanced Raman spectroscopy (TERS), probes vibrational modes 

through Stokes-Raman scattering [59], and has been applied to a number of biological systems [60]. 

Examples include isolated biological systems such as amyloid fibrils [61] and lipid monolayers [62], 

as well as complex systems such as viruses [63], bacteria [64] and human cells [65]. One practical 

issue associated with TERS is that exciting vibrational modes with higher energy photons delivers 

an unnecessarily large energy dose to samples compared with IR wavelengths [60]. Generally, 

TERS is used to generate locally resolved IR absorption spectra of samples, rather than chemically 

mapping biological systems.  

Sub-nanometre spatial resolution TERS has been demonstrated [66, 67], however this relies on 

matching molecular vibrational modes with the plasmon resonance of nanocavities between sharp 

imaging probes and a sample surface. Additional technical challenges such as tip-to-tip variability 

and sample drift at ambient temperatures make high resolution TERS challenging to realise [68]. 

Furthermore, the low Raman scattering cross sections of biological molecules such as proteins and 

DNA make their detection challenging in comparison to the commonly investigated resonant dyes 

[68]. 

 Photothermal induced resonance AFM (AFM-IR) 

Another related technique, photothermal induced resonance (PTIR) AFM, also known as AFM-IR, 

illuminates samples with IR light and the induced thermal expansion of the sample is detected in the 

deflection of the AFM tip. It has benefitted from the technical advancement in mid-infrared light 

sources, namely quantum cascade lasers (QCLs) [69]. It has been used to image a handful of 

biological systems [68], including whole breast cancer cells [70, 71], red blood cells [72], fibroblast 

cells [73], viruses [74] and cervical cancer cells [75]. In these examples, specimens were imaged 

whole, rather than first being sectioned, so intracellular structures were not resolved. 

The lack of applications in which intracellular structures have been resolved might be due to the 

small thermal expansion coefficient of biological systems, which makes imaging challenging [76], 

particularly for thin sections. The mechanism that generates contrast in images is also rather 
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complicated, depending on the absorption coefficient, specific heat capacity and thermal expansion 

coefficient of samples [68]. Furthermore, imaging is complicated by tip-sample contact dynamics 

affecting the signal [68]. 

 a-SNOM 

In aperture-based scanning near-field optical microscopy (a-SNOM), sometimes acronymised as 

SNOM or NSOM, an apertured fibre is used to collect light in the near-field region of a sample. The 

near-field is the light that is confined to within a few tens of nanometres of an object’s surface and 

contains high spatial frequency information, formally introduced in section 2.1. The fibre is sharpened 

by etching to achieve aperture diameters of, typically, 100nm, resulting in spatial resolutions of this 

size [77]. Thus, the spatial resolution of a-SNOM is typically only marginally better than diffraction-

limited techniques. 

a-SNOM has been applied to bioimaging a handful of times, for example to image whole 

oesophageal cancer cells [78, 79], mesothelial cells [80] and human sperm cells [81]. Amongst these 

investigations, however, there is little evidence of subcellular identification and chemical sensitivity. 

a-SNOM has also been used to image cervical lymph node tissue sections [82] and resin-embedded 

lymphocyte and breast cancer cell sections [83], but here again there is very little evidence of 

ultrastructure identification with chemical contrast. 

 s-SNOM 

s-SNOM is another such IR SPM technique in which light is focused down to a conductive probe in 

an AFM system, establishing a highly enhanced and localised electric field at the tip of the probe in 

a nanoscale version of the lightning rod effect [84, 85]. Measuring the backscattered light from the 

probe allows the sample’s optical (and chemical) properties to be inferred in the small region 

underneath the tip [86]. Tuning the wavelength (here, of IR lasers) allows different chemical moieties 

to be probed, based on their IR absorption properties. Crucially, the spatial resolution depends on 

the size of the tip, and not on the wavelength of the light, allowing s-SNOM to surpass the diffraction 

limit by several orders of magnitude [84, 87]. 



 1.1    The imaging landscape 

 

  24  

s-SNOM was pioneered in the mid-1990s and was shown to have a far-superior spatial resolution 

than its aperture-based counterpart, a-SNOM [88, 89]. It has since been used as an imaging tool in 

a vast array of fields and applications [90]. Largely, these have been related to solid state 

phenomena and devices, including plasmonic nanoantennas [91],  graphene plasmonics [92, 93], 

metasurfaces [94-96] and various semiconductor devices [97, 98]. A variety of other applications 

exist including the development of novel polymers [99, 100] and biomaterials [101, 102], as well as 

applications in geosciences [103]. 

There has been increased interest in using s-SNOM to image biological systems, in a large part due 

to the advent of quantum cascade lasers (QCLs), which offer low-noise, continuous wave output 

tuneable throughout the IR. The majority of these applications have been isolated systems such as 

protein complexes [104, 105], oligonucleotides [106],  lipid monolayers [107] and bilayers [108], 

amyloid fibrils [109] and collagen fibrils [110]. There have been some instances of imaging more 

complex systems such as viruses [111], E. coli cells [112], primary neurons [113] and red blood cells 

[114]. However, in these cases, the systems were imaged whole, so intracellular structures were not 

resolved. s-SNOM has also been used to image zebrafish retinal tissue [115], but limited 

ultrastructural information was obtained in this case.  

More recently, s-SNOM has been used to image and identify intracellular structures in single-cell 

green alga and E. coli cell sections [116], in a way that begins to rival the intracellular imaging 

capabilities of EM and super-resolution microscopies. This thesis builds on these results by imaging 

three types of mammalian cells, including two types of human cells, identifying ultrastructure never-

before imaged directly optically at the nanoscale, as well as demonstrating s-SNOM as a tool for 

studying interactions between cells and nanomedicines. 

Comparing s-SNOM, TERS, and AFM-IR 

It is difficult to directly compare the imaging capabilities of s-SNOM with that of TERS and AFM-IR 

since each boasts impressive attributes when fine-tuned to a particular sample type that suits it well. 

However, some general conclusions can be drawn.  

i) Chemical sensitivity 



 1.1    The imaging landscape 

 

  25  

In terms of chemical sensitivity, each of the techniques is capable of measuring infrared absorption 

by probing vibrational modes. However, TERS struggles to do this for complex biological samples 

[68], which is partly due to the small Raman cross section of biomolecules. AFM-IR is also limited in 

this regard by the small thermal expansion of biological samples [68]. Being an all-optical technique 

that directly probes vibrational modes with infrared light, s-SNOM does not suffer from the same 

limitations in its chemical sensitivity. 

ii) Spatial resolution 

Exploitation of plasmonic effects associated with scanning tunnelling microscopes has resulted in 

sub-nanometre spatial resolution TERS, which beats both s-SNOM and AFM-IR [68]. However, this 

level of spatial resolution has not been realised for complex biological specimens, and tip-to-tip 

variability makes it unreliable [68].The practical spatial resolution for complex biological samples is 

closer to that of s-SNOM and AFM-IR, at the level of tens of nanometres. Once again, this is a 

situation in which the exact details of the sample (topographically and chemically) play an important 

role. 

iii) Image acquisition time 

Since the three techniques are all scanning probe techniques, image acquisition time is in principle 

very similar. The image acquisition time depends much more on the pixel size desired and the signal-

to-noise ratio achieved for a given sample, which then informs the choice of pixel integration (dwell) 

time. The image acquisition times for all images presented in this thesis are given in figure captions. 

Naturally, these vary hugely depending on the pixel size used. 

iv) Cost 

s-SNOM and AFM-IR systems both generally use QCLs to produce the best possible images. These 

are still relatively state-of-the-art light sources, costing upwards of £100,000 for a fully integrated 

system with QCL chips and external cavity. TERS, on the other hand, makes use of cheaper light 

sources, typically costing tens of thousands of pounds. Thus, TERS systems can in principle be 

realised at a lower cost than that of s-SNOM and AFM-IR. 
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1.2 Scope of this thesis 

Chapter 2 of this thesis formally introduces the operational principles of s-SNOM, including key 

aspects such as AFM operation and the interferometric detection of the backscattered light from the 

probe. The s-SNOM experimental setup used for measurements in this thesis is discussed together 

with a discussion on the choices of components and procedures for optical alignment. Details on IR 

spectroscopy are also discussed, including the absorption signatures of some important chemical 

moieties. 

In chapter 3, a metric for quantifying the quality of images is introduced and used in an attempt to 

obtain optimum values for key imaging parameters. There is also a discussion on the information 

that can be obtained from the different optical and mechanical image channels available with s-

SNOM. 

Chapter 4 begins with a discussion of the advantages that s-SNOM holds over EM and super-

resolution microscopies, before demonstrating these with the label-free imaging of multiple myeloma 

cells. Images of cell sections are presented at several imaging wavelengths, mapping a variety of 

chemicals and isolating subsets of cell ultrastructure. The images contain many intracellular 

structures imaged directly optically at the nanoscale for the first time; these include mitochondria, 

endoplasmic reticulum and nuclear components. Supporting TEM images of the same cell line, 

stained with uranyl acetate and lead citrate, are shown to help validate identifications made in the s-

SNOM images.  

In chapter 5, an application of s-SNOM in nanomedicine is demonstrated by using it to image 

nanoparticle theranostics (nanoparticles with therapeutic, targeting and imaging functionalities) in 

hippocampal neuron sections. Crucially, it is shown that s-SNOM can be used to map the distribution 

of these nanoparticle theranostics in multiple interaction modes, whilst simultaneously mapping 

functional chemistry in the cells. Observations are once again validated with TEM images of the 

same cell line. It is also shown that osmicating the cells might enable s-SNOM imaging at higher 

spatial resolution. 
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Chapter 6 demonstrates the capability to image whole cells (rather than sections of cells) using s-

SNOM whilst simultaneously imaging interactions with silica-based nanoparticles. These 

nanoparticles are non-toxic and can be loaded up with large drug cargos, making them potentially 

very useful in nanomedicine. Here they are imaged in malignant glioma cells, with emphasis placed 

on imaging lamellipodia and filopodia, the structures at the peripheries of cells responsible for cell 

movement, amongst many other functions. It is shown that the embedding status of the nanoparticles 

can be determined using s-SNOM, which is key in nanomedicine research but can be difficult to 

achieve with EM and super-resolution microscopy. Additionally, a morphological erosion algorithm 

is used to correct topography images of cells. This is the first time such an algorithm has been 

applied to a study using s-SNOM and it is here argued that it is highly important for accurately 

representing cell topography. 

This thesis concludes in chapter 7 with a summary of the conclusions that can be drawn from the 

results presented and the achievements of this thesis, as well as suggested future work. 
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Chapter 2 

2 Required Knowledge and Experimental 

Setup 

The first part of this chapter introduces the optical near-field – the surface-confined optical field that 

is exploited in near-field microscopy. The second part introduces some operational principles of the 

near-field microscopy technique used for measurements in this thesis, s-SNOM. Included in this are 

the principles of AFM, the tip-sample optical coupling, and the recovery of sample properties from 

the backscattered light from the probe. The third part of this chapter provides detail on the 

experimental setup used specifically for measurements in this thesis, including the choices for the 

optical components used and the procedures used for achieving optical alignment. The final part of 

this chapter discusses IR spectroscopy, highlighting absorption features of important chemical 

moieties, as well as introducing another technique used for measurements in this thesis, Fourier 

transform infrared (FTIR) spectroscopy. 
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2.1 The optical near-field 

The optical near-field is an electromagnetic field whose strength decays exponentially from the 

surface of an object. To understand the theoretical origins of the near-field, it is instructive to describe 

an optical field in its angular spectrum representation. This can be understood as the series 

expansion of a field in terms of plane and evanescent (spatially confined) waves whose amplitudes 

and propagation directions vary. One component of such a field, with wavevector 𝒌 and angular 

frequency 𝜔, is given by 

 𝐸(𝑟) = 𝐸0𝑒𝒌∙𝒓−𝜔𝑡. (2.1) 

   

Assuming that the propagation medium is homogeneous, isotropic and linear, all wave components 

must satisfy the Helmholtz equation: 

 (∇2 + 𝑘2)𝐸(𝑟) = 0 (2.2) 

   

where 𝑘 =
𝜔

𝑐
𝑛, 𝑛 is the refractive index of the medium and 𝑐 is the speed of light in free space. If the 

beam propagates in the 𝑧-direction, then there are two possible solutions: 

(i)    𝑒𝑖(𝑘𝑥𝑥+𝑘𝑦𝑦)𝑒±𝑖|𝑘𝑧|𝑧, 𝑘𝑥
2 + 𝑘𝑦

2 ≤ 𝑘2, 

(2.3) 

(ii)   𝑒𝑖(𝑘𝑥𝑥+𝑘𝑦𝑦)𝑒−|𝑘𝑧||𝑧|, 𝑘𝑥
2 + 𝑘𝑦

2 > 𝑘2. 

     

where the spatial frequencies in the 𝑥, 𝑦 and 𝑧 directions are related by 𝑘𝑧 ≡ √𝑘2 − 𝑘𝑥
2 − 𝑘𝑦

2  [117].  

Solution (i) represents plane waves that propagate in the 𝑧 direction into the far-field. These waves 

have transverse spatial frequencies, 𝑘𝑥 and 𝑘𝑦, that must be less than the spatial frequency 𝑘~
1

𝜆
. 

Thus, there is an upper limit to the spatial information that is carried into the far field that is tied to 

the wavelength.  

Solution (ii) represents evanescent waves whose transverse spatial frequencies exceed 𝑘, and thus 

there is no limit to the spatial frequency information carried by such waves. However, these waves 

decay exponentially in the 𝑧 direction and are thus confined to a few nanometres of an object’s 
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surface, forming the optical near-field. Thus, these waves cannot be recovered with conventional 

imaging techniques. 

In s-SNOM, a sharp conductive probe, illuminated by a light source, is brought close to an object’s 

surface such that the electric field distribution around the tip of the probe is modified by the near-

field confined to the object’s surface. This modification, which contains the high spatial frequency 

information about the object’s surface, is detected in the light that is scattered from the probe into 

the far-field, from which local sample properties can be recovered. Full details of how this is achieved 

are provided in the following section. 

2.2 s-SNOM operational principles 

2.2.1 Atomic force microscopy 

In AFM, a sharp probe is raster scanned across a sample to build up an image that maps the sample 

topography, amongst a variety of other mechanical properties, depending on the intended application 

[118]. Commonly, a so-called tapping mode is used, whereby the probe oscillates at the end of a 

cantilever, touching the sample at the bottom of the oscillation. Tapping the sample, rather than 

maintaining constant contact, has the advantage of reducing the lateral force on the probe. It is also 

a critical part of recovering the sample properties from the backscattered light, discussed in section 

2.2.3.  

Figure 2.1 shows the operation of a typical tapping mode AFM system. A sharp probe oscillates at 

an amplitude A (typically referred to as the tapping amplitude) with frequency Ω. These oscillation 

parameters are monitored by measuring the deflection of a laser reflected off the top side of the 

cantilever throughout the oscillation. In s-SNOM, the sample is raster scanned on a piezoelectric 

stage beneath the probe. The sample is moved, rather than the probe, because the imaging laser 

must remain focused on the probe throughout image acquisition. 

When the probe meets a higher part of the sample, there is less room for the probe to oscillate and 

the tapping amplitude temporarily decreases. This decrease is measured at the photodiode and a 

feedback system retracts the stage to restore the original tapping amplitude, A0. Likewise, if the probe 
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reaches a lower part of the sample, the tapping amplitude temporarily increases, and the stage 

moves upwards to restore the tapping amplitude to A0. The movement of the stage in three 

dimensions is used to generate a map of the sample topography. Whilst obtaining the sample 

topography is not the main focus of s-SNOM, it ‘comes free’ with s-SNOM measurements and is 

used in parts of this thesis.  

2.2.2 Illumination, tip-sample optical coupling and scattering of light 

from the probe 

AFM probes are typically made from monolithic silicon that is wet-chemically etched to leave a sharp 

tip of nanoscale dimensions. s-SNOM generally uses AFM probes that are coated with a conductive 

layer. The probes used for measurements in this thesis, and indeed widely in the s-SNOM 

community, are platinum iridium alloy-coated probes with a stiffness of 42N/m and a typical 

resonance frequency of 285kHz (Arrow NCPt, available at NanoWorld, Switzerland). 

Figure 2.1  Atomic force microscopy (AFM) operation.  (a) A sharp probe at the end of a 

cantilever is oscillated with amplitude A and frequency Ω. The oscillation amplitude is monitored by 

measuring the deflection of a laser resulting from the bending of the cantilever. As the sample is 

raster scanned below the tip, the oscillation amplitude is maintained at a target tapping amplitude, 

A0, by moving the sample in the vertical direction. (b) The stage position throughout the scan (grey 

line) is used to generate the topographical map of the sample (orange line). 
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Figure 2.2 shows the illumination of the s-SNOM probe, the optical coupling between the tip and 

sample and the scattering of light from the probe. The probe is illuminated with light polarised such 

that a large component is along the long axis of the probe. This establishes an enhanced and highly 

localised electric field at the tip of the probe [84, 85], which is modified in the presence of a sample 

such that the tip-sample system is coupled. This coupling is often referred to as the near-field 

interaction, illustrated by the curved arrows in figure 2.2. Resultantly, a dipole is induced in the tip 

with an effective polarizability that depends on the tip and sample properties [119]. 

Several analytical models such as point dipole models [119] and finite dipole models [120] can be 

employed to estimate the effective polarizability given tip and sample properties. Accounting for 

higher harmonic detection schemes (section 2.2.3) then allows theoretical estimates of the s-SNOM 

signal to be generated and compared with experimental data [120]. Whilst analytical models can be 

applied to layered systems [121-124], they cannot be applied to systems with spatial variation in the 

scanning directions, meaning they are of little use for complex systems such as cells. Finite element 

simulations have been applied to homogeneous samples [125, 126], as well as samples with very 

simple spatial distributions in the scanning directions [127] such as metal-dielectric boundaries in 

the read/write head of hard disk drives [128, 129], but even with this simple geometry the simulations 

are very computationally demanding. 

The tip scatters light according to the strength of the induced dipole and thus the sample’s optical 

properties are encoded in the backscattered light. In particular, the phase of the backscattered light 

corresponds to the absorption of the sample in the small region underneath the tip [130].  Once 

again, the confinement of the tip-sample coupling to the region underneath the probe means that the 

spatial resolution of s-SNOM depends on the size of the tip of the probe, rather than the wavelength 

of light. The typical apex radius of a tip is ~25nm, meaning that chemical information can be obtained 

with a spatial resolution that surpasses diffraction by several decades. 

Figure 2.2 shows that, in addition to the direct illumination of the probe, there is an additional 

component of illumination due to reflection from the sample. This increases the strength of the 

electric field confined to the tip. The scattered light from the probe is also reflected by the sample, 

increasing the strength of backscattered light that can be detected. Designing a sample with a highly 
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reflective substrate can therefore increase the illumination of the probe and the strength of the 

scattered field that is measured [122]. Using a reflective substrate can additionally boost the s-SNOM 

signal through its near-field interaction with the tip, but the magnitude of this effect is only significant 

for thin samples (<30nm), otherwise the substrate is too far from the tip [122]. 

Tuning the wavelength of illumination allows different chemical moieties in samples to be probed 

based on their IR absorption signatures. Such wavelengths can be generated with QCLs which 

produce mid IR wavelengths by exploiting intersubband transitions in semiconductor quantum well 

heterostructures [131]. The output of a QCL is tuned to a particular wavelength using an external 

cavity (fully integrated in our system) containing a blazed grating in Littrow configuration, whereby 

the angle of incidence of the light is matched to the first order diffraction angle [132]. In the imaging 

setup used for measurements in this thesis, an array of four tuneable, continuous wave QCL chips 

in one fully integrated benchtop system is used, covering a spectral range of 5–11µm (MIRcat QT-

2400, Daylight Solutions, USA). 

2.2.3 Recovering optical properties of samples 

The majority of the backscattered light from the probe comes from its shaft, not its tip where the 

sample’s optical properties are encoded. This means that there is a large background signal many 

orders of magnitude greater than the useful signal that contains the sample’s optical properties. To 

Figure 2.2  Illumination, tip-sample optical coupling and scattering of light from the s-SNOM 

probe. The s-SNOM probe is illuminated directly by the incident field 𝐸0 and indirectly by the 

reflection of the incident field from the sample with magnitude 𝑟𝐸0. The tip-sample system can be 

described by a dipole, 𝒑, scattering light with magnitude 𝐸𝑠𝑐𝑎. Reflection of the scattered light from 

the sample increases the total scattering by 𝑟𝐸𝑠𝑐𝑎. Note that the incident and scattered fields are 

shown on opposite sides of the probe for clarity; the scattered light that is detected, however, travels 

back along the incident beam. 
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overcome this issue, a higher harmonic detection scheme is employed, whereby the intensity of the 

backscattered light is analysed at harmonics of the probe oscillation frequency. 

The exponential decay of the near-field, discussed in section 2.1, means that when the probe is 

oscillated above a sample there is a highly non-linear component to the light that is backscattered 

from the probe that corresponds to the high spatial frequency information carried by the near-field. 

This non-linearity means that the backscattered light has frequency components at harmonics of the 

probe oscillation frequency. The light backscattered from the shaft (the background) does not have 

this strong non-linear component. Thus, analysing the signal at harmonics of the probe oscillation 

frequency provides a means of isolating the near-field signal from the background. 

For a more detailed explanation of this process, it is useful to consider ‘approach curves’, which 

show how the s-SNOM signal decays as the minimum tip-sample separation (that is, the distance 

between the tip and sample at the bottom of the tip oscillation), 𝜁, is increased. Note that approach 

curves are generally used as a diagnostic tool and, during imaging, 𝜁 is approximately zero. Figure 

2.3 shows approach curves generated by the author using a finite dipole model [120] and accounting 

for demodulation at harmonics of the probe oscillation frequency. The finite dipole model takes into 

consideration the dimensions of the probe, modelled as a prolate spheroid, the optical properties of 

a semi-infinite sample, and the tip-sample separation [120]. In this case, the tip is modelled as a 

prolate spheroid of polar axis length 300nm and a radius of curvature at the apex of 25nm, and the 

sample is modelled as a semi-infinite slab of silicon.  

To account for the detection scheme used in s-SNOM, the scattered light is computed for a range of 

tip heights representing the sinusoidal oscillation of the probe. The time-variation of the scattered 

light is then demodulated at the probe oscillation frequency to obtain the s-SNOM signal and taking 

the absolute value yields the s-SNOM amplitude at each harmonic, 𝑠𝑛. Figure 2.3 shows that 𝑠𝑛 

decreases as 𝜁 is increased. This is because, at larger 𝜁, there is less modulation of the electric field 

surrounding the probe (and thus of the scattered light) throughout its oscillation. This results in there 

being smaller frequency components at harmonics of the probe oscillation frequency when the signal 

is demodulated. It can also be seen that the signal demodulated at higher harmonics of the probe 
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oscillation frequency decays more quickly. This is because detecting at higher harmonics requires 

greater modulation of the scattered light. 

Now, consider a region of the probe close to its apex (such as region i in figure 2.3) and another 

region further up the shaft (such as region ii in figure 2.3), both with 𝜁 = 0. The region close to the 

probe apex is like the low 𝜁 case in figure 2.3 in that it experiences large modulation throughout an 

oscillation and thus contributes a large s-SNOM signal. The region further up the shaft is like the 

high 𝜁 case in figure 2.3 in that it experiences little modulation throughout an oscillation and thus 

contributes a much smaller s-SNOM signal. Therefore, by measuring the component of the signal at 

harmonics of the probe oscillation frequency, the signal originating from the tip of the probe can 

somewhat be isolated from the background signal arising from the shaft of the probe. 

However, even in this higher harmonic detection scheme, the s-SNOM signal is still contaminated 

with a multiplicative background signal that arises because detectors measure intensity, or the 

square of the electric field strength [133]. Fortunately, this problem can be overcome by using an 

Figure 2.3  Approach curves. The normalised s-SNOM amplitude, 𝑠𝑛, evaluated using a finite 

dipole model and accounting for demodulation at harmonics 1–4 of the probe oscillation frequency, 

is plot against the minimum tip-sample separation, 𝜁. The tapping amplitude, A, is kept constant. 

The two regions of the probe, i and ii, represent regions close-to and far away from the tip apex, 

respectively. 
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interferometric setup. Very commonly (and in the setup used for measurements in this thesis), a so 

called pseudoheterodyne detection scheme [133] is employed, shown in figure 2.4. In this detection 

scheme, light from a QCL is split with a beamsplitter, with one arm focused down using a parabolic 

mirror to the tip of the probe and the other reflected off a vibrating mirror which adds a phase 

modulation to the light. The backscattered light from the probe (illustrated with short dashes in figure 

2.4) recombines with the reference beam (illustrated with long dashes in figure 2.4) and both are 

detected with a mercury cadmium telluride (MCT) detector. 

The frequency of vibration of the reference mirror, M, is approximately 300Hz, which is much less 

than the probe oscillation frequency of approximately 285kHz. Thus, when the signal is analysed in 

frequency space, the higher harmonics of the probe oscillation frequency are split into sidebands 

Figure 2.4  s-SNOM setup showing interferometric detection. Continuous wave light from a 

quantum cascade laser (QCL) is split into two arms with a beamsplitter. In one arm, light is focused 

with a parabolic mirror to a sharp conductive probe which oscillates above a sample with amplitude 

A. The reference arm is phase modulated with a mirror vibrating at frequency M. Both arms are 

detected with a mercury cadmium telluride (MCT) detector. Local sample properties are extracted 

from a large background signal by demodulating the signal at side bands, separated by M, of 

harmonics n of the probe oscillation frequency, Ω. The sample is raster scanned on a piezoelectric 

stage to form an image. 
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separated by M. These sidebands are not contaminated with a background signal, so extracting the 

signal from them retrieves a purely near-field signal [133]. 

The phase modulation of the reference beam also enables simultaneous retrieval of the amplitude 

and phase of the backscattered light at each harmonic. This is achieved by combining adjacent 

sidebands into an nth harmonic complex amplitude, 𝜏𝑛. With a suitable choice for the amplitude of 

vibration of the reference mirror (the choice depends on the imaging wavelength), 𝜏𝑛 becomes 

 𝜏𝑛 = 2.16𝑘(𝑢𝑛,2 + 𝑖𝑢𝑛,1) (2.4) 

where the coefficient 2.16 arises in the setting of the amplitude of the mirror vibration, 𝑘 is a complex 

constant and 𝑢𝑛,𝑚 is the frequency component of the signal at harmonic 𝑛 and sideband 𝑚 [133]. 

The s-SNOM amplitude, s𝑛, and the phase, 𝜙𝑛, are then the amplitude and phase of 𝜏𝑛, respectively. 

Note that it is not important to determine the value of 𝑘 when working with relative contrast 

measurements (that is, comparing to some kind of reference material such as a substrate) [134], as 

is the case in this thesis. 

In the case of weak oscillators, such as the vibrational modes probed here, s𝑛 and 𝜙𝑛 relate to the 

illumination wavelength in a way that resembles the real and imaginary parts of the dielectric function 

of the sample, respectively [135, 136]. Since the imaginary part of the dielectric function exhibits a 

peak centred at the resonant frequency of the oscillator(s), mapping 𝜙𝑛 at chemically specific 

wavenumbers provides a means of generating images which display chemical contrast. Since the 

real part of the dielectric function does not exhibit peaks at resonant frequencies, but rather has a 

more complicated relationship with the illumination wavelength, it is more complicated to extract 

chemical information by mapping s𝑛.  

2.3 s-SNOM experimental setup 

New s-SNOM and QCL systems were installed and aligned by the author. This section provides 

details of some of the underlying reasons for the choices of optical components, the steps taken to 

install and align the systems, and the steps required to setup routine measurements thereafter. 
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2.3.1 Choices for optical components 

Illumination sources suitable for s-SNOM imaging should have a short laser linewidth and should be 

either continuous wave or pulsed with a repetition rate that far exceeds the mechanical oscillation 

frequency of the imaging probe [137]. These requirements ensure that the near-field signal can be 

suitably extracted via an interferometric detection regime. For imaging biological specimens with 

chemical sensitivity, the illumination source should also have a high signal-to-noise ratio and should 

be tuneable throughout the infrared. An array of QCLs can provide the spectral range required, and 

an external cavity can be used to produce the short laser linewidth illumination required. We chose 

a fully-integrated QCL system (MIRcat QT-2400) from Daylight Solutions, USA. Daylight solutions 

provide QCL chips that, when assembled in an array of four, cover the entire spectral range we 

require ~(5–11µm). The chips are also continuous wave and come in a fully integrated benchtop 

system with an external cavity for ease of tunability, with automatic switching between active chips. 

The beamsplitter should be made from a material that provides a high transmission of light across 

the spectral range used (here, 5–11µm). Both ZnSe and KBr satisfy this condition, with KBr being 

the typical choice for FTIR spectrometers. However, over time, KBr degrades if not kept completely 

dry. Since the beamsplitter in the s-SNOM system is exposed, it is better to use a more durable 

material such as ZnSe, and this is what is used in the s-SNOM system used for measurements in 

this thesis. 

The parabolic mirror used to focus laser light down to the tip of the imaging probe should have a 

high numerical aperture such that it can accept light from a large solid angle. The parabolic mirror 

used for the this s-SNOM system has a numerical aperture of 0.46 and focal length of approximately 

11mm. This is important both for delivering light to the s-SNOM probe as well as collecting the small 

amount of light that is backscattered from the probe from which the sample properties are inferred. 

The detector used for this imaging setup is a single channel HgCdTe (MCT) photodiode (Model KLD-

0.5-J1/11/DC, Kolmar Technologies, USA). It has a spectral range of (2–12µm) and a specific 

detectivity, D*, of 4x1010 Jones, which means it can very effectively detect weak signals. The window 

in front of the photodiode is ZnSe with an antireflection coating, for maximum transmission of the 
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infrared light. The detector is cooled with liquid nitrogen to prevent thermal noise from saturating the 

detector. Such detectors are the standard for infrared applications such as infrared spectroscopy, 

and indeed for s-SNOM.  

2.3.2 Initial setup and alignment 

In the first step of aligning the system, a flat section of the parabolic mirror immediately before the 

imaging probe is used such that the beam reflects back along itself and the interferometer can be 

aligned (that is, the probe is ignored for now). An iris located between the QCL and the beamsplitter 

is used to check that the beams reflected from both mirrors (the flat part of the parabolic mirror and 

the reference mirror) are well overlapped with the incident beam. Since the IR laser light is invisible 

to the eye, its path is ‘painted’ (overlapped) with another visible laser. We are fortunate that our QCL 

system has an aiming beam (a diode laser) that fulfils this purpose. The parabolic mirror immediately 

before the MCT detector is also adjusted such that the signal reaching the detector is maximised. 

With the interferometer now aligned, the parabolic mirror next to the tip is translated so that the beam 

is now reflected from the parabolic surface and onto the tip of the probe, which is in contact with a 

sample. The reference arm of the interferometer is temporarily blocked. The probe is translated such 

that the signal measured by the detector is maximised. The probe arm is now temporarily blocked 

and the reference arm is unblocked and the flat mirror between the beamsplitter and the reference 

mirror is adjusted to maximise the reference arm signal measured at the detector. 

With both arms unblocked (and now aligned) and the probe oscillating, the reference arm is again 

adjusted to maximise the interference between the arms, measured at the detector. When 

maximised, the vibration of the reference mirror is then activated, and the near field signal is then 

recovered with pseudoheterodyne detection as described in section 2.2.3. The probe position is then 

translated at a fine step size to maximise the near field signal recovered. 

Mechanical vibrations arising from building vibrations, equipment operation and even conversations 

between lab occupants can generate noise in the optical s-SNOM images through their coupling to 

the mechanical oscillation of the probe. To reduce the impact thereof, the setup is situated on an 

optical table supported by vibration isolator legs (S-2000 Series, Newport, USA). The setup is also 
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enclosed in a casing lined with acoustic damping foam to absorb vibrations. Having the setup 

enclosed in this way also helps to stabilise the temperature of the setup. This reduces sample drift 

due to thermal expansion which is otherwise noticeable with long scan times over small sample 

areas (e.g., a 1-hour scan of a 10µm x 10µm region).  

The chiller used to pump chilled water to the QCL unit (TCube edge, Solid State Cooling Sytems, 

USA) also has the potential to introduce vibrations into the setup. These can manifest acoustically, 

from the operation of the centrifugal pump and of the fan used to cool the thermoelectric chips, and 

can also manifest due to variations in the flow rate of the water. The former is damped by the acoustic 

damping casing enclosing the s-SNOM setup (the chiller is outside of this casing). The latter is 

damped, in our setup, by running the flexible water hose through containers of sand, which helps to 

dissipate some of the vibration. 

2.3.3 Setup for routine measurements and maximising the signal-to-

noise ratio 

With careful operation of a s-SNOM system, and dry, flat, samples, imaging probes can be used for 

hundreds of hours, if not more. However, a new scanning probe is required whenever a probe is 

broken, blunted, or contaminated during imaging. Such events are marked by a reduction in the 

near-field signal recovered or a loss of spatial resolution in s-SNOM and AFM images. When a new 

probe is installed, a picture of the position of the previous probe, viewed from the top-down 

microscope built into the s-SNOM system, is used to ensure that the new probe is close to the 

position of the old one. This means that only very minor translations of the parabolic mirror position 

are required to regain optimal optical alignment. The resonant frequency of each probe varies slightly 

and must be determined whenever a new probe is installed. This is measured with the deflection 

laser and photodiode shown in figure 2.1. 

With the probe oscillating at its resonant frequency, it should then be brought into contact with a 

sample to check that a near-field signal is being recovered. This is marked by the exhibition of an 

approach curve, shown in figure 2.3. Put simply, measurements of s𝑛 and 𝜙𝑛 should be close to zero 
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when the probe is not in contact with the sample, and then rapidly increase as the probe is brought 

into contact with the sample, for the reasons discussed in section 2.2.3. 

As part of the process to maximise the signal-to-noise ratio of the s-SNOM signal, the signal 

measured by the detector should then be inspected in the frequency domain. Inspection of the signal 

in the frequency domain reveals noise peaks that arise from, for example, electrical noise from power 

adapters that are coupled into the laser output. The oscillation frequency, Ω, should be fine-tuned 

such that its harmonics, nΩ, do not coincide with such noise peaks. This results in a near-field signal 

with a higher signal-to-noise ratio. 

When a new sample is loaded into the system, it is brought into contact with the tip using an 

automated routine which iteratively moves the piezoelectric element of the sample stage through its 

~3µm range, then brings the stage closer to the tip with a coarser movement linear actuator. This 

process repeats until the sample makes contact with the probe while the piezoelectric element is 

engaged. The tapping amplitude of the probe should be set to approximately 50nm in most cases. 

This can be adjusted to increase the signal, reduce the contamination due to a background signal, 

or to increase the spatial localisation of the recovered signal; an explanation of this is given in section 

3.2.2. 

The attenuation of the laser beam, adjusted using a metal grid attenuator (Lasnix, Germany), should 

be set to avoid saturating the MCT detector and causing sample damage. This is especially important 

when changing the imaging wavelength, as the laser power varies with wavelength. Generally, the 

minimum required attenuation should be used to maximise the signal measured at the detector. 

For samples which generate a small s-SNOM signal, e.g. biological samples, the pixel integration 

time can be increased to improve the signal-to-noise of measurements. However, this slower 

scanning speed can make noticeable the effects of sample drift due to thermal fluctuations. For most 

measurements shown in this thesis, the minimum integration time of 3ms was used.  

Typically, this integration time is combined with a pixel size of 15nm, meaning that a 15µm x 15µm 

cell can be imaged in approximately 1 hour and 40 minutes (since the system records images in both 

the forwards and the backwards directions. Images can also be acquired much more quickly by 
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performing a serpent scan, whereby only one in every five rows are scanned, for example, to 

dramatically increase image acquisition time (here, ten-fold, as the forward and backward direction 

scans are combined to produce one image). Interpolation is then used to fill in the pixels in the rows 

that are skipped. 

High resolution imaging is achieved by reducing the pixel size. The pixel size can be reduced to 

0.2nm in closed-loop operation, whereby the limit is set by the piezoelectric sample stage (Physik 

Instrumente, UK) which uses capacitive sensors to monitor its position. However, setting the pixel 

size below 2nm reduces the scan speed such that sample drift due to thermal fluctuations generally 

becomes noticeable. This results in sample features no longer being accurately measured in the 

scanning directions. Thus, for high resolution images, a step size of 2nm was typically used. 

The combination of ~3ms pixel integration time and 15nm pixel size yields a scan speed of 

approximately 5µm/s. For flat samples such as resin embedded cells, this is a suitable speed that 

avoids damage to the tip from shearing forces. For samples that have larger topographical variations, 

such as whole cells, it is important to lower the scanning speed to reduce the chance of damaging 

the tip. This can be achieved by decreasing the pixel size or increasing the pixel integration time. 

2.4 Infrared spectroscopy 

Whereas visible light drives electronic transitions in molecules, mid-IR light (here, defined as being 

inclusive of wavelengths in the 3–11µm range) drives vibrational modes. The excitation of these 

modes is the basis for the chemical identification of samples, as well as generating chemical contrast 

in IR imaging techniques including s-SNOM. Figure 2.5 shows some examples of vibrational modes 

that can be excited in molecules. Figure 2.5 (a) shows the stretching mode of a C=O bond in 

formaldehyde. C=O bonds are also found elsewhere, including in amide functional groups in proteins 

and nucleobases. Figure 2.5 (b) shows symmetric and asymmetric stretching modes that can be 

excited when there are active bonds between more than two atoms, here in a water molecule. Note 

that symmetric stretching in polar molecules such as water results in a change in dipole moment, 
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and thus IR absorption, whilst symmetric stretching in non-polar molecules such as carbon dioxide 

does not. Water molecules also exhibit a bending mode, shown in figure 2.5 (c). 

Vibrational modes have associated resonance frequencies where the modes are strongly driven and, 

accordingly, light is strongly absorbed. The spectral location and width of the resonance is 

determined by the strength of the bond and the atoms involved, as well as the constitution and 

structure of the rest of the molecule. For example, C=O bonds in aldehydes, such as the 

formaldehyde molecule shown in figure 2.5 (a), have resonance frequencies in the 1720–1740cm−1 

range, whilst C=O bonds in amide groups exhibit resonance in the 1640–1690cm−1 range [138]. 

2.4.1 Absorption features of important chemical moieties 

The aggregation of the absorption exhibited by all the vibrational modes in a specimen can be shown 

as an absorption spectrum. This shows how the absorption, calculated as the natural logarithm of 

the transmission of light through a sample, depends on wavelength. Figure 2.6 is an absorption 

spectrum of multiple myeloma cells prepared with a formalin-fixed paraffin-embedded (FFPE) 

protocol and deparaffinised, whereby the cells are chemically fixed with formalin, embedded in 

paraffin, sliced into sections (in this case ~1µm thick), deparaffinised, and dried with ethanol. Thus, 

the absorption spectrum is representative of the fixed biological material without being affected by 

the paraffin embedding medium.  

Figure 2.5  Vibrational modes in molecules. (a) C=O stretching in formaldehyde. (b) Symmetric 

and asymmetric stretching in a water molecule. (c) Bending in a water molecule. 
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The absorption peaks labelled in figure 2.6 are typical of all cells and tissues in terms of their spectral 

location and amplitude. The amide I absorption peak is an aggregation of vibrational modes exhibited 

by amide moieties. It is dominated by C=O stretching, but also has contributions from C–N stretching 

and N–H bending [138]. The amide II absorption peak is constituted of N–H bending and C–N 

stretching in amide moieties [138]. Both peaks provide a means of probing the amide content of 

specimens. The phosphodiester (PO2) absorption peak is primarily constituted of vibrational modes 

of PO2-containing moieties that form the backbone of nucleic acids and are also found in lipids and 

carbohydrates. The remaining features in the absorption spectrum are the aggregate of the ‘chemical 

fingerprints’ of the many molecules that constitute the sample. In this, there is a large contribution 

from C–O bonds in nucleic acids, lipids and carbohydrates, as well as various other vibrational 

modes of PO2-containing moieties [139]. 

2.4.2 Fourier transform infrared spectroscopy 

FTIR spectroscopy is the primary way of obtaining infrared absorption spectra such as the spectrum 

shown in figure 2.6, and is used multiple times throughout this thesis. A diagram of the measurement 

setup of an FTIR spectrometer is shown in figure 2.7. The setup is arranged in a Michelson 

interferometer configuration, with light from a broadband IR source (commonly a heated silicon 

carbide rod) split with a beamsplitter. One arm is reflected off a fixed mirror, M1, and the other is 

Figure 2.6  Absorption spectrum of multiple myeloma cells. A normalised absorption spectrum 

of multiple myeloma cells prepared with a formalin-fixed paraffin embedded process and 

deparaffinised. The spectrum was measured with a Fourier transform infrared spectrometer. 
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reflected off a movable mirror, M2, which allows the path length to be changed. In transmission mode 

FTIR (shown in figure 2.7), the beam is transmitted through the sample before being measured. In 

reflection mode (not shown), the reflection off the sample is instead measured. Usually, an MCT 

detector is used to measure the beam intensity, and is often integrated into a microscope, together 

with the sample, to enable FTIR spectroscopy of microscopic regions. 

Full details of how absorption spectra are computed from FTIR measurements can be found in 

Griffiths et al. [140]. Briefly, when M2 is moved such that the path lengths of each arm are no longer 

equal, the two arms interfere with each other. The nature of the interference (constructive or 

destructive) depends on difference in path length and, crucially, the wavelength of the light. This 

means there is a mix of constructive and destructive interference of the light from the broadband 

source for any position of M2 except for when arms have equal path length. The intensity of light is 

recorded whilst M2 is moved, generating a so-called interferogram. Computing the inverse Fourier 

Figure 2.7  Fourier transform infrared spectrometer setup. A broadband infrared (IR) light 

source is split with a beamsplitter, with one arm reflected off a fixed mirror (M1) and the other from 

a movable mirror (M2). The beams are recombined and measured at the detector after passing 

through the sample. Moving M2 introduces a phase difference between the two beams, modifying 

the interference measured at the detector. Analysing the intensity of the light as a function of the 

mirror position allows the spectral dependence of the measured intensity to be retrieved. The region 

in the dashed box is often integrated in a microscope with reflective optical elements. 



 2.4    Infrared spectroscopy 

 

  46  

transform of the interferogram yields the intensity transmitted through the sample as a function of 

wavelength, from which the absorption spectrum can be calculated.  

Often, s-SNOM systems have an additional detection module for generating FTIR-like spectra for 

nanoscale regions local to the imaging probe. The so-called nano-FTIR modules use a broadband 

IR source in an asymmetric Michelson interferometer, where the sample is located in one of the arms 

of the interferometer. A reference mirror is moved to generate an interferogram as in far-field FTIR. 

Since the sample is in one of the interferometer arms, nano-FTIR retrieves amplitude and phase 

spectra, as opposed to far-field FTIR which retrieves just the amplitude [130, 136, 141]. Nano-FTIR 

measurements are often used to complement s-SNOM images, showing the spectral dependence 

of the amplitude and phase signals for locations within images. The s-SNOM system used for 

measurements in this thesis does not have a nano-FTIR module. Instead, far-field FTIR 

measurements are used to inform the choice of imaging wavelength, and focus is put on the imaging 

capabilities of s-SNOM, rather than the nanoscale spectroscopy that is enabled with nano-FTIR. 
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Chapter 3 

3 Optimising measurement parameters 

Many measurement parameters require optimising to produce s-SNOM images with a high signal-

to-noise ratio (SNR). This is especially important when imaging biological samples which generally 

generate a small s-SNOM signal. Amongst these measurement parameters are those related to the 

pseudoheterodyne detection scheme, such as the frequency and amplitude of the vibration of the 

reference mirror, and those related to the oscillation of the probe, such as its tapping amplitude and 

frequency. 

For many of these parameters, it is clear how they should be optimised. For example, the amplitude 

of the reference mirror is set such that there is complete decoupling between the phase and 

amplitude signals recovered with pseudoheterodyne detection. In the case of the tapping frequency 

of the probe, it is set such that it, and its harmonics, do not overlap with noise peaks from electronic 

equipment, which can be achieved by inspecting the s-SNOM signal in frequency space. 

For some of these parameters, however, it is less clear how they should be optimised. For example, 

the imaging wavelength should be set close to the peak of the absorption feature being measured 
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(which is generally very well documented [139] and measurable with an FTIR spectrometer) but 

atmospheric absorption (mainly from water vapour) and instabilities in the laser output introduce 

noise. This means fine tuning of the imaging wavelength is required. In another example, increasing 

the tapping amplitude generally yields a better SNR, but, for reasons explained in this chapter, it also 

reduces the contrast observed between cell regions and can even introduce a background signal.  

This chapter introduces a metric, the contrast-to-noise ratio (CNR), and uses it in an attempt to find 

the optimum imaging wavelength in the amide I absorption band and the optimum tapping amplitude. 

The CNR is commonly used in other areas of imaging but has not been applied to s-SNOM images 

before. There is also a wider discussion on how the tapping amplitude affects the probing depth into 

the sample, the field confinement, and the noise observed in s-SNOM images. Following this, the 

information that can be obtained from each of the phase, amplitude and topographical channels is 

discussed using example images of cells. Finally, images of a cell using each measurement 

harmonic are shown to justify the choice of imaging harmonic used in the rest of this thesis. 

3.1 Contrast-to-noise ratio: a metric for image quality 

Setting aside the physical meaning (that is, the chemical information that can be inferred) and the 

spatial resolution of images, there are two main aspects of an image that can be used to quantify its 

quality. The first is the contrast, which is the difference in signal between two regions of interest. The 

second is the noise level, or graininess of the image. Often, as is the case in s-SNOM, these two 

quantities can be traded-off with one another when parameters are changed. It is helpful, therefore, 

to combine them by defining a contrast-to-noise ratio, CNR, given by 

 CNR=
contrast

noise
 =  

𝜇1−𝜇2

𝜎
 (3.1) 

where 𝜇1 and 𝜇1 are the averages of pixel values in regions 1 and 2, respectively, and 𝜎 is the 

standard deviation of pixel values in a region without features (here, that is the embedding resin in 

the extracellular region). 

Figure 3.1 shows an example of how an s-SNOM image of a cell can be split into regions so that 

quantities can be extracted to calculate CNR values. Figure 3.1 (a) is an s-SNOM image of a multiple 



 3.1    Contrast-to-noise ratio: a metric for image quality 

 

  49  

myeloma cell embedded in epoxy resin acquired at an imaging wavelength of 1667cm−1 to excite 

amide moieties. Figure 3.1 (b) labels different regions of interest in the image, namely the cytoplasm, 

the nucleoplasm, nucleoli (Nuc) and the extracellular space (embedding resin). Full details about the 

preparation of these samples and the biochemical relevance of each region are left for chapter 4. 

Figure 3.1 (c) shows the masks used to extract quantities from these regions of interest. Mean pixel 

values are extracted from images using each of these masks so that the contrast between two 

regions (for example, the cytoplasm and the embedding resin) can be computed. The standard 

deviation is extracted from pixel values in the embedding resin as a measure of the image noise. 

Masks are constructed using Gwyddion with a combination of automatic construction using threshold 

signal levels and manual drawing. Thus, there is some human subjectivity associated with 

Figure 3.1  Masking regions of interest in cells to extract parameters for contrast-to-noise 

ratio calculations. (a) s-SNOM image of a multiple myeloma cell section acquired at an imaging 

wavelength of 1667cm−1. The image dimensions are 13µm x 12µm with 15nm pixel size. A pixel 

integration time of 3ms was used and thus the whole image took 1 hour and 10 minutes to acquire. 

The tapping amplitude was ~59nm. (b) Regions of interest in the cell. (c) Masks, constructed using 

Gwyddion, that enable quantities to be extracted from s-SNOM images for each cell region. NM; 

nuclear membrane, Nuc; nucleolus, N’plasm; nucleoplasm. Scale bars 2µm. 
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constructing masks which leads to uncertainty in the CNR value. To account for this, morphological 

dilation and erosion algorithms are applied to masks to create larger and smaller versions, 

respectively. Figure 3.2 (a,b,c) illustrates how such algorithms are applied. A structuring element, 

here a 3x3 box, is raster scanned across all pixels in an image. New dilated and eroded images are 

generated using the sets of structural element central pixels that satisfy dilation and erosion 

conditions, respectively. The dilation condition is that at least one pixel in the structuring element 

overlaps with the original shape. The erosion condition is that all pixels in the structuring element 

must overlap with the shape. Applying each algorithm to the original masks created in Gwyddion 

result in a set of three masks for each cell region that accounts for human subjectivity. Figure 3.2 (d) 

Figure 3.2  Dilation and erosion of masks. (a) A shape (blue squares) is operated on by a 3x3 

box-shaped structuring element (grey squares) which is raster scanned across all pixels. New 

dilated and eroded images are generated from the sets of structural element central pixels that 

satisfy dilation and erosion conditions, respectively. (b) For dilation, at least one pixel in the 

structuring element must overlap with the original shape. The green squares indicate the pixels that 

are added in one iteration of dilation. (c) For erosion, all pixels in the structuring element must 

overlap with the original shape. The red squares indicate the pixels that are removed in one iteration 

of dilation. (d) The original, dilated and eroded nucleoplasm masks. Five iterations of each algorithm 

were applied using a 3x3 box-shaped structuring element. 
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shows the three masks for the nucleoplasm cell region. For the images presented in this chapter, 

five iterations of the dilation and erosion algorithms are applied to masks, dilating/eroding pixels of 

15nm pixel size. The parameters in equation (3.1) are calculated using each of the three masks, 

from which a mean and standard deviation are obtained for each parameter. The CNR is calculated 

using the mean values of each parameter and an error is assigned by propagating the standard 

deviations of parameters according to equation (3.1).  

3.2 Determining optimum measurement parameters using the 

contrast-to-noise ratio 

3.2.1 Imaging wavelength 

Figure 3.3 shows how the contrast, noise and contrast-to-noise ratio vary with imaging wavelength 

when calculated from images of the cell shown in figure 3.3 (a). Two series are shown in the plots of 

contrast and contrast-to-noise ratio; these are the respective values when the cytoplasm is compared 

to the embedding resin, and the nucleoli are compared to the nucleoplasm. Two sets of each metric 

were obtained so that further investigation could be performed if the results indicated that the 

optimum imaging wavelength depends on the cell regions compared. 

Figure 3.3 (b) shows that there is maximum contrast between the cytoplasmic and resin regions at 

an imaging wavelength of approximately 1660cm−1. This is a slightly higher wavenumber than the 

peak position recorded with far-field FTIR, a phenomenon that has been previously observed in 

polymethyl methacrylate (PMMA) film [136]. The maximum contrast between nucleolus and 

nucleoplasm is at a slightly higher wavenumber, which might be due to a slightly different chemical 

constitution, for example an increased density of nucleobases. 

Figure 3.3 (c) shows how the noise level of images depends on imaging wavelength. Variations in 

the noise level are suspected to be due to instabilities in the laser output, as well as atmospheric 

absorption exhibited by water vapour, which has many absorption lines in this region [142].  
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The CNR plot in figure 3.3 (d) shows that, when image noise is considered, the optimum 

wavenumber for imaging shifts higher. The maximum CNR value is observed for a wavenumber of 

1667cm−1. This is the case for the CNR measured between the cytoplasm and the resin, as well as 

Figure 3.3  Optimum imaging wavelength in the amide I absorption band. (a) s-SNOM image 

of a multiple myeloma cell acquired at 1667cm−1. The extracellular embedding resin, the cytoplasm, 

the nucleoplasm (N’plasm), and the nucleolus (Nuc) are identified as distinct regions of interest. (b) 

Contrast (difference in mean pixel values) between the cytoplasm and the resin (blue) and the 

nucleolus and the nucleoplasm (orange) calculated for images acquired at a range of wavelengths. 

(c) Image noise (standard deviation of pixel values in the extracellular resin region) calculated at 

each wavelength. (d) Contrast-to-noise ratio (CNR) calculated at each wavelength. Error bars are 

calculated by obtaining the mean and standard deviation of parameters in equation (3.1) using 

three mask sizes and propagating these into an error in the CNR. Scale bar 2µm. 
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that between the nucleolus and the nucleoplasm, suggesting that the optimum imaging wavelength 

is independent of the cell regions being compared. 

3.2.2 Tapping amplitude 

Figure 3.4 shows how the contrast, noise and contrast-to-noise ratio vary with tapping amplitude 

when calculated using images of the cell shown in figure 3.4 (a). Once again, two series are shown, 

for comparisons between the cytoplasm and the resin, as well as the nucleoli and nucleoplasm. 

Figure 3.4 (b) shows that the image contrast decreases as tapping amplitude is increased. This can 

be explained by considering the portion of the tip that contributes to the signal recovered with 

pseudoheterodyne detection; with higher tapping amplitude, the electric field surrounding parts of 

the tip higher up the shaft is sufficiently modulated such that the backscattered light from these parts 

contributes to the recovered signal. Put simply, at higher tapping amplitude, parts of the tip higher 

up the shaft become important. Parts of the tip higher up the shaft are also less sensitive to changes 

in cell regions than parts close to the apex, so their contribution acts to reduce the difference in signal 

between cell regions, thus reducing the contrast. 

Figure 3.4 (c) shows that the noise level of images decreases as tapping amplitude is increased. 

This is because, as explained above, more of the tip contributes to the signal at higher tapping 

amplitude, so the recovered signal is greater. This means that the phase can be measured with less 

noise. 

Increasing the tapping amplitude beyond approximately 80nm seems to have no impact on the 

contrast or the noise. This is probably because the tip-sample interaction is confined to close to the 

sample surface, so an increase in the tapping amplitude is no longer accompanied by a significant 

increase the modulation of the electric field surrounding the tip.  

Figure 3.4 (d) shows how the CNR depends on the tapping amplitude. The dip in the CNR at 67nm 

and 73nm seems to be due to the increased noise exhibited at these measurements. This might be 

due to fluctuations in measurement conditions such as temperature and humidity. The results show 

that the CNR is maximised at a tapping amplitude of approximately 90nm, suggesting that this is the 



 3.2    Determining optimum measurement parameters using the contrast-to-noise ratio 

 

  54  

optimum tapping amplitude. However, at this tapping amplitude, there is a noticeable background 

Figure 3.4  Optimum tapping amplitude. (a) s-SNOM image of a multiple myeloma cell acquired 

at 1667cm−1. The image dimensions are 15µm x 15µm with 10nm pixel size. A pixel integration time 

of 3ms was used and a serpent scanning mode was used in which five of every 6 rows were 

skipped. Thus the whole image took approximately 19 minutes to acquire. The tapping amplitude 

for the image shown was ~67nm. The extracellular embedding resin, the cytoplasm, the 

nucleoplasm (N’plasm), and the nucleolus (Nuc) are identified as distinct regions of interest. (b) 

Contrast (difference in mean pixel values) between the cytoplasm and the resin (blue) and the 

nucleolus and the nucleoplasm (orange) calculated for a range of tapping amplitudes. (c) Image 

noise (standard deviation of pixel values in the extracellular resin region) calculated at each tapping 

amplitude. (d) CNR (contrast divided by noise) calculated at each tapping amplitude. Error bars are 

calculated by obtaining the mean and standard deviation of parameters in equation (3.1) using 

three mask sizes and propagating these into an error in the CNR. Scale bar 2µm. 
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signal that manifests as the pattern shown in figure 3.6 (a). The separation between stripes in the 

pattern scales with the illumination wavelength, and the pattern is observed strongly in the zero-

order harmonic signal. This suggests that the background signal is related to the illumination of the 

probe. The mechanism for the background signal leaking into images might be that, at high tapping 

amplitudes, the probe experiences a varying spatial distribution of the illumination profile such that 

the electric field surrounding the tip is sufficiently modulated to contribute to the signal at higher 

harmonics. The CNR doesn’t encapsulate the negative impact that this background signal has on 

images, perhaps due to the large regions used for computing it. It does, however, suggest that the 

tapping amplitude should be increased until the background pattern becomes unacceptably 

prominent. This was how the tapping amplitude was chosen for the images presented in this thesis, 

typically resulting in tapping amplitudes between 30nm and 70nm, balancing image contrast, noise 

and the background signal. 

The choice of tapping amplitude also has implications for the field confinement and the probing depth 

into the sample. There is increased field confinement with smaller tapping amplitudes, leading to 

better spatial resolution in images [143]. This is a result of the shorter decay length of approach 

curves at smaller tapping amplitudes [144]. The probing depth into the sample has also been shown 

to increase when the tapping amplitude increases, in agreement with simulations performed using a 

finite dipole model [145]. This can be understood in terms of such models by considering the 

increased depth of mirror charges in the sample when the tip-sample distance increases, as in higher 

tapping amplitudes. 

3.2.3 The role of tip geometry in the s-SNOM signal 

The previous section on the optimum tapping amplitude is specific to the PtIr alloy probes (Arrow 

NCPt, Nanoworld, Switzerland); probes made from different materials and with different tip 

geometries are likely to have a different associated optimum tapping amplitude. It has been shown, 

for example, that probes with a smaller tip radius exhibit greater field confinement, demonstrated 

through the decay lengths of approach curves [87], and this can lead to increased spatial resolution 

[128].  
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However, this increase in spatial resolution by using smaller tip radii can come at the expense of 

increased noise in the signal, attributed to a reduction in the sample volume involved in the near-

field interaction with the tip [128]. A different study showed that when the tip radius is increased, 

noise can be introduced through less stable AFM operation and increased surface roughness, which 

leads to image artifacts [129]. Thus, the noise in the s-SNOM signal has a complicated dependence 

on the tip radius. 

Since the probing depth is also related to the degree of field confinement at the tip, shown by 

comparing different demodulation orders [143], it might be expected that the increased field 

confinement achieved with smaller tip radii are associated with a shallower probing depth. 

3.3 Choosing image channels and measurement harmonics 

3.3.1 Phase, amplitude and topography 

Figure 3.5 shows examples of the optical and topographical images obtained with s-SNOM. Figure 

3.5 (a) & (b) are mappings of the phase and amplitude of the backscattered light, respectively, 

demodulated at the third harmonic of the probe oscillation frequency. Mapping the phase at 

chemically specific wavenumbers generates images with chemical contrast in a way that depends 

on the local IR absorption properties of the sample [130]. As explained in section 2.2.3, it is much 

harder to extract chemical information from amplitude images since its dependence on wavelength 

is more complicated than the phase-wavelength dependence. Thus, phase images are used in this 

thesis for chemical mapping. 

The amplitude of the backscattered light is also more sensitive than the phase to changes in 

topography. As such, the knife mark running from the bottom middle of the image to the top-right, as 

well as the ruffling of sections running diagonally from upper-left to lower-right, appear as artefacts 

in the topography image (figure 3.5 (c)) and the amplitude image (figure 3.5 (b)), but less so in the 

phase image (figure 3.5 (a)). 

Some intracellular structures such as the nuclear membrane, nuclear region and nucleoli can be 

identified based on the morphology observed in the topography image in figure 3.5 (c). This is due 
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to small changes in the thickness of the section in different cellular regions, which might be because 

of different coefficients of thermal expansion, or expansion due to rehydration once sections have 

been cut. Since the s-SNOM signal depends on the thickness of the sample [122], the ability to 

identify structures from topography images raises the question of whether or not phase images 

contain additional information that is not explainable from the topography of the section. 

To investigate the relationship between phase and topography and answer this question, the masks 

shown in figure 3.5 (d) (i-iv) were used to extract phase and topography measurements at pixels in 

the extracellular resin, cytoplasm, nucleoplasm and nucleoli regions, respectively. Regions affected 

Figure 3.5  Optical and topographical image channels in s-SNOM. (a,b,c) Mappings of the 

phase, amplitude and topography of a multiple myeloma cell respectively. Images acquired at 

1667cm−1. The image dimensions are 22µm x 18µm with 15nm pixel size. A pixel integration time 

of 3ms was used and thus the images took approximately 3 hours to acquire. The tapping amplitude 

was ~25nm. (d, i-iv) masks used to extract pixel values in cell regions. (e) Phase and topography 

values at each pixel. Scale bars 3µm.  
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by knife marks were excluded from masks of cell regions. Figure 3.5 (e) shows phase plot against 

topography for each pixel in the image, coloured by cell region. The resin, cytoplasm and nucleoli 

appear in distinct regions of the plot and variations in the thickness within each cell region has very 

little correlation with phase. This shows that topography is not a good predictor of the cell region, 

and therefore that the phase image provides additional (chemical) information.  

3.3.2 Choosing a measurement harmonic 

Figure 3.6 shows s-SNOM phase images at different harmonics of the probe oscillation frequency. 

At the first two harmonics (figure 3.6 (a & b)), there is a large background signal. It is expected that 

the origin of this background is the illumination of the probe, and it leaks into the signal recovered 

Figure 3.6  s-SNOM images at different harmonics of the probe frequency. s-SNOM 

images of a multiple myeloma cell acquired at 1667cm−1 using the first (a), second (b), third 

(c) and fourth (d) harmonics of the probe oscillation frequency. The image dimensions are 

22µm x 18µm with 15nm pixel size. A pixel integration time of 3ms was used and thus the 

images took approximately 3 hours to acquire. The tapping amplitude was ~25nm. Scale bars 

3µm. 
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with pseudoheterodyne detection because the probe experiences a changing illumination as it 

oscillates (as discussed in section 3.2.2). At the third and fourth harmonics (figure 3.6 (c & d)), this 

background signal is not present. In other words, this background signal has a low amplitude (in 

frequency space) at the third and fourth harmonics of the probe oscillation frequency. 

Figure 3.6 also shows that there is increased contrast in higher harmonic images. This can be 

explained by considering the approach curves shown in figure 2.3 and recalling that, as discussed 

in section 2.2.2, a region close to the apex of the tip behaves like the low 𝜁 case, whilst a region 

further up the shaft behaves like the high 𝜁 case. Because the approach curves decay more quickly 

at higher harmonics, the contribution from a region close to the tip (low 𝜁) relative to the contribution 

from a region further up the shaft (high 𝜁) increases with each harmonic. Put simply, higher 

harmonics have a greater dependence on the tip apex. Parts of the tip closest to the apex are also 

more strongly influenced by the sample. Thus, at higher harmonics, the recovered signal is more 

sensitive to changes in the sample composition, which manifests as a larger phase difference. 

Figure 3.6 also shows that there is more image noise in higher harmonic measurements. This is 

because the recovered signal at these harmonics is smaller, so the phase is measured with more 

noise. There is therefore a trade between contrast and noise when increasing the measurement 

harmonic. For the images shown in figure 3.6, both the third and fourth harmonics have relatively 

high contrast and low noise. However, in cases where a lower signal is obtained, such as when 

imaging at different wavelengths, or with different samples, fourth harmonic images sometimes 

become noticeably noisy, and third harmonic images are superior. Thus, for consistency, third 

harmonic images are presented in the rest of this thesis. 

3.4 Conclusions 

In this chapter, a metric known as the contrast-to-noise ratio was employed with the aim of obtaining 

the optimum imaging wavelength in the amide I band and the optimum tapping amplitude. The 

optimum imaging wavelength was deemed to be 1667cm−1, which accounts for the spectral location 

where maximum contrast is exhibited, as well as the spectral dependence of atmospheric and laser 
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noise. The CNR metric failed to aid in obtaining the optimum tapping amplitude due to the 

introduction of a background signal at high tapping amplitude that isn’t accounted for in the CNR 

calculation. It did, however, suggest that the tapping amplitude should be maximised as much as 

possible before the background signal becomes too large. 

This chapter also discussed the different information that can be obtained from each of the imaging 

channels, namely the topography, the phase, and the amplitude. A plot of phase versus topography 

for each pixel in an image was shown to demonstrate that phase images provide additional chemical 

information compared to topography images. Finally, the choice to use third harmonic measurements 

was explained by considering the differences in contrast, noise and background signal associated 

with each measurement harmonic. 
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Chapter 4 

4 Label-free nanoscale chemical mapping of 

multiple myeloma cells 

This chapter is based on the publication: 

Greaves, G.E., Kiryushko, D., Auner, H.W., Porter, A.E. and Phillips, C.C.  

‘Label-free nanoscale mapping of intracellular organelle chemistry’.  

Communications Biology 6(1): p. 583 (2023).  

https://doi.org/10.1038/s42003-023-04943-7 

4.1 The need for label-free nanoscale imaging 

The standard approach to intracellular imaging, electron microscopy (EM) (section 1.1.2), generally 

requires that specimens are stained with heavy metals to produce sufficient contrast in images. The 

https://doi.org/10.1038/s42003-023-04943-7
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stains used in EM – most commonly osmium tetroxide, uranyl acetate and lead citrate – must be 

administered in specialist facilities due to their toxicity, and a trained practitioner is required to 

perform the procedure which typically takes several days [8, 146]. This creates a large barrier to 

ultrastructural imaging. Such ‘blanket’ stains enable identification of ultrastructure based on 

morphology, but it is very difficult to obtain any chemical information. Furthermore, only the structures 

which take the stain are revealed in images. 

Chemical specificity can be achieved in EM through immunogold labelling, whereby gold 

nanoparticles are functionalised with antibodies to bind to molecules of interest in specimens [12]. 

The high electron density of gold provides contrast in EM images and reveals the location of the 

target molecules. The accuracy to which targets can be localised is inherently limited, however, by 

the size of the antibodies and gold nanoparticles used, and typically results in the gold particle being 

15-30nm away from the target [12]. 

In super-resolution microscopy (section 1.1.3), specimens are labelled with fluorophores that are 

functionalised to bind to particular molecules so that molecules and intracellular structures can be 

identified. Fluorescent labels are specific to the problem at hand, however, and prior knowledge of 

the sample is often required for effective labelling. Also, variations in the labelling density can impair 

the ability to quantify the number of structures observed as well as their apparent sizes [147], which 

is a key aspect of microscopy. Further, the introduction of labels into the system may even perturb 

the biology of the specimen [148]. 

Practical limitations such as photobleaching of fluorophores can also make nanoscale resolution 

hard to achieve. Even if practical challenges are overcome, the accuracy to which targets can be 

localised is limited by the length of labels, with fluorophores and linking molecules typically being 

several nanometres in length [149].  

4.1.1 Label-free imaging with s-SNOM 

As mentioned in chapter 1, since the advent and commercialisation of tuneable infrared quantum 

cascade lasers, s-SNOM has increasingly been used to image biological systems. Many of these 

have been isolated biological specimens such as protein complexes [104, 105], oligonucleotides 
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[106],   lipid monolayers [107] and bilayers [108], amyloid fibrils [109] and collagen fibrils [110]. 

Whole-cell imaging has been performed on neurons [113], E. coli cells [112] and red blood cells 

[114], but, since s-SNOM is a surface-sensitive technique, intracellular structures were not imaged 

in these experiments. Zebrafish retinal tissue has also been imaged [115], but intracellular structures 

were not identified. More pertinently, s-SNOM has recently been used to image single-cell green 

alga and E. coli cell sections [116], in which several intracellular structures such as nuclei and 

chloroplasts were identified. 

Generating high quality (high contrast-to-noise ratio and high spatial resolution) s-SNOM images of 

intracellular structures remains challenging due to the small s-SNOM signals generated by biological 

samples, but it is hoped that the images presented here go some way to closing the gap between s-

SNOM and techniques such as TEM. This chapter also provides an example of how s-SNOM might 

in future be used to study pathological states of cells. Here it is applied to an important human 

disease, multiple myeloma, where the crucial pathological mechanisms are exhibited at the cellular 

level [150]. 

4.2 Preparing multiple myeloma cells for s-SNOM and TEM 

imaging 

To demonstrate intracellular imaging with s-SNOM, the technique is here used to image resin-

embedded cell sections similar to those used by the EM community. This allows the chemical 

sensitivity of s-SNOM to be showcased whilst producing images that are recognisable to the EM 

community and can be cross-correlated with EM images. Cell sections can also be cut with very flat 

surfaces (height variations of a few nanometres), which reduces the chance of generating 

morphological artefacts in s-SNOM images and improves image quality. Additional sections cut from 

the same cell block are poststained with uranyl acetate and lead citrate and imaged with TEM. These 

images are compared with s-SNOM images and serve as validation for the identifications of 

structures made with s-SNOM. 
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4.2.1 Sample preparation protocol 

A typical TEM sample preparation protocol was used to produce a single cell block used for both s-

SNOM and TEM imaging. The procedure was as follows (performed by Dr. Darya Kiryushko, Imperial 

College, adapted from [151]): 

1. RPMI-8226 cells were grown in an RPMI 1640 medium supplemented with 10% fetal bovine 

serum, penicillin (100 U/mL), and streptomycin (100 μg/mL) as previously described [152]. 

2. 25×106 cells were pelleted, washed in 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) buffer (pH 7.2), fixed with 2.5% glutaraldehyde in HEPES for 2 hours at 4°C, 

and washed with HEPES in 3x10 minute cycles. Thereafter, pellets were dehydrated in a 

graded ethanol concentration (50%, 70%, 95%, and dry 100% v/v) each for 3x5 minute 

cycles, followed by 3x10 minute cycles in acetonitrile (Sigma-Aldrich, UK).  

3. The samples were then progressively infiltrated with 50%, 75%, and 100% solutions of Quetol 

resin (Sigma) in acetonitrile at room temperature (50% resin for 2 hours, 75% resin overnight 

and two changes of 100% resin over 3 days) and cured at 60°C for 24 hours.  

4. The embedded pellets were cut using a Leica UC7 ultramicrotome (Leica, Austria) with a 35° 

diamond knife (Diatome, Switzerland) to a thickness of 70–200nm. Sections were 

immediately collected on carbon-coated copper grids (Agar Scientific, UK) for TEM imaging, 

or on silicon wafer chips (NanoAndMore) for s-SNOM imaging.  

Figure 4.1  Reflectance of silicon wafer chips used as substrates for s-SNOM samples. 

Reflectance of a silicon wafer chip measured with an FTIR spectrometer. The red boxed region 

(right) shows the spectral region important for s-SNOM measurements performed in this thesis. 
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5. Sections used for TEM imaging were post-stained with 5% uranyl acetate (UA) and 3% lead 

citrate (LC) for 5 minutes each, both made up in double-distilled water. 

4.2.2 Imaging with s-SNOM and TEM 

s-SNOM imaging was performed with a commercially available s-SNOM system with a 

pseudoheterodyne detection module (NeaSNOM, NeaSpec, Germany) using platinum-iridium alloy 

s-SNOM probes (Arrow NCPt, Nanoworld, Switzerland) at a tapping amplitude of approximately 

50nm. A QCL (MIRcat QT-2400, Daylight Solutions, USA) was used to generate imaging 

wavelengths in the 1020–1740cm−1 range. Various wavelengths in this range were used to target 

specific chemicals naturally occurring in the cells. Silicon substrates were used for s-SNOM samples 

due to their reflectivity, shown in figure 4.1, which boosts the s-SNOM signal [122]. TEM imaging of 

Figure 4.2  Optical microscope image of resin-embedded multiple myeloma cell sections. 

Optical microscope image (20x magnification) of multiple myeloma cells prepared to the protocol 

described in section 4.2.1. Inset shows a region of the section and has been edited to maximise 

contrast. 
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sections poststained with uranyl acetate and lead citrate was performed at 120kV on a JEOL 2100 

TEM by Dr. Darya Kiryushko (Imperial College). 

The s-SNOM images presented in this chapter are mappings of the third-harmonic phase quantity, 

𝜙3, corresponding to the background-free local absorption of the sample. Gwyddion, an open-source 

software specifically designed for image analysis in SPM, was used to perform basic functions such 

as line-noise correction and extracting line profiles from image data. 

A region of a section imaged with the built-in optical microscope in the s-SNOM system is shown in 

figure 4.2. Each section typically contains hundreds of cells. The inset shows one of the cells in 

greater detail and is edited to maximise contrast. The dark region near the centre of the cell is likely 

to be a nucleolus, but no other organelles are identifiable. 

4.2.3 Obtaining far-field absorbance spectra 

A Bruker Vertex Fourier transform infrared (FTIR) spectrometer with Hyperion microscope 

attachment was used to obtain far-field absorption spectra of myeloma cells. In the interest of 

obtaining absorption spectra without contributions from the embedding resin, nor any other 

embedding medium, absorption spectra were obtained for myeloma cells prepared with a standard 

Figure 4.3  Transmittance of zinc selenide (ZnSe) and calcium fluoride (CaF2) substrates. 

The transmittance of ZnSe and CaF2 substrates measured with an FTIR spectrometer. 
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FFPE protocol and subsequently deparaffinised. Sections of FFPE cell blocks were cut to a thickness 

of 1µm using a Leica 1400 microtome (Leica, Germany) with 22° stainless steel blade (S22, Feather, 

Japan) and collected on calcium fluoride (CaF2) microscope slides. CaF2 was chosen due to its high 

transmittance of the wavelength range required, shown in figure 4.3. The transmittance of zinc 

selenide (ZnSe) is also shown, which also would have been a suitable substrate and is used for 

measurements in chapter 6. Sections were deparaffinised with xylene and ethanol and the FTIR 

spectrometer was then operated in transmission mode. Absorption spectra were also obtained for 

the resin-embedded cells imaged with s-SNOM. Sections were cut to a thickness of 500nm and 

collected on gold-coated coverslips. The FTIR spectrometer was then operated in reflection mode. 

4.3 Results and discussion 

The results presented in this chapter build on examples in the literature by using s-SNOM to image 

human multiple myeloma cell sections. The s-SNOM images reveal a wealth of ultrastructure, 

including some structures that have never been seen before directly optically at this spatial 

resolution. Identifications of intracellular structures are validated with TEM images of myeloma cells 

which are poststained with uranyl acetate and lead citrate to provide contrast.  

Additionally, the imaging wavelength is tuned to target various absorption features in the cells and 

perform chemical mapping. Subsets of cell ultrastructure are isolated based on chemistry in a way 

that is traditionally only achieved with highly specific labelling. 

4.3.1 Ultrastructure identification and validation with TEM 

Figure 4.4 (a) is an s-SNOM image of a myeloma cell acquired at an imaging wavelength of 

1667cm−1. This wavelength excites vibrational modes in amide groups in proteins and nucleobases. 

As such, regions of the cell with high protein and nucleic acid density provide a stronger s-SNOM 

signal and appear darker in the pseudo colour scale applied to this image. 

The morphological features in the image enable the identification of several intracellular structures 

such as a multi-lobed nucleus, typical of cancerous cells [153], outlined by a nuclear membrane 

(NM) and containing and nucleolus (Nuc). The nucleolus contains many proteins involved in 
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ribosome biogenesis, including fibrillarin, nucleolin and nucleophosmin [154-156], whilst the nuclear 

membrane contains proteins involved in transport and regulating gene expression [157]. Hence, both 

structures provide a strong s-SNOM signal at this wavelength, enabling their identification in a totally 

label-free way. 

Other identifiable structures include a granular component in the nucleus known as chromatin, which 

is constituted by DNA tightly wound around histone proteins [158]. Inset i reveals several dense 

fibrillar components (DFCs) in the nucleolus, each with fibrillar centres with lower s-SNOM signal. 

The rest of the nucleolus is made up of a granular component [159]. The same intracellular structures 

Figure 4.4  s-SNOM and TEM images of myeloma cells. (a) s-SNOM image of a myeloma cell 

acquired at 1667cm−1 to excite amide moieties. The image dimensions are 16.8µm x 14.8µm with 

12.5nm pixel size. A pixel integration time of 7ms was used and thus the image took approximately 

6 hours to acquire. The tapping amplitude was ~30nm.  (b) TEM image of a myeloma cell. Insets 

(i,ii) show nucleoli in greater detail. NM; nuclear membrane, Nuc; nucleolus, DFC; dense fibrillar 

component, FC; fibrillar centre. Scale bars 2µm (a,b), 500nm (i,ii). 
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identified in the s-SNOM images are also seen in the TEM image in figure 4.4 (b) and inset ii, 

supporting the identifications made in the s-SNOM images. 

Figure 4.5  s-SNOM and TEM images of myeloma cells at higher resolution. (a) Two regions 

(i,ii) of a myeloma cell imaged with 2nm pixel size enables visualisation of endoplasmic reticulum 

(ER) and mitochondria (Mt). The image dimensions are 3µm x 2µm for (i) and 1.5µm x 2.2µm for 

(ii). A pixel integration time of 7ms was used and thus (i) took approximately 6 hours to acquire and 

(ii) took approximately 3 hours to acquire. The tapping amplitude used for both images was ~53nm. 

(b) TEM images of ER and Mt show similar morphology. Scale bars 2µm (a), 1µm (b), 500nm (i-iv). 
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In figure 4.5 (a), higher resolution s-SNOM images (2nm pixel size) are shown in insets i and ii. 

These images allow the identification of endoplasmic reticulum (ER) and mitochondria (Mt), two 

deeply sub-wavelength structures that are visible at this wavelength due to their high protein content 

[160, 161]. Similar morphology is seen in TEM images of ER and Mt (figure 4.5(b)), supporting the 

identifications made with s-SNOM. 

4.3.2 Multi-wavelength chemical mapping 

Figure 4.6 (a) is a far-field absorption spectrum of myeloma cells that have been prepared with an 

FFPE protocol, sliced to a section thickness of 1µm, and deparaffinised so that the paraffin used for 

embedding does not contribute to the measured absorption. The amide I and II bands are aggregates 

of many vibrational modes of amide moieties in proteins and nucleobases. Both bands are routinely 

used to analyse the protein content of samples [138].  

The band labelled PO2 is predominantly constituted of vibrational modes of phosphodiester (PO2) 

moieties found in the backbone of nucleic acids, as well as lipids and carbohydrates. It has been 

shown that this band can be used together with the amide I band as a reliable biomarker for cancer 

[162]. The band labelled C-O is largely made up of vibrational modes of C-O bonds in ribose, the 

five-carbon sugar in nucleic acids, as well as C-O bonds in lipids and carbohydrates. Both the PO2 

and C-O bands are routinely used for analysing nucleic acid contents of biological specimens [139].  

Figure 4.6 (b) (i-iv) are s-SNOM images of a single myeloma cell acquired at wavelengths 

representing each of the bands indicated in the absorption spectrum in figure 4.6 (a). Figure 4.6 (b) 

(i) was acquired with a wavelength in the amide I band and therefore maps the amide density in the 

cell. Figure 4.6 (b) (ii) also maps the amide density but instead uses a wavelength in the amide II 

band. The same structures are identifiable in the image – namely the nuclear membrane, nucleolus 

and the granular pattern formed by chromatin – but all exhibit lower levels of absorption. This 

corresponds to the difference in the absorption peak heights in the absorption spectrum in figure 4.6 

(a). In both images, the ubiquity of proteins in cells results in the entire cell exhibiting strong 

absorption compared to the embedding resin, which absorbs weakly at each of these wavelengths. 



 4.3    Results and discussion 

 

  71  

Figure 4.6 (b) (iii) and (iv) are s-SNOM images acquired at wavelengths in the PO2 and C–O bands 

respectively. Strong absorption is exhibited close to the nuclear membrane and at the periphery of 

Figure 4.6  Multi-wavelength chemical mapping of myeloma cells with s-SNOM. (a) Far-field 

absorption spectrum of deparaffinised myeloma cell sections (FFPE preparation) acquired with an 

FTIR spectrometer. (b) s-SNOM images of resin-embedded myeloma cells acquired with 

wavelengths representing each band indicated in (a). The image dimensions are 13µm x 12µm with 

15nm pixel size. A pixel integration time of 3ms was used and thus the images each took 

approximately 1 hour and 10 minutes to acquire. The tapping amplitude used was ~59nm.  Scale 

bars 2µm. 
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nucleoli at both wavelengths. This is attributed to the presence of chromatin, which is densely packed 

with nucleic acids [158]. The nucleoli and much of the cytoplasm exhibit greater absorption at 

1235cm−1 than at 1020cm−1. This is attributed to the presence of phospholipids in these regions 

[157], which have many active vibronic modes in the PO2 band, but far fewer at the edge of the C–

O band [139]. It is therefore surmised that the imaging wavelength of 1020cm−1 is more suitable for 

isolating structures containing nucleic acids. 

4.3.3 Isolating ultrastructure in nucleoli 

Figure 4.7 shows a myeloma cell imaged in the amide I and C–O bands which map the amide and 

nucleic acid densities respectively. Insets i and ii show one of the nucleoli in higher resolution and 

allows deeply sub-wavelength structures to be identified. In inset i, several strongly absorbing DFCs 

can be seen. Interestingly, the DFCs are not visible in inset ii, suggesting that they have a low density 

of nucleic acids. Conversely, there are regions of high nucleic acid density in inset ii, indicated with 

cyan arrows, that are not detectible in inset i, suggesting that they have a low protein density. This 

is a demonstration of how the tuneability of the imaging wavelength allows subsets of cell 

ultrastructure to be isolated based on their constituent chemicals.  

The spatial variation of the s-SNOM signal across one of the DFCs (the magenta line in inset i) is 

shown for both imaging wavelengths in figure 4.7 (c). This confirms that DFCs are detectable when 

mapping with an imaging wavelength in the amide I band but not in the C–O band.  Figure 4.7 (d) 

shows the spatial variation in the s-SNOM signal across the strongly absorbing structures in inset ii 

(magenta line) at both imaging wavelengths. Whilst there are variations in the amide density along 

this line, it is not correlated with the nucleic acid density.  

4.3.4 Contributions from the embedding resin to the s-SNOM signal 

The resin used for embedding the myeloma cells also exhibits absorption in the range of wavelengths 

used to image cells here. Figure 4.8 (a) is an absorption spectrum of the embedding resin acquired 

with an FTIR spectrometer. A region of a section without any cells was used to generate this 

spectrum. The spectrum shows two main absorption features in the resin. The first, centred at 

1735cm−1, is attributed to the stretching of C=O bonds.  The second feature, peaking at 1155cm−1, 
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is attributed to the stretching of C–O–C bonds in epoxy groups in the resin. The absorption feature 

at 1735cm−1 is spectrally narrow which should mean that the embedding resin has little contribution 

Figure 4.7  Isolating ultrastructure using multi-wavelength chemical mapping. (a) s-SNOM 

image of a myeloma cell acquired at 1667cm−1 to excite amide moieties. (b) s-SNOM image of the 

same myeloma cell acquired at 1020cm−1 to excite C–O bonds in nucleic acids. The image 

dimensions of (a) and (b) are 22µm x 18µm with 15nm pixel size. A pixel integration time of 3ms 

was used and thus the images each took approximately 3 hours to acquire. The tapping amplitude 

used was ~25nm.   (c) Profile of the s-SNOM signal across a dense fibrillar component (DFC) and 

fibrillar centre (FC) at both imaging wavelengths. (d) Profile of the s-SNOM signal across a region 

of high absorption in (b) at both imaging wavelengths. Profiles are averaged over a width of 75nm 

(5 pixels). Scale bars 3µm (a,b) and 500nm (i,ii). 
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to the s-SNOM signal when imaging at a wavelength in the amide I band. The absorption feature at 

1155cm−1 is broader and overlaps with much of the C–O band. The resin therefore contributes to the 

s-SNOM signal at wavelengths in the C–O band, but imaging at 1020cm−1, at the edge of this 

absorption feature, limits its contribution. 

Figure 4.8 (b) is an absorption spectrum of a region of a section containing cells and therefore shows 

the absorption features of both the embedding resin and the cells. Absorption in the 1000–1500cm−1 

range appears to be dominated by the resin, but this is because there is a large amount of resin 

contributing to this absorption spectrum and it is not representative of the local absorption measured 

in s-SNOM. In figure 4.8 (c), the same myeloma cell in figure 4.6 is imaged at wavelengths at which 

Figure 4.8  Absorption features in the embedding resin. (a) Far-field absorption spectrum of 

Quetol embedding resin in an area of a section without any cells. (b) Far-field absorption spectrum 

of resin-embedded myeloma cells. (c) s-SNOM images acquired at the wavelengths indicated in 

(a) and (b), where the resin absorbs strongly. The image dimensions are 13µm x 12µm with 15nm 

pixel size. A pixel integration time of 3ms was used and thus the images each took approximately 

1 hour and 10 minutes to acquire. The tapping amplitude used was ~59nm. Scale bars 2µm. 
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the resin absorbs strongly. This largely shows the distribution of resin throughout the cell and is 

informative of the extent to which the resin infiltrates different regions of the cell during the 

embedding process. Generally, the resin density is lowest where the amide density is highest, such 

as in the nuclear membrane and nucleoli. To put this another way, there is less resin infiltration in 

regions of the cell with high amide density and hence more cross-linking of proteins. Resultantly, 

mapping the resin density provides an additional mode of visualising intracellular structures, and 

might be informative of the cell density. 

In figure 4.9, a myeloma cell nucleolus is imaged at wavelengths which excite PO2 moieties (a), C–

O bonds (b), C=O bonds in the embedding resin (c) and C–O–C bonds in epoxy groups in the 

embedding resin (d). Structures such as DFCs (yellow arrows) are identifiable in images (c) and (d) 

due to variations in the density of embedding resin. These structures are not present in images (a) 

Figure 4.9  Distribution of embedding resin in nucleoli. s-SNOM images of multiple myeloma 

celll nucleoli at 1235cm−1 (a), 1020 cm−1 (b), 1735 cm−1 (c) and 1155 cm−1 (d). The image 

dimensions are 2.25µm x 2.25µm with 15nm pixel size. A pixel integration time of 3ms was used 

and thus the images each took approximately 2 minutes to acquire. The tapping amplitude used 

was ~59nm. Dense fibrillar components (yellow arrows) can be identified from embedding resin 

distribution. Dense nucleic acid regions (cyan arrows) are not identifiable from embedding resin 

distribution. Scale bars 250nm. 
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and (b). This suggest that, whilst the embedding resin likely contributes a small amount to the s-

SNOM signal at the imaging wavelengths in (a) and (b), this contribution doesn’t appear to cause 

the introduction of image artefacts. Additionally, structures with high nucleic acid density indicated 

Figure 4.10  Spatial resolution of s-SNOM images. (a, b) s-SNOM images of mitochondria and 

endoplasmic reticulum showing the locations of line profiles (1–5). The image dimensions are 3µm 

x 2µm for (a) and 1.5µm x 2.2µm for (b), both with 2nm pixel size. A pixel integration time of 7ms 

was used and thus (a) took approximately 6 hours to acquire and (b) took approximately 3 hours to 

acquire. The tapping amplitude used for both images was ~53nm. (c) Spatial profiles of the s-SNOM 

signal averaged over a width of 6nm (3 pixels). Scale bars 500nm. 
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with the cyan arrows in (a) and (b) are not identifiable in (c) and (d), confirming that they are specific 

to the wavelengths they were imaged at and not artefacts of the embedding resin. 

4.3.5 Spatial resolution of images 

To quantify the spatial resolution of images, line profiles crossing boundaries of structures were 

extracted from the images in figure 4.10 (a) and (b). Line profiles (figure 4.10 (c)) were constructed 

by averaging over a width of 6nm (3 pixels), which was determined to be large enough to sufficiently 

reduce noise in the profiles, but not too large to be affected by the curvature of boundaries and other 

small-scale morphological features. 

The line profiles in figure 4.10 (c) indicate a spatial resolution of approximately 30nm in these 

samples. The spatial resolution might be improvable towards the 5nm level reported in inorganic 

specimens [128] through refinement of the technique and through improvements in fixation and other 

sample preparation steps, which would help to better preserve the chemistry and morphology of 

samples. Using sharper tips might also improve the spatial resolution. This would come at the 

expense of image signal-to-noise, but if necessary this could be mitigated somewhat by using a more 

reflective substrate such as gold, or by making use of recent developments such as the use of IR 

nanoantennas incorporated into samples [105] or tip-enhancement techniques [163]. 

4.3.6 Detecting variations in cell chemistry 

Figure 4.11 (a) shows s-SNOM images of three myeloma cells from the same cell block acquired 

with wavelengths in the amide I band (i–iii) and in the C–O band (iv–vi). The amide mappings appear 

characteristically different across the three cells. In figure 4.11 (a) (i), there is strong amide 

absorption in some parts of the cell such as the nucleolus, the nuclear membrane, endoplasmic 

reticulum, and various other organelles. Outside of these regions, the amide density is lower than it 

is in the other cells, and there are regions that exhibit the same s-SNOM signal as the extracellular 

resin and thus appear to contain a very low density of amide moieties. In figure 4.11 (a) (ii), the 

amide density in the nucleolus and nuclear membrane is similar to that of figure 4.11 (a) (i), but 

outside of these regions the amide density is greater. In figure 4.11 (a) (iii), the maximum amide 

density is similar to that in the other cells, but it is also much more uniform across the cell, making it 
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difficult to identify intracellular structures. Figure 4.11 (b) shows the s-SNOM signal at both imaging 

wavelengths along lines shown in figure 4.11 (a). Line profiles were constructed by averaging over 

a pixel width equivalent to 150nm in each case. The line profiles confirm that the maximum amide 

Figure 4.11  Chemical variations among cells. (a) s-SNOM images of three cells acquired at 

1667cm−1 (i,ii,iii) and at 1020cm−1 (iv,v,vi). The image dimensions are 14µm x 14µm for (i,iv),  15µm 

x 15µm for (ii,v) and 11µm x 10µm for (iii,vi). The pixel size is 10nm for (i,iv) and 15nm for (ii,iii,v,vi). 

A pixel integration time of 3ms was used for all images and thus (i,iv) each took approximately 3 

hours and 15 minutes to acquire, (ii,v) each took 1 hour and 40 minutes to acquire and (iii,vi) each 

took approximately 50 minutes to acquire. The tapping amplitude used was approximately 30nm in 

each case. (b) s-SNOM signal along the lines shown in (a) at both imaging wavelengths. Profiles 

are averaged over a width of 10 pixels in (ii,iii,v,vi) and 15 pixels in (i,iv), equivalent to 150nm in all 

cases. Scale bars 2µm. 
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density in each cell is similar, but there is greatest variation in figure 4.11 (a) (i), and least in figure 

4.11 (a) (iii).  

In the images acquired at a wavelength in the C–O band (figure 4.11 (a) (iv–vi), there doesn’t appear 

to be the same characteristic difference between the cells. In figure 4.11 (a) (v&vi), the s-SNOM 

signal appears to exhibit similar variations and is of approximately the same magnitude. Figure 4.11 

(a) (iv) exhibits a slightly larger s-SNOM signal around the nuclear membrane region (and thus higher 

contrast), and this is confirmed in the line profiles shown in figure 4.11 (b). 

At this stage, it is not clear whether the images shown in figure 4.11 (a) are representative of the full 

extent of the chemical variations exhibited by the entire population of cells. The reasons for the 

chemical variations are also unknown, although a first guess at this early stage is that they are 

representative of different stages of a cell’s lifecycle. These first results demonstrate how s-SNOM 

might be used to characterise various processes through nanoscale chemical mapping. In future 

work, multi-wavelength imaging such as this should be performed on many more cells to allow 

quantities to be extracted from large samples.  

4.4 Conclusions 

In this chapter, s-SNOM has been used to image intracellular structures at the nanoscale without 

using stains or labels. Many intracellular structures have been identified based on morphology and 

these identifications have been validated with TEM images of cell sections that have been post-

stained. Amongst the s-SNOM images are the first fully optical and deeply sub-wavelength images 

of endoplasmic reticulum, mitochondria, dense fibrillar components and fibrillar centres.  

Various absorption features exhibited in biological specimens have been targeted by tuning the 

imaging wavelength. This enabled chemical mapping of the cells, in which morphological and 

chemical information are obtained simultaneously. Wavelengths in the amide I and II absorption 

bands were used to visualise protein dense regions of cells, whilst wavelengths targeting PO2 and 

C–O absorption were used to visualise nucleic acid-dense regions of cells. This allowed subsets of 
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cell ultrastructure to be isolated, for example protein dense DFCs and regions of high nucleic acid 

density in the nucleolus. 

A spatial resolution of approximately 30nm has been demonstrated, beating diffraction by around a 

factor of 100 for an imaging wavelength of 6µm. This is likely limited by the radius of the tip of the 

probe. Using sharper probes might yield a better spatial resolution if the decrease in signal-to-noise 

can be mitigated. There are not currently any commercial probes available that are significantly 

sharper, so attempts to improve spatial resolution might focus on developing bespoke probes.  

Far-field absorption spectra revealed that the embedding resin contributes two main absorption 

features in the wavelength range used for imaging cells. Whilst this does not appear to impair with 

identifying ultrastructure or imaging with chemical sensitivity, it still contributes a background to the 

images which is important to account for if quantitative studies are performed. The same type of 

resin, hardener and curing procedure should be used for the results of different experiments to be 

compared. 

4.5 Further work 

4.5.1 Correlative s-SNOM and EM imaging 

Correlative s-SNOM and EM imaging (that is, imaging the exact same cell with both techniques) 

would be highly useful to further validate the conclusions drawn from s-SNOM images. s-SNOM 

imaging was attempted with the samples prepared on copper grids for TEM. Unfortunately, it seems 

that the copper grid is insufficient as a thermal sink, resulting in sections being damaged by the heat 

of the laser. An alternative and more promising approach might be to use SEM to image s-SNOM 

samples (sections on silicon substrates) after coating the surface with a conductive layer.  

If imaging the exact same section proves challenging, a more immediate solution might be to 

produce serial sections for imaging with TEM and s-SNOM, locating the same cell on serial sections 

with each technique. If sections are sliced thin enough, the morphology of many structures should 

be consistent enough across the two sections for validation purposes. 
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4.5.2 Nanoscale biomarkers 

Biomarkers are measurable quantities that characterise biological processes and responses to 

exposure and therapy, with uses including diagnosis, monitoring, prediction and prognosis [164]. 

The quantitative chemical mapping presented in this chapter could be used to discover nanoscale 

biomarkers which provide clinical or research value where spatially resolved information at the 

subcellular level is important.  

An example of a biomarker relevant to this work is the nuclear-to-cytoplasmic ratio (NCR) of 

cancerous tissues, which has been shown to correlate with the grade assigned to cases of breast 

cancer by pathologists, and can be obtained from measurements of tissue absorption at wavelengths 

in the amide I and PO2 absorption bands [162]. Such measurements have so far only been 

demonstrated using diffraction limited techniques and therefore cannot resolve at the subcellular 

level. They therefore fail to capture the nanoscale changes in cells that contribute to the increased 

NCR. The chemical mapping demonstrated in this chapter could be used to study such nanoscale 

processes to better understand the development of cancers. 

Machine learning has recently been demonstrated to be a useful tool for extracting pathological value 

from SPM images [165]. It can be expected that the chemical information obtainable with s-SNOM 

would make a useful feature in predictive models to complement morphological and mechanical-

based features available with other SPM techniques. 
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5.1 Why label-free chemical mapping is important in 

nanomedicine 

Nanomedicine is the use of nanotechnology for the treatment and prevention of disease. It 

encompasses sensing, diagnosis and the delivery of drugs and other therapeutics to cells and 

tissues [166]. A large branch of nanomedicine, nanoparticle theranostics (NPTs), concerns using 

nanoparticles that are modified to perform multiple functions including cell targeting, imaging and 

drug delivery [167]. NPTs are often made of noble metals such as gold [168] or inorganic materials 

such as silica [169]. In such cases, their high electron densities relative to the biological material 

allow them to be visualised in EM [170, 171]. NPTs can also be visualised with fluorescence 

techniques if they are first modified with fluorescent labels [172]. 

Typical applications within the field of nanomedicine involve determining the uptake and intracellular 

location of NPTs in cells as part of studying the operational mechanisms and efficacy of the drugs 

they are carrying [171-173]. One major challenge is understanding how NPTs interact with 

organelles, and, in particular, how the health and biochemistry of organelles is affected. In this 

instance, imaging with chemical sensitivity is key. 

5.1.1 EM and super-resolution imaging in nanomedicine  

Super-resolution microscopy techniques have been used extensively for imaging the distribution of 

nanoparticle theranostics in cells [172, 174]. In addition to labelling nanoparticles, fluorescent labels 

can be used to label cellular components to understand how, for example, cell metabolism and 

biochemistry are affected in relation to the distribution and uptake of NPTs. However, there are 

several limitations to using fluorescent-based techniques. Primarily, fluorophores can become 

dissociated from nanoparticles, resulting in inaccuracies in locating NPTs [175]. Secondly, if cells 

are not suitably labelled, some of the biochemical response to the NPTs might go undetected. It is 

also possible that modifying NPTs with fluorescent labels might interfere with their targeting or 

treatment functionalities. These limitations are in addition to the limitations discussed in chapter 4, 
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which include the limit on resolution set by the size of fluorescent molecules and linkers [149], as 

well as the potential for perturbations to the sample biology [148]. 

TEM can also be used to map the distribution and measure the uptake of NPTs in cells [171, 176], 

but generally only provides morphological information and not the chemical information that is 

required. In some instances, TEM can be combined with electron energy loss spectroscopy (EELS) 

to obtain information about the elemental composition of samples. This combination has been 

employed to image cellular structures and interactions of nanomaterials with cell organelles [15]. 

However, it is extremely difficult to image with chemical specificity at the nanoscale resolutions 

required since samples are prone to electron beam damage. 

5.1.2 s-SNOM imaging in nanomedicine 

s-SNOM has enormous potential as an imaging technique for applications in nanomedicine, owing 

to its ability to simultaneously map nanoparticle distribution and cell chemistry. Crucially, this can be 

done in a label-free way, avoiding the problems associated with labelling listed in the last section. 

s-SNOM has recently been used to image polymer-coated gold nanoparticles (AuNPs) [177], which 

have a multitude of applications in nanomedicine [178, 179]. However, s-SNOM has so far not been 

employed for imaging cells treated with NPTs. There has been more interest in nanomedicine 

applications using AFM-IR techniques (section 1.1.5) [180], including the imaging of polymeric 

nanoparticles in whole THP-1 macrophages [181]. However, AFM-IR can suffer from poor spatial 

resolution, since probing depths in samples can be large and translate into poor lateral resolution 

through thermal transport [182]. s-SNOM, on the other hand, is highly surface sensitive, and might 

provide better spatial resolution, thus having a greater impact in the field of nanomedicine. 

5.2 Preparing nanoparticle theranostic-treated neurons for s-

SNOM and TEM imaging 

In this chapter, s-SNOM is demonstrated as an imaging tool for applications in nanomedicine by 

simultaneously mapping cell chemistry and nanoparticle theranostics in hippocampal neurons 
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(henceforth referred to as neurons). Neurons are treated with gold nanoparticles (AuNPs) that are 

conjugated with peptide dendrimers (branch-like polymers containing peptide bonds). The peptide 

dendrimers used, H3 and H6, mimic the neuroprotective properties of the protein S100A4 and have 

previously been shown to protect against neurodegenerative diseases [176, 183]. H3- and H6-

conjugated AuNPs have previously been imaged in hippocampal neurons using TEM [171]. By 

imaging this same system using s-SNOM, it is here shown that s-SNOM can be used to reliably map 

NPTs and can additionally provide chemical information that cannot be obtained with TEM. 

The NPT-treated neurons were originally prepared for use in TEM only. This means, as well as being 

fixed and resin-embedded, the neurons have additionally been osmicated (that is, they are stained 

with osmium tetroxide (OsO4)). Whilst this wasn’t desirable when imaging myeloma cells in chapter 

4, here it has led to obtaining the first s-SNOM images of osmicated cells, and to observing the 

benefits of osmicating, such as the preservation of membranous structures through the fixation of 

lipids [184]. 

5.2.1 Sample preparation protocol 

The process for producing sections of hippocampal neurons treated with peptide dendrimer-

conjugated AuNPs was as follows (adapted from [185]). Step 1 was performed by Dr Corinne Morfill, 

Imperial College. Steps 2–4 were performed by Dr. Darya Kiryushko, Imperial College. Steps 5–8 

were performed by Pedro Machado and Leanne Allison, both of King’s College London. 

1. Gold nanoparticles (spherical and star-shaped) were synthesised using a surfactant-free 

seed-mediated method as described in Yuan et al. [186]. This starts with 12nm gold ‘seeds’ 

and, depending on the conditions [171], yields either spherical nanoparticles or particles that 

are covered with gold spikes (star-shaped nanoparticles). H3 and H6 peptides were 

conjugated to the AuNPs through thiol modification as described in Morfill et al. [171]. Briefly, 

the peptide dendrimers are modified with a thiol (-SH) group, which enables conjugation to 

the AuNPs through a gold-sulphur bond. 

2. Neurons were dissociated from pregnant Wistar rats (embryonic day 18) as described in 

Soroka et al. [187]. Briefly, this involves homogenising, trypsinizing (administering the 
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enzyme trypsin) and incubating to release cells from their adherent state. Wistar rats were 

from Charles River, UK and were handled in accordance with European Union (European 

Directive 2010/63/EU) and UK legislation. 

3. Dissociated neurons were cultured on poly-L-lysine coated Thermanox coverslips (Thermo 

Fisher, UK) in RPMI 1640 medium supplemented with 10% fetal bovine serum, penicillin (100 

U/mL) and streptomycin (100µg/mL). 

4. Neuron cultures were treated with peptide dendrimer-conjugated AuNPs for 24 hours, rinsed 

with 0.1 M HEPES buffer (pH 7.2), fixed with 2.5% glutaraldehyde in HEPES for 2 hours at 

4°C, and washed with HEPES in 3×10 minute cycles.  

5. The fixed neurons were stained with osmium tetroxide (1% OsO4 in HEPES for 1 hour at 

room temperature) to better preserve membranous structures and provide better contrast in 

TEM. 

6.  Neurons were washed six times with deionised H2O, then dehydrated in a graded ethanol 

concentration (50%, 70%, 95%, and dry 100% ethanol) for 3×5 minute cycles each, and 

subsequently in acetonitrile (Sigma-Aldrich, UK) for 3x10 minute cycles.  

7. A cell block was produced by progressively infiltrating with 50%, 75%, and 100% solutions of 

TAAB 812 resin (Sigma) in acetonitrile at room temperature (50% resin for 2 hours, 75% 

resin overnight, and three changes of 100% resin over 3 days) and cured at 60°C for 24 h.  

8. Neuron sections were produced using a Leica UC7 ultramicrotome (Leica, Austria) with a 35° 

diamond knife (Diatome, CH). The section thickness was set to 70 nm. For s-SNOM imaging, 

sections were collected on silicon substrates. For TEM imaging, sections were collected on 

carbon-coated TEM copper grids (Agar Scientific, UK) and dried. 

5.2.2 s-SNOM and TEM imaging of hippocampal neurons 

TEM imaging of hippocampal neurons was performed at 120 kV (JEOL JEM 1400Plus, JEOL, Japan) 

by Pedro Machado, King’s College London. s-SNOM imaging was performed with the setup 

described in section 4.2.2 using a tapping amplitude of approximately 50nm. Additional sections 
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were cut to 500nm thickness and deposited on gold-coated coverslips for use in a FTIR 

spectrometer. The absorption was subsequently measured in reflectance mode. 

Note that a mixture of H3- and H6-treated neurons make up the images presented in this chapter. 

Since the focus is on mapping AuNPs and cell chemistry simultaneously, rather than detecting 

differences in the peptide dendrimers, no distinction is made between the two. 

5.3 Results and discussion 

The results presented in this chapter begin with s-SNOM images of osmicated hippocampal neurons 

shown together with TEM images of neurons from the same block of cells. Many intracellular 

structures are identified from the morphologies observed in the s-SNOM images and are validated 

by comparing with the supporting TEM images.  

Following this, it is shown that osmication of the cells better preserves membranes, which is apparent 

through the visualisation of the plasma membrane. Notably, osmication also appears to improve the 

achievable spatial resolution when compared to that of the non-osmicated multiple myeloma cells in 

chapter 4.  

Finally, simultaneous mapping of AuNP distribution and cell chemistry is demonstrated, showcasing 

how s-SNOM might be used for applications in nanomedicine. To add to this, s-SNOM images of 

three characteristic stages of AuNP internalisation are shown and are supported by TEM images. 

Figure 5.1  Absorption spectra of hippocampal neuron resin-embedded sections. Absorption 

spectra acquired with an FTIR spectrometer in regions of the section without any neurons (a) and 

with neurons (b). 
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5.3.1 Intracellular imaging of osmicated hippocampal neurons 

Figure 5.1 (a) and (b) are absorption spectra of a resin-embedded neuron section acquired in a 

region without any neurons (blank resin) and with neurons, respectively. Like the Quetol resin used 

for the multiple myeloma cells in chapter 4, the TAAB 812 resin used here produces a strong 

absorption peak at approximately 1735cm−1. The absorption features at lower wavenumbers differ 

for each type of resin, but both show strong absorption at around 1155cm−1. In figure 5.1 (b), the 

Figure 5.2  Multi-wavelength s-SNOM imaging of a hippocampal neuron. (a) s-SNOM image 

acquired at an imaging wavelength of 1660cm-1, mapping amide moieties in the cell. (b) s-SNOM 

image acquired at an imaging wavelength of 1740cm-1, primarily mapping the resin density, 

although there may be contributions from lipids, the osmium tetroxide stain and fixatives. The image 

dimensions of (a) and (b) are 10µm x 10µm with 10nm pixel size. A pixel integration time of 3ms 

was used and thus the images each took approximately 1 hour and 40 minutes to acquire. The 

tapping amplitude was ~72nm.   NM; nuclear membrane. Scale bars 2µm (a,b), 500nm (i,ii). 
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contribution to the absorption from the neurons can be seen in the amide I and II absorption bands. 

Other expected absorption features such as those from nucleic acids are too small to be 

distinguished from the absorption of the resin. This is attributed to the sections having a large resin 

content, as well as the area measured with the FTIR spectrometer covering a large amount of resin 

in the extracellular space. 

Figure 5.2 shows s-SNOM images of a neuron acquired at two different imaging wavelengths. 

Imaging at a wavelength of 1660cm−1 (figure 5.2 (a)) excites amide moieties in the cell and allows 

visualisation of areas with high amide density. The nuclear membrane is identifiable, as well as 

Figure 5.3  s-SNOM and TEM imaging of hippocampal neurons. (a,b) s-SNOM images of 

hippocampal neurons acquired at an imaging wavelength of 1740cm−1. The image dimensions are 

(a) 15µm x 15µm and (b) 20µm x 20µm, both with 20nm pixel size. A pixel integration time of 3ms 

was used and thus the acquisition time was (a) ~1 hour and (b) 1 hour and 40 minutes. The tapping 

amplitude was ~51nm for both images. (c,d) TEM images of hippocampal neurons. NM; nuclear 

membrane, Nuc; nucleolus, AH; axon hillock, Dn; dendrite. Scale bars 3µm (a,b), 5µm (c), 1µm (d). 
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amide-dense regions in the nucleus (inset i). Amide-dense regions in the cytoplasm are also visible, 

which are likely to be mitochondria and other organelles such as ribosomes and lysosomes.  

Figure 5.4  High resolution s-SNOM and TEM imaging of hippocampal neurons. (a,b) s-SNOM 

images showing neuronal ultrastructure acquired at an imaging wavelength of 1740cm−1. The 

image dimensions are (a) 12µm x 12µm, (b) 6.6µm x 6.6µm, and (iii) 1µm x 1µm, with 10nm, 25nm 

and 2nm pixel sizes, respectively. (i) and (ii) are cropped from (a). The pixel integration time was 

(a) 10ms, (b) 7ms and (iii) 13ms and thus the images took approximately 8 hours, 15 minutes, and 

4 hours to acquire, respectively. The tapping amplitude was ~40nm in each case. (c,d,e) TEM 

images of neuronal ultrastructure. Mt; mitochondria, PM; plasma membrane, ER; endoplasmic 

reticulum. Scale bars 2µm (a), 1µm (b,e), 500nm (i,ii,c,d), 100nm (iii,iv). 
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Imaging at a wavelength of 1740cm−1 (figure 5.2 (b) and inset ii) primarily maps the resin density in 

the cell, which enables the visualisation of intracellular structures. There might also be contributions 

from lipids and fixatives, which each contain aldehyde groups which exhibit absorption features at 

this wavelength [139]. Interestingly, the osmium tetroxide stain that provides much of the contrast in 

EM also has a sharp absorption peak at this wavelength [188]. Imaging at this wavelength might, 

therefore, provide a means of correlating s-SNOM with TEM. 

The NM exhibits higher contrast and is much more clearly identifiable when imaged at a wavelength 

of 1740cm−1 when compared to an imaging wavelength of 1660cm−1. This might be because the NM 

is densely packed with lipids [157] and the resin is unable to penetrate it after fixation with OsO4, 

leading to a large variation in resin density across the membrane and thus high contrast when 

imaged at a wavelength of 1740cm−1. On the other hand, the amide-dense region in the nucleoli is 

more easily identified at 1660cm−1 than at 1740cm−1. The low contrast at 1740cm−1 is likely to be 

because the resin density varies less in this area, which is probably due to there being a lower 

concentration of lipids in less membranous areas of the cell. Thus, it seems that 1660cm-1 is the 

better wavelength for mapping amide groups such as those found in proteins and nucleobases, 

whilst 1740cm−1 is the better wavelength for imaging membranous structures. 

Figure 5.3 (a) and (b) are s-SNOM images showing typical neuronal morphology. The protrusion 

from the cell body is an axon hillock (AH), which connects the cell body to the axon of the neuron. 

An axon hillock can also be seen in the TEM image (figure 5.3 (c)) with similar morphology, 

supporting the identification. There are also much smaller protrusions from the cell body which might 

be dendrites (Dn). These are branch-like structures that receive input from other cells. Dendrites are 

not seen in this sample of TEM images of neurons, however, so this identification is made with less 

confidence. 

5.3.2 Improved spatial resolution and visualisation of membranous 

structures with osmicated cells 

The s-SNOM images in figure 5.4 (a), (b) and insets (i-iii) show neuronal ultrastructure in high-

resolution. Membranous structures such as ER and the internal membranes of mitochondria known 
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as cristae are more easily identified here compared to the high-resolution images of myeloma cells 

in figure 4.5.  A plasma membrane (PM) is also identifiable here (figure 5.4 (a) (ii)) but is not 

identifiable in the s-SNOM images of myeloma cells. These structures are probably better-visualised 

Figure 5.5  Spatial resolution of hippocampal neuron s-SNOM images. (a) s-SNOM images 

acquired at 1740cm−1. The image dimensions are (a) 6.6µm x 6.6µm, (i) 1µm x 1µm, (ii) 0.85µm x 

0.47µm and (iii) 1.64µm x 0.47µm. The pixel sizes are (a) 25 nm and (i,ii,iii) 2nm. The pixel 

integration time was (a) 7ms, (i) 13ms and (ii,iii) 3ms. It took approximately 15 minutes, 8 hours, 10 

minutes, and 20 minutes to acquire (a),(i),(ii) and (iii), respectively. The tapping amplitude was 

~40nm in each case. (b) Spatial profiles (1–6) of the s-SNOM signal for the lines shown in insets 

i,ii&iii. NM; nuclear membrane, PM; plasma membrane. Scale bars 2µm (a), 200nm (i-iii). 
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due to the osmication of neurons better preserving membranous structures. The TEM images in 

figure 5.4 (c), (d), (e) and inset iv also show a PM, ER and mitochondrial membranes with similar 

morphologies to those seen in the s-SNOM images, once again supporting the identifications made. 

To quantify the spatial resolution of s-SNOM images of these samples, line profiles were extracted 

from the images in figure 5.5 (a). To reduce noise, the line profiles were averaged over a width of 2 

pixels, equating to 2.6nm in profiles 1 and 2 and 4nm in profiles 3–6. The line profiles in figure 5.5 

(b) demonstrate sub 20nm spatial resolution, which is significantly better than the spatial resolution 

achieved with multiple myeloma cell samples in chapter 4. Again, this might be a result of the neurons 

being osmicated, providing additional fixation of samples through the fixation of lipids. This could 

translate to better spatial resolution through better preservation of cells, both chemically and 

morphologically, leading to sharper boundaries between cell structures. 

5.3.3 Simultaneous mapping of cell chemistry and nanoparticle 

theranostics and characteristic stages of nanoparticle internalisation 

Figure 5.6 (a) is an s-SNOM image of an area of a neuron containing AuNPs acquired at an imaging 

wavelength of 1660cm−1. Rather than mapping the phase, 𝜙3, this image is a map of the amplitude, 

𝑠3. The high reflectivity of gold provides a large s-SNOM amplitude signal where AuNPs are located 

that contrasts strongly against the cell and embedding resin. This enables identification and mapping 

of AuNPs in the samples (inset i). At this wavelength, the corresponding s-SNOM phase image 

(figure 5.6 (b)) provides a chemical mapping of amide density. Thus figure 5.6 demonstrates how s-

SNOM can be used to simultaneously map NPTs and cell chemistry. 

The three AuNPs in figure 5.6 (a) (i) are internalised in a neuron at the edge of a vesicle-like structure, 

which is typical for the internalised AuNPs observed in these samples. Whilst three AuNPs are seen 

in this s-SNOM amplitude image, one of the AuNPs is not detectable in the s-SNOM phase image 

in figure 5.7 (b) (ii). The reason for this is presently unknown, but it might be related to these particular 

AuNPs being star-shaped, as this phenomenon is not observed for spherical AuNPs.  
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Figure 5.7 shows s-SNOM and TEM images of (spherical) AuNPs at three characteristic stages of 

internalisation into neurons [171]. In the first stage (figure 5.7 (a,d,g)), AuNPs are surface associated, 

meaning they are adjacent to or touching the plasma membrane of a neuron. In the second stage 

(figure 5.7 (b,e,h)), AuNPs are embedded into the plasma membranes of neurons. This is 

characterised by a curvature of the membrane around the AuNPs. The membrane continues to curve 

around the AuNP and eventually reseals with the AuNP internalised [173]. Examples of internalised 

AuNPs are shown in figure 5.7 (c,f,i).  

Figure 5.7 (a-f) are s-SNOM images acquired at an imaging wavelength of 1740cm−1. This 

wavelength was chosen to maximise the contrast observed for membranous structures, enabling 

optimum imaging of AuNP interaction with cell membranes. The internalisation of AuNPs could also 

be imaged at other wavelengths to enable simultaneous mapping of cell chemistry as in figure 5.6 

(b). This would provide a significant advantage over using TEM since cell chemistry could be 

monitored in a label-free way throughout the embedding process. 

Figure 5.6  Simultaneous mapping of cell chemistry and nanoparticle theranostics. s-SNOM 

amplitude (a) and phase (b) images of the same area of a neuron acquired at an imaging 

wavelength of 1660cm−1. The image dimensions of (a) and (b) are 10µm x 10µm with 10nm pixel 

size. A pixel integration time of 3ms was used and thus the images took approximately 1 hour and 

40 minutes to acquire. The tapping amplitude was ~72nm. Insets i&ii show gold nanoparticles in 

greater detail. AuNP; gold nanoparticle. Scale bars 2µm (a,b), 500nm (i,ii). 
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5.4 Conclusions and further work 

In this chapter, s-SNOM has been used to image intracellular structures and map the distribution of 

NPTs in hippocampal neurons. Many intracellular structures have been identified and validated by 

supporting TEM images of cell sections from the same cell block. Additional fixation with osmium 

tetroxide enabled better imaging of membranous structures, enabling the identification of the plasma 

Figure 5.7  Characteristic stages of nanoparticle internalisation. s-SNOM phase (a,b,c), s-

SNOM amplitude (d,e,f) and TEM (g,h,i) images showing three stages of nanoparticle 

internalisation in hippocampal neurons. The s-SNOM image dimensions are 1.5µm x 1.5µm with 

2nm pixel size. A pixel integration time of 7ms was used and thus the images each took 

approximately 2 hours and 10 minutes to acquire. The tapping amplitude was ~30nm. PM; plasma 

membrane. Scale bars 200nm (a–f), 100nm (g–i). 
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membrane. Osmication also seemed to improve the achievable spatial resolution, which might be 

due to the additional fixation of lipids leading to better preservation of structures, both chemically 

and morphologically. 

Simultaneous mapping of NPTs and cell chemistry has also been demonstrated, which might give 

rise to studying the chemical changes associated with uptake of NPTs and the monitoring of 

organelle function and health in response to nanomedicines. Also, three characteristic stages of 

nanoparticle internalisation were identified using s-SNOM, proving s-SNOM as a valuable tool for 

mapping nanoparticle distribution in cells. 

In addition to monitoring the changes in cell and organelle chemistry associated with nanomedicine 

treatment, relevant further work might involve studying the dynamics of how drugs and therapeutics 

are released from NPTs as they internalise into cells. This might begin by exploiting a spectral feature 

of a drug to distinguish NPTs carrying drug loads from those that are not. This could then be 

extended to quantifying the nanoparticle load, which would enable studying the dynamics and 

intracellular locations of drug release. 
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Chapter 6 

6 Mapping mesoporous silica nanoparticles in 

whole malignant glioma cells 

6.1 Mesoporous silica as a non-toxic nanoparticle theranostic 

Whilst nanoparticle theranostics are commonly made of gold, there are concerns over its use in vivo 

due to its potential toxicity [189]. Of primary concern is the lack of understanding surrounding the 

accumulation and excretion of AuNPs from the body [190], with AuNPs posing a risk of blocking 

blood flow [189].  

A number of NPTs based on non-toxic materials have been developed to combat this issue [189].  

Amongst these materials are mesoporous silica nanoparticles (MSNs) [191, 192]; that is, silica 

nanoparticles containing nanometre-sized spherical voids (pores). MSNs are non-toxic, 

biodegradable and approved by the FDA for use in humans [193-198]. They are promising due to 

their large surface areas and tuneable pore sizes, which allow them to carry large drug-loads [199, 
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200]. As an example of their use, MSNs were shown to be more effective than their dense 

nanoparticle counterparts in a study concerning bone regeneration [201].  

MSNs have an electron density that is sufficient for them to be imaged in cells using TEM [202]. 

They can also be functionalised with the fluorophore fluorescein isothiocyanate (FITC) for imaging 

with fluorescence techniques [170]. As with the gold-based NPTs in chapter 5, the challenge when 

imaging MSNs is to simultaneously map the cell chemistry to study changes in biochemistry in 

individual cell components, and to do this in a label-free way. As seen thus far, s-SNOM is well suited 

to this challenge. 

6.2 Malignant glioma cell morphology and research questions 

In this chapter, s-SNOM imaging is performed on malignant glioma cells from the U-87 MG cell line. 

Research questions concerning U-87 MG cells are often on the whole-cell level and they concern 

aspects such as cell migration and invasiveness. Examples include migration inhibition with the 

application of flavonoids [203], as well as cell-cell transfer of organelles through tunnelling nanotubes 

[204]. Often key to this research is obtaining morphological and chemical information of nanoscale 

cell components such as lamellipodia and filopodia [203], the structures that constitute the 

peripheries of cells, which makes s-SNOM a highly applicable technique. 

As well as being biologically relevant, whole cell imaging (rather than sections of cells) is an exciting 

yet relatively unexplored area for s-SNOM. The main difficulty is that s-SNOM is a highly surface 

sensitive technique, meaning the contribution to the signal from a volume element decays rapidly 

with depth into the sample. As such, images of whole cells have a large contribution from the ~10nm 

cell membrane and imaging is generally limited to surface features. s-SNOM has been used for 

imaging amyloid β-sheets on the surface of neurons without requiring immunolabelling [113], as well 

as imaging the surface of red blood cells [114].  

There is still a contribution to the s-SNOM signal from components below the surface [205], however, 

and it is possible to identify these components with chemical sensitivity [123]. This is exploited here 

in the form of imaging MSNs embedded and internalised in cells. s-SNOM also has the advantage 
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of delivering topographical information, allowing three-dimensional surface morphology of cell 

components such as lamellipodia and filopodia to be obtained. The results presented in this chapter 

focus on these two aspects of whole-cell imaging with s-SNOM. 

6.3 Preparing MSN-treated U-87 MG cells for s-SNOM 

imaging 

6.3.1 MSN synthesis 

MSN synthesis was performed using a modified version of a type of sol-gel process known as a 

Stöber process [206]. Briefly, a colloidal suspension of a precursor (‘sol’) is transformed through 

chemical reaction into a solid and liquid mixture (‘gel’), from which the solid part is isolated through 

evaporation of the liquid solvent. The resulting material can range from uniformly sized discrete 

nanoparticles (for example the MSNs used here) to the ultra-lightweight and thermally insulating 

materials known as aerogels. The MSNs are made mesoporous (pore diameters between 2nm and 

50nm) by letting the nanoparticle structures grow around near-spherical surfactant aggregates which 

are later removed, leaving voids (pores) [207]. 

The process for producing MSNs was as follows (performed by Dr. Alessandra Pinna, Imperial 

College, adapted from [170]): 

1. The surfactant-based template for producing pores was prepared by adding 1g of 

cetyltrimethylammonium bromide (CTAB) to 500ml of distilled water. 

2. The pore template, contained in a flask, was immersed in paraffin oil at 70°C and stirred at 

600rpm using a magnetic hotplate stirrer, followed by the addition of 3ml of 2 M sodium 

hydroxide (NaOH) catalyst. 

3. The silica-based precursor, tetraethyl orthosilicate (TEOS), was added to the pore template 

solution, followed by 5ml of ethyl acetate (EtOAc). 

4. The solution was aged at 70°C for 1 hour with stirring (600rpm) and 3 hours without stirring 

to allow formation of nanoparticles. 



 6.3    Preparing MSN-treated U-87 MG cells for s-SNOM imaging 

 

  100  

5. The solution was washed with ethanol three times and centrifuged for 40 min at 7830rpm. 

6. Nanoparticles were isolated by drying the solution overnight at 60°C. 

7. The CTAB surfactant aggregates were eliminated by heating in a 550°C furnace for 6 hours, 

leaving voids (pores) in the nanoparticles. 

8. The diameter (d=(80±10)nm) and sphericity of MSNs was confirmed using TEM [170]. 

6.3.2 U-87 MG preparation and treatment with MSNs 

U-87 MG cells were grown and treated with MSNs as follows (performed by Dr. Darya Kiryushko, 

Imperial College): 

1. U-87 MG cells from the American Type Culture Collection (ATCC), provided by Dr. Jonny 

Taylor, Imperial College London, were grown on a silicon substrate in RPMI 1640 medium 

supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin (100 μg/mL). All 

experiments were performed between passages 10 and 20 i.e. harvested and reseeded into 

daughter cultures between 10 and 20 times. 

2. Cells were incubated with 50µg/ml of MSNs for 24 hours. 

3. Cells were fixed with 2.5% glutaraldehyde and 2.5% paraformaldehyde in 0.1M HEPES for 

30 minutes at room temperature. 

4. Fixatives were removed and cells were rinsed three times in 0.1M HEPES. 

5. Cells were dehydrated in a series of graded ethanol (EtOH) (12.5%, 25%, 50% and 70% for 

5 mins each, 95% and 100% for 2 x 5 mins each). 

6. Cells were further dehydrated in hexamethyldisilazane (HMDS) (HMDS:EtOH 1:1 for 10 mins, 

HMDS 2 x 10 mins). 

7. HMDS was removed and cells were left to air dry in a desiccator at room temperature. 

U-87 MG cells prepared as described are shown in figure 6.1. The image was acquired with the built-

in optical microscope in the s-SNOM system which has a magnification of 20x. 
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6.3.3 s-SNOM imaging of MSN-treated U-87 MG cells 

s-SNOM imaging was performed with the setup described in section 4.2.2 using a tapping amplitude 

of approximately 50nm. U-87 MG cells are significantly larger (~50–100µm) than the multiple 

myeloma cells and hippocampal neurons (~10µm) investigated in chapters 4 and 5 respectively. The 

cell height is typically much greater than the ~3µm travel range of the piezoelectric sample stage on 

the s-SNOM system and, therefore, it was not possible to capture a whole cell in one image. Imaging 

was instead focused on the lamellipodia and filopodia at the peripheries of the cells. These regions 

were chosen since, as discussed, they are the focus of many research questions related to cell 

movement, cancer migration and cell-cell transfer [203, 204, 208].  

Figure 6.1  Optical microscope image of U-87 MG cells. U-87 MG cells imaged at 20x 

magnification using the built-in optical microscope in the s-SNOM system. Cells were prepared 

using the protocol described in section 6.3.2. Inset shows a region of a cell chosen for imaging with 

s-SNOM. 
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6.4 Results and discussion 

The results presented in this chapter begin with s-SNOM imaging of the periphery of a U-87 MG cell, 

including nanoscale chemical and topographical mapping of lamellipodia and filopodia. Following 

this, the IR chemical signature of MSNs is used to map their distribution in a U-87 MG cell, and the 

chemical and topographical mappings are used to determine the embedding status of the MSNs. 

Finally, a morphological erosion algorithm (MEA) is used to account for the broadening of image 

features due to the limited sharpness of the tip. This is shown to be necessary to accurately image 

the MSNs, and it is argued that it is also essential for accurately measuring lamellipodia and filopodia 

morphology. 

6.4.1 Imaging whole U-87 malignant glioma cells with s-SNOM 

Figure 6.2 (a) shows the topography of the periphery of a U-87 MG cell and reveals a thin (~100nm 

thick), sheet-like region, which is identified as the lamellipodium [209]. There are also finger-like 

structures that originate inside the lamellipodium and protrude outwards from it, which are identified 

as filopodia [210]. This is the first time these structures have been directly optically imaged (that is, 

without stains and labels) at this level of spatial resolution. Figure 6.2 (c) is an image of approximately 

the same region of the cell acquired with the built-in microscope in the s-SNOM system (20x 

magnification). Much of the detail in the filopodia structure is not identifiable in this image, including 

many of the smaller branches from the main protrusions from the cell. This motivates the use of 

nanoscale imaging techniques such as s-SNOM for investigating research questions relating to 

filopodia. 

Figure 6.2 (b) is an s-SNOM image of the same region of the cell acquired at an imaging wavelength 

of 1667cm−1, thus mapping the amide density in this region. Filopodia appear darker than the rest of 

the cell in the mapping. This is most likely because filopodia contain actin filaments that are bundled 

together by actin-bundling proteins [211] and thus have a large protein component. However, it is 

important to note that the increased s-SNOM signal could also be related to the topography, since a 

change in sample thickness can affect the s-SNOM signal. Indeed, when the phase, 𝜙3, is plot 



 6.4    Results and discussion 

 

  103  

against the cell height, Z, for each pixel (figure 6.2 (d)), the two are correlated. This is a different 

result to the result obtained with the same analysis performed on the myeloma cell sections in figure 

3.5 (e), in which there are distinct regions in the phase-Z plot corresponding to different regions of 

the cell. Thus, the s-SNOM image in figure 6.2 (b) is dependent on the cell topography, not just the 

chemistry. Consequently, it is important to also take the topography into account when imaging 

whole cells, specifically when comparing chemical mappings in different cell regions. 

Figure 6.2  s-SNOM imaging of U-87 MG cells. (a) Topography of a region at the periphery of a 

U-87 MG cell. (b) s-SNOM image of the same region acquired at an imaging wavelength of 

1667cm−1. The s-SNOM (and AFM) image dimensions are 16µm x 10µm with 15nm pixel size. A 

pixel integration time of 3ms was used and thus the images took approximately 1 hour and 10 

minutes to acquire. The tapping amplitude was ~69nm. (c) Corresponding region imaged with the 

built-in microscope in the s-SNOM system. (d) Correlation between the s-SNOM phase and the 

sample height using the values at each pixel in the images. The cell and the substrate were split by 

masking images. Fp; filopodia, Lp; lamellipodium. Scale bars 2µm (a,b), 5µm (c). 
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6.4.2 Detecting silica nanoparticles in cells with chemical sensitivity 

Figure 6.3 (a) is a far-field absorption spectrum of MSNs, acquired by dropcasting MSNs onto a 

ZnSe substrate and using an FTIR spectrometer in transmission mode. A ZnSe substrate was used 

for its high transmittance in the spectral region required, shown in figure 4.3. The absorption 

spectrum shows an absorption peak at approximately 1100cm−1. Absorption exhibited by MSNs at 

this wavelength has previously been reported and is due to Si–O–Si stretching [212, 213]. This 

absorption feature serves as a means of detecting MSNs with chemical sensitivity using s-SNOM, 

providing that s-SNOM is sensitive to the level of absorption exhibited by single particles. 

To demonstrate chemically specific detection of MSNs, the particles were dropcast on a mica 

substrate and imaged with s-SNOM. A mica substrate was used since the MSNs were not stable on 

a silicon substrate and were pushed around by the imaging probe. Mica has an absorption feature 

at approximately 1000cm−1 [214] (also Si–O–Si stretching) which means the absorption exhibited by 

the substrate might be slightly higher at 1100cm−1 than at 1300cm−1. Despite this, the MSNs still 

exhibit large contrast against the substrate at 1100cm−1 (figure 6.3 (b)), but very little at 1300cm−1 

(figure 6.3 (c)), confirming the ability to image them with chemical sensitivity using s-SNOM. 

Figure 6.3  Far-field absorption spectrum and s-SNOM images of MSNs. (a) Absorption spectra 

of mesoporous silica nanoparticles (MSNs) deposited on a zinc selenide substrate and measured 

with an FTIR spectrometer in transmission mode. (b,c) s-SNOM images of MSNs on a mica 

substrate acquired at imaging wavelengths of 1100cm−1 and 1300cm−1 respectively. The image 

dimensions are 0.5µm x 0.5µm with 5nm pixel size. A pixel integration time of 13ms was used and 

thus the images each took approximately 4 minutes to acquire. The tapping amplitude was ~72nm. 

Scale bars 100nm.  
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Figure 6.4 shows s-SNOM images of the region of the U-87 MG cell imaged in figure 6.2 acquired 

at imaging wavelengths of 1100cm−1 and 1300cm−1 to facilitate the detection of MSNs. The image 

shown in figure 6.4 (a) inset (i), acquired at 1100cm−1, shows two strongly absorbing particle-like 

features whose diameters are consistent with the ~80nm MSN diameter independently measured 

with TEM [170]. In the image acquired at 1300cm−1 (inset ii), where the MSNs exhibit little absorption, 

the particles are indistinguishable from the cell. These two images are consistent with the absorption 

feature of the MSNs at 1100cm−1, so these particle-like features are therefore identified as MSNs. 

Figure 6.4  Detecting MSNs in U-87 MG cells with s-SNOM. (a) s-SNOM image of a region of a 

U-87 MG cell acquired at an imaging wavelength of 1100cm−1. (b) Topography of the same cell 

region. Insets i–iii show a region of the cell that contains mesoporous silica nanoparticles (MSNs). 

Inset i is acquired at 1100cm−1, where MSNs absorb strongly. Inset ii is acquired at 1300cm−1, 

where MSNs absorb weakly. Inset iii shows the topography of this region. The image dimensions 

are 16µm x 10µm with 15nm pixel size for (a,b) and 2.25µm x 2.25µm with 5nm pixel size for (i,ii,iii). 

A pixel integration time of 3ms was used and thus images (a,b) took approximately 1 hour and 10 

minutes to acquire and images (i,ii,iii) took approximately 1 hour to acquire at each wavelength. 

The tapping amplitude was ~72nm for (a,b) and 45nm for (i,ii,iii). The change in tapping amplitude 

was due to the imaging probe being replaced between scans. Scale bars 2µm (a,b), 300nm (i–iii). 
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Crucially, the MSNs are mapped without modification and in cells that are free of stains and labels. 

This is a key advantage of using s-SNOM compared to fluorescence techniques, which would require 

both the MSNs and the cells to be fluorescently labelled. Once again, this would pose the risk of 

perturbing the function of NPTs and the sample biology, as well as potentially missing out on 

important information due to lack of appropriate labelling. The distribution of MSNs could also be 

mapped using a technique such as SEM if a conductive coating is first applied to the cells. In this 

Figure 6.5  Determining the embedding status of internalised MSNs using topography 

measurements. (a) s-SNOM image of a region of a U-87 malignant glioma cell containing two 

mesoporous silica nanoparticles (MSNs). (b) Topography in the same region. The image 

dimensions are 1.13µm x 1.42µm with 5nm pixel size. A pixel integration time of 3ms was used and 

thus images (a,b) took approximately 6 minutes to acquire. The tapping amplitude was ~45nm.  (c) 

Spatial profiles of the s-SNOM signal and topography along lines i&ii which cross MSNs and the 

edge of the cell. Profiles were constructed by averaging over a width of 5 pixels (25nm). MSNs 

(d~80nm) shown for scale. Scale bars 200nm. 
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case, the advantage of using s-SNOM is the ability to chemically map structures on the cell surface, 

and potentially detect biochemical changes induced by the application of MSNs or other NPTs. 

6.4.3 Determining the embedding status of MSNs based on topography 

Another key advantage of using s-SNOM, compared to EM or fluorescence techniques, is that 

topographical information is obtained by default rather than applying special 3D imaging techniques 

[215, 216]. Here it is shown that this topographical information can be used to confirm the embedding 

status of MSNs. 

An example of using topography to determine the embedding status of MSNs is shown in figure 6.5. 

Spatial profiles of the s-SNOM signal and the topography along the lines passing through MSNs (i & 

Figure 6.6  Determining the embedding status of embedded MSNs using topography 

measurements. (a) s-SNOM image of a U-87 malignant glioma cell. (b) s-SNOM image of a region 

of the cell containing mesoporous silica nanoparticles (MSNs). (c) Topography in the same region. 

The image dimensions are 16µm x 10µm with 15nm pixel size for (a) and 1.13µm x 1.13µm with 

5nm pixel size for (b,c). A pixel integration time of 3ms was used and thus (a) took approximately 

1 hour and 10 minutes to acquire and images (b,c) took approximately 5 minutes to acquire. The 

tapping amplitude was ~72nm. (d) Spatial profiles of the s-SNOM signal and topography along the 

red line across an MSN. The profile was constructed by averaging over a width of 5 pixels (25nm). 

MSN (d~80nm) shown for scale. Scale bars 2µm (a), 200nm (b,c). 
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ii) shown in figure 6.5 (a) and (b) are plot in figure 6.5 (c). The spatial profiles show that the 

topography does not follow the curvature of the MSNs. This might mean that the MSNs are fully 

embedded in the cell and perhaps even internalised, that is, the MSNs are covered by the cell 

membrane. 

Figure 6.6 shows an example of an MSN that is not fully embedded into the cell. Figure 6.6 (d) shows 

that the topography along the red line shown in figure 6.6 (b) and (c) follows a curvature that is 

consistent with the MSN diameter. This suggests that the MSN is not fully embedded, but rather is 

exposed. The profile of the s-SNOM signal also shows a larger region exhibiting high absorption 

compared to the embedded MSNs. This might be more evidence to suggest that the MSN is 

exposed, rather than being covered by the cell membrane. 

6.4.4 Correcting topography with a morphological erosion algorithm 

Since imaging probes are not infinitely sharp, objects appear larger in topography images than they 

really are, leading to overestimates of their size. This is more noticeable for smaller objects that are 

comparable in size with the tip dimensions, such as MSNs. Figure 6.7 (a) is a two-dimensional 

representation of how a spherical particle appears larger when measured. The blue line is the path 

Figure 6.7  A 2D representation of the broadening of objects in topography images and a 

means of mitigation based on morphological erosion. (a) The geometry of the tip of the s-

SNOM probe means that objects (e.g. mesoporous silica nanoparticles (MSNs)) can appear larger 

than they are when measured (blue trace). (b) In post analysis, a model of the tip is placed at each 

point on the blue trace. The sample cannot occupy the red hashed regions because they are 

occupied by the tip during imaging. The red hashed regions (and similar regions constructed for all 

points on the blue trace) can therefore be removed from the image. 
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that the tip apex traces as the tip travels over the sphere, that is, the topography measured by the 

AFM system. Broadening occurs when the contact point between the tip and the sample is not at the 

apex of the tip, but rather moves round the tip towards the shaft. The radius of curvature of the tip, 

the aspect ratio of the shaft of the probe and the geometry of the object itself are all important in 

determining how much an object is broadened by. 

Deconvolution algorithms can be applied to images to mitigate some of this broadening to reproduce 

the sample geometry more faithfully [217]. This is not uncommon in AFM applications, but (as far as 

the author is aware) it has never been applied to s-SNOM images, despite it being critical in some 

cases to obtain accurate sample morphology. Here, a morphological erosion algorithm (MEA) is 

used [218]. In this algorithm, a model of the tip is placed at a pixel in the image such that the tip apex 

coincides with the image surface. Two such locations are shown in 2D in figure 6.7 (b). Regions 

where the tip intersects with the image (such as the red hashed areas in figure 6.7 (b)) are removed 

from the image space. This is done on the basis that the tip must have occupied this space during 

imaging, so the sample cannot exist there. This is repeated for each pixel in the image. 

A model of the tip is therefore required in order to apply an MEA to images. To this end, an s-SNOM 

probe was imaged using SEM (by Dr. Darya Kiryushko, Imperial College) to obtain the tip 

morphology (figure 6.8 (a)). A two-dimensional profile of the outline of the tip was created (figure 6.8 

Figure 6.8  An s-SNOM probe imaged with SEM and modelled in 2D and 3D. (a) An SEM image 

of the tip of the s-SNOM probe. (b) A two-dimensional model of the s-SNOM probe is constructed 

by tracing the outline of the probe in the SEM image. (c) A three-dimensional model of the s-SNOM 

probe is constructed by revolving the 2D model about the long axis of the probe. 
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(b)) and was revolved around the tip axis to create a three-dimensional model (figure 6.8 (c)). Whilst 

the probe is pyramidal in shape, the sharpening process results in it becoming more radially 

symmetric towards the tip, thus supporting this radially symmetric model. The tip isn’t perfectly 

resolved in SEM, which gives rise to uncertainty in the radius of curvature of the tip used in the 

model. Radii between 26nm and 30nm produced models that fit the SEM image of the tip. To account 

for the uncertainty in the tip geometry, the morphological erosion algorithm is performed using radii 

Figure 6.9  Correcting MSN topography using a morphological erosion algorithm. (a,b) 

Topography of mesoporous silica nanoparticles (MSNs) deposited on a mica substrate before (a) 

and after (b) correction with a morphological erosion algorithm (MEA). The image dimensions are 

0.5µm x 0.5µm with 5nm pixel size. A pixel integration time of 13ms was used and thus the image 

took approximately 4 minutes to acquire. The tapping amplitude was ~72nm. (c) Spatial profiles of 

topography along the red lines in (a) and (b). Profiles are 1 pixel (5nm) wide. The error in the 

corrected profile is a result of performing the MEA with three different tip radii (26nm, 28nm and 

30nm). Scale bars 100nm. 
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of 26nm, 28nm and 30nm and the resulting images are averaged by taking the mean value of the 

topography at each pixel. 

The MEA was first applied to the image of MSNs on a mica substrate (figure 6.3). Figure 6.9 (a) 

shows the topography before processing with the morphological erosion. The spatial profile of the 

topography along a line through the centre of the MSN is shown in figure 6.9 (c) (blue line). The full-

width half-maximum (FWHM) of the trace – used as an estimate of the MSN diameter – is 119.6nm, 

which is approximately 50% larger than the (80±10)nm measured with TEM [170].  

Figure 6.9 (b) shows the topography after processing with the MEA. The spatial profile of the 

topography along the same line through the centre of the MSN is shown in figure 6.9 (c) (orange 

line). The shading represents the range of values that arise from performing the morphological 

erosion with three different tip radii (26nm, 28nm and 30nm). The FWHM is (74.4±2.8)nm, where the 

error is the standard deviation of FWHM measurements for each tip radius used. This is consistent 

with the (80±10)nm measured with TEM [170], thus showing that using an MEA enables the 

topography of MSNs to be accurately measured. 

6.4.5 Whole-cell imaging with a morphological erosion correction 

The lamellipodia and filopodia of U-87 MG cells imaged here have similar dimensions to the MSNs 

(heights of approximately 100nm and, in the case of filopodia, widths of approximately 100nm). It is 

thus argued that use of an MEA is necessary to accurately map the topography of these structures. 

Figure 6.10 (a) shows the topography of part of a lamellipodium and filopodium before correction 

with the MEA. The spatial profile of the topography across the width of the filopodium is plot in figure 

6.10 (c), showing a FWHM of 146.6nm. The topography after correction with the MEA is shown in 

figure 6.10 (b). The FWHM of the spatial profile across the filopodium at the same location is 

significantly reduced at (113.0±3.7)nm. This large change suggests that correction with an MEA 

could be important in studies in which measuring the morphology of lamellipodia and filopodia 

accurately is important.  
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The s-SNOM signal is strongly affected by changes in the contact point between the tip and the 

sample (that is, when the contact point moves away from the apex as shown in figure 6.7 (a)), as 

well as when there are multiple contact points between tip and sample [127]. The relationship 

between the s-SNOM signal and the sample topography can therefore be very complicated. Thus, 

s-SNOM images cannot be corrected with an MEA. However, s-SNOM images can be combined 

with topography images to exhibit more accurate cell morphology.  

Topography and phase channels can be combined into a single quantity (for example, by multiplying 

them together) but then the mapping is no longer informative of cell chemistry. To preserve chemical 

information, s-SNOM images are here overlayed onto 3D images of cell topography. This is shown 

Figure 6.10  Correcting U-87 MG cell topography using a morphological erosion algorithm. 

(a,b) Topography of the periphery of a U-87 MG cell before (a) and after (b) correction with a 

morphological erosion algorithm (MEA). The image dimensions are 1µm x 1µm with 5nm pixel size. 

A pixel integration time of 3ms was used and thus the image took approximately 17 minutes to 

acquire. The tapping amplitude was ~45nm. (c) Spatial profiles of the topography along the red 

lines in (a) and (b). Profiles are 1 pixel (5nm) wide. The error in the corrected profile is a result of 

performing the MEA with three different tip radii (26nm, 28nm and 30nm). Scale bars 200nm. 
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in figure 6.11 for the cell region shown in figure 6.10, where figure 6.11 (a) is the result using the 

unaltered topography image and figure 6.11 (b) is the result using the topography image that has 

been corrected with the MEA. The morphology in figure 6.11 (b) (notably the thinner filopodium) is a 

more accurate representation of the true cell morphology, whilst the chemical mapping remains 

unchanged. 

6.5 Conclusions and further work 

In this chapter, s-SNOM has been used as a tool for imaging interactions of MSNs with malignant 

glioma cells. The MSNs used are of great interest in the field of nanomedicine due to their 

biodegradability and biocompatibility. It has been shown here that s-SNOM can be used to map the 

distribution of MSNs in cells without the need for labelling of the particles or the cells. Further, the U-

87 MG cells were imaged whole, allowing the morphology of lamellipodia and filopodia to be 

Figure 6.11  Combining chemical mapping and topography correction of a U-87 MG cell. An 

s-SNOM image acquired at 1100cm−1 overlayed onto 3D surfaces of cell topography before (a) and 

after (b) correction with a morphological erosion algorithm. The image dimensions in X,Y are 1µm 

x 1µm with 5nm pixel size. A pixel integration time of 3ms was used and thus the image took 

approximately 17 minutes to acquire. The tapping amplitude was ~45nm.  
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obtained, which is important information in research areas relating to cell migration, cancer 

invasiveness and cell-cell transport. 

By inspecting the topography of the cell surface at the locations of MSNs, it has been shown that 

embedded and internalised MSNs can be distinguished. This is crucial information when studying 

interactions between NPTs and cells, and an advantage of using s-SNOM over EM and fluorescence 

techniques, since the topographical information comes by default, rather than requiring complex 3D 

imaging techniques. 

It has also been shown that a morphological erosion algorithm accounting for the limited sharpness 

of the imaging probe is required to accurately measure the topography of nanoparticles such as 

MSNs. It was argued that this also applies to lamellipodia and filopodia, due to them being similar in 

size to the MSNs. Further, overlaying of s-SNOM images onto three-dimensional representations of 

cell topography has been introduced as a means of presenting accurate cell morphology whilst 

preserving the chemical mapping. 

Further work might incorporate correlative imaging with SEM. This would provide an independent 

measure of cell morphology to check the performance of the morphological erosion algorithm. It 

would also provide an independent mapping of the distribution of nanoparticles which could be used 

to check if s-SNOM can be used to image nanoparticles that are deep under the cell surface. 

Further work should also focus on what kinds of chemical information can be obtained from whole 

cells. Whilst it is difficult to image intracellular structures in whole cells with s-SNOM, there are many 

applications in which chemical mapping of cell surfaces can reveal structures of interest. These 

include amyloid beta sheets in primary neurons, which are related to the development of Alzheimer’s 

disease and have previously been imaged with s-SNOM [113]. 
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Chapter 7 

7 Conclusions and further work 

7.1 Conclusions 

The aim of this work was to show that s-SNOM can be used to image cells and intracellular structures 

with a spatial resolution that means it can rival EM and super-resolution microscopies, but with the 

significant advantage of providing chemical sensitivity without requiring samples to be stained and 

labelled. A range of relevant biological systems were imaged, including two types of human cells, as 

well as interactions between cells and nanoparticle theranostics used as nanomedicines.  

In chapter 4, the label-free imaging capability of s-SNOM was demonstrated by imaging sections of 

multiple myeloma cells and comparing with EM images of stained cells of the same cell line. Several 

organelles and intracellular structures such as mitochondria, endoplasmic reticulum and nuclear 

components were identified directly optically at the nanoscale for the first time.  

The rise/fall distance across the edges of biological structures was used as a measure of the spatial 

resolution achieved. Using this measure, the spatial resolution of images was shown to be ~30nm, 
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which beats diffraction by a factor of ~100 at the imaging wavelengths used. A more rigorous 

measurement of the achievable spatial resolution might involve imaging biological structures with 

known sizes, such as the nuclear pores that are used to demonstrate super-resolved microscopy 

[219]. 

Imaging at multiple wavelengths enabled the mapping of functional chemistry including amide groups 

in proteins and nucleobases and phosphodiester and C–O bonds in nucleic acids. The contrast in 

such images allows cells and intracellular structures to be visualised in terms of the concentration of 

the various chemical groups they contain, and such imaging could play a critical role in the future 

study of normal and pathological cell function. Specifically, the phase measurement, 𝜙3, was used 

in this thesis to compute the contrast between cellular regions. Here, it allowed the optimum imaging 

wavelength to be determined, but more generally this is a method of comparing the chemical content 

of different cells and subcellular components. 

The resin embedding of samples used for much of this thesis – chosen for its ability to preserve 

biological samples extremely well – has been shown to be ideal for s-SNOM imaging and for making 

comparisons between s-SNOM and EM. However, it is important to note that the resin acts as a 

source of contrast in images which can be clearly seen when the imaging wavelength is tuned to 

that at which the resin absorbs strongly. This can be useful for mapping the cell density, but it also 

affects the signal measured at other wavelengths at which it is an unwanted background. In future, 

alternative embedding media and preparation methods such as cryogenic preparation of cells akin 

to cryo-EM should be investigated in an attempt to avoid issues associated with the embedding resin. 

Demonstration of the specific detection of chemical species within cells, rather than sensitivity to 

chemical groups such as amides and phosphodiesters, would be a landmark of success for the 

bioimaging capabilities of s-SNOM. This might involve characterising the s-SNOM signals recorded 

for different known biomolecules, first in isolated environments and then inside cells. It is highly likely 

that nano-FTIR (that is, point spectroscopy localised to a s-SNOM probe using a broadband source) 

has a major part to play in this, since the identification of specific molecules, as in infrared 

spectroscopy, relies on interpretation of infrared spectra. Practically speaking, nano-FTIR is already 

frequently implemented into s-SNOM imaging setups, enabling the collection of infrared spectra at 



 7.1    Conclusions 

 

  117  

multiple points within images [116]. The bulk of the work required to realise chemical specificity, 

then, lies in the analysis of the infrared spectra generated. 

 In chapter 5, interactions between gold nanoparticle theranostics and hippocampal neurons were 

imaged whilst simultaneously mapping cell chemistry. This provides another example of the 

application of s-SNOM to a real mammalian disease. s-SNOM images were once again 

accompanied by supporting EM images with the intention of driving more interest in s-SNOM 

amongst the bioimaging community. This investigation in particular demonstrates significant 

potential in nanomedicine whereby monitoring biochemical changes in cells in response to 

therapeutics, without needing to label the cells, might provide crucial information in the nanomedicine 

development process. In the interest of improving the quality of bioimaging in the s-SNOM 

community, it was also shown that osmicating samples might provide better structural and chemical 

integrity in samples, ultimately enabling higher resolution imaging with s-SNOM. 

In chapter 6, mesoporous silica nanoparticles, which are promising due to their biodegradability and 

biocompatibility, were imaged interacting with malignant glioma cells. Inspecting the topography of 

the cell surface where MSNs were detected enabled the embedding status of the particles to be 

determined. This is the first time that s-SNOM has been used for this purpose and, given the relative 

ease of sample preparation in this case, it is quite possible that s-SNOM will in future be employed 

in this way to study the efficacy of a range of therapeutic nanostructures. Such investigations provide 

crucial information for nanomedicine development that can be hard to obtain using conventional 

imaging techniques, giving s-SNOM a niche in this area.  

A morphological erosion algorithm was employed as part of the image processing in chapter 6. To 

the author’s knowledge, this is the first time that such an algorithm has been applied to an s-SNOM 

investigation. It was shown that it is important to use such an algorithm to accurately represent the 

morphology of nanoparticles such as the MSNs used here. By extension, it is also important in 

accurately measuring cell morphology, and indeed there was a significant change to the 

measurement of the morphology of cells after the algorithm was applied. It is expected that such 

algorithms might become commonplace in imaging processing protocols for investigations of whole 

cells using s-SNOM. 
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7.2 Further work 

Perhaps the most obvious and arguably the most accessible further work would be to implement a 

system for fully correlating s-SNOM images with an EM technique. This would provide further 

validation for the identifications of cell components and would be useful for all future s-SNOM 

applications in biological systems, whether in detecting chemical changes in pathological processes 

or mapping the distribution of nanoparticles in cells. Correlating the techniques might involve imaging 

serial sections with s-SNOM and TEM, or perhaps using SEM on s-SNOM samples after application 

of a conductive coating. 

A much larger, high impact piece of work would be to use the chemical mapping capability of s-

SNOM to generate insight into pathological changes that happen at the cellular level. For this, 

images of a large number of cells would need to be generated in order to collect statistics from a 

large sample size. Hopefully, this work serves as the groundwork for generating high quality images 

routinely. Related to this, future work might involve localising drugs applied to cells by leveraging 

their IR signatures. This would allow the operational mechanisms and efficacies of drugs to be 

studied, along with the biochemical response at the cellular level, all without modifying drugs or cells 

with fluorescent labels. It seems likely that machine learning models would be a useful tool in such 

studies, for example in classifying cancer presence and aggressiveness based on nanoscale 

chemical changes. 

Another area of future work might be related to studying the dynamics of drug release from 

nanoparticle theranostics. This might begin with distinguishing particles carrying drug loads from 

those that are not, and eventually might lead to studying the dynamics and location of drug release 

as NPTs are internalised into cells. Correlating this information with biochemical changes in 

organelles would provide a huge amount of insight into the operation and efficacy of NPTs and thus 

have a huge impact in nanomedicine development. 

Finally, work might also focus on applying s-SNOM to more types of samples, or perhaps to image 

intracellular structures in whole cells, with careful analysis [123] used to resolve the signal generated 

from regions below the cell membrane. There is also the possibility of imaging live cells [220], 



 7.2    Further work 

 

  119  

although this introduces a number of technical challenges. More readily accessible is the potential 

for imaging FFPE prepared samples that can be prepared routinely by pathologists at a fraction of 

the time and cost of resin-embedded samples. In initial tests, it appears that intracellular structures 

are not preserved well enough by the FFPE process to benefit from imaging with s-SNOM. However, 

it might be that small adaptations to the process might result in well-preserved samples from which 

ultrastructural information can be obtained using s-SNOM.  
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