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Abstract 

Nanoparticles have become increasingly common in a wide variety of application 

areas from medicine to materials science due to their appealing properties. 

Nanoparticle characterisation require the use of multiple techniques to analyse 

physical and chemical properties; among these techniques, electron microscopy is an 

essential high-resolution imaging technique that is routinely used to inspect 

nanoparticle size and agglomeration. However, high-resolution analysis of aqueous 

soft materials such as nanoparticle dispersion, hydrogels, and emulsions is often 

challenging because conventional dry sample preparation techniques can introduce 

artefacts affecting particle agglomeration and the overall structure of the sample. 

Cryogenic sample preparation and cryogenic electron microscopy are extensively 

used in the life sciences but are not as developed for their application to inorganic 

samples. 

This thesis aims to representatively characterise inorganic materials using cryo-

electron microscopy, employing a range of techniques found in biology and materials 

science including spectroscopy techniques, tomography, and dark field imaging. Cryo-

transmission electron microscopy and cryo-scanning electron microscopy were used 

for the imaging of inorganic nanoparticles and Pickering emulsions. The spherical 3D 

structure of Pickering emulsions was seen to be preserved following cryogenic sample 

preparation using plunge-freezing, which was found suitable for the preparation of 

sample droplets up to ~600 nm in diameter, which were then analysed using cryogenic 

transmission electron microscopy, energy dispersive X-ray spectroscopy, and electron 

energy loss spectroscopy. The 3D nature of frozen hydrated samples allowed for the 

application of cryo-electron tomography, which was used to successfully visualise 

nanoparticles and emulsion droplets in 3D space, giving insight on the 3D position and 

shape of the particles. Lastly, spectroscopy techniques were used together with 

cryogenic electron tomography to obtain 3D elemental information of the oil and water 

phases in the emulsion. 

Electron beam-induced damage to the sample and ice thickness remain the largest 

limiting factors to the cryo-transmission electron microscopy imaging of Pickering 

emulsions, affecting especially the size of emulsion droplets that can be analysed 

through tilt tomography without encountering issues with low signal-to-noise ratio (at 

low electron fluence) or sample damage (at high electron fluence). The imaging of 
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sections from Pickering emulsion samples with large droplets (>1 μm) was possible 

using cryo-focused ion beam-scanning electron microscopy, with the focused ion 

beam being used for both the 3D imaging of large volumes and the milling a frozen 

lamella that was transferred to the cryo-transmission electron microscope for high-

resolution imaging.   
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Chapter 1 Introduction 

1.1 Characterisation of Challenging Nanoparticle Systems 

Nanoparticles (NPs) have found extensive use in a wide variety of areas such as 

medicine, electronics, and food science due to their highly tuneable properties [1, 2]. 

Examples of these applications can be seen in the medical field for targeted drug 

delivery [3, 4], use in the manufacture of semiconductors using silica nanoparticles [5], 

and as pigments such as zinc oxide and titanium dioxide nanoparticles in sunscreen 

[6-11]. Although there is no formal definition for nanoparticles, this is a term generally 

applied to particles with diameter between 1 nm and ~100 nm, a size range within 

which they exhibit unique properties compared to the bulk material [2, 12]. The 

electronic, optical, physical and chemical properties of nanoparticles are crucial to their 

effectiveness in the aforementioned applications and are dependent on the size of 

particles or any resulting agglomerates [13]. As such, the size, concentration, surface 

properties, and materials of nanoparticles need to be closely monitored during 

synthesis to ensure their suitability to the given applications. 

The extensive use of nanoparticles requires knowledge on the best techniques and 

protocols for characterisation in order to ensure the nanoparticles adhere to the 

required standards in regard to physical and chemical properties, and, if relevant, 

biocompatibility [14, 15]. A range of different characterisation techniques are 

commonly employed for the analysis of nanoparticles, especially for particle size 

measurements. Dynamic light scattering (DLS) is a commonly used technique for 

particle size analysis to measure the hydrodynamic radius of the primary particles or 

clusters in bulk nanoparticle dispersions. Electron microscopy (i.e. transmission 

electron microscopy, TEM and scanning electron microscopy, SEM) provides high-

resolution imaging capabilities that can be used for the imaging of primary particles 

and clusters, giving information on both the particle size and shape. Atomic force 

microscopy (AFM) is also used for the characterisation of nanoscale particles and is 

useful for the collection of size measurements of bimodal nanoparticle systems [16, 

17]. Additionally, X-ray diffraction (XRD) [18], Fourier transform infrared spectroscopy 

(FTIR) [19] and Raman spectroscopy [20] are frequently used to determine the size, 

crystal structure and chemical composition of bulk nanoparticle systems [1, 21, 22].  
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No individual characterisation technique is sufficient for the collection of meaningful 

results, partly due to the need to analyse various properties, but also due to the various 

artefacts and biases to measurements associated with these techniques [2, 23]. In 

fact, despite being necessary for the full characterisation of nanoparticle systems, the 

above techniques all have biases and limitations that need to be taken in 

consideration. DLS is useful to measure the hydrodynamic radius of bulk systems but 

can give poor results when analysing multimodal systems as the scattering intensity 

of larger particles tends to mask that of smaller particles [2, 17, 22]. Electron 

microscopy is often vital for the characterisation of nanoparticles due to its high-

resolution but presents several challenges. The high magnifications used in EM 

imaging can be a source of characterisation bias, as only a small portion of the sample 

can be imaged at once. This may make it difficult to image samples with a low 

concentration of nanoparticles and can lead to the measurements taken not being 

representative of the bulk sample due to human bias in the selection of areas to image 

[24]. Additionally, samples are required to undergo specialised preparation procedures 

due to the high vacuum in electron microscopes. Drying the sample on a TEM grid is 

a routine sample preparation method for nanoparticles but can introduce artefacts as 

nanoparticles tend to agglomerate during the drying process [1, 14, 22]. 

These issues can be resolved by employing a variety of techniques for the 

characterisation of any given system, thus allowing to compare measurements and 

minimise bias. However, issues in sample preparation and characterisation remain 

prevalent for soft matter, hydrated samples such as gels, emulsions, biological 

samples, and some nanoparticle dispersions. For these systems, characterisation in 

their native hydrated form is essential for understanding their performance as drying 

results in changes to their structure, behaviour, and overall properties [17, 25, 26]. This 

limits the characterisation techniques and sample preparation methods suitable for 

their characterisation and poses significant challenges for the high-resolution imaging 

of these systems. Cryogenic sample preparation is routinely used for the imaging of 

biological samples in their native state with electron microscopes, allowing for the 2D 

and 3D imaging of samples at high resolutions [27]. Cryogenic imaging has also been 

used for the preparation and imaging of inorganic, soft matter samples in materials 

science, but the methodologies used for inorganic samples still lag behind the state-

of-the-art available in the life sciences.  
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The aim of this thesis is to successfully characterise Pickering emulsions in their native 

state by using cryogenic electron microscopy (Cryo-EM) techniques. To achieve this, 

a combination of techniques developed for biological and materials science imaging 

were used, to allow for the imaging of plunge-frozen Pickering emulsion samples of 

different droplet sizes for the analysis of the samples in 2D and 3D. An additional aim 

of this thesis is the exploration of 3D imaging and analysis using electron tomography 

in cryo-STEM and cryo-FIB-SEM. Electron energy loss spectroscopy (EELS) is also 

used in conjunction with cryo-high angle annular dark field scanning transmission 

microscopy imaging for the collection of tilt series for the reconstruction of tomograms 

containing 3D information on the elemental composition of the sample. The 

characterisation of frozen hydrated samples is essential to analyse the position, size, 

and shape of nanoparticles in 3D space while retaining the native sample structure, 

thus providing information on the performance of these difficult to characterise 

materials.   

 

1.2 Chapter Overview 

Chapter 2: Literature review. This chapter presents the challenges associated with 

the characterisation of hydrated soft matter nanomaterials and state of the 

art solutions for these challenges. Cryogenic sample preparation and 

electron microscopy imaging techniques for hydrated frozen samples are 

focused on due to their outstanding development within the life sciences. 

Cryogenic sample preparation, cryo-electron tomography, focused ion 

beam milling, and cryogenic-transmission electron microscopy are 

described and discussed within the scope of characterising biological and 

materials science samples, with an emphasis on Pickering emulsions as 

a nano-sized systems that require cryogenic imaging for representative 

sample characterisation. The thesis aims and objectives are clearly stated 

at the end of this chapter. 

 

Chapter 3: Materials and methods. This chapter describes the methods used for the 

synthesis of the samples used within this thesis, the preparation methods 

used before analysis, and the analysis techniques used. Some 
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background on sample preparation methods and analysis techniques are 

also presented. 

 

Chapter 4: Development of experimental approach via case studies. This chapter 

presents the results of the analysis of case studies systems displaying the 

characterisation techniques that are later used in Chapter 5 and Chapter 

6. The systems presented are in order: zinc oxide nanoparticles, gold core-

satellite nanoparticles, titanium oxide nanoparticles with a calcium and 

phosphorus coating, and ice without any additives. 

 

Chapter 5: Cryogenic (scanning) transmission electron microscope (cryo-(S)TEM) 

analysis of Pickering emulsion samples. This chapter presents and 

discusses the results of cryogenic transmission electron microscopy 

analysis of hexadecane-in-water and sunflower oil-in-water Pickering 

emulsions with 3-5 nm platinum nanoparticles stabilisers and droplet size 

<1 μm. The viability of cryo-(S)TEM imaging, energy dispersive X-ray 

spectroscopy (EDX), electron energy loss spectroscopy (EELS), and 

electron tomography for the characterisation of Pickering emulsions are 

discussed. Lastly, a combined electron tomography and EELS method is 

presented for the 3D imaging and elemental analysis of the sample. 

 

Chapter 6: Cryo-SEM analysis of Pickering emulsions. This chapter presents and 

discusses the analysis of a Pickering emulsion sample with droplet size 

>1 μm, achieved using cryo-FIB-SEM. The sample is cryogenically frozen 

and imaged in cryo-FIB-SEM, which allows for sample milling to image the 

sample cross-section and allows for serial tomography of the emulsion 

droplets. Lasty, a thin lamella is FIB-milled and transferred for cryo-TEM 

imaging, allowing for the application of the techniques presented in 

Chapter 6. 
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Chapter 7: Conclusions and future work. The results obtained from the sample 

analysis in Chapter 4, Chapter 5, and Chapter 6 are described and 

discussed, commenting to what extent the thesis aims and objectives were 

accomplished. Comments are given on possible avenues for future work 

to continue the work done in this thesis, and possible improvements on 

the techniques used. 
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Chapter 2 Literature Review 

All materials require appropriate characterisation to determine sample properties. 

Depending on the sample type and specific characteristics desired, a limited number 

of characterisation techniques and sample preparation methods are available for use. 

This is especially true for nanoparticles and soft materials, which often require high-

resolution imaging techniques to measure the size, shape, and agglomeration of 

particles. Soft materials including biological particles, emulsions, gels, and electron 

beam sensitive materials will additionally require specific sample preparation methods 

to retain their native structure (i.e. remaining hydrated). This chapter discusses the 

characterisation requirements for these difficult systems and the use of state-of-the-

art cryogenic electron microscopy as a useful characterisation technique for the 

imaging of hydrated nanomaterials. 

 

2.1 Characterisation of Challenging Nanoparticle Systems 

The difficulty in characterising nanoparticle systems is often exacerbated in soft matter 

and hydrated samples which include nanoparticle dispersions, gels, emulsions, and 

hydrogels [1]. All of these systems can contain nano-sized particles or structures which 

require a high-resolution characterisation technique, and if imaging is necessary, high-

resolution imaging techniques such as TEM, SEM, and AFM are needed as part of the 

samples characterisation protocol. Unfortunately, in conventional imaging sample 

drying is often required, which can affect the samples structure due to the formation 

of agglomerates and loss of liquid [17, 25, 26, 28]. 

Alternative approaches, including imaging and sample preparation methods, have 

been developed through the years. Environmental SEM and TEM allow sample 

imaging in near-native conditions by either using specialised closed-cell holders to 

separate the sample from the high vacuum, or by using a differential pumping scheme 

[29-31]. However, these techniques are not without drawbacks, as imaging can be 

poor at higher resolution and damage to the sample often cannot be avoided [30]. 

Alternative sample preparation methods to avoid drying or loss of structure include 

chemical fixation and resin embedding, which consist in first freezing the sample 

followed by substituting the chemical fixatives into the sample [32, 33]. Extra 
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components such as bovine serum albumin can be added to prevent particle 

agglomeration [28], and finally cryogenic fixation consists in the rapid cooling of 

samples to cryogenic temperatures [27]. This thesis will focus on the use of cryogenic 

sample preparation techniques for the imaging of soft matter samples, as this 

technique is well-developed and has seen long term success for the preparation of 

samples in the life sciences [34]. Pickering emulsions have been chosen as a soft 

matter system to focus on in this thesis due a variety of factors: their nature as liquid 

systems requiring cryogenic EM for imaging, the possible size variation for the 

emulsion droplets and stabilisers which can be found in the nanoscale, and the three-

dimensionality of the droplets which are suitable for the application of electron 

tomography.  

 

2.2 Pickering Emulsions 

Pickering emulsions are emulsions (mixtures of two immiscible liquids) stabilised by 

solid particles including nanoparticles, organic crystals, and proteins [35]. Unlike 

conventional emulsions, where surface-active polymers are added to the system to 

decrease the surface tension between phases, in Pickering emulsions solid particles 

are included to stabilise the emulsion droplets as was found from experiments by 

Pickering and Ramsden [35, 36]. These emulsions can be composed of a wide range 

of liquids and stabilising particles, chosen to fine-tune the emulsion’s properties for a 

given application. Pickering emulsions see use in a range of areas due to the unique 

stabilisation method, giving these systems advantages in their stability and low toxicity 

compared to conventional, surfactant-stabilised emulsions [37-40]. 

Various properties within Pickering emulsion systems need to be monitored depending 

on the systems specific application. Overall, emulsion droplet size is consistently 

monitored (e.g. optical and fluorescence microscopy, DLS) to ensure long-term 

stability of the emulsion. Characterisation of the stabilising particles is often done 

independently of the stabilised emulsion, with the nanoparticle size, shape, and 

wettability being analysed after nanoparticle synthesis but outside of emulsion (prior 

to their inclusion in the emulsion). This allows for the use of high-resolution techniques 

such as AFM and EM without the use of specialised sample preparation methods.  
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Pickering emulsions have been used for the lubrication of metal surfaces, with the 

particle stabilisers being a more environmentally friendly alternative to surfactants and 

easier to control [38, 41]. In this area of application, the oil phase is chosen for its 

tribological properties, while the particles function mostly as a simple stabiliser. An 

example of this can be seen in Taheri et al. [42, 43] where a vegetable oil and water 

emulsion was chosen as a lubricant, with 35 nm TiO2/SiO2 composite NPs used to 

stabilise the emulsion. The focus for this system was the critical NP weight fraction 

needed to stabilise the emulsion without overloading the system with NPs, as high NP 

concentrations were seen to instead increase surface damage due to abrasion from 

NP agglomerates [42]. NP and droplet size are important in this type of system as a 

marker for emulsion stability and were measured with XRD and fluorescence 

microscopy within the study. Here, XRD was used to measure the size of dry NPs 

using their crystallite size as an alternative to other measurement techniques such as 

DLS or imaging techniques.  

When considering Pickering emulsions for applications in medicine, emulsion stability 

and biocompatibility of the system components are of importance. For example, in 

Asfour et al. [44] a Pickering emulsion system was created to aid in wound healing 

using especially chosen materials (oleic acid for the oil phase and 287 nm chitosan 

stabilising particles) together with the presence of rutin dissolved in the oil phase. In 

this system, special importance was given to the biocompatibility and wound-healing 

properties of the oil phase and stabilisers. In addition, long-term emulsion stability 

remains important to ensure a long shelf life for the emulsion and to prevent the loss 

of rutin from within the oil droplets [44]. 

There are cases where the behaviour of the stabilisers needs to be observed in their 

native state while dispersed in the continuous phase. This can be seen in the Pickering 

emulsions in Hitchock et al. [40], which were used for the creation of gold 

nanocapsules for drug delivery. In this study, sunflower oil-in-water emulsions were 

stabilised by ~3 nm platinum NPs which also functioned as seed points for the growth 

of a gold capsule, used for the contain drugs dissolved in the oil phase for an extended 

period of time without drug leakage. In such as system, the size of the droplets needs 

to be monitored to allow for the creation of nanocapsules of appropriate size. In 

addition, the platinum nanoparticles on the oil-water interface need to be evenly 

spaced to ensure the growth of an appropriately thick gold shell. To obtain accurate 
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data on the distribution of stabilisers on the droplet’s surface, the droplets must be 

characterised in their native state without drying the sample. This was accomplished 

by cryogenically freezing the sample using plunge-freezing and then imaging the 

sample at high-resolution using cryogenic TEM. This approach allowed the imaging of 

the stabilising nanoparticles on the droplet surface the gold film at different stages of 

growth (Figure 2.1). 3D analysis of the droplets through the use electron tomography 

techniques could help visualise the surface coverage of the NPs and the uniformity of 

the gold capsule, as visualising these aspects of the sample using only 2D imaging 

can be very challenging due to the inherent three-dimensionality of the droplets and 

capsules. 

 

Figure 2.1 – Cryo-high angle annular dark field STEM (cryo-HAADF STEM) images 

of a Pickering emulsion droplet and different stages of gold film growth. Cryogenic 

imaging of frozen Pickering emulsions allows for the imaging of the stabilising 

nanoparticle distribution on the droplet surface (A), and the growth of the gold film (B) 

until a nanocapsule is produced (C). From Hitchcock et al. [40]. 

 

2.2.1 Properties of Pickering Emulsions 

Pickering emulsions use solid particles adsorbed onto the liquid-liquid interface to 

stabilise the system through a mixture of steric effects and capillary forces which 

prevent the particles from being detached from the interface, therefore stabilising it 

[35, 38, 45-47]. The detachment energy for the particles can be given by the following 

equation seen in Sjoo et. al. [47]: 
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𝐸 = 𝑟2𝜋𝛾(1 − cos 𝜃)2 (2.1)  

Where: 

𝐸 Is the detachment energy of the particle; 

𝑟 Is the radius of the particle;  

𝛾 Is the surface tension (assuming a flat surface);  

𝜃 Is the contact angle relative to the water phase; 

 

From (2.1) it can be seen that the detachment energy is dependent on both the contact 

angle and the radius of the stabilising particle. The stabilising particles will be attracted 

preferentially to either the oil or water phase depending on their wettability. To obtain 

a stable system, the particles need to therefore have a contact angle close to 90° to 

maximise the detachment energy and ensure the particle do not disperse in the water 

phase (if too hydrophilic) or in the oil phase (if too hydrophobic) [38, 47, 48]. 

 

 

Figure 2.2 - Position of a spherical particle on a planar water-fluid interface. Particles 

with a wetting angle below 90° (hydrophilic) will be close to the water phase, while 

particles with contact angles above 90° (hydrophobic) will be closer to the oil interface. 

Figure from Binks et al. [49]. 

 

The stability of the emulsions droplets is also given by the concentration of particles 

adsorbed on the liquid-liquid interface. From studies by Nan et al. [50] it was found 
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that given a contact angle of 90°, the number of particles required to stabilise a system 

is given by: 

 
𝑛𝑝 =

4𝑟𝑒
2𝑛𝑒
𝑟𝑝

 (2.2)  

Where: 

𝑛 Is the number of particles needed to stabilise the system 

𝑟𝑝 Is the radius of the particles 

𝑟𝑒 Is the radius of the emulsion droplets 

𝑛𝑒 Is the number of droplets in the system 

 

From this, assuming spherical particles, the mass required to stabilise the system is 

given by: 

 
𝑚𝑝 =

16

3
𝜋𝑟𝑝𝜌𝑝𝑟𝑒

2𝑛𝑒 (2.3)  

Where: 

𝑚𝑝 Is the mass of particles needed to stabilise the system 

𝑟𝑝 Is the radius of the particles 

𝜌𝑝 Is the particle density 

𝑟𝑒 Is the radius of the emulsion droplets 

𝑛𝑒 Is the number of droplets in the system 

 

Therefore, for emulsion systems with the same number of droplets ( 𝑛𝑒 ), the 

concentration of particles required to stabilise the system increases with increasing 

particle and droplet radius. It can therefore be seen that not only the stabiliser 

properties, but also the droplet size is important to create a stable Pickering emulsion 

system. As the solid stabiliser concentration increases (assuming a stable ratio of oil 

to water) the particle concentration on the droplet interface increases and causes a 

decrease in droplet size. Droplet size continues to decrease as more solid stabiliser is 

added, increasing in turn the stability of the emulsion, until a critical droplet size is 

reached after which the size remains unaffected. Any additional particles added 
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beyond this point will be dispersed in either phase depending on the surface properties 

of the particles [49].  

For the solid particles to be suitable for stabilising the system they need to be wetted 

by both liquids simultaneously, which creates a drive to manufacture a wide variety of 

particles tailored for specific Pickering emulsion systems. Silica nanoparticles are 

often used as stabilisers due to their ease of manufacture and control over the particle 

properties, as seen in studies such as Binks et al. [51]. A solution for the necessity of 

the stabilising to be wetted by both phases simultaneously can be found in the use of 

Janus particles, which have surfaces with two or more physical properties. These allow 

the particle’s surface to be half hydrophobic and half hydrophilic, therefore increasing 

the detachment energy of the system. Stabilising particles are not required to be 

spherical, with various studies showing the use of rod-like or disc-shaped particles. 

Wei et al. [52] used Halloysite nanotubes to stabilise an emulsion of dichloromethane 

in water, while studies such as Fujii et al. [53] show droplet stabilisation using 

hydroxyapatite stabilisers in the form of spheres, rods, and fibres. Pickering emulsion 

droplets are mostly spherical [38], though different shapes can be obtained depending 

on the properties of particles and the liquid phases used [38, 54, 55]).  

In addition to the stabilising particle’s surface properties, the particle size also 

contributes greatly to the particle’s ability to stabilise the system. A higher detachment 

energy can be obtained from particles with very low or very high contact angles 

provided the radius is sufficiently high, as shown in Figure 2.3 [47, 49, 56, 57]. Given 

this, it is preferable for the stabilising particles in a Pickering emulsion system to be as 

large as possible, though the emulsion droplets need to be at least one order of 

magnitude larger than the stabilising particles used, providing a limit to the particle 

size [48]. 
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Figure 2.3 - Contour plot for equal detachment energies as the contact angle and 

particle radius varies [47]. A ~2 nm nanoparticle with a 90° contact angle will have the 

same detachment energy as a ~200 nm nanoparticle with a ±30° contact angle. Figure 

from Binks et al. [58]. 

 

Particles within a successfully stabilised Pickering emulsion system have a strong 

preference to adsorb into the liquid-liquid interface to form an ordered monolayer at 

the droplet surface; however, it is also possible for the stabilising particles to be found 

in the continuous phase depending on the contact angle of the stabilising particles. 

This is especially relevant to cases where the droplets have formed agglomerates, or 

are in the process of coalescing, as depicted in Figure 2.4 [47]. Coalescence in 

Pickering emulsion droplets results from a low detachment energy for the particles, 

which allows for liquid bridges to form between droplets that contribute to an increase 

in emulsion droplet size which can affect the emulsion stability and the suitability of 

the system for some applications.  
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Figure 2.4 - Packing of the stabilising particles. The droplets on the left are stabilised 

by a particle monolayer, while the central droplets are stabilised by particles bridging 

between the droplets. The last example shows aggregation of the particles in the 

continuous phase preventing droplet coalescence. Figure from Sjoo et al. [47]. 

 

Sedimentation and creaming can occur when the droplets are large enough to be 

affected by gravity, leading to the system separating into a continuous phase and a 

region with a high concentration of droplets, which can drastically shorten the 

emulsion’s shelf life [47]. Simulations for sedimentation of droplets by Pal [59] show 

that droplet size, size of nanoparticles, contact angle of the nanoparticles, and packing 

density of nanoparticles contribute to sedimentation and creaming.  

 

2.2.2 Characterisation Strategies for Pickering Emulsions 

Due to the importance of both the droplet and particle sizes and shape, Pickering 

emulsions are carefully monitored during and after their manufacture, often using 

imaging techniques [57]. Optical microscopy is used as a routine imaging technique 

to monitor droplet size, aggregation, and shape at any point during the manufacturing 

process. This, together with dynamic light scattering for droplet and particle size 

measurements [57, 60, 61] are the most commonly used routine bulk characterisation 

techniques for Pickering emulsions. Confocal laser scanning microscopy is commonly 

used as a supplemental imaging technique to distinguish the liquid phases and 

visualise the stabilising particles with the use of fluorescent dyes [62, 63]. An example 

of the use of confocal fluorescence microscopy can be found in a study by Douliez et 

al. [64], where this technique was used to image colloidosomes and track in 3D their 

ability to swell in a controlled manner. The Pickering emulsion system characterised 

in this study was engineered to be able to encapsulate and release material in a 

controlled manner (e.g. to capture biomolecules and cells), therefore needing 
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characterisation techniques that would allow to monitor the 3D structure of the droplets 

and the presence of captured material within the droplet itself after swelling (see Figure 

2.5). Confocal fluorescence microscopy was suitable for this task sue to the ability to 

identify fluorescence markers associated with the stabilisers and captured material, 

while allowing for imaging in a hydrated state [64]. Optical, confocal, and fluorescence 

microscopy are all widely used for the imaging of Pickering emulsion droplets as they 

allow for rapid imaging with minimal sample preparation at any point during the 

synthesis of the Pickering emulsion system.  

 

Figure 2.5 – Confocal light microscopy images of a swelling Pickering emulsion 

droplet. A) and B) 2D images of a droplet before and after swelling, showing the 

stabilising particles moving further apart as the droplet volume increases. C) and D) 

3D tomograms generated from tilt tomography showing a droplet pre- and post- 

swelling. Fluorescence microscopy as used here can track the movement of marked 

material from the inside to the outside of the droplet during swelling. Figure modified 

from Douliez et al. [64]. A), B) and C) scale bar = 5 µm. D) scale bar = 20 µm.  
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However, the imaging of Pickering emulsions can become challenging with systems 

using nanosized droplets or stabilising particles, as neither the structure of the 

stabilising particles nor the droplet shape can be easily imaged through conventional 

microscopy for emulsions composed of small droplets below the micrometre size (1-

100 nm) [57, 65]. In these cases, a variety of characterisation techniques need to be 

used, with optical and fluorescence microscopy allowing for low resolution imaging, 

DLS being used for particle and droplet size measurement, and electron microscopy 

techniques being used for the imaging of the stabilising nanoparticles and their 

interactions with the oil-water interface. Cryogenic electron microscopy can be used 

to image the droplet structure and stabilising particles in Pickering emulsion samples 

by preventing the droplets from drying using cryofixation, which additionally prevents 

the loss in sample structure that may happen with traditional fixation methods [57]. 

Cryo-SEM and cryo-TEM have both seen use for the imaging of the stabilising 

particles on the emulsion droplet’s surface, with studies such as Sihler et al (2015) 

showing the ability to image the presence of particles (12-22 nm silica NPs) on the 

droplet (<500 nm) surface and the particle coverage using cryo-SEM, while using dry 

TEM for size measurements as shown in Figure 2.6. 

 

Figure 2.6 – Cryo-SEM and dry TEM images of emulsion droplets covered by silica 

NPs. A) Cryo-SEM image of cryogenically frozen Pickering emulsion droplets 

stabilised by silica NPs. The droplets retain their spherical shape due to having been 

cryogenically cooled in liquid ethane. B) TEM image of the dried Pickering emulsion. 

As the liquid components have evaporated, the NPs have been deposited on the 

carbon film in the TEM grid, thus losing the hydrated droplet structure. Images from 

Sihler et al. [66]. 
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Cryo-TEM can likewise be used to image both droplets and stabilising particles [67]; 

Zhai et al. [67] used cryo-TEM both for the imaging of cellulose stabilising nanofibers 

alone (30-80 nm diameter and >100 nm length), and for the imaging of the droplets. 

Cho et al. [68] shows the use of cryo-TEM for the imaging of water-in-silicone Pickering 

emulsion stabilised by bacterial cellulose nanofibrils and cationic nanoplatelets. This 

system was synthesised to show the possibility to form a tightly fitting double layer at 

the droplet interface, formed by the nanofibrils and nanoplatelets. Here, confocal laser 

scanning microscopy was used to confirm the presence of the stabiliser layers at lower 

magnifications. Conventional TEM was used for the characterisation of the stabiliser 

sizes, while plunge-freezing of the sample and cryo-TEM (in HAADF STEM mode) 

was necessary to image this double layer structure at the droplet interface, shown in 

Figure 2.7 [68].  

 

Figure 2.7 – Confocal laser microscopy and cryo-TEM images of Pickering emulsion 

droplets. A) and B) confocal laser micrographs of a droplet with the platelets stained 

in green (A) and fibrils stained in red (B). C) cryo-TEM image of the droplet interface 

showing the fibrils on the droplet interface. D) 3D confocal laser tomogram showing 
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fibril bridges forming between droplets. Note that the sample in (C) was plunge-frozen 

and imaged in cryo-TEM despite showing a droplet size much larger than what would 

be traditionally suitable for plunge-freezing (usually below ~200 nm). Figures modified 

from Cho et all. [68]. 

 

Cryo-SEM and focused ion beam milling have been used by Elbers et al. [69] to image 

the non-touching surface interactions between water droplets and poly(methyl-

methacrylate) (PMMA) particles (2.8 μm). Cryo-SEM imaging is necessary in this case 

due to the large particle and droplet size, while FIB-milling is useful for the analysis of 

the droplet-particle cross-section. Elbers et al. [69] also shows the use of serial FIB 

sectioning to obtain a tomogram of the droplet-particle interaction. Figure 2.8 shows 

the ability to expose specific sample features using FIB milling. 

 

Figure 2.8 – Cryo-SEM images of a FIB-milled droplet section and models generated 

from tomographic data of the imaged region. A) and B) cryo-SEM images of a FIB-

milled droplet cross-section showing the non-touching interaction between the water 

droplet (labelled as H2O) and a PMMA particle (unlabelled). C) 3D reconstruction of 

the imaged region. Figure modified from Elbers et al. [69]. 

 

However, the lack of sample staining together with the lack of contrast between the 

liquid phases of the emulsions in cryo-TEM leads to an inability to distinguish between 

the oil and water phase. In contrast, negative staining of samples can be seen for nano 

emulsions in dry samples as in Schalbart et al. [70] and in cryo-prepared samples as 

in Klang et al. [71] and Persson et al. [72], which are shown in Figure 2.9. Staining can 
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be used to improve contrast by the addition of heavy metal particles, which easily allow 

for the visualisation of both the stabilising particles and oil phase simultaneously. 

Limitations can be found to the use of negative stains, some of which can be found in 

a review of stains for both dry and frozen hydrated samples by De Carlo and Harris 

[73]. For a sample to be suitable for staining it first must endure the exposure to high 

concentrations of the salt used, and then the stain must be able to penetrate the 

sample fully otherwise there is a risk of losing information on the internal structure of 

the particles stained. 

 

Figure 2.9 – Cryo-TEM images of negatively stained droplets. A) cryo-TEM image of 

a negatively stained Pickering emulsion droplet (squalene-in-water with silica NPs) 

from Presson et al. [72]. B) cryo-TEM image of sucrose stearate nano-emulsions 

negatively stained from Klang et al. [71]. Both samples were stained with uranyl 

acetate to improve contrast of the oil phase. 

 

An alternative strategy for the visualisation of the two liquid phases can be found in 

the use of elemental analysis techniques such as energy dispersive X-ray 

spectroscopy (EDX) and electron energy loss spectroscopy (EELS) [40, 65]. These 

allow the oil and water phases to be identified by detecting the carbon and oxygen 

signals in the sample, without the need for sample staining.  

The use of multiple characterisation techniques for the analysis of Pickering emulsion 

systems is vital to obtain accurate measurements. The use of optical microscopy and 
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fluorescence microscopy are ubiquitous in Pickering emulsion studies due to their 

relative ease of use for bulk sample imaging and for tracking components in the system. 

However, while high-resolution imaging techniques such as AFM and EM are present 

in studies analysing nano-sized emulsions and stabilisers, they are not as well-

developed as optical microscopy methods. 3D imaging and spectroscopy techniques 

in cryo-EM is nearly absent in the analysis of Pickering emulsions, even in cases 

where they may be of benefit. Meanwhile electron tomography, EELS and EDX are 

often used during electron microscopy in biology and in materials science and could 

be also applied for the characterisation of Pickering emulsions. 

 

2.3 Cryogenic Electron Microscopy 

Complex hydrated samples such as nanoparticle dispersions, cells, and tissue 

samples often need to be characterised using methods that retain their native structure. 

When the characterisation goal is high-resolution imaging of nano-sized structures 

these samples become problematic, as high-resolution imaging techniques such as 

electron microscopy require the samples to be vacuum-resistant. This has led to the 

development of a wide variety of sample fixation techniques, which aim to “fix” the 

sample structure in place using chemical agents (e.g. formaldehyde) at room 

temperature or using rapid freezing. Chemical fixation methods can cause tissue to 

contract, cause volume changes, and might fail to properly fix certain regions in the 

sample, leading to the use cryogenic fixation becoming more common for EM imaging 

of biological samples as research groups acquire the required equipment and 

knowledge for the use of cryogenic fixation [34].  
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Figure 2.10 – Phase diagram of non-crystalline water including amorphous ice phases 

LDA, HDA, and VHDA.The solid red lines indicate the crystallisation temperature, with 

the amorphous ice phases found below the crystallisation temperature Tx. Water 

needs to be cooled below the glass transition temperature (Tg1, approximately -137°C) 

to prevent crystallisation. Diagram from Ruiz et al. [74].  

 

The main scope of cryogenic sample preparation as a fixation technique is to preserve 

the sample in the native state [34]. This is accomplished by cooling down the sample 

below the glass transition temperature of water, transforming the liquid water to its 

solid amorphous (vitreous) state, as seen in Figure 2.10. Cooling water below its 

nucleation temperature prevents the nucleation and growth of ice crystals, which can 

displace material within the sample [27, 75, 76]. Different cryogenic sample 

preparation techniques are used depending on sample size and target imaging 

technique, some of which are described in Table 2.1. 
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Table 2.1 – Cryogenic sample preparation techniques and literature examples. 

Technique Brief Description 
Size of 

Samples 

Imaging 

Techniques 

Literature 

Examples 

Plunge 

Freezing 

A drop of the liquid 

sample is deposited on a 

TEM grid, which is 

blotted to obtain a thin 

liquid film and then 

plunged into liquid 

ethane. 

Small 

particles 

(generally 

below ~200 

nm) 

TEM, SEM Membrane 

proteins (~1 nm) 

[77]; CaCO3 

particles (~5 nm) 

[78] 

Spray 

Freezing 

A small portion of the 

sample is spayed 

through a nozzle onto a 

TEM grid as it is being 

plunged in liquid 

nitrogen. 

Small 

particles 

(generally 

below ~200 

nm) 

TEM, SEM Erythrocyte 

vesicles (~100 

nm) [79] 

Metal Mirror 

/ Impact 

Freezing 

A metal plate is cooled to 

cryogenic conditions 

and pressed against the 

sample. 

Bulk 

samples up 

to 20 μm 

SEM Nerve tissue [80] 

Plunging A small volume of liquid 

sample is put in a rivet 

and plunged into liquid 

ethane or liquid or slush 

nitrogen. The sample 

can then be freeze-

fractured to expose 

objects within. 

Bulk 

samples up 

to 200 μm 

SEM Yeast cells 

(Saccharomyces 

Cerevisiae) [81] 

High 

Pressure 

Freezing 

The sample is put in a 

chamber where it is put 

under high pressures 

(~2100 bar) while being 

cooled in liquid nitrogen. 

Bulk 

samples up 

to 200 μm 

TEM, SEM Hydrogels 

[82]; Emulsions 

(oil-in-water and 

water-in-oil 

emulsions) [83] 
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Technique Brief Description 
Size of 

Samples 

Imaging 

Techniques 

Literature 

Examples 

Cryo Lift-

Out 

Not a freezing technique 

but consists in the 

fabrication of a thin 

lamella of a sample 

frozen with one of the 

abovementioned 

techniques. The lamella 

is cut with a cryo-

ultramicrotome or milled 

with a focused ion beam 

in an SEM and then 

transferred to a TEM. 

Bulk 

samples up 

to 200 μm, 

but can 

deliver 

lamellae of 

the desired 

thickness 

TEM Neuronal 

aggregates (>10 

μm) [84] 

 

Among the techniques presented in the Table 2.1 plunge-freezing is employed very 

frequently for the preparation of both biological and inorganic samples with small sizes 

(generally below ~200 nm, but up to ~600 nm) due to its reliability in generating 

vitreous ice for cryo-(S)TEM imaging. Note that in this thesis, “plunge-freezing” will 

always refer to blotting a sample on a TEM grid followed by rapid plunging in a 

cryogenic coolant. Other instances of sample preparation consisting of plunging a 

sample in a cryogenic coolant will simply be referred to as “plunging”. Cryo-prepared 

samples can be imaged while kept at low temperatures using TEM and SEM setups. 

Both cryo-TEM and cryo-SEM allow for the imaging of samples at high resolutions and 

spectroscopic analysis (EDX and EELS in the TEM, EDX in the SEM). Cryo-SEM fitted 

with a focused ion beam can additionally be used to mill sections of the sample to 

expose new cross-sections for imaging or to prepare thin sections (lamellae) that can 

be transferred to a cryo-TEM. Sample imaging using cryo-(S)TEM and cryo-SEM will 

be discussed in the following sections. 

 

2.3.1 Effects of Plunge-Freezing on the Sample 

Despite the promise of plunge-freezing and cryo-EM to maintain structural integrity, 

subtle changes during the sample preparation process can greatly change the particle 
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distribution after freezing (Figure 2.11), and the production of high-quality cryo-EM 

samples where particle distribution and overall sample structure remain unaffected is 

limited by the user skill in preparing the sample [75]. Even in a well-prepared sample, 

artefacts can arise because of contamination of the sample surface by frost collected 

during sample transfer to the cryo-electron microscope, obscuring the sample being 

imaged. For this, the room the transfer is being made in must be kept dry and during 

the transfer process the sample must be exposed to the air for as little as possible [85, 

86]. 

 

Figure 2.11 - Particle distribution after plunge freezing. (a) shows an ideal sample 

where the particles retain their original position within an homogeneous vitreous ice 

layer; (b) shows particles agglomerating in regions where the ice layer is thicker; (c) 

shows particles that have a higher affinity for the substrate used and therefore do not 

appear in the hole with vitrified ice; (d) shows particles adopting a preferred orientation. 

Figure from Drulyte et al. [75]. 
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Some of the possible factors affecting the particle distribution in a plunge-frozen 

sample are shown in Figure 2.11 and include: 

- Hydrophilicity of the TEM grid: the solution droplet added to the TEM grid 

needs to wet the entire surface to ensure the presence of ice in the entire grid 

area. 

- Local thickness of the ice layer: in cryo-TEM the sample tends to be more 

visible when in the holes in the carbon film. However, local ice thickness within 

the carbon holes is variable and larger holes may be completely devoid of ice. 

This forces particles to cluster in areas where ice is thicker, which in turn are 

more difficult to image and more prone to being crystalline [75, 85].  

- Particle affinity for different substrates, and their propensity to be found at the 

air-water interface after blotting [75, 77]. 

 

Vitrification of a plunge-frozen sample is highly dependent on the ability of heat to flow 

out of the sample at a fast enough rate to prevent crystal nucleation; this is in turn 

limited by the heat capacity and temperature of the liquid the sample is plunged into, 

and by the time taken for the heat to leave the liquid water entirely. Given this, the 

sample thickness will be crucial during plunge freezing, as larger samples can become 

too thick for heat to disperse before vitrification is allowed to happen. Practically, this 

means that plunge-freezing (as a surface cooling technique) can only be applied to 

samples of limited thickness (hence the blotting step), with an ideal thickness quoted 

to be approximately in the range of 100 nm by Friedrich et al. [87] for cryo-(S)TEM 

imaging. Much larger cell samples have been cryo-prepared via plunge-freezing, but 

these require prior sample preparation to ensure vitrification. Guo et al. [84] shows the 

plunge-freezing of neuronal aggregates incubated in glycerol to raise the glass 

transition temperature of the sample, thus allowing for full vitrification. It must be noted, 

however, that this sample was initially imaged in cryo-SEM, where thin lamellae were 

prepared through FIB-milling for further cryo-TEM imaging. 

Cryogenic imaging of larger samples that are not applicable for plunge freezing can 

instead be imaged using a surface imaging technique (i.e. SEM) or by imaging thin 

slices cut from a larger frozen sample, which could be possible via either cryo-
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ultramicrotomy or cryo-FIB-SEM. High pressure freezing (HPF) can be used to freeze 

these larger volumes up to 1 mm3 [88-90].  

 

2.3.2 Cryogenic- (Scanning) Transmission Electron 

Microscopy and Sample Damage 

Cryogenic transmission electron microscopy (cryo-TEM) is widely used for the imaging 

of biological samples, as the cryogenic conditions can be used for sample fixation 

while the high resolutions available in TEM allow for the imaging of nano-sized 

biological material such as viruses, bacteria, and organelles. Besides 2D imaging, 

cryo-TEM has also been used extensively for 3D imaging using electron tomographic 

techniques (ET). Cryo-TEM has also seen use for the imaging of hydrated or beam-

sensitive materials within materials science, with self-assembled structures, catalytic 

materials, and polymers being some of the possible systems that benefit from 

cryogenic imaging [87, 91]. Lobling et al. [92], for example, shows the use of cryo-TEM 

and electron tomography for the imaging of self-assembling micelles in high detail. 

Such micelles need high structural complexity to encapsulate selected objects in 

applications in nanoreactors and medical applications; however, this high complexity 

requires high-resolution characterisation techniques to properly analyse the suitability 

of the sample for its application. 

Sample damage needs to be considered when imaging frozen electron beam-sensitive 

samples to prevent damage to the sample or to the ice, which can create artefacts in 

the sample (Figure 2.12). Exposure of the vitrified ice to the electron beam can cause 

sample drift and an increase in the local temperature of the ice. This first leads to 

devitrification of the exposed area, with the growth of cubic or hexagonal ice crystals 

which disrupts imaging due to Bragg scattering [76, 87]. After further exposure to the 

beam the ice can sublimate, causing small objects in the sample to be displaced and 

forming holes in the ice. Although cryogenic conditions increase the threshold for 

damage for the sample being imaged, the sample can still be directly affected by the 

beam before devitrification or sublimation occurs. Damage to beam-sensitive particles 

is often observed as “bubbling” on the rim of the particles as can be seen in Figure 

2.12-A [85-87]. Micro- and nanopores within porous particles can also be damaged by 

the beam even under cryogenic conditions [93]. 
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Figure 2.12 – Cryo-TEM images showing sample damage after exposure to the 

electron beam. A) “Bubbling” appearing at the edge of particles [86]. B) Hexagonal 

and cubic ice forming as the ice is warmed up [86]. C) Circular sample region 

(appearing brighter than the surrounding ice) showing damage after exposure to the 

electron beam [87]. Note the damaged region in (C) is circular due to the parallel beam 

in conventional TEM imaging. When imaging in cryo-STEM mode, damaged regions 

will instead be rectangular, corresponding to the area scanned by the electron probe. 

A) and B) from Kuntsche et al. [86]; C) from Friedrich et al. [87].  

 

Imaging at low total number of electrons is always necessary to minimise sample 

damage, but for especially sensitive or small samples, further approaches are needed. 

The biological sciences have pioneered numerous techniques for minimising damage: 

imaging of the TEM grid at low magnifications allows users to find important features 

without the need to use high electron doses to visualise the sample. Meanwhile, when 

imaging the sample, images can be created from the averaging of multiple frames. 

Numerous images can be collected with low exposure times and then averaged to 

form a single improved image, thus obtaining an image with sufficient contrast but with 

a lower total exposure of the sample to the electron beam [94]. This is especially useful 

when imaging small identical particles, as this approach allows for the averaging of 

images of different particles, thus yielding high-resolution images without having to 

expose any single particle to the beam for long time periods [94]. 

The vitrified ice needed for cryo-TEM imaging is metastable and will devitrify and 

sublime as the temperature increases [87], therefore making cryogenically frozen 

samples highly susceptible to the high-energy electron beam in TEM. This beam-

induced damage is observed in vitrified ice (~100 nm thick) even at relatively low 
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electron fluence (<100 𝑒−/Å2), though the damage increases as the fluence increases 

[95]. The amount of electrons in the imaged area (electron fluence) and the amount of 

electrons in the imaged area in a given period of time (electron flux) are given by [95]: 

 
𝑓𝑙𝑢𝑒𝑛𝑐𝑒 (

𝑒−

Å2
 ) =

𝑁𝑒

𝐴
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 (2.5) 

Where: 

𝑁𝑒 Is the sum of electrons in an image 

𝐴 Is the total relevant image area 

𝑡 Is the acquisition length 

 

This susceptibility to beam-induced devitrification is especially problematic as the 

resolution in TEM is limited by the electron dose; according to Glaeser [96] to be able 

to resolve an object, the contrast must be larger than the local fluctuation given by a 

minimum acceptable value for signal-to-noise ratio (SNR). Therefore, the product of 

the contrast and resolution must be equal to or greater than a constant: 

 
𝐶𝑑 ≥

𝑆𝑁

√𝑓𝐷𝐶

 
 (2.6) 

Where: 

C Is the contrast 

d Is the size of the smallest resolvable distance 

SN Is the minimum acceptable SNR 

DC Is the critical electron dose 

f Is the fraction of electrons that enter the lens aperture and contribute to the 

image 

 

From equation (2.6), to increase the image resolution it is necessary to increase the 

overall electron dose [96, 97]. In addition, techniques such as energy dispersive X-ray 

(EDX) spectroscopy and electron energy loss spectroscopy (EELS), which inherently 
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require higher electron fluences to function, are therefore unavailable for standard 

cryo-TEM imaging [98]. 

As seen in Ilett et al. [99], the beam-induced damage can be decreased when imaging 

in STEM mode. In STEM the electron flux (as either the probe flux received at each 

pixel (𝐹𝑝 ), and average electron flux averaged over the whole frame (𝐹𝑎𝑣 )) can be 

calculated as [98]: 

 
𝐹𝑝 =

𝐼

(𝑒𝐴𝑝)
 

 (2.7) 

 

 
𝐹𝑎𝑣 =

𝐼

𝑒𝐴𝑓
 

 (2.8) 

Where: 

𝐼 Is the probe current in coulomb per second 

𝑒 Is the electron charge (e=1.602×10−19 C) 

𝐴𝑝 Is the area of the probe 

𝐴𝑓 Is the total scan area of the frame 

 

From the average electron flux, the electron fluence is: 

 
total accumulated fluence =

It

eAf
 

 (2.9) 

Where: 

𝐼 Is the probe current in coulomb per second 

𝑡 Is the total scan time (in seconds, which is taken from the pixel dwell time and 

number of pixels) 

 

Following this, it was found that at similar amounts of electron fluence per frame 

imaging in STEM mode has caused less damage to vitrified ice compared to 

conventional TEM. Using cryo-STEM, electron fluences of at least 1000 𝑒−/Å2  are 

necessary before damage to ice was observed [98]. The use of STEM can allow for 

EDX, EELS, and electron tomography to be used on a cryo-TEM sample with higher 

electron fluences and without risking devitrification, therefore greatly expanding the 

possible analysis techniques available in cryo-TEM. 
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Cryo-STEM has seen some use in biology, where it is used for the imaging of thick 

samples and for the ability to also use EDX and EELS [89, 100, 101]. Bright field cryo-

STEM has been used as an alternative to defocus phase contrast in conventional TEM 

due to the signal acquisition in STEM being more flexible more accurately representing 

the mass density of the sample [102, 103]. In Figure Elbaum et al. [103] shows poor 

image resolution after reconstruction of TEM defocus images even with the use of 

SIRT when compared to STEM images. 

 

 

Figure 2.13 – Comparison between STEM and TEM imaging in tomogram 

reconstruction and sample damage. A) Tomograms reconstructed from STEM and 

TEM images, showing a lower image resolution in the tomograms obtained from the 

defocus TEM images. B) Visible damage to the sample with increased exposure 

(number in the top-right shows the accumulated exposure in e–/Å2). The damage 

threshold is higher in STEM. Image modified from Elbaum et al. [103]. 

 

The ability to image thick biological samples in bright field STEM has been well-studied, 

with studies such as Aoyama et al. [104] showing the ability to image and successfully 

obtain tilt tomograms of samples up to 1 μm thick, which were previously high pressure 
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frozen and substituted. Figure 2.14 presents results from this study, showing that 

conventional cryo-TEM is unable to image high thickness samples that are instead 

suitable for cryo-STEM imaging. As a sample encased in ice is tilted, the effective 

sample thickness increases, as the distance the electrons must travel through the 

sample increases. This can cause issues when collecting tilt series for electron 

tomography, resulting in lower-resolution reconstructions. As Figure 2.14 shows, 

STEM imaging is suitable for the imaging of thick samples at larger tilt ranges than 

conventional TEM. This makes STEM mode suitable to be used together with electron 

tomography for the 3D imaging of biological samples, as seen in studies such as 

Aoyama et al. [104], Hofmann-Marriott et al. [105], Wolf et al. [106], which were 

successful in the imaging of cells, bacteria, and organelles in samples up to 1 μm thick 

[104, 105, 107]. 

In materials science, cryo-STEM has been used with annular dark field (ADF) and 

high-angle annular dark field (HAADF) imaging. These imaging modes allow for atomic 

contrast imaging, which aids in the imaging of nano-structures with high atomic 

numbers. Yoshida et al. [108] used cryo-STEM electron tomography for the 3D 

imaging of the nanostructure in porous titania photocatalyst particles and silver 

nanoparticles. The very small pore size requires high-resolution imaging, while 

cryogenic conditions are necessary to prevent damage to the titania structure and 

coalescence of the nanoparticles. In this case, the sample was cooled using liquid 

nitrogen during imaging, rather than cryogenic preparation prior to transfer to the TEM, 

as the sample does not need to be imaged in hydrated conditions. Reducing the 

specimen temperature has been proven to decrease the specimen’s radiation 

sensitivity, increasing the critical dose needed before the start of beam-induced 

damage; it is critical to note however, that this process is not related to thermal 

decomposition, as heat-induced damage is often minimal at low electron doses [109]. 

Miszta et al. [110] shows the use of cryo-STEM and cryo-HAADF STEM electron 

tomography for the 3D imaging of 3D nanocrystal assemblies dispersed in toluene. 

Here the 3D structures only exist when dispersed in a solution and therefore need to 

be cryogenically frozen before imaging. 

Meanwhile, cryo-HAADF STEM (with or without the additional use of ET) is not 

generally used for the imaging of biological samples, with bright field imaging 

remaining the standard. Aoyama et al. [104] suggests the use of HAADF for the 
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imaging of negatively stained samples, by taking advantage of HAADF providing 

higher contrast for materials with high atomic number. However, both Aoyama et al. 

[104] and Hofmann-Marriott et al. [105] ultimately show that HAADF STEM imaging is 

largely unsuitable or the imaging of thick biological samples, while not showing the 

distinct advantages that would be expected from atomic contrast imaging. This is due 

to biological samples being predominantly composed of elements with low atomic 

numbers (mostly carbon, with traces of nitrogen and oxygen). HAADF STEM therefore 

becomes ineffective in increasing contrast without the addition of negative stains, and 

remains more suitable for the imaging of non-biological, inorganic materials. 

In contrast, in the past years cryo-HAADF STEM tomography has been used for the 

imaging of inorganic samples such as catalysts and battery materials, making use of 

the lack of diffraction contrast for more accurate reconstructions [111-113]. Koneti et 

al. [113] shows the limitations of bright field imaging for the (dry) electron tomography 

of palladium nanoparticles on an α-Al2O3 grain (used as a case study sample), where 

the diffraction contrast present in bright field images lead to some nanoparticles 

missing from a bright field tomogram, while being present in a HAADF STEM 

tomogram (see Figure 2.15). Padgett et al. [114] used cryo-HAADF STEM electron 

tomography for the 3D analysis of platinum nanoparticle catalysts on a carbon porous 

support, with the sample being cooled down with liquid nitrogen to cryogenic 

conditions to prevent sample damage. In this case HAADF STEM electron tomography 

is needed for the 3D analysis of the sample to visualise the position of the catalytic 

nanoparticles on and within the support material. HAADF STEM allowed for accurate 

imaging of the nanoparticles without interference from diffraction contrast.  
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Figure 2.14 – Cryo-STEM and cryo-TEM imaging of a 1 μm thick yeast cell sample at 

different tilt angles. Scalebars above the images represent a 5 µm distance. Tilt angle 

for the images is shown on the bottom of each column. Figure from Aoyama et al. 

[104]. 

 

Figure 2.15 – Sections and surfaces of tomograms reconstructed using bright field 

STEM versus HAADF STEM. A) and B) tomogram sections in a sample imaged in (A) 
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HAADF STEM mode and (B) bright field STEM. Visible Pd NPs are circled in green. 

Some NPs are not visible in the bight field STEM section (circled in red). C) and D) 

segmented tomogram surface for the (C) HAADF STEM and (D) bright field STEM 

modes. Diffraction contrast in the bright field STEM results in the NPs being more 

difficult to distinguish from the α-Al2O3 grain. Image modified from Koneti et al. [113].  

 

Despite the recent improvements to cryo-HAADF STEM imaging with ET in materials 

science, this technique is still relatively novel and has only been applied to few 

materials, with cryo-techniques often being used to cool down the samples to prevent 

damage, rather than being applied to hydrated samples. There is potential in the 

segmentation of 3D volumes collected in cryo-HAADF STEM using the elemental 

analysis techniques available to STEM imaging (i.e. EELS and EDX). Moreover, high-

resolution capabilities are missing from cryo-STEM tomography in materials science. 

Subtomogram averaging is used in biological samples to increase the resolution of 

tomograms for samples containing similar structures but is unfortunately unavailable 

for the reconstruction of many nanoparticle systems. Future improvements in imaging 

equipment and image processing might allow for sub-nanometre resolution cryo-

tomograms. 

 

2.3.3 Cryo-FIB-SEM and Transfer to the cryo-TEM 

Cryo-TEM provides excellent imaging resolution for aqueous and biological samples 

and is routinely used in the life sciences to obtain images and 3D models with sub-

nanometre resolution. However, TEM requires samples to be thin enough for the 

electrons to transmit through the sample for an image to be formed, which greatly 

limits the range of samples suitable for cryo-TEM imaging. The high-resolution imaging 

of large volumes of aqueous samples has been routinely performed using sample 

fixation in paraffin or cryofixation, which allows for imaging of thin slices in an SEM 

using ultramicrotomy, which consists in the sectioning of solid samples using a 

diamond knife [32, 115]. Ultramicrotomy is a staple for the preparation of thin biological 

samples for TEM imaging that would otherwise be too large for plunge-freezing (e.g. 

cells and tissue samples, which would not fit within a ~200 nm thick ice layer), but has 

also seen use in materials science for the section of soft materials such as polymers 
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[32, 116]. A study by Denk and Horstmann [117] pioneered the use of an 

ultramicrotome within an SEM, allowing for the serial sectioning and imaging of resin 

embedded samples. This process, named serial block face ultramicrotomy, allows for 

the collection of 3D microscopy data of volumes much larger than those accessible 

through tilt tomography or single particle reconstruction in TEM samples (see Chapter 

3 for more detail on tomographic techniques). Unlike tilt tomography which needs 

several sample slices to obtain 3D reconstructions of thick samples, serial block face 

ultramicrotomy allows for the 3D analysis of much larger volumes in a single session 

[117]. This technique has since been used for the 3D analysis of dry embedded 

samples in materials science, and also cryogenically frozen hydrated samples (i.e. 

cryo-ultramicrotomy) where the 3D imaging is done inside [116] or outside [118] of the 

cryo-SEM.  

As an alternative to cryo-ultramicrotomy, focused ion milling has been observed by 

Marko et al. [119] to not induce devitrification of the sample using plunge-frozen water 

samples with 200 nm polystyrene latex sphere to help maintain a uniform frozen layer. 

Ice devitrification was observed using electron diffraction in a cryo-TEM as the sample 

was heated; devitrification was not observed in the sample after FIB-milling of the ice. 

The lack of heat-induced devitrification of ice by FIB-milling therefore allows for the 

preparation of thin sample slices (200-150 nm) from bulk cryogenically frozen 

samples. This “cryo-FIB thinning” technique has been since used successfully to 

image cells, and tissue samples within cryo-SEM [120-122]. (Cryo-) ultramicrotomy 

requires extensive sample preparation before sectioning and can only be used on soft 

samples, limiting its use for harder materials such as metals, ceramics and bone [123]. 

On the other hand, FIB-milling can be applied to a much larger range of materials, and 

allows for thinner slices (2-20 nm against 30-50 nm for ultramicrotome slices). Despite 

this, ultramicrotomy finds uses for the sectioning of larger samples due to the larger 

sample volume available for ultramicrotomy [124].  

FIB-milling has been used on frozen hydrated samples for block face serial milling of 

samples larger than what would normally be suitable for cryo-TEM or X-ray 

tomography. The development of automated FIB-milling and SEM scanning procedure 

has allowed for the collection of large volume data for the 3D analysis of biological 

samples such as cells [81, 125]. As such, FIB-milling is not only useful for cross-

sectional imaging and preparation of sample slices, but also finds use in 3D imaging. 
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Schertel et al. [125] shows the application of serial block face imaging using FIB-milling 

on high pressure frozen samples of mouse optic nerves and dormant Bacillus subtilis 

spores. Cryo-FIB-SEM was pivotal in allowing the imaging of dormant spored, which 

would otherwise be activated during the chemical fixation process. Overall, Schertel 

et al. [125] found that serial block face milling using FIB was suitable for the high 

resolution imaging of samples that require staying hydrated (or are in any way 

unsuitable for chemical fixation) while providing a fast method for the analysis of 

substantially large volumes (when compared to the capabilities of cryo-TEM 

tomography) without the need of further processing steps after freezing. Spehner et 

al. [126] used serial block face imaging for the acquisition of 3D data on high pressure 

frozen protein samples, using gold labelling identify the position of the proteins. 

Spehner et al. [126] shows the suitability of this technique for the imaging of proteins 

in a cellular context due to the ability of cryo-FIB-SEM serial block face imaging to 

analyse larger volumes than what is normally possible with cryo-TEM, especially with 

the added use of image processing algorithms to denoise the images and remove 

artefacts. 

The ability to thin bulk frozen samples to lamellae with less than 200 nm thickness has 

opened the possibility to prepare these samples for TEM cryo-imaging and cryo-

electron tomography, thus uniting the bulk sample preparation ability of cryo-SEM with 

the high spatial resolution of TEM. Marko et al. [127] successfully showed the viability 

of this characterisation process applied to plunge-frozen E. coli cells. The study 

showed the ability of FIB milling a cell sample to a size suitable for low-dose cryo-TEM 

imaging and cryo-tomography without the need for adjusting the electron dose to 

accommodate for thick samples [127]. 

This process has since been applied to a range of biological samples and has evolved 

to prepare samples of varying sizes. Initial “on-grid” thinning procedures such as those 

shown in Marko et al. [119, 127] consist of the thinning of plunge-frozen samples on a 

TEM grid without removing the thinned section (Figure 1.15A). Although this process 

created a sample that is readily loaded into a TEM, it also requires for the sample to 

be suitable for plunge-freezing, which is only applicable to smaller samples such as 

bacteria and small cells.  
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Figure 2.16 - Schematic showing different strategies for FIB milling a sample for cryo-

TEM. “On-grid” thinning as shown in (A) is limited to smaller samples that can be 

plunge-frozen, while bulk in situ thinning followed by lift-out can be applied to samples 

of any size, thus allowing thinning of both samples on a TEM grid (B) and bulk frozen 

samples (C). Image from Kuba et al. [128]. 

 

In situ FIB thinning and subsequent lamella lift-out has been routinely used in materials 

science for the TEM analysis of room-temperature samples and was recognised as an 

alternative thinning process for cryogenically frozen samples [129]. The lift-out of 

frozen lamellae has been made possible in studies by Parmenter et al. [130-132] with 

the use of cryo-manipulators to physically move the lamella onto a TEM grid (Figure 

2.16-B and Figure 2.16-C, showing the lift out of the FIB-milled lamella from on-grid 

samples and bulk-frozen samples). In the past decade, efforts have been made to 

streamline the cryo lift-out process by producing detailed methodologies and by 

creating bespoke equipment to facilitate the lift-out and transfer of the frozen lamella 

[132].  

In recent years, cryo lift-out has seen used successfully for the imaging of both 

biological and inorganic samples. Zens et al. [133] and Kuba et al. [128] both show 

the use of confocal microscopy for the imaging of the bulk sample before lamella 

preparation correlative targeting to identify areas of interest in the sample. This 

approach allows for straightforward identification of areas for FIB milling, therefore 

reducing the time needed to identify areas with sufficient concentration of the sample 

without additional information that are suitable for further imaging. In both Zens et al. 

[133] and Kuba et al. [128], areas were chosen to then perform cryo-electron 

tomography. Cryo lift-out has been used to obtain high-resolution tilt series 
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reconstructions of tissue samples as shown by Schaffer et al. [134], where cryo-lift out 

was used for the preparation of a lamella of a C. elegans tissue sample. Figure 2.17 

shows the results of this study including slices of the reconstructed tomogram, which 

was obtained with images collected with an image pixel resolution below 1 nm [134]. 

 

Figure 2.17 - Cryo-TEM image of a lamella after a successful lift-out and cryo-ET of a 

region in the lamella.(A) Frozen lamella containing C. elegans tissue and tomogram 

slices (B, C, D) of a selected region in the lamella [134]. The TEM image in (A) also 

shows some standard artefacts associated with cryo lift-out, namely curtaining as a 

result of FIB milling, and the presence of frost on the lamella surface. 

 

Cryo lift-out can also be used for the imaging of inorganic samples when a thin sample 

section is needed. Long et al. [135] shows the application of the cryo lift-out method 

for cryo-STEM imaging of the solid-electrolyte interphase in a liquid electrolyte sample 

[135]. It is important to note, however, that despite the advancements in the 

approaches for cryo lift-out, there are challenges associated with this procedure. 

Sample preparation and imaging are often a day-long procedure and cannot be 

repeated often as the SEM stage and cryo-manipulator need to be kept at cryogenic 

temperatures. Issues remain in the transfer process itself, as frost can accumulate on 

the sample while it is being loaded, covering up part of the lamella. Efforts have been 

made to reduce these issues by increasing the number of lamellae that can be 

delivered per transfer [136], while further efforts can be made using bespoke 
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equipment to keep the sample under a vacuum in cryogenic conditions during transfer, 

though in both cases specialised equipment is needed.  

 

2.4 Summary 

There is a need for the representative characterisation of nano-sized soft materials 

(e.g. nanoparticle dispersions and Pickering emulsions), as the properties of these 

materials in their native hydrated state are indicative of their performance. Among the 

characterisation techniques needed for proper sample analysis, high-resolution 

imaging using electron microscopy is important for the imaging of the size and shape 

of nanomaterials. Despite its usefulness, imaging using conventional electron 

microscopy is often problematic when applied to soft matter samples such as Pickering 

emulsions due to the need for sample drying, which disrupts the sample structure, 

making imaging no longer representative. 

Cryo-EM has significant use in biological fields as it allows for imaging of hydrated 

frozen materials without disrupting the native sample structure and is currently being 

used increasingly often in material science together with HAADF STEM to improve the 

contrast of particles with high atomic numbers. A variety of cryo-EM techniques have 

been developed by taking from pre-existing techniques within materials science and 

biological fields to allow for the imaging of increasingly large samples at increasingly 

higher resolutions. Cryo-electron (tilt) tomography in TEM and serial sectioning using 

either cryo-ultramicrotomy or FIB-milling in a cryo-SEM allow for the 3D imaging of 

different ranges of sample volumes. Meanwhile, cryo-STEM can be used for the 

imaging of relatively thick samples and allows for the use of spectroscopy techniques 

for quantitative elemental analysis. Cryo-HAADF STEM tomography and 

spectroscopic analysis of frozen hydrated samples is however rarely seen and could 

be useful for the 3D imaging and tracking of nanomaterials such as Pickering 

emulsions, where the imaging of nanoparticle stabilisers on the droplet’s surface is an 

indicator of sample stability and performance. 
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2.5 Project Aims and Objectives 

The aim of this thesis is to undertake the native state characterisation of Pickering 

emulsions using cryogenic electron microscopy (Cryo-EM) techniques. The 

application of cryo-EM imaging, elemental analysis and tomography will serve to 

bridge the gap between the cryo-EM imaging techniques found in the life sciences and 

the characterisation techniques routinely employed for the analysis of inorganic 

samples. This will result in the high-resolution imaging of Pickering emulsion stabilising 

particles and droplets of different size in 2D and 3D without the need for sample 

staining to visualise the different structures in the sample. Additionally, the project aims 

to explore 3D imaging and analysis using electron tomography in cryo-STEM and 

“slice and view” in cryo-FIB-SEM to accurately image the droplet shape and position 

of sample particles in 3D space. Native state characterisation of these systems in the 

liquid environment is essential to extract information on the position, size, and shape 

of particles in 3D space, which link to the performance of the materials. 

The objectives for this project are: 

• To use test systems to develop the application of cryogenic imaging techniques 

including plunge-freezing, cryo-TEM and cryo-SEM imaging, EDX, EELS, tilt 

tomography and the combination of elemental analysis techniques together 

with tilt tomography. A zinc oxide nanoparticle system, a gold nanoparticle 

system, and a titanium dioxide nanoparticle system are used as case studies 

to test these techniques. 

• To image a Pickering emulsion sample with cryo-(S)TEM and cryo-SEM, 

confirming whether it is possible to obtain representative images of the sample.  

• To apply EDX and EELS as elemental analysis techniques to the cryogenically 

frozen Pickering emulsion sample. 

• To use tomographic techniques to observe the 3D structure of the droplets/Pt-

NPs. Tilt tomography is used in STEM HAADF mode in cryo-TEM, while “slice 

and view” using FIB-milling is used for the collection of a slice image stack in 

cryo-SEM. 

• To use elemental analysis techniques together with tomographic techniques to 

obtain 3D elemental data of the emulsion samples, thus allowing for the 

visualisation of the oil and water phases in 3D. 



  Chapter 2 - Literature Review 

41 
 

• To apply the abovementioned characterisation techniques to Pickering 

emulsion samples with large droplet sizes by preparing the sample in a cryo-

FIB-SEM, then using FIB-milling to prepare a frozen sample lamella that will be 

lifted out and transferred to a cryo-TEM. 
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Chapter 3 Materials and Methods 

This chapter contains the preparation methods for the systems analysed in this study, 

an explanation of the equipment used, and the techniques and protocols used to 

characterise the samples. Four different types of systems and their preparation 

methods are presented in this chapter: Pickering emulsions, zinc oxide nanoparticles, 

titanium dioxide particles, and gold core-satellite nanoparticles. Chapter 5 and Chapter 

6 will focus on the analysis of the Pickering emulsions, while the remaining three 

systems were used to test the characterisation methods to be applied to the Pickering 

emulsion systems (Chapter 4). Further background information on these case study 

systems will be provided in Chapter 4. 

These systems were analysed using the following characterisation methods: general 

bulk sample size analysis was carried out using dynamic light scattering (DLS). 

Sample imaging was carried out using transmission electron microscopy (TEM), 

cryogenic transmission electron microscopy (cryo-TEM), and cryogenic scanning 

electron microscopy (cryo-SEM). Elemental analysis of the sample was performed 

using energy dispersive X-ray spectroscopy (EDX) and electron energy loss 

spectroscopy (EELS). 3D datasets were collected using “slice and view” cryo-FIB-

SEM tomography and by reconstructing tilt series collected in cryo-TEM. This chapter 

will cover the background for these techniques and how they were used. 

 

3.1 Nanoparticle-based systems 

3.1.1 Pickering Emulsions 

Two similar Pickering emulsions were examined in this work: a sunflower oil-in-water 

emulsion stabilised by 3-5 nm diameter platinum nanoparticles (Pt-NPs), and a 

hexadecane-in-water emulsion stabilised by the same 3-5 nm Pt-NPs. The two oils 

used in these emulsions have broadly similar properties as far as their behaviour is 

concerned and are therefore used interchangeably as the focus of this work is the 

characterisation procedure. The droplets in these two samples are typically < 1 μm. 

An additional hexadecane-in-water Pickering emulsion stabilised by 3-5 nm Pt-NPs 

sample with droplet size >1 μm was prepared for analysis using cryo-SEM and for the 

cryo lift-out procedure. These emulsions were prepared by Cheng Cheng and Dr 
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James Hitchcock from the research group of Dr Olivier Cayre, in the School of 

Chemical and Process Engineering, University of Leeds. 

• The sunflower oil emulsion was prepared by first hand-shaking a 20 mL sample 

tube containing 2 mL of oil and 8 mL of the pre-prepared Pt-NPs aqueous 

suspension.  

• The emulsion was then immediately prepared using a sonic dismembrator 

ultrasonic processor (Fisher Scientific) for 1 min (40% amplitude) in a large 

water bath (at room temperature) to avoid dramatic increase of the sample 

temperature.  

• The hexadecane emulsion was prepared by hand-shaking a 10 mL sample tube 

containing 20 μL of hexadecane oil and 4.98 mL of Pt-NPs in suspension. This 

resulted in an emulsion with 0.04 vol% oil concentration.  

• The same Pt-NPs were used in both samples and were synthesised by the 

reduction of platinum salt in the presence of a reducing agent at room 

temperature as detailed in Hitchcock et al. [40].  

• A gold metal shell was deposited onto the Pickering emulsion droplets to form 

metal capsules by adding the sunflower oil-in-water Pickering emulsion solution 

to the following gold plating solution; 1 mL PVP solution (0.2 wt%), 10 mL of 

Milli-Q water, 2 mL of 12 mM gold salt (HAuCl4) and 1 mL of H2O2 (60 mM).  

• The samples were then agitated on the carousel for 30 min. Capsules were 

then allowed to settle under gravity for 24 h and were subsequently washed by 

removal and replacement of the supernatant with Milli-Q water, as detailed in 

Hitchcock et al. [40]. 

 

3.1.2 Zinc Oxide Nanoparticles 

Two zinc oxide (ZnO) nanoparticle dispersions were prepared using commercially 

available NanoGard Zinc Oxide nanoparticles without surfactants (Alfa Aesar, lot 

number 44898), with concentrations of 0.1 mg/mL and 1.0 mg/mL following the 

methods of Wallace [137]. The samples were sonicated for 15 minutes after the 

dispersions were prepared. These two concentrations were prepared to test the 

sample concentration necessary to guarantee the presence of nanoparticles during 

cryo-TEM imaging. Both samples were prepared using the methods in Table 3.1. 
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Before sample preparation the dispersions were sonicated for 15 minutes, while the 

TEM grids used were plasma cleaned for 20 seconds. 

Table 3.1 – Description of the preparation methods for the ZnO NP samples. All TEM 

grids were plasma cleaned for 20 seconds before sample preparation. The ZnO 

samples were sonicated for 15 minutes prior to beginning each the preparation 

procedure. 

Sample Preparation Procedure Additional Notes 

Drop-cast A 3.5 μL drop of sample was 

dropped on a continuous carbon 

TEM grid on top of filter paper.  

Standard TEM sample 

preparation procedure for TEM 

imaging of nanoparticle 

dispersions. 

Drop-cast and air 

dried 

A 3.5 μL drop of sample was 

dropped on a continuous carbon 

TEM grid held by tweezers and 

allowed to dry naturally. 

This procedure prevented any of 

the sample in the drop from 

being lost to the filter paper. 

Blotted and dried A 3.5 μL drop of sample was 

added to a continuous carbon 

TEM grid in a Vitrobot, then 

blotted and allowed to dry 

naturally. 

This follows the blotting and 

plunge-freezing procedure used 

for the preparation of cryo-TEM 

samples without cryogenically 

freezing the sample to allow for 

standard TEM imaging. 

Plunge-frozen and 

vacuum-dried 

A 3.5 μL drop of sample was 

plunge-frozen in a Vitrobot and 

then dried using a high vacuum. 

As detailed in section 3.2.5.2 

Plunge-Freezing and Vacuum-

Drying. 

Plunge-frozen A 3.5 μL drop of sample was 

plunge-frozen in a Vitrobot.  

as detailed in the section 3.2.5.1 

Plunge-Freezing. 

Frozen for cryo-FIB-

SEM 

The samples for cryo-FIB-SEM 

were prepared by plunging the 

sample in slush nitrogen.  

as detailed in the section 3.2.6.1 

Cryo-SEM Sample Preparation. 
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3.1.3 Titanium Dioxide System 

The titanium dioxide (TiO2) system analysed in this study was prepared by Dr Teresa 

Roncal-Herrero and Hafis Mehraliyev from the research group of Professor Andy 

Brown, in the School of Chemical and Process Engineering, University of Leeds. A 

stock solution of 1 mg/ml fg-TiO2 (untreated food-grade TiO2 powder, supplied by 

AgResearch Limited) in Milli-Q water was prepared and subsequently used to produce 

dispersions of 100 μg/ml TiO2 in a Gibco Dulbecco’s Modified Eagle’s Medium (DMEM) 

cell culture media (Thermo Fisher Scientific). The pH of the dispersion was measured 

to be pH = 6.8 immediately after mixing. After mixing, the TiO2 – DMEM dispersion 

was sonicated for ~ 2 hours until the pH of the solution was pH = 8.0 (for the first 

sample) and pH = 7.8 (for the second sample).  

After sonication, the samples were cryo-prepared via plunge-freezing onto lacey 

carbon TEM grids using a Vitrobot, using the plunge-freezing process detailed in 

section 3.2.5.1 “Plunge-Freezing”. 

 

3.1.4 Gold core-satellite nanoparticles 

The gold core-satellite nanoparticles (Au-NPs) were prepared by Dr Darshita 

Budhadev from the research group of Professor Dejian Zhou, as described in 

Budhadev et al. [138] and Basaran et al. [139]. Au-NP-glycans (nanoparticles capped 

with the α-1-mannose-α-1,2-mannose glycan ligands) were prepared by incubation of 

a 5 nm citrate stabilized Au-NPs with DHLA-glycan ligands in water for 24 h to 

complete the GNP glycosylation via self-assembly. Any free unbound ligands were 

removed by ultrafiltration using 30K MWCO filter tubes and washing with pure water. 

The LA–EG 4–DiMan ligand was synthesised by Cu-catalysed click chemistry 

between a LA–EG4–acetylene linker and N 3–EG2–DiMan and purified by using a P2 

biogel column. The constructed DC-SIGN and DC-SIGNR were expressed, purified by 

affinity column chromatography, and then site-specifically labelled with maleimide 

modified Atto-643. The samples were then cryo-prepared using plunge-freezing for 

cryo-(S)TEM imaging as detailed in section 3.2.5.1 “Plunge-Freezing”. 

The gold core-satellite system consists of ~5 nm and ~10 nm Au-NPs. The surface 

modification of the Au-NPs ensured that the larger (~10 nm) NPs would be surrounded 

by a number of smaller Au-NPs (~5 nm), in a “core-satellite” formation. 
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3.1.5 General characterisation using Dynamic Light 

Scattering 

General bulk sample characterisation was performed using dynamic light scattering 

(DLS). DLS is based on two principles related to colloids: light scattering off the 

particles (Tyndall effect) and Brownian motion of the particles. In a DLS setup, a laser 

source is pointed at the liquid sample within a cuvette. The particles will scatter the 

coherent monochromatic light, which is then collected by a detector (Figure 3.1). As 

the particles move randomly (Brownian motion), the relative intensity of the scattered 

light will vary with time. A normalised autocorrelation function can be obtained by 

taking the scattered intensity at an arbitrary time I(t) and the intensity after a delay time 

τ as I(t+τ), which can give us quantitative information on the time scale of the intensity 

fluctuations. The decay time of the correlation function will depend on particle size, 

therefore allowing to quantitatively measure the hydrodynamic radius of colloidal 

particles and aggregates [140]. 

 

Figure 3.1 – Simplified schematic of a DLS setup. A) simplified DLS setup, where a 

laser is pointed at a sample within a cuvette. The scattered light is then collected by a 

detector after passing through a polariser. B) Changes in the intensity of the scatted 

light depending on particle size. C) Autocorrelation function resulting from the intensity 

fluctuations in (B). Schematics taken and modified from Hassan et al. [140].  
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Within this work, for sub-micron emulsion droplets and nanoparticle dispersions, a 

NanoSeries Zetasiser (Malvern Nano-ZS) (DLS) fitted with a He-Ne laser source 

(633nm wavelength, 4mW power) was used to measure emulsion droplets in 

suspension. 4 repeats were collected per sample and analysed using the DTS Nano 

software. For emulsion droplets larger than 1µm, droplet size distribution was 

measured using the Benchtop C70 Series FlowCAM imaging flow cytometry 

instrument used in AutoImage mode using a 20x objective, FC50 flow cell in a reverse 

flow configuration.  

 

3.2 Electron Microscopy 

The instruments and methods used for electron microscopy will be discussed here, 

including cryogenic electron microscopy, spectroscopic techniques, and tomography. 

The standard sample preparation methods used within this thesis are also described 

here. 

 

3.2.1 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is one of the techniques of choice for 

imaging samples at the nanometre level as it can reach resolutions down to the 

angstrom and sub-angstrom level [87]. One of the main limiting factors for the imaging 

of smaller samples is the microscope resolution: 

 𝑑 =
𝜆

2𝑁𝐴
  (3.1) 

Where: 

𝑑 Is the minimum resolvable distance 

𝜆 Is the incident wavelength used to characterise the sample 

𝑁𝐴 Is the numerical aperture of the microscope 

From Equation (3.1), it can be seen that a decrease in the wavelength of the incident 

rays will allow for imaging at better resolutions. By using electrons in the imaging beam 

electron microscopy (EM) allows for high-resolution imaging by increasing the energy 
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of the incident electron beam therefore decreasing the electron wavelength. A TEM 

operating at an accelerating voltage of 200-300 kV will result in electrons with a 

wavelength of approximately 0.0020-0.0030 nm using the de Broglie relation between 

the momentum and wavelength of the electron. Using (3.1, for a TEM with an assumed 

numerical aperture of 0.1, these electron wavelength would correspond to a resolving 

power of ~0.1 nm. However, this is not seen in practice due to aberrations caused by 

the magnetic lenses used in EM [141, 142]. TEM, specifically, consists of an electron 

beam transmitted through a sample, with the forward scattered electrons being then 

collected by an electron detector. 

Generally, a TEM setup contains various components, described here from the top of 

the TEM column (and visualised in the schematic in Figure 3.2-A) [142, 143]: 

• The electron gun, which generates the electron beam; 

• Lenses (condenser and objective) to focus the beam; 

• Apertures; 

• Sample stage, where a sample is inserted using a TEM sample holder; 

• The plate or electron detector, where the image is formed.  

The entire column is kept under a high vacuum (10−4–10−5 Pa) to prevent interactions 

between the electrons and objects other than the sample (e.g. atoms in the air). 
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Figure 3.2 – Schematic diagrams for (A) a transmission electron microscope and (B) 

the parallel beam operation in a TEM. A: aperture, ML: magnetic lens, S: sample. (A) 

From Malenica et al. [144], (B) from Williams and Carter [142]. 

 

In conventional TEM operation a parallel beam is formed at the sample plane (as seen 

in Figure 3.2-B), with electrons simultaneously irradiating a large sample area to form 

an image. The electron beam can be converged to form an electron probe, which can 

be used to localise the signals coming from the sample. With the beam focused to 

make a probe, the probe must be scanned across the sample to create a useful image. 

Sample imaging using this imaging mode is called scanning transmission electron 

microscopy (STEM). Unlike parallel beam TEM where apertures are used to create 

bright field and dark field images, STEM uses different detectors located at different 

scattering angles; these are the bright field detector, the annular dark field detector 

(ADF), and the high angle annular dark field detector (HAADF), as shown in Figure 

3.3. This setup allows for most of the electrons scattered at high angles to be detected 

by the ADF or HAADF detectors, contributing to a high SNR that can be useful for the 

imaging of samples that are too thick for parallel beam TEM [142]. 
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Figure 3.3 – Schematic of the detector setup during STEM imaging. The BF and ADF 

detectors collect electrons at smaller scattered angles (θ3 and θ2), while the HAADF 

detectors collect electrons at high scattering angles (θ1 > 50 mrads). Schematic from 

Williams and Carter [142]. 

 

Contrast in TEM is given by the scattering of the incident beam. Two mechanisms can 

contribute to contrast in TEM: phase contrast (will not be discussed here due to its low 

impact on this work) and amplitude contrast. Amplitude contrast is the result of 

variations in the sample’s mass and thickness and is divided into diffraction and atomic 

contrast. Diffraction contrast is generated by the electrons scattering when interacting 

with crystalline materials, resulting in a diffraction pattern formed from the constructive 

interference of electrons scattered at specific angles (Bragg angles) given by the 

crystalline structure of the sample: 
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 𝑛𝜆 = 2𝑑 sin 𝜃 (3.2) 

Where: 

𝑛 Is the diffraction order of the crystal structure  

𝜆 Is the wavelength  

𝑑 Is the crystal lattice spacing  

𝜃 Is the Bragg angle, the angle between the incident ray and the crystal 

plane which is required for constructive interference 

 

Denser, thicker, or higher-mass areas of the sample will appear darker in bright field 

imaging (while appearing brighter in dark field), forming what is known as atomic 

contrast [142, 144]. Given the lack of diffraction contrast in non-crystalline samples, 

mass-thickness contrast becomes the main contrast mechanism for the imaging of 

polymers and biological samples. During conventional bright field TEM imaging, both 

atomic and diffraction contrast contribute to the final image, but changing operational 

parameters such as the collection angle can allow for greater contribution from one 

type of contrast. 

High angle annular dark field (HAADF) imaging uses an ADF detector with an aperture 

angle of >50 mrad and is used to only collect Rutherford scattered electrons (angle 

change of the electrons due to interactions with the atoms in the sample, as opposed 

to the Bragg scattered electrons), therefore forming images that are greatly affected 

by atomic number [142]. This can be used to decrease diffraction contrast in the image 

when this would contribute negatively to image formation, making the sample difficult 

to visualise. In this thesis, HAADF STEM imaging was used to decrease diffraction 

contrast when imaging crystalline samples, but also to exploit atomic contrast when 

imaging samples with high atomic numbers such as the Pt-NPs in the Pickering 

emulsion samples. In this case, the high atomic number for platinum, together with the 

use of dark field imaging, allows for the collection of images where the small (3-5 nm) 

Pt-NPs are highly visible even at the low probe currents necessary to prevent sample 

damage. 

The samples used in TEM must be thin enough to allow for the electrons to pass 

through for an image to be formed. This leads to a need to prepare the sample before 

imaging by cutting or milling the sample down to a thin enough slice [143] if the sample 
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is otherwise too thick (i.e. larger than approximately 200 nm, but dependent on the 

material). Further limitations to sample imaging are exist for aqueous samples 

(including nanoparticle dispersions, emulsions, and many biological samples), which 

cannot be imaged through conventional TEM due to the presence of a vacuum that 

causes the water to evaporate. It is therefore necessary to dry the samples before 

imaging, which may result in a change in structure or morphology, and thus limit the 

representative data that can be collected. 

The high resolutions attainable using TEM are ideal for the imaging of small 

nanoparticles such as the 3-5 nm Pt-NPs present in the Pickering emulsions used in 

this work. Within this work, a FEI Titan Themis3 TEM operated at 300 kV with a 

monochromator, multiple STEM detectors, Gatan One-View CCD, Super-X 4-detector 

silicon drift EDX system and a Gatan GIF Quantum 965 EELS was used. The 

monochromator allowed continuous beam current control in STEM when not excited 

and the X-FEG source provided an energy spread of ~1.1 eV (FWHM of zero loss 

peak) in this condition. STEM was run with a 1.4 Å probe diameter of 10 mrad 

convergence semi angle. HAADF images were collected over the scattering semi-

angle range of 35-150 mrad. Probe currents were varied using the monochromator 

and ranged from 5–100 pA depending on the imaging and mapping mode. 

 

3.2.2 Conventional TEM Sample preparation 

Different sample preparation procedures exist for TEM samples depending on the 

nature of the sample, with the focus to deliver a thin, electron transparent and vacuum-

resistant sample. In the context of non-magnetic nanomaterials such as nanoparticles 

and nanotubes, a sample drop (2–5 µl) can be applied to a TEM grid and dried. This 

approach, called drop-casting, requires the particles to be suspended in a liquid that 

can dry at room temperature, and is suitable for stable materials [85, 145, 146]. Soft 

materials such as hydrogels or emulsions cannot however retain their native structure 

after drying, and need alternative fixation methods such as freezing. Cryo-fixation 

methods will be discussed in more detail within section 3.2.5 “Cryogenic Electron 

Microscopy”. 

Within this work, for conventional, dry TEM observations 3.5 µl of the Pickering 

emulsion suspension was deposited onto a lacey carbon film supported on 400 mesh 
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copper grids (EM Resolutions), 200 mesh continuous carbon film copper grids or SiNx 

grid (EM Resolutions), which were plasma cleaned for 20 seconds prior to sample 

deposition. SiNx grids were solely used for the (S)TEM imaging of dry Pickering 

emulsion samples. Copper grids with continuous carbon film were used for all other 

dry and PF-VD samples, while copper grids with lacey film were used for all plunge-

frozen samples imaged in cryo-(S)TEM. 

 

3.2.3 Energy Dispersive X-Ray Spectroscopy 

Energy dispersive X-ray spectroscopy (EDX) is a spectroscopy technique used to 

obtain quantitative elemental information on the sample from X-rays emitted from the 

sample because of beam-sample interactions. When the TEM electron beam interacts 

with the atoms in the sample, the inner-shell electrons in can be ejected from the shell. 

This creates an electron vacancy which can be filled by a higher-energy electron from 

an outer shell. This decay process results in the emission of a characteristic X-ray with 

energy between the two energy levels. Since the difference in energy between levels 

is discrete and unique between atoms of different elements, it is possible to associate 

the energy of the X-rays detected with specific elemental compositions in the sample 

[147, 148]. 

In this study, EDX spectra were collected during (S)TEM imaging to obtain elemental 

information for a wide range of samples, as EDX allows to easily obtain signals from 

elements such as platinum and titanium without the need to increase the total electron 

fluence used (as is the case for obtaining signals for EEL edges at high energy loss 

values). Throughout this study, EDX and EELS were used as complementary 

elemental analysis techniques, as each technique will be more suitable to analyse 

specific elements in different sample conditions. EDX spectra were processed using 

VELOX and Hyperspy. The spectra acquisition and processing steps used are as 

follows, assuming the microscope is in STEM imaging mode: 

1. An area of interest was identified; 

2. An image of the area was collected using the VELOX software; 

3. Using the VELOX software, an acquisition area for EDX was selected; 

4. The image acquisition parameters were set depending on the sample to ensure 

a sufficiently high SNR without risking sample damage; 
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5. EDX spectra was continuously collected until sufficient signal was collected, or 

until the sample began being damaged; 

6. Individual EDX spectra were processed using the VELOX software, adjusting 

the post-processing filters within the software to ensure the elemental maps 

are easily identifiable. 

For the processing of EDX tilt series, the EDX spectra were processed using 

Hyperspy: 

1. The spectra were loaded in Hyperspy: 

2. The signal was rebinned to endure each pixel contains sufficient signal for 

elemental analysis and tomography reconstruction; 

3. Signal decomposition was used to remove noise from the vitreous ice; 

4. A model was created containing the elements that are needed for analysis, and 

was then applied to the spectra; 

5. The background was removed and the signal from the analysed elements was 

used to create elemental maps. 

 

3.2.4 Electron Energy Loss Spectroscopy 

Electron energy loss spectroscopy (EELS) is a spectroscopic technique which is used 

to obtain elemental and structural information in a sample by measuring the loss of 

kinetic energy of the electrons transmitted through the sample [149, 150]. When an 

electron beam is incident on a sample the electrons will interact with the atoms and 

electrons in the sample in a variety of ways, with the inelastic scattering of the incident 

electrons being of interest for EELS. The distribution of all the inelastically scattered 

electrons provides information on the sample’s atomic electrons, which is related to 

the chemical and physical properties, including quantitative and qualitative information 

on the elements present, electromagnetic properties, and molecular structure of the 

sample [149-151]. 

In a TEM-EELS setup, a thin sample is exposed to an electron beam which passes 

through the sample. A magnetic prism behind the image-viewing chamber allows for 

the creation of a uniform magnetic field that functions as a spectrometer that focuses 

and disperses the electrons according to their energy (see Figure 3.4) [149]. 
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Figure 3.4 – Schematic of a TEM and EELS setup. As the electron beam passes 

through the TEM sample, the electrons interact with the sample. The electrons 

scattered inelastically are separated using a homogeneous magnetic field and then 

collected. The resulting data is a spectrum containing the electron counts detected at 

each energy loss. Diagram from Gatan [152]. 

 

The typical EEL spectrum is shown in Figure 3.5 and is divided in two sections: the 

low-loss region (including electron energy losses up to ~50 eV) and the core-loss 

region (energy losses above ~50 eV). 
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Figure 3.5 – EEL spectrum of a 20 nm thin titanium carbide sample. Several features 

can be seen within an EEL spectrum; the zero-loss peak and plasmon peaks are seen 

at low energy losses (the low-loss region), while at higher energy losses (the core-loss 

region) it is possible to obtain quantitative and qualitative elemental on the sample’s 

elemental composition. Figure from Hofer et al. [149]. 

 

The zero-loss peak within the low-loss region is comprised of electrons that have been 

scattered elastically, or with minimal energy loss and can be used to determine the 

relative (or absolute) sample thickness according to [153]: 

 𝑡

𝜆
= −ln⁡(𝐼0/𝐼𝑡) (3.3) 

Where: 

t Is the sample thickness 

λ Is the inelastic mean free path of the sample 

𝐼0 Is the area under the zero-loss peak 

𝐼𝑡 Is the total area under the energy-loss spectrum 

The core-loss region of the spectrum is the most important for elemental analysis as 

it contains edges formed due to inner shell excitations of the sample atoms [151]. 

These edges allow for the extraction of quantitative and qualitative elemental 

information. 
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Due to the basic principle behind EELS being the collection of forward inelastically 

scattered electrons, this technique is especially sensitive to sample thickness and 

cannot yield quantitative data above particular thickness thresholds dependent on the 

sample’s inelastic mean free path. Samples thinner than approximately 2-3 times the 

inelastic mean free path are needed to collect a low-loss EEL spectrum suitable for 

thickness estimation [154]. Additionally, elemental quantification ideally requires 

samples thinner than the inelastic mean free path to avoid multiple scattering. 

In this study, STEM-EEL spectra were collected with a 20.2 mrad collection semi-angle 

to obtain information on sample thickness and to perform elemental analysis for the 

Pickering emulsion samples, as EELS allows to easily obtain information on the 

oxygen and carbon K-edges. EEL spectra were analysed using the Gatan 

DigitalMicrograph software and Hyperspy. The STEM-EEL spectra collection and 

processing steps used are as follows, assuming the microscope is set to STEM mode: 

1. An area of interest was identified; 

2. The DigitalMicrograph software was used to select the EELS detector and 

operate the Gatan Imaging Filter; 

3. The probe was positioned over a hole in the sample to set up safe exposure 

time to prevent damage to the detectors; 

4. The zero loss peak was centred and the beam was focused with the aid of the 

DigitalMicrograph software; 

5. The SNR acquisition mode was selected to aid in the collection of weak signals 

due to added noise from the vitreous ice; 

6. Energy loss, dispersion, exposure, and sum time were then fine-tuned for the 

given sample depending on the sample material and thickness; 

7. The EEL low-loss and core-loss spectra were collected; 

8. The spectra were loaded onto Hyperspy; 

9. The zero loss peak was centred if found to not be properly centred; 

10. Fourier-ratio deconvolution was applied; 

11.  A model was created including the elements that need to be analysed, and 

was then applied to the spectra; 

12. Using the model results, the background was subtracted and the edge signal 

for the analysed elements was extracted and used to create elemental maps. 
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3.2.5 Cryogenic Electron Microscopy 

Despite the high-resolution imaging possible through TEM, the 2-dimensional images 

obtained are not necessarily representative of the in vivo structural organisation of the 

sample. For conventional TEM and SEM imaging, the samples are dried in order to be 

compatible with the vacuum in the microscopes; this drying procedure not only limits 

the range of suitable samples but additionally induces drying artefacts and leads to 

the re-distribution of particulates [95, 155].  

Cryogenic electron microscopy (cryo-EM) presents the opportunity to image wet 

samples (and including biological samples, colloidal suspensions and other soft 

materials) without the need for a drying procedure, by instead freezing the sample and 

thus retaining its 3D structure. Moreover, freezing the sample lowers the diffusion rate 

of particles within the sample, generally slowing down the rate of reactions [156], and 

allowing for the imaging of samples at specific steps along a reaction [155]. Samples 

for cryo-(S)TEM imaging must be thin enough to allow for the electrons to pass through 

the sample [143]. Plunge-freezing aqueous samples (Figure 3.6) allows for the 

preparation that is thin enough for TEM imaging through a blotting step, while 

preventing any possible structural change as a result of crystal formation by vitrifying 

the water in the sample by plunging it in liquid ethane [27, 87, 157]. 

 

Figure 3.6 – Blotting and Plunge-freezing steps for cryo-TEM preparation. Figure from 

Sgro and Costa [157]. 
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3.2.5.1 Plunge-Freezing for cryo-(S)TEM 

Cryogenic preparation can be used to retain the native sample structure, but 

depending on the freezing procedure used new artefacts can be introduced [75]. The 

most immediate issue that has to be addressed is the ice crystallinity, which affects 

cryo-TEM imaging due to the increase in the general difficulty to properly image the 

sample and diffraction contrast from the crystalline ice. 

An problem has been indicated by Dubochet [27], as the formation of crystalline ice 

creates osmotic pressure which in turn leads to movement of particles in the solution 

and eventually phase segregation [88]. As crystalline ice dendrites form from 

nucleation sites, water molecules diffuse towards the forming crystal phase and are 

recruited in order to further grow the crystals. This movement of water molecules 

inevitably causes an increase in the concentration of the remaining liquid solution; in 

addition, salts and other particles will be displaced away from the crystalline phase 

until the crystallisation process is terminated [27]. The resulting structure is comprised 

of crystalline ice and regions with concentrated particles; such result is not only 

undesirable for biological samples [27], but also damaging for inorganic samples as 

the concentration, shape and size of particle agglomerates will be affected. 

It is therefore necessary to fully vitrify the ice to prevent the formation of crystals. For 

vitrification, the water needs to be cooled rapidly to avoid the nucleation and eventual 

growth of ice crystals. Vitreous ice is metastable, being prone to forming cubic ice 

crystals on warming [27]; frozen samples therefore need to be continuously kept at 

low temperatures during storage, transport procedures, and during imaging as the 

sample is exposed to the electron beam in electron microscopes, as devitrification will 

occur if the sample is not kept below approximately -140°C [87]. High cooling rates 

can be achieved using a variety of techniques depending on the overall size of the 

volume frozen: two main techniques that have been applied to both organic and 

inorganic samples are plunge-freezing and high-pressure freezing [87, 88].  

Therefore, cryogenically prepared samples for cryo-TEM must satisfy two main 

requirements:  

• The sample must be thin (electron transparent). 

• The ice must be vitreous.  
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Plunge-freezing is a cryo-preparation technique that satisfies both of these 

requirements by first blotting the sample using filter paper to ensure a thin liquid layer, 

and then quickly plunging the sample in liquid ethane (is cooled down by liquid nitrogen 

to approximately −183°C) to rapidly cool down the sample and avoiding crystallisation. 

The thinness of the sample after blotting together with the high heat capacity and 

boiling point of ethane allows for a much faster sample cooling rate compared to 

plunging in liquid nitrogen [87].  

In this study, plunge-freezing was carried out using the following steps [87, 157], using 

a FEI Vitrobot© mark IV plunge freezer:  

1. TEM grids were plasma cleaned for 20 seconds; 

2. The Vitrobot chamber was prepared by lowering the chamber temperature to 

12°C and adjusting the chamber humidity to 100%. This reduces evaporation, 

which is especially important after the blotting step as the liquid sample volume 

is decreased drastically compared to its surface area; 

3. A 3.5 µl drop of sample was added to the TEM grid; 

4. The liquid is blotted on both sides for 4 seconds with filter paper to create a thin 

liquid layer, allowing for the liquid to cool rapidly enough to vitrify (and 

additionally allowing to resolve the image in TEM); 

5. The grid is quickly plunged into cooled down liquid ethane. 

6. The grid was then quickly transferred into a Gatan 914 cryo-holder for TEM 

while maintaining the sample temperature below -170 °C to prevent 

devitrification. This was accomplished by leaving the grid submerged in liquid 

nitrogen. 

Within this work, samples for cryo-(S)TEM imaging were plunge-frozen before being 

transferred to the TEM. The sample solution was deposited onto a lacey carbon film 

supported on 400 mesh copper grids (EM Resolutions) or onto a SiNx grid (EM 

Resolutions).  

Beyond using a suitable freezing procedure and a cryo-compatible TEM, it is also 

important to take into account the type of TEM holder used. Cryo-holders used for 

cryo-TEM are capable of regulating the sample temperature using liquid nitrogen or 

liquid helium as a cryogen, and are needed to maintain the sample temperature below 

the glass transition temperature to prevent crystal formation. Three main aspects for 
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cryo-holders have to be taken into consideration for cryo-TEM electron tomography 

[158, 159]: 

• Temperature control capability: the ability of the holder to maintain the sample 

at a given temperature. For this work, the cryo holder is required to maintain a 

temperature of -170°C to prevent vitrification [158]. 

• Holding time: the amount of time the holder is able to maintain a given 

temperature without any major fluctuations. 

• Tilting capabilities. Tilt holders are required to tilt beyond 45° to reduce the 

severity of missing wedge artifacts following tilt tomography [159]. The Gatan 

914 cryo-holder used in this work allows for a tilt range of ±60°C, suitable for tilt 

tomography. 

 

3.2.5.2 Plunge-Freezing and Vacuum-Drying 

TEM can be used for the imaging of dried colloidal solutions to obtain particle size 

measurements. However, the conventional drop-casting technique for sample 

preparation cannot give a representative view of the sample structure due to drying 

artefacts [85, 160]. This is because, while primary particle size can still be measured 

after sample drying, agglomerate sizes cannot be accurately measured due to drying-

induced agglomeration [161, 162]. Usually, particle sizing is confirmed using DLS, but 

it is reliant on knowledge of the refractive index of the sample and is not reliable for 

measuring wide particle size distributions. In these cases, neither DLS nor 

conventional TEM can guarantee the size measurements are representative of native 

sample. A study by Hondow et al. [163] shows that TEM quantum dot samples 

prepared by plunge-freezing a blotted grid into liquid ethane followed by warming to 

room temperature in a rotary pumped vacuum desiccator successfully maintained the 

native dispersion state of the quantum dots. This plunge-freeze vacuum-drying (PF-

VD) method has since been successfully used for the size analysis of ZnO 

nanoparticles by Wallace [137]. 

Within this work, PF-VD was used to retain the native dispersion of nanoparticle 

systems. The same plunge-freezing procedure used for cryo-TEM was followed, using 

TEM grids with continuous carbon films (200 mesh Copper, EM Resolutions) to ensure 

the nanoparticles do not fall through the holes in the carbon film. After the specimen 
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was successfully plunge-frozen, it was then warmed to room temperature using a 

vacuum desiccator, subliming the vitrified ice. The sublimation steps allows for 

nanoparticle clusters to retain the structure seen in vitrified ice (in regions where the 

ice thickness is lower than 100 nm), as the particles do not move significantly and 

instead are deposited directly on the carbon film [163]. 

Separate to the research presented in this thesis, this approach was used to capture 

functionalised quantum rods to examine how the surface functionalisation impacted 

the groupings of the quantum rods. This work, published in ACS Applied Nano 

Materials [84] and included in Appendix B, showed how with appropriate sample 

preparation, imaging and image analysis, different binding modes of quantum rods 

would result from changes in proteins covering the surfaces of those particles. These 

samples were examined in training on this experimental approach and consequently 

applied to samples in Chapter 4. 

 

3.2.6 Cryogenic Scanning Electron Microscopy 

Cryogenic scanning electron microscopy (cryo-SEM), similarly to cryo-TEM, is used 

for the imaging of cryogenically frozen samples; for this research project, the additional 

use of a focused ion beam (FIB) in cryogenic conditions is useful for the 3D imaging 

of samples as the ion beam can be used to cut slices by serial sectioning [164]. Cryo-

SEM allows for the imaging of larger sample volumes compared to cryo-(S)TEM as 

there is no thickness limitation for electrons to pass through the sample. 

Scanning electron microscopy (SEM) is a high-resolution surface imaging technique 

which uses the electrons scattered off the sample surface to form an image down to 

nanometre resolution. Similar to the TEM design shown in Figure 3.2, the SEM is 

composed of an electron gun that is used to accelerate an electron beam down a 

column. Here, a series of lenses and apertures are used to control beam size and 

focusing. The beam then reaches the sample positioned on a sample stage. A detector 

position above the sample is used to collect backwards scattered electron (also known 

as backscattered electrons, BSE) and electrons expelled from the sample (known as 

secondary electrons, SE) [165, 166]. As with TEM, the SEM column must be kept 

under high vacuum to prevent unwanted electron interactions. 
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Secondary and backscattered electrons, together with X-rays emitted from the sample 

can be detected to obtain valuable sample information from different sample depths 

[167]: 

• Secondary electrons are detected in the 1-30 nm range below the sample 

surface, and can be used to obtain information on the sample topology; 

• Backscattered electrons (BSE) are detected from at least 10-100 nm below 

the sample surface and can help capture information on the atomic weight 

of the materials being imaged, making BSE useful to differentiate between 

materials [168-170]; 

• X-rays can be collected from further below the surface (compared to BSE) 

and can provide information on the elemental composition of the sample. 

These penetration depths are dependent on both the accelerating voltage used and 

the material analysed.  

As the name SEM suggests the electron beam is focused to form a probe which is 

used to scan the sample, but unlike transmission techniques like STEM, SEM only 

collects information from the sample surface. This method of sample imaging allows 

for the imaging of large sample (as the beam does not need to pass through the 

sample), meaning that SEM can be used as an alternative EM imaging technique to 

TEM when the sample cannot be thinned. 

Cryogenic scanning electron microscopes (cryo-SEM) present important additions 

(see Figure 3.7) to the standard SEM setup to allow for the transfer and imaging of 

cryogenically frozen samples [171]:  

• A cryostage is needed to maintain the sample well below the devitrification 

temperature of −137°C.  

• An anticontaminator is kept near the sample at a temperature of lower than the 

sample itself to prevent sample contamination. 

• A cryogenic sample transfer system is needed to provide a method to transfer 

the sample in and out of the microscope. This consists of a sample shuttle and 

a transfer chamber separated from the microscope sample chamber and 

outside by a cryo airlock. A cryo-fracturing device in the transfer chamber can 

be used to fracture samples, while a sputter coater is used to coat the sample. 
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Figure 3.7 - Schematic of a cryo-FIB-TEM. Additions such as cryostage and transfer 

unit. This diagram contains a focused ion beam (FIB) which interacts with the sample 

at an angle. Figure from Rigort et al. [171]. 

 

In this study, cryo-SEM was undertaken using a FEI Helios G4 CX DualBeam scanning 

electron microscope, equipped with a gallium focused ion beam and Oxford 

Instruments EDX. Cryogenic sample preparation was carried out using a quorum 

technologies PP3010 cryo preparation system, as explained in the next section. 

 

3.2.6.1 Cryo-SEM Sample Preparation 

The image formation mechanism used in SEM imaging allows for the analysis of 

samples much thicker than those used in cryo-TEM; as such, a wide range of 

cryogenic preparation methods are available for cryo-SEM.  

For smaller samples (e.g. nanomaterials, bacteria, etc.) the sample can be frozen onto 

a TEM grid using plunge-freezing (as described in prior sections) [85, 86, 172]. When 

larger sample volumes (e.g. plant or animal tissue, hydrogels, etc.) need to be cryo-

fixated, alternative procedures can be found with plunging in liquid, slush nitrogen or 

ethane, and high-pressure freezing being some of the more commonly seen 
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techniques [87, 88, 172]. High-pressure freezing allows for the vitrification of larger 

sample volumes (up to 1 mm3) placed in a metal tube or planchet by cooling down the 

sample at high pressures [88, 173]. Plunge-freezing can be applied to smaller sample 

volumes, with plunging into liquid ethane allowing for better vitrification due to the 

higher heat capacity of ethane.  

In this study, samples for cryo-FIB-SEM were prepared by plunging in slush nitrogen. 

The sample was placed in a brass rivet, and frozen by plunging the liquid sample into 

a slush nitrogen bath.  This freezing method can be used for sample volumes up to 

200 µm, though in practice the heat capacity of slush ethane does not allow for proper 

vitrification beyond the range of a few micrometres. As such, it is expected for some 

areas of the sample to show signs of crystallisation. Despite this drawback, this 

freezing method was choses due to the unavailability of a high pressure freezer. The 

frozen sample was placed in the cryo-SEM sample chamber where it was fractured 

using a cold knife to expose the sample which was then sputter coated with a thin 

layer of iridium. Before using acquiring the “slice and view” data, a further platinum 

coating was applied to the area of interest to minimise charging.  

 

3.2.6.2 Focused Ion Beam Milling and “Slice and View” 

Serial Block Face Tomography 

Cryo-SEM provides good depth of field while still being a high-resolution imaging 

technique; moreover, as a surface imaging technique cryo-SEM allows for the imaging 

of samples with no inherent thickness limitation. The addition of a focused ion beam 

(FIB) allows for the generation of new cross-sections by milling the surface of the 

sample, therefore allowing for the serial imaging of large volumes [81, 89] such as 

hydrogels [174] and cells [175, 176]. FIB-milling can also be used to cut sample 

lamellae for materials that would otherwise be difficult to cut [97, 164]; these lamellae 

can be lifted out of the SEM and transferred to a TEM for further imaging [177]. 

As can be seen from Figure 3.7 FIB-SEM setups contain an ion gun (usually gallium 

ions) pointed towards the sample at an angle [81], thus requires the sample stage to 

be tilted before use. This ion beam is capable of depositing material, surface etching, 

and sample milling to expose new surfaces for imaging or fabricate lamellae for lift-

out. When using FIB-milling to prepare samples for TEM imaging, a sample 
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manipulator is needed to grip and move the lamellae, which then need to be attached 

to a TEM grid for transfer. The ion beam in cryo-capable FIB-SEM generates a lower 

amount of volatile components (when compared to FIB in non-cryogenic conditions) 

and can be used to remove frost accumulated on the sample surface (given lower 

operating voltages) [81, 97]. 

Serial imaging of FIB-milled sample slices can be used to reconstruct the milled 

volume in 3D. This serial tomography technique will be referred to as “slice and view” 

within this thesis. The thickness of the “slice and view” slices needs to be decided 

depending on the material and the size of the structures that needs to be imaged [116]; 

the slices need to be thin enough to allow for the imaging of the smallest features of 

interest, but simultaneously, the depth that the electrons will travel inside the material 

needs to be considered. Therefore, a biological sample imaged with secondary 

electrons at low accelerating voltages can use thin slices, but inorganic materials 

characterised using EDX will use a slice thickness above 50 nm due to the interaction 

volume for X-rays [116, 178]. When performing serial block face FIB-milling, the 

sample stage is tilted to 52° and the ion beam is used to mill a trench around a sample 

cross-section that will be used for imaging. Figure 3.8 shows a diagram of the FIB-

milled trench around a volume of the sample that will be used for tomography, with the 

red surface being the sample cross-section that will be imaged. After imaging, this 

surface will be FIB-milled to expose a new cross-section for imaging, until the entire 

volume is imaged. Slice tomography is available for large samples, as in this technique 

images are collected from slices of the samples. FIB-milling has been used to slice 

samples to obtain image stacks of the sample volume, which can then be 

reconstructed to form a tomogram. 
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Figure 3.8 – 3D diagram of a trench for serial block face “slice and view” FIB-milling.  

 

In this study, the “slice and view” method was used to obtain tomograms of frozen 

samples. When a suitable area was found in cryo-SEM (i.e. an area on the sample 

surface where particles are present), the eucentric height was then found and the 

sample is tilted to begin FIB milling. Material was removed from the front and sides of 

the area of interest as seen in Figure 3.9. Before imaging, the FIB was used to remove 

any redeposited material, then a marker was etched on the sample surface to ensure 

proper image alignment during imaging. Backscattered electron images were taken 

with a 5kV accelerating voltage, then a slice with thickness of 50 nm was milled to 

expose new sample surface. The last two steps were repeated until the full volume 

was imaged. 
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Figure 3.9 – Cryo-SEM BSE image of a FIB milled area for “slice and view”. The 

sample is milled in front and on the sides of the area of interest to clear the view. A 

fiducial marker is visible on the sample surface, used to track the image alignment 

during “slice and view”. 

 

Slice series taken in cryo-FIB-SEM were first aligned using the “Linear Stack 

Alignment with SIFT” plugin in ImageJ [179] to correct the camera drift during the “slice 

and view” stack acquisition. Visualisation in 3D and generation of 3D surfaces was 

carried out using the Imaris software.  

 

3.2.6.3 Cryo Lift-Out 

One of the uses of FIB was to cut lamellae for materials that would otherwise be 

difficult to cut [97, 164]; these lamellae can be lifted out of the SEM and transferred to 

a TEM for further imaging. This process is also applicable to cryogenic samples, 

therefore allowing for the imaging of larger sample volumes initially in a cryo-SEM, 

and then in cryo-TEM once a lamella of the appropriate thickness has been produced, 

provided it is transferred while preventing frosting and maintaining temperatures below 

-140°C [88, 132]. 

Samples for cryo lift-out were prepared and imaged using the same preparation 

process described in the previous section. After finding an area of interest, the sample 

was coated with a thin layer of Pt coating and tilted to operate the focused ion beam. 
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A large slice of the sample was milled using the FIB to ensure the area contains the 

sample of interest and to allow for enough space to operate the cryo-grippers once a 

lamella is created. After finding a suitable cross-section, the area around the section 

of interested was milled to obtain a lamella, which was lifted using a Kleindiek cryoFIB 

lift out manipulator (“cryo-grippers”) and deposited onto a bespoke TEM transfer grid 

(see Figure 3.10). A single-slot TEM support grid was FIB-milled to remove a one-

quarter slice above the slot (Figure 3.10-B). This modification is necessary to allow for 

the manipulation of the cryo-grippers; this design also allows for easy manipulation 

with tweezers during the grid transfer to the cryo-holder. Within the grid slot, a slot was 

FIB-milled to allow the secure fit of frozen lamellae; this allows to mechanically secure 

the lamella without having to redeposit material to attach the lamella to the grid, thus 

simplifying the transfer procedure. The lamella on the TEM transfer grid was then 

removed from the cryo-FIB-SEM and submerged in liquid nitrogen for transport to the 

cryo-TEM. The grid was then loaded into a cryo-holder and inserted into the cryo-TEM 

for cryo-(S)TEM imaging. 

 

 

Figure 3.10 – TEM transfer grid used for cryo lift-out. A) Simplified schematic of a 

single-slot TEM support grid. B) Milled TEM grid; the removal of a quarter of the grid 

allows to manoeuvre the cryo grippers within the lamella slot, while retaining enough 
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surface area for easy gripping of the grid itself during the transfer process, and allowing 

to more easily orientate the grid within the cryo holder. D) Secondary electron SEM 

image of the slot in a modified grid, with a milled opening for a lamella within the grid 

slot (within the red box). D) Secondary electron SEM image of the highlighted area in 

(C), showing the FIB-milled slot. E) Frozen lamella resting within the slot. 

 

  

3.2.7 Electron Tomography 

Cryo-electron tomography (cryo-ET) refers to a series of techniques where a series of 

sample images is collected and then processed using 3D reconstruction algorithms to 

produce a 3D image stack, thereby generating 3D datasets from a series of 2D 

images.  

For small biological particles (including viruses and proteins, among others) single 

particle reconstruction is often for the generation of 3D models of particles while 

minimising the beam-induced damage to the sample [94]. This method consists in 

reconstructing a tomogram from images of a large amount of single objects. If the 

objects imaged all have the same structure, it is then possible to treat objects with 

different orientations as projections of that object at different angles, which can be in 

turn reconstructed to form a tomogram. This approach allows for the creation of high-

resolution tomograms of small particles from a large quantity of images taken with very 

low electron fluence, thus preventing sample bubbling or devitrification [94, 180, 181]. 

However, the objects imaged are required to be identical in structure, but beyond a 

certain size objects cannot be identified as identical copies, and will require electron 

tomography techniques to collect 3D datasets, as seen in Figure 3.11 [94] 

Above this size, tilt tomography and slice tomography are often used for electron 

tomogram, and will be focused on in this thesis. Tilt tomography requires the collection 

of a series of images at a range of tilt angles (a tilt series), meaning sample tilting is 

needed. This technique can be applied to TEM and SEM [182] imaging of samples up 

to a few microns, thus being applicable to a wide range of inorganic and biological 

samples. The main advantage of tilt tomography its high-resolution, together with the 

ability to obtain a tomogram from a single object. The TEM imaging mode used for tilt 

series collection can vary depending on the sample requirements: amorphous 
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biological samples can be imaged using conventional TEM imaging, while HAADF 

STEM can be used for the tomography of strongly scattering crystalline samples [183].  

In this thesis, cryo-ET was used to visualise cryogenically frozen samples in 3D, 

allowing for the imaging of a wide range of sample sizes (Figure 3.11). This large 

characterisation range is especially useful when analysing the Pickering emulsion 

samples, allowing to image both the stabilising nanoparticles (3-5 nm) and the oil 

droplets (50-600 nm). Two main methods for generating 3D images will be employed: 

cryo-electron tomography (cryo-ET) where a 3D image is reconstructed from a cryo-

TEM tilt series (Section 1.2.7.1), and 3D image reconstruction from cryo-FIB-SEM 

slice stacks (previously detailed in Section 1.2.6.2).  

 

 

Figure 3.11 - Size ranges for different 3D imaging techniques[184]. 

 

3.2.7.1 Cryo-TEM Electron Tomography 

Cryo-electron tomography (cryo-ET) is a high-resolution (down to the 2-20 nm scale) 

3D imaging technique where a 3D volume is reconstructed from a series of images 

recorded at different angles (see Figure 3.12) [185, 186]. This technique is suitable for 

high-resolution 3D imaging for structures that cannot be reconstructed with other 

techniques such a single particle reconstruction [87]. 
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Figure 3.12 – Schematic detailing the steps for cryo-ET in TEM. After the collection of 

a tilt series, the images are aligned and reconstructed to form a 3D image. In this 

project, a HAADF detector was used to collect STEM data for the tilt series (instead of 

a CCD camera), though the other steps remain unchanged. Figure from Miranda et al 

[187]. 

 

Data collection for electron tomography is generally carried out following the steps 

[184]: 

1. The eucentric height is set; 

2. The stage is tilted mechanically along a tilt axis (the tilt axis used depends on 

the sample stage and sample holder used); 

3. Centring of the image; 

4. Focusing; 

5. Recording of the image. 

This process is then repeated for every tilt angle. The ideal tilting range for a full series 

is ±90°, but in reality the stage can only shift up to a maximum of ±60-78° [185] due to 

interference from the TEM grid and sample thickness. This limit in the collection range 

leads to a “missing wedge”, encompassing the positions that cannot be reached by 

tilting the stage [185, 188]. This missing data issue can be improved by collecting a 

further tilt series following a tilt axis perpendicular to that used in the first series; 

although this procedure transforms the “missing wedge” (single tilt axis) into a “missing 

pyramid” (double tilt axis, see Figure 3.13) [189]. This is complicated, as specialised 

equipment is needed that allows for two tilting directions, and moreover, prolonged 

exposure to the electron beam can exacerbate the damage to the sample. In fact, the 

beam damage issue explored in the use of cryo-TEM remains relevant in cryo-ET; the 

tilt series is therefore recorded in HAADF STEM mode rather than TEM to remove 
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diffraction contrast (as this prevents proper 3D reconstruction of crystalline samples) 

[185] and to reduce damage to the ice, though the radiation damage remains a limiting 

factor for obtaining high-resolution images with a low SNR [188]. 

 

Figure 3.13 – Schematics showing the missing wedge (left) and pyramid (right) in a 

tilt series [189]. 

 

An additional challenge during image capture relates to the sample thickness: the 

already restrictive thickness limit for TEM is even more restrictive in cryo-ET as the 

effective length the electrons have to penetrate increases at higher tilt angles. At 70° 

angles the sample thickness will be approximately 2.9 times the original thickness, 

meaning that higher electron voltages will be needed to penetrate the sample and 

collect high-resolution images [185, 188]. 

As seen in Figure 3.12, after the tilt series is collected the images need to be aligned 

as a pre-reconstruction step and finally reconstructed into a 3D image. Alignment of 

the images is vital to ensure the a good quality reconstruction and will be necessary 

even if the detector is automatically aligned during image collection, as the 

magnification used will need to readjust as the stage is tilted to maintain the sample 

centred and focused [188]. Alignment can be done either manually or by 

automatic/semi-automatic tracking of markers within the sample. For biological 

samples high-contrast particles (e.g. 5-20 nm gold NPs) can be used and 

automatically tracked, while for inorganic high-contrast samples tracking points can be 

automatically generated throughout the tilt series [189, 190]. 
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The image stack is then used to reconstruct the 3D image by using Fourier’s slice 

theorem (projection theorem), stating that the projection of an object at a specific angle 

θ is equivalent to the central plan of the object’s 3D Fourier transform at that same 

angle θ [188, 189]. The simplest reconstruction method is the weighted back-

projection (WBP). WBP directly applies Fourier’s slice theorem, assuming that the tilt 

images are projections representing the mass density encountered by the electron 

beam. The 2D images are simply re-projected at the angles at which they were 

originally collected (i.e. backprojected). A high-pass filter is applied to the projections 

to properly represent high frequency information (i.e. weighting). Despite the 

computational simplicity of this method, weighted back-projections tend to be blurry as 

the low frequency information (corresponding to data for larger spatial detail) tends to 

be oversampled, while the high frequency information tends to be under-sampled. This 

is especially detrimental for cryo-ET, where the low SNR contributes to low tomogram 

resolution [191]. 

Alternatively, iterative reconstruction algorithms can also be used to improve the 

quality of the resulting image. Simultaneous iterative reconstruction technique (SIRT) 

and algebraic reconstruction technique (ART) are examples of iterative reconstruction 

methods, where the 3D reconstruction is re-projected along the collection angles and 

resulting projections are then compared to the original tilt series [189, 191]. This 

process is repeated for a number of iterations, generally 30-50 [191] to minimise the 

calculated error between experimental projections and those computed from the 

generated volume. 

Lastly, the discrete algebraic reconstruction technique (DART) is an iterative algorithm 

that requires knowledge of the grey levels in the imaged object and projections. In 

DART, an iterative reconstruction algorithms (e.g. SIRT) is initially used to form a 

reconstructed volume, which is then thresholded. The result is improved in each 

iteration through the use of reconstruction and segmentation steps, to obtain a 

reconstruction that contains only grey levels from a previously-known set. This results 

in a straightforward algorithm with less missing wedge artefacts compared to SIRT 

[192]. However, DART is only applicable to datasets with known and fixed grey levels, 

and therefore the use of DART can be challenging in samples with different chemical 

compositions or when the regions containing grey levels are particularly small (e.g. 

nanoparticles) [192, 193]. 



  Chapter 3 - Materials and Methods 

75 
 

In this thesis, cryo-HAADF STEM tilt series were collected and then reconstructed 

using SIRT according to the procedures detailed in section 3.2.7.2 “Cryo-HAADF 

STEM Tomography”, section 3.2.7.3 “Cryo-Electron Tomography in conjunction with 

Electron Energy Loss Spectroscopy”, and section 3.2.7.4 “Cryo-Electron Tomography 

in conjunction with Energy Dispersive X-Ray Spectroscopy”. 

In addition to the research presented in this thesis, electron tomograms were collected, 

reconstructed, visualised and analysed for two catalyst systems. This allowed the 

processes detailed below to be learnt and developed on a non-cryogenic and electron 

beam stable sample. The results showed the distribution of palladium nanoparticles 

through two catalysts, identifying the different locations depending upon catalysts 

support (distributed through meso- and micropores, or in mesopores and the external 

surface only). This research has been published in Nature Communications [194] and 

is included in Appendix C. The approaches and analysis learnt through studying this 

system were subsequently used in the examination of cryogenically prepared samples 

in Chapter 4 and Chapter 5. 

 

3.2.7.2 Cryo-HAADF STEM Tomography  

Cryo-ET was performed by collecting a series of images in cryo-HAADF STEM mode 

while tilting the sample (tilt series). The use of cryo-HAADF STEM helped mitigate the 

beam-induced damage accumulating as multiple images are collected [98]. 

Additionally, the ability to selectively collect Rutherford scattered electrons at high 

angles using HAADF conditions eliminates diffraction contrast while increasing atomic 

contrast. The advantages of this within the context of serial cryo-imaging of Pickering 

emulsions is twofold. The lack of diffraction contrast removes any visual contamination 

from crystalline regions in the ice, oil, and Pt-NPs, which helps distinguish important 

features such as the Pt-NPs even in thicker ice. In addition, atomic contrast favours 

the Pt-NPs as these have a high atomic number, thus making their imaging easier 

even at higher sample thicknesses and lower probe currents (which needed to ensure 

the sample is not damaged during serial imaging). STEM imaging is also less 

negatively influenced by variations in sample thickness, which can help in imaging 

during tilt series collection. 
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The tilt series were collected with a probe current of 5 – 20 pA every 3°-5° with a tilt 

range from α = -60° to α = +60°. Although the ideal tilt range for a full series is ±90° 

[185, 188], the equipment used only allowed for a full tilt range of ±60° when using the 

cryo-TEM holder. 

The specific tilt series collection parameters for the tilt series presented in this thesis 

vary depending on the sample imaged and will be discussed in more depth in the 

results chapters. Image collection was carried out using the following steps, as 

outlined in other publications such as Turk and Baumeister (2020): 

1. The eucentric height was set; 

2. The stage was tilted mechanically along the tilt axis; 

3. The image was centred to ensure the sample of interest was positioned in the 

middle of the camera; 

4. The sample was focused; 

5. The image was recorded. 

This process was repeated from tilt angles -60° to +60°. Focusing was done manually 

for all Pickering emulsion samples, focusing on the Pt-NPs in the central slice of the 

droplet whenever the droplets were too large to focus on their entirety. For each tilt 

series acquired, a cryo-HAADF STEM image of the tilt series area was collected 

before and after tilt series acquisition to document damage to the sample, and to serve 

as a reference for the analysis of the resulting tomogram. Tilt series acquisition was 

aided by the use of the FEI STEM Tomography software which was used for tracking 

the stage position after each tilt step and for applying the correct defocus at each point 

of the image at the different tilt angles. 

The images in the tilt series were then processed in ImageJ to adjust the brightness 

and contrast of the sample when needed to ensure an effective 3D reconstruction. The 

Inpect3D software was used to align the tilt series and reconstruct a tomogram using 

simultaneous iterative reconstruction technique (SIRT) (100 iterations). The 

tomograms were visualised in the Imaris software (version 9.5.0), which was used to 

create surfaces to better visualise the oil droplets and Pt-NPs. For the Pt-NPs, the 

automatic stop creation function in Imaris was used to generate spots corresponding 

to the nanoparticles and were manually inspected after generation using a cryo-

HAADF STEM image of the area as a reference. This was done to ensure the correct 
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nanoparticle position. The surface creation tool in Imaris was used to manually 

generate surfaces to represent the oil phase of the droplets, using the position of the 

stabilising Pt-NPs as a reference for the oil surface. This process assumes that these 

Pt-NPs are found exactly on the oil-water interface and is therefore only an 

approximation of the real droplet. 

 

3.2.7.3 Cryo-Electron Tomography in conjunction with 

Electron Energy Loss Spectroscopy 

Cryo-ET was performed alongside electron energy loss elemental maps to allow for 

the collection of elemental data to enhance the 3D reconstructions of Pickering 

emulsions. EEL low-loss and core-loss spectra in conjunction with HAADF STEM 

tracking images were collected at various tilt angles alongside a HAADF STEM tilt 

series, using a modified version of the procedure used in 3.2.7.2 Cryo-HAADF STEM 

Tomography: 

1. A region of interest was identified; 

2. The eucentric height was set; 

3. EEL low-loss and core-loss spectra were collected for the region of interest; 

4. The EEL spectra were briefly analysed to estimate the sample thickness and 

presence of carbon film near the sample; 

5. The stage was tilted mechanically along the tilt axis; 

6. The sample was focused; 

7. EEL low-loss and core-loss spectra were collected; 

8. The image was centred to ensure the sample of interest was positioned in the 

middle of the camera; 

9. The image was recorded. 

Steps 5 through 9 were repeated until the end of the tilt series, acquiring EEL spectra 

only when needed. A total of 9 EELS elemental were thus acquired at tilt angles 0°, 

±18°, ±27°, ±39°, and ±51°, while 51 HAADF STEM images were acquired with a 3° 

tilt step and ~3 nm/px pixel size at ~10 pA. This was done to decrease the amount of 

electron fluence required for the acquisition of the full tilt series, therefore decreasing 

the amount of beam-induced damage on the sample. This image collection process 

resulted in a total electron fluence of ~200 e-/Å2 depending on the specific pixel size 
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and probe current used. Image centring was performed after the acquisition of the EEL 

spectra to allow for minor movements in the stage when setting the new parameters 

for EELS acquisition at new tilt angles. 

Hyperspy was used to analyse the EELS data and generate elemental maps using the 

carbon K-edge signal corresponding to the Pickering emulsion droplet’s oil phase. 

These elemental maps were then processed by adding a gaussian blur filter. Both the 

elemental maps and the cryo-HAADF STEM tilt series were then aligned and 

reconstructed using SIRT using the Insppect3D software. The resulting tomograms 

were simultaneously loaded on the same Imaris dataset as separate channels. As the 

two tomograms differ in size, they were then manually aligned using the cryo-HAADF 

STEM reference images and HAADF tracking image at 0° tilt. 

 

3.2.7.4 Cryo-Electron Tomography in conjunction with 

Energy Dispersive X-Ray Spectroscopy 

Cryo-ET in conjunction with EDX was used for the elemental analysis in 3D of the TiO2 

coated in biological media sample. EDX spectral map were collected in conjunction 

with cryo-HAADF STEM tilt series using the same general method used for EELS 

detailed in the previous section. A total of 51 cryo-HAADF STEM tilt images were 

collected every 3° in a ±60° tilt range. EDX spectra were collected alongside these at 

tilt angles 0°, ±9°, ±21°, ±30°, ±39°, ±51°, and ±60°. More acquisition steps were used 

for EDX (compared to EELS) due to the higher damage threshold of the TiO2 sample 

this technique was applied to. Both images and spectra were collected with a probe 

current of ~10 pA at low tilt angles below ±50°, and with a probe current ~20 pA above 

±50° to allow for a sufficiently high SNR at high angles where the sample thickness 

increases. 

The EDX spectra were processed in Hyperspy, where the dataset was re-binned and 

processed to obtain elemental maps for the titanium and calcium signals. A gaussian 

blur filter was applied to the elemental maps for both elements. These elemental maps 

together with the cryo-HAADF STEM images were aligned and reconstructed using 

SIRT using the Inspect3D software. The resulting tomograms were loaded into Imaris 

as separate channels and aligned using the cryo-HAADF STEM images collected 

during the tilt series as a reference. 
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3.3 Image Analysis 

3.3.1 Shape and Size Measurements for Pickering Emulsions 

The shape of the emulsion droplets was measured using ImageJ in a population of 

500 emulsion droplets. Using the STEM images, the shape of the droplets was 

underlined and an ellipsoid was adjusted to the shape. In this way, the diameter of the 

emulsion has been chosen to be the major axis of the ellipsoid. The circularity is 

defined by Equation (3.4): 

 
𝐶𝑖𝑟𝑐 = 4𝜋⁡

𝐴𝑟𝑒𝑎

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2
 (3.4) 

The circularity ranges from 0 (infinitely elongated polygon) to 1 (perfect circle). 

 

3.3.2 Size Measurements for Nanoparticles 

Size measurements of nanoparticles in TEM images was done using ImageJ (Fiji), 

using the built-in particle analysis tool. The brightness and contrast of the images were 

changed when higher contrast was needed, then a threshold was applied before 

obtaining the Feret diameter using the particle analysis tool. In all cases, particles on 

the edges of images were excluded. The particle size measurement steps used are 

as follows: 

1. An image was loaded to ImageJ; 

2. The image scale was set; 

3. A median filter and background subtraction were applied in that order to 

remove background noise; 

4. Automatic thresholding was applied using Otsu’s method, then a mask was 

applied to the image; 

5. ImageJ’s automatic particle analysis function was applied to the masked image 

to obtain the ferret diameter of the particle, ensuring that the particles near the 

image’s perimeter were excluded from the analysis. 
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3.3.3 Nearest Neighbour Distances 

Nearest neighbour distances were measured in ImageJ using the BioVoxxel Toolbox 

plugin when analysing TEM images. For the nearest neighbour analysis of tomograms, 

spots were created in Imaris using the automatic spot creation tool, which were then 

manually checked to ensure the spot diameter was consistent with the reference cryo-

HAADF STEM images. The MATLAB plugin to Imaris was then used to measure the 

distance between the spots.  

 

3.4 Summary 

This chapter has provided an overview of the samples and electron microscopy 

approaches used in this work. In two instances, training samples were used to develop 

the required skills to approach the samples detailed in later chapters; each of these 

resulted in publications not further discussed in this thesis, but that are included in 

Appendix B and Appendix C. A focus on cryo-electron microscopy is presented, with 

the results of this shown in the following chapters. 
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Chapter 4 Development of Experimental Approaches via Case 

Studies 

In order to fully implement cryogenic approaches to the study of Pickering emulsions, 

experimental approaches encompassing cryogenic sample preparation, cryo-TEM, 

cryo-STEM, cryo-electron tomography (ET), cryo-EDX and cryo-EELS have been 

undertaken on a series of cases studies. This initial analysis was conducted to test the 

limitations of plunge-freezing and cryo-(S)TEM imaging before characterising the main 

Pickering emulsion samples. The case studies comprise:  

1. Zinc oxide nanoparticles;  

2.  “Core-satellite” gold nanoparticles;  

3. Titanium dioxide nanoparticles in culture media; 

4. Vitreous ice produced through plunge-freezing.  

These systems provide a varying level of complexity for applying the characterisation 

techniques that were later used on the Pickering emulsion samples, namely cryo-

(S)TEM imaging, EDX, EELS, and cryo-ET. 

 

4.1 ZnO Nanoparticle System  

The first system discussed in this chapter consists of zinc oxide (ZnO) nanoparticles 

(NPs). ZnO NPs have found applications in a variety of areas that include human 

contact with the NPs such as in sunscreen and as supplement in the food and 

agricultural industries [6-8]. Analysis of particle and agglomerate size, shape, and 

dissolution mechanisms are important to understand and monitor the potential toxicity 

of ZnO in humans [7, 195, 196]. Wallace [137] provides a protocol for the synthesis 

and analysis of ZnO nanoparticles to test for particle agglomeration, size and toxicity, 

including results from electron microscopy imaging [197]. This extensive study of ZnO 

NP size and agglomeration was used as a control for the effects of cryogenic sample 

preparation techniques on nanoparticle dispersions. This will in turn be used as a 

reference for the preparation of the Pickering emulsion samples to ensure the sample 

is well-distributed and the droplets are not compressed.  

Two ZnO nanoparticle dispersions in water were prepared, with concentrations of 0.1 

mg/mL and 1.0 mg/mL following the methodology in Wallace (2013), to test the sample 
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concentration necessary to guarantee the presence of nanoparticles during cryo-TEM 

imaging. Both samples were prepared using the approach described in the Materials 

and Methods.  

The choice of suitable sample preparation methods before EM imaging is vital for the 

collection of accurate particle size measurements as different preparation methods 

can result in increased agglomeration compared to the native sample conditions. This 

section focuses on the comparison between ZnO samples prepared using a range of 

approaches, for both 2-D projection imaging TEM and 3-D volume SEM. 

As explained in Chapter 3, these preparation methods are expected to yield different 

agglomerate sizes as nanoparticles tend to agglomerate as the sample dries, while 

cryogenic freezing is expected to retain the native agglomerate sizes due to the rapid 

freezing. This section aims to inspect whether these preparation methods will result in 

significantly different agglomerate sizes, which could affect the distribution and 

agglomeration of Pickering emulsion droplets.  

 

4.1.1 Dynamic Light Scattering Analysis  

DLS measurements for both ZnO concentrations (Figure 4.1, Table 4.1) were acquired 

approximately 40 minutes after the samples were sonicated, replicating the 

preparation time before plunge-freezing. The average particle size (taken from the 

peak centre) was found to be ~461 nm (PDI: 0.21) for the 0.1 mg/mL sample and ~435 

nm (PDI: 0.22) for the 1.0 mg/mL sample. The polydispersity indexes (PDI) measured 

here show that both systems are moderately polydisperse, being between 0.1 and 0.4 

(with a lower PDI indicating a more monodisperse system, and vice versa) [198]. This 

indicates that a wide distribution of particle sizes are present, as can be seen by the 

peak widths in Figure 4.1, which indicate the presence of particles with sizes within 

200 – 1000 nm in the main peaks. Preliminary DLS measurements are similar to the 

results in Wallace (2013) and thus suggests that microscopy analysis should also be 

similar. Given the similarity between the average sizes in both concentrations it can 

be assumed that during microscopy, differences in agglomerate sizes in the two 

samples will be solely due to the preparation method. The secondary peaks in the two 

distributions are possibly due to contamination or presence of large agglomerates. 

DLS measures the particles’ hydrodynamic radius, which becomes non-representative 
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when looking at non-spherical particles – this is the case with the particles in this 

system, as the primary particles are elongated, and the agglomerates are not 

necessarily spherical. Lastly, the polydispersity of these systems could make the 

evaluation of the effects of sample preparation challenging, as any particle 

agglomeration induced during sample preparation might result in agglomerates with 

sizes within the size ranges found in DLS. Despite these drawbacks, DLS remain a 

fast technique for particle sizing that requires minimal sample preparation, therefore 

being a suitable reference point to ensure that TEM imaging results in accurate particle 

sizing.  

  

Figure 4.1 – DLS measurements for the ZnO dispersions, showing all four repeats per 

sample. 
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Table 4.1 – DLS intensity measurements for the two samples. 

 Intensity 
Size (nm) 0.1 mg/mL ZnO 1.0 mg/mL ZnO 

0.40 0 0 0 0 0 0 0 0 
0.46 0 0 0 0 0 0 0 0 
0.54 0 0 0 0 0 0 0 0 
0.62 0 0 0 0 0 0 0 0 
0.72 0 0 0 0 0 0 0 0 
0.83 0 0 0 0 0 0 0 0 
0.96 0 0 0 0 0 0 0 0 
1.12 0 0 0 0 0 0 0 0 
1.29 0 0 0 0 0 0 0 0 
1.50 0 0 0 0 0 0 0 0 
1.74 0 0 0 0 0 0 0 0 
2.01 0 0 0 0 0 0 0 0 
2.33 0 0 0 0 0 0 0 0 
2.70 0 0 0 0 0 0 0 0 
3.12 0 0 0 0 0 0 0 0 
3.62 0 0 0 0 0 0 0 0 
4.19 0 0 0 0 0 0 0 0 
4.85 0 0 0 0 0 0 0 0 
5.62 0 0 0 0 0 0 0 0 
6.50 0 0 0 0 0 0 0 0 
7.53 0 0 0 0 0 0 0 0 
8.72 0 0 0 0 0 0 0 0 

10.10 0 0 0 0 0 0 0 0 
11.70 0 0 0 0 0 0 0 0 
13.54 0 0 0 0 0 0 0 0 
15.69 0 0 0 0 0 0 0 0 
18.17 0 0 0 0 0 0 0 0 
21.04 0 0 0 0 0 0 0 0 
24.36 0 0 0 0 0 0 0 0 
28.21 0 0 0 0 0 0 0 0 
32.67 0 0 0 0 0 0 0 0 
37.84 0 0 0 0 0 0 0 0 
43.82 0 0 0 0 0 0 0 0 
50.75 0 0 0 0 0 0 0 0 
58.77 0 0 0 0 0 0 0 0 
68.06 0 0 0 0 0 0 0 0 
78.82 0 0 0 0 0 0 0 0 
91.28 0 0 0 0 0 0 0 0 

105.70 0 0 0 0 0 0 0 0 
122.40 0 0 0 0 0 0 0 0 
141.80 0 0 0.3 0.1 0 0 0.1 0 
164.20 0.5 0.8 1.4 0.8 0.1 0 1 1 
190.10 2.2 3.1 3.3 2.2 1 0.7 2.6 3.6 
220.20 5.3 6.3 5.6 4.3 2.8 2.3 4.7 6.6 
255.00 8.9 9.6 8.1 6.7 5.5 4.6 6.8 9.2 
295.30 12.3 12.1 10.2 9.1 8.6 7.3 8.5 10.6 
342.00 14.6 13.3 11.7 11 11.4 9.7 9.7 10.8 
396.10 15.3 13.1 12.3 12.2 13.5 11.6 10.3 9.9 
458.70 14.2 11.8 11.9 12.5 14.2 12.6 10.2 8.4 
531.20 11.6 9.7 10.6 11.8 13.6 12.5 9.5 6.7 
615.10 8.1 7.3 8.6 10.2 11.6 11.5 8.4 5.2 
712.40 4.6 4.8 6.4 8.1 8.7 9.7 7.1 3.9 
825.00 1.8 2.7 4.2 5.7 5.5 7.5 5.6 3.1 
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 Intensity 
Size (nm) 0.1 mg/mL ZnO 1.0 mg/mL ZnO 

955.40 0.3 1.2 2.3 3.4 2.7 5.1 4.2 2.7 
1106.00 0 0.3 1 1.6 0.8 3 2.9 2.6 
1281.00 0 0 0.2 0.4 0 1.4 1.8 2.6 
1484.00 0 0 0 0 0 0.4 1 2.6 
1718.00 0 0 0 0 0 0 0.5 2.6 
1990.00 0 0 0 0 0 0 0.2 2.4 
2305.00 0 0 0 0 0 0 0.1 2 
2669.00 0 0 0 0 0 0 0.2 1.5 
3091.00 0 0 0 0 0 0 0.5 1 
3580.00 0 0.2 0.1 0 0 0 0.7 0.6 
4145.00 0 0.7 0.3 0 0 0 1 0.2 
4801.00 0 1.2 0.6 0 0 0 1.2 0 
5560.00 0 1.7 0.9 0 0 0 1.2 0 
6439.00 0 0 0 0 0 0 0 0 
7456.00 0 0 0 0 0 0 0 0 
8635.00 0 0 0 0 0 0 0 0 

10000.00 0 0 0 0 0 0 0 0 
 

4.1.2 Initial Comparison Between Sample Preparation 

Methods 

The “dry samples” prepared using the methodologies described Chapter 3 were 

imaged using standard TEM, and can be seen in Figure 4.2 and Figure 4.3. In 

summary there are samples prepared via: 

• Drop Cast Dry Sample; where a drop was placed onto a continuous carbon film 

TEM grid placed on a piece of filter paper. 

• Plunge-freezing and vacuum drying (PF-VD); a sample which has been plunge 

frozen onto a continuous carbon film TEM grid and subsequently vacuum dried 

according to the protocol detailed in Hondow et al. [163] and subsequent 

publications. 

• Plunge-Frozen Cryo-TEM; a sample which has been plunge frozen onto a lacey 

carbon film TEM grid and transferred to the TEM under cryogenic conditions. 

• Blotted Dry Sample; where a drop was placed onto a continuous carbon film 

TEM grid and the grid was blotted using the Vitrobot.  

• Air-Dried Droplet; where a drop was placed onto a continuous carbon film TEM 

grid held in the air using a pair of self-closing tweezers. 

• Plunged into slush nitrogen for cryo-FIB-SEM imaging.  

The cryo-TEM samples were initially compared to a dry and PF-VD sample on a 

continuous carbon film (Figure 4.2), showing the cryo-TEM images contain a higher 
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concentration of nanoparticles and larger agglomerates when compared to the other 

preparation methods for both sample concentrations. This might be due to a 

combination of the use of blotting prior to plunge freezing and the type of carbon film 

used. The presence of holes in the lacey carbon film might allow for a greater 

concentration of NPs to accumulate after the blotting step. Further work would be 

needed to verify this hypothesis, including measuring NP concentrations using support 

films with different hole sizes and different materials. These results should also be 

compared to more in-depth analysis of samples prepared through other methods such 

as high pressure freezing and spray freezing, though this goes outside this thesis. 
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Figure 4.2 – TEM images comparing samples prepared through drop casting, PF-VD, 

and plunge-freezing for cryo-TEM imaging. Generally, the dry and PF-VD samples 

showed a lower presence of NPs compared to the cryo-TEM samples. Electron 

fluences: 7 e-/Å2 (E), 10 e-/Å2 (F). 

A 1.0 mg/mL sample was also prepared by air-drying a drop on a TEM grid, and by 

blotting a drop using the Vitrobot. It was originally expected that both these new 

preparation methods would produce samples with similar nanoparticle concentration 

as the cryo-TEM sample, but with different distributions and agglomerate sizes arising 

from particles agglomerating during the drying process. Figure 4.3 shows the results 

of these experiments. All samples except for PF-VD show very large agglomerates 

(>10 µm), likely generated during the drying process. As the liquid in a nanoparticle 

dispersion dries, the nanoparticles tend to form densely packed agglomerates 

following the receding air-water interface [28, 199]. In situ TEM imaging of NP 

dispersions in a liquid cell by Zheng et al. [200] shows that NPs are displaced by the 

advancing air-water interface as the liquid evaporated. The displacement of NPs 

ahead of the air-water interface results in the formation of agglomerates which are 

eventually deposited at a rate dependent on their solubility and evaporation rate [161]. 

Deposition of NPs ahead of the receding air-water interface can lead to concentric 

rings of deposited NPs (termed “coffee ring” effect) [26, 162]; although these “coffee 

rings” patterns were not observed in the samples shown in Figure 4.3, there is 

evidence of particle agglomeration. In particular, the presence of large agglomerates 

in the blotted and air-dried sample compared to the PF-VD sample shows an increase 

in agglomerate size due to drying. After both samples were blotted used a Vitrobot, 

the PF-VD sample was cryogenically frozen in liquid ethane and then placed in a 

vacuum desiccator to sublime the ice, allowing the ZnO NPs to be deposited onto the 

supporting film without further drying-induced agglomeration [163].  

In contrast, the blotted and air-dried sample allowed to dry in air resulted in the 

formation of large agglomerates (>10 µm), which are otherwise absent in the PF-VD 

sample. When compared to the cryo-FIB-SEM results, the PF-VD sample shows 

similarly homogeneously distributed particles; despite this, the cryo-TEM sample 

resembles the air-dried droplet sample. This may be caused by the filter paper and 

blotting paper absorbing part of the droplet (including the dispersed nanoparticles). 

This is immediately evident in the dry sample, where excess sample was added to the 
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TEM grid, allowing the drops to be absorbed and dried by the filter paper; given a filter 

paper was not used for the air-dried drop sample, more nanoparticles remain on the 

grid. Likewise, the blotting paper may have absorbed some of the nanoparticles in the 

sample, causing the PF-VD sample to contain fewer nanoparticles. It remains unclear 

why the nanoparticles in the cryo-TEM samples are not being removed from the grid 

during the blotting step, though given a lacey carbon grid was used for cryogenic 

samples, the type of carbon grid may contribute to this effect. The increased presence 

of nanoparticles on the lacey carbon TEM grid after plunge-freezing could also be 

partially explained by the possible affinity of the particles to the carbon film. Particle 

affinity to the carbon film has been observed in plunge-frozen biological particles [75] 

which can lead to increased particle agglomeration, and preferential orientation of the 

particles. Alternative sample preparation strategies to address this issue include the 

use of continuous films (rather than holey or lacey films) [75], and the use chemically 

treated, or plasma treated graphene films [201, 202]. 
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Figure 4.3 – TEM images of the dry ZnO 1.0 mg/mL samples.All samples except for 

PF-VD show drying artefacts in the form of large NP agglomerates; the air-dried 

droplet sample generated images that more closely resemble the nanoparticle 

concentrations seen in cryo-TEM. 
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4.1.3 Cryo-(S)TEM Particle Analysis  

Cryo-TEM and cryo-HAADF STEM were used to image 1.0 mg/mL and 0.1 mg/mL 

ZnO NPs plunge-frozen on a lacey carbon TEM grid and cryo-transferred to the TEM 

(Figure 4.4). Both samples showed the presence of large nanoparticle agglomerates. 

Agglomerates in both samples appear very close together, and due to the 3D nature 

of the sample, nanoparticle clusters that are positioned above each other appear as a 

single, larger agglomerate when viewed in 2D. Due to the ZnO NPs being enclosed 

within a layer of ice, it is difficult to interpret the agglomerates due to the possibility of 

out-of-plane particles which cannot be easily visualised through 2D imaging. Issues 

imaging these 3D structures can be mitigated by tilting the sample or employing tilt 

tomography to better visualise the position of out-of-plane particles. This approach can 

be used to visualise the three-dimensional structures such as NP agglomerates [199], 

NP assemblies [203], and the position of NPs in 3D space [113, 114, 204]. Frost 

particles are visible during cryo-(S)TEM imaging as a result from the transfer of the 

plunge-frozen sample into the microscope. 

 

Figure 4.4 – Cryo-TEM and cryo-HAADF STEM images of ZnO nanoparticles. A) and 

B) show the 1.0 mg/mL sample in bright field cryo-TEM and cryo-HAADF STEM mode 
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respectively; C) and D) show the 0.1 mg/mL sample in bright field cryo-TEM and cryo-

HAADF STEM mode respectively. It is difficult to interpret the nanoparticles in a) as 

forming either a large agglomerate, or agglomerates close to each other yet 

overlapping in the z-direction. Electron fluences: 0.7 e-/Å2 (a), 5.8 e-/Å2 (b), 0.7 e-/Å2 

(c), and 3.9 e-/Å2 (d). 

 

Sample differences seen across the different preparation methods in Figure 4.2, 

Figure 4.3, and Figure 4.4 suggest that both the preparation methods (i.e. drying in air 

versus cryogenic freezing) and the supporting film in the TEM grids (i.e. continuous 

film versus lacey film) may affect the distribution of the NPs on the grid. In the dry 

samples shown in Figure 4.3 the particles are deposited onto the supporting film, 

therefore generating a mostly flat sample; large agglomerates may contain NPs 

overlapping in the z-direction, but separate NPs or agglomerates will deposit on the 

same plane, making the interpretation of agglomerate sizes straightforward. On the 

other hand, sample cryo-fixation generates a 3D sample wherein the NPs and 

agglomerates can be distributed within the entire ice thickness (Figure 4.5). Moreover, 

the type of support film used could affect the ice thickness and the size of 

agglomerates that can be contained within the ice, with holes in the film allowing for 

larger agglomerates (Figure 4.5-C and Figure 4.5-D). 

 

 

Figure 4.5 – Diagram showing the possible effects of blotting to the nanoparticles in 

a dispersion. A) idealised NP dispersion on a lacey TEM grid before blotting (TEM 

support film in grey). B) Idealised diagram of the thin liquid film after blotting. Here, 

part of the liquid volume is removed by the filter paper, leaving the NPs within a thin 
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film. C) Possible distribution of the NPs as observed in cryo-(S)TEM, where the NPs 

have enough space to form larger agglomerates. D) Possible distribution of the NPs 

after blotting on a continuous carbon TEM grid, as seen from the TEM imaging of PF-

VD samples. 

 

4.1.4 Volume Analysis of Frozen ZnO NP Samples  

The 1.0 mg/mL ZnO NP sample was appropriately prepared for cryo-SEM through 

being frozen, fractured, and sputtered as detailed in the Materials and Methods section. 

The fractured surface was imaged using cryo-SEM in preparation for “slice and view”. 

ZnO agglomerates were visible on the ice surface after fracturing using backscattered 

electron imaging ( 

Figure 4.6). After fracturing, the ice surface was further sublimed to fully expose the 

nanoparticles, thus allowing for easier imaging. 

When compared to the cryo-TEM images of the same samples, the ZnO nanoparticles 

were very difficult to find along the ice surface and showed no sign of larger 

agglomerates as seen in both cryo-TEM samples. BSE can be helpful for the imaging 

of smaller nanoparticles due to the higher penetration of BSE as opposed to SE, which 

allows to visualise the particles a few nanometres within the fractured ice surface [205]. 

 

Figure 4.6 – Cryo-SEM images of the 0.1 mg/mL ZnO nanoparticles. a) and b) show 

backscattered images of the fractured sample. The black dots visible in both images 

are likely air bubbles or other artefacts arising from partial ice crystallisation due to 

slush nitrogen being the chosen cryogen. 
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A “slice and view” dataset was obtained for the 1.0 mg/mL ZnO nanoparticle sample, 

in an area where nanoparticles were located on the fractured ice surface. A focused 

ion beam was used to mill the selected area, exposing a sample cross-section. This 

section was then imaged using the “slice and view” method, imaging the exposed 

cross-section and then FIB milling to remove the surface of the cross-section to 

progressively expose more of the sample volume [81, 89, 116, 178]. The higher 

concentration sample was chosen for “slice and view” due to the higher chance of 

finding nanoparticles within the chosen volume, given the long wait time to obtain a 

full dataset. The resulting image stack was reconstructed into a full volume 

(approximately 23 x 26 x 37 µm) and visualised using Imaris software, which was also 

used to generate 3D objects for the nanoparticles (Figure 4.7).  

 

Figure 4.7 – 3D image of the 1.0 mg/mL ZnO cryo-FIB-SEM dataset. This shows the 

full volume, with B) and C) being projections of the full volume from the top and frontal 
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planes (highlighted in red). Note the top plane (B) corresponds to the view in the “slice 

and view” stack. 

The 3D image of the sample volume shows the nanoparticles to be homogeneously 

distributed throughout the imaged volume, though the nanoparticle concentration and 

agglomerate size appear to be smaller than what is imaged in the cryo-TEM images 

for the same sample (see Section 4.1.5 “Agglomerate Size Analysis of ZnO NP 

Samples”). An orthogonal view of a 2 µm thick slice of the volume (Figure 4.8) was 

taken to better approximate the volume that would be present in a cryo-TEM sample. 

This thickness was chosen to ensure that none of the NP agglomerates within the slice 

were truncated. However, this view further shows the concentration of nanoparticles 

in the cryo-TEM sample (Figure 4.4-C and -D) was much higher.  

 

Figure 4.8 – 2 µm thick slice of the 3D volume represented in Figure 4.7.Despite the 

slice thickness used here being larger than that of the ice in cryo-TEM, the particle 

density seen in cryo-FIB-SEM is much lower. 

 

The volume of the 3D object was recorded and used to approximate the ZnO 

concentration in this volume. The approximated volume was calculated to be 3.3 

mg/mL; the difference in this result compared to the original 1.0 mg/mL dispersion may 
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be due to the creation of 3D objects overestimating the volume of the aggregates, 

which is necessary to ensure the smaller particles are also included within the 

threshold value used to create the 3D objects. Cryogenic freezing through plunging in 

slush nitrogen has limited uses as it is only suitable for freezing up to 2-5 μm thick 

samples [206]. Beyond this size, the rate of heat transfer for slush nitrogen is 

insufficient for the vitrification of water, thus resulting in the formation crystals and 

eutectic ridges that can cause structural changes to the sample by displacing particles 

[27, 206-208]. The apparent preferential orientation adopted by the ZnO NPs in Figure 

4.7-C might be the result of improper vitrification, though it is unclear from this dataset 

alone if the agglomerate sizes might be affected by this. When attempting to 

cryogenically freeze samples beyond 2-5 μm in thickness, high pressure freezing is a 

more suitable sample preparation method. Studies such as Efthymiou et al. [206] show 

the displacement of material (in this case fibrils in a pectin gel network) when frozen 

using slush nitrogen; on the other hand, these artefacts are absent when freezing the 

sample using alternative methods such as propane jet freezing or high pressure 

freezing [207, 209, 210]. Unfortunately, freezing in slush nitrogen was chosen for this 

study due to the unavailability of a high pressure freezer. 

 

4.1.5 Agglomerate Size Analysis of ZnO NP Samples  

Measurements for all samples (Figure 1.9) show a higher mean diameter length 

compared to the DLS results (~435 nm), perhaps due to further agglomeration either 

due to the drying process or blotting. The cryo-FIB-SEM sample shows the most 

differences compared to other samples, given that no particles smaller than 100 nm 

or particles larger than 2.5 µm were measured, despite both sizes being observed 

frequently in other samples. The lack of smaller particles can be attributed to the 

resolution limit chosen for the cryo-SEM during “slice and view” acquisition, with voxel 

sizes of 27 x 34 x 34 nm for the x-, y-, and z-axis respectively. There are trade-offs to 

be made in selecting cryo-FIB-SEM conditions; with smaller voxel sizes potentially 

resolving small agglomerates or individual particles, however limiting the overall 

volume analysed, and vice versa. The presence of very large particles in conventional 

TEM can be attributed particle agglomeration during the drying process due to the 

capillary effect. The cryo-TEM samples presented very large agglomerates (as seen 

in Figure 4.2), though this is not reflected in Figure 4.9, as the large agglomerates 
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were often too large to fit entirely within the field of view and spanning the entire grid 

square. These large agglomerates were not included as it was challenging to 

determine when these were single large agglomerates or a collection of smaller 

agglomerates.  

As previously stated, it is still unclear why the cryo-TEM sample contains these larger 

agglomerates, while the PF-VD sample does not; although this difference may be 

caused by the carbon film in the TEM grids, as the holes in the lacey film may allow 

for the presence of a thicker water film after blotting (compared to a continuous film 

grid) which would in turn result in the presence of larger agglomerates. The mean 

particle size as measured through EM imaging in Figure 4.9 was consistently higher 

than the ~435 nm average particle size measured in DLS, with mean particle sizes 

ranging from 521 nm in cryo-TEM to 680 nm (for cryo-FIB-SEM, and closer to the 

average sizes of the remaining samples). This discrepancy can be explained by the 

polydispersity of the system as seen in DLS, with most of the size distributions 

measured in EM being within the DLS peak width. This shows that the results shown 

here are inconclusive, with a more monodisperse system being a possible alternative 

to obtain more conclusive evidence of the extent of particle agglomeration using these 

sample preparation conditions. 
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Figure 4.9 - Diameter length for the 1.0 mg/mL ZnO nanoparticle agglomerates for a) 

the blotted dry sample, b) the dried sample, c) the air-dried drop sample, d) the PF-

VD sample, e) the cryo-FIB-SEM sample, and f) the cryo-TEM sample. All 

measurements are in μm. Agglomerate sizes were taken as the feret diameter, 

measured using ImageJ’s particle analysis function. Agglomerates near the edges of 

the images were excluded from the analysis, thus decreasing the amount of large (>10 

µm) agglomerates measured in the plunge-frozen, cryo-TEM samples. 

 

4.1.6 ZnO NP System Summary 

The results from this ZnO NP study are complicated as the suspension is not 

homogeneous; it is clear there are a range of differently sized NP agglomerates from 

the DLS and various EM imaging approaches. A simpler system, which perhaps was 

either monodisperse or formed regularly size agglomerates would have provided a 
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route to more conclusive results regarding the impact of sample preparation method. 

However, laboratory access at the time this experimental work was undertaken was 

limited. 

Despite these challenges, TEM and cryo-STEM imaging of these ZnO NPs has shown 

a difference in the apparent sample concentration on the TEM grid depending on the 

preparation procedure and type of TEM grid used. The difference between the PF-VD 

sample on a continuous carbon TEM grid compared to the plunge-frozen samples on 

a lacey carbon TEM grid is especially useful, as the presence of large >1μm NP 

agglomerates could signify that cryo-TEM using lacey carbon TEM grids might allow 

for the presence of Pickering emulsion droplet clusters. This contrasts with the results 

found with continuous carbon grids where only NP agglomerates up to ~3μm were 

measured, thus would only accommodate individual droplets or small clusters of few 

droplets. This, however, does not inform us on the possible effects of sample blotting 

during the plunge-freezing process, which might cause the droplets to be deformed, 

especially if in large clusters. This will have to be tested by directly imaging Pickering 

emulsion samples with droplets of different sizes to check whether the droplets might 

collapse as a result of sample preparation. Cryo-FIB-SEM imaging appears to be more 

suitable when there is a need to image a larger sample volume in a cryogenically 

prepared sample, when there is a need to analyse interactions between larger 

agglomerates.  

 

4.2 Gold Nanoparticle Core-Satellite System  

The second system discussed in this chapter consists of gold nanoparticles (Au-NPs) 

coated in glycans that can bind with lectin viral receptors (DC-SIGN and DC-SIGNR) 

[138, 139, 211]. These nanoparticles can be used as probes for multivalent lectin-

glycan interactions using the fluorescence of Au-NPs [211]. The specific Au-NP system 

examined in this section consists of ~5 nm and ~13 nm Au-NPs that are designed to 

form “core-satellite” structures with the ~13 nm Au-NPs surrounded by several ~5 nm 

nanoparticles, and were provided by the group of Professor Dejian Zhou, School of 

Chemistry, University of Leeds.  

The main challenge presented by the preparation and imaging of this system is the 

preservation of nanoparticle clusters showing the core-satellite structure where a 
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larger nanoparticle is surrounded by smaller nanoparticle. Drop casting a drop of 

sample directly onto a TEM grid is a simple and effective preparation method that can 

be used for the imaging of nanoparticles but is unsuitable for this core-satellite system 

due to anticipated sample drying artefacts such as coffee stain artefacts resulting in 

the nanoparticles forming agglomerates near the receding air-water interface [28, 

199]. As with the ZnO system, plunge-freezing followed by cryo-(S)TEM imaging, or 

vacuum-drying for standard dry TEM imaging are both promising techniques to 

preserve the sample’s core-satellite structure while imaging.  

Initial imaging consisted of preparing the sample through a simple drop casting method 

for standard TEM imaging as presented in Figure 4.10, which shows the presence of 

both core-satellite structures and areas with Au-NPs forming large agglomerates. 

 

Figure 4.10 – TEM images of a drop cast Au-NP core-satellite sample showing A) an 

area with heavily agglomerated particles and B) an area showing some core-satellite 

structure but also a large number of Au-NPs found individually.  

 

4.2.1 Plunge-Frozen Vacuum Dried Samples and Cryo-TEM 

To preserve the core-satellite structure during TEM imaging, the sample was prepared 

via plunge-freezing and then imaged in cryo-(S)TEM and standard TEM after being 

vacuum-dried (Figure 4.11). Although both preparation methods are expected to retain 

the native sample structure [180], there should still be differences between the two 

methods given the absence of an ice layer in the PF-VD sample. Specifically, the NPs 
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in the cryo-TEM sample are suspended within the ice and are therefore distributed not 

only on the x-y plane, but also on the z-axis throughout the ice thickness. In contrast, 

the particles in the PF-VD sample are deposited onto the carbon film, therefore the 

sample is not expected to retain any three-dimensionality. This can be partly seen 

when comparing the particle distributions in Figure 4.11-A (PF-VD) and Figure 4.11-B 

(cryo), as in the former the particles are seen to be separated from one another, even 

in the case of neighbouring particles, while in the latter some particles are seen to be 

overlapping. The apparent overlap between particles in cryo-TEM could be resulting 

from the particles being positioned on top of each other in 3D space, though it remains 

unclear from 2D imaging alone whether these particles touch each other. 

 

Figure 4.11 - a) PF-VD and b) Cryo-TEM images of core-satellite gold nanoparticles. 

Both the vacuum-dried and the cryogenically imaged samples retain the core-satellite 

structure, though there are more nanoparticles touching in the cryo-TEM sample. This 

might be due to the nanoparticles trapped in the vitreous being allowed to position 

themselves in 3D space rather than being deposited in a plane and therefore 

appearing to be overlapping. 

 

This effect becomes more apparent when attempting to measure the distance between 

neighbouring particles, including the distance between all particles, both core and 

satellite. Figure 4.12 shows the nearest neighbouring distance (NND), measured as 

the distance between the centre of the two closest particles for both cryo and PF-VD 
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samples. Both sample preparation methods show a mean NND larger than the ~5 nm 

sized Au-NPs (PFVD mean: 15.8+1.1 nm, cryo-EM mean: 11.4+0.5 nm), though the 

minimum distance between particles in cryo-EM is significantly lower than that of the 

PF-VD sample (PFVD minimum: 4.5 nm, cryo-EM minimum: 1.7 nm). Moreover, when 

manually counting the number of Au-NPs touching their nearest neighbour, it was 

found that in the PF-VD sample there were 16 cases of particles touching (across 23 

images), while in the cryo-EM sample there were 209 cases (across 20 images). Both 

observations can be explained by the three-dimensionality of the cryo-EM sample. 

Electron tomography of the cryo-prepared sample will enable 3D visualisation of the 

sample, allowing for the analysis of the particle distribution in three dimensions. 3D 

imaging of nanoparticle samples through tilt tomography is often used to visualise 

particle orientation and observe the presence of particles out of plane [204, 212].  

 

Figure 4.12 - TEM and HAADF STEM images of the sample prepared through PF-VD 

and for cryo-EM imaging. Graphs on the right show the distance between the nearest 

neighbouring particles for each sample preparation method. A) TEM image of a PF-

VD sample. B) HAADF STEM image of the same PF-VD sample as in (A). C) Nearest 

neighbour distance between particles in the sample seen in (A) and (B). D) Cryo-TEM 

image of a plunge-frozen sample. E) Cryo-HAADF STEM image of the same plunge-

frozen sample as in (D). F) Nearest neighbour distance between particles in the 

sample seen in (D) and (E).  The red arrows in (D) indicate NPs that appear to be 

touching, in contrast with the particles in the PF-VD sample which do not touch each 

other. 
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4.2.2 Cryo-Tilt Tomography of the gold nanoparticles 

A cryo electron tomogram was produced from images collected in a tilt series in a ±60° 

range, with an image collected every 5°. The images were collected with a 0.39 nm/px 

resolution, and with a probe current of ~2 pA. This resulted in a total electron fluence 

of ~ 600 e-/Å2. Notably, this value is higher than what is generally reported for cryo-ET 

in biological studies, where electron fluence is kept below ~100-200 e-/Å2 [213-216]. 

This difference in total electron fluence without major sample damage is only possible 

because of the damage mechanisms experienced in biological samples versus 

inorganic samples. The Au-NPs themselves are not beam sensitive, therefore the only 

damage observed comes from ice sublimation. In contrast, biological samples are 

beam sensitive and often have a damage threshold below what would be needed for 

observable sublimation. The data set was reconstructed using SIRT, after which 

surfaces were created in the Imaris software using the particle creator function to 

better visualise the Au-NPs. The size of the particles was automatically created from 

the HAADF STEM signal and then adjusted to match the particle sizes measured from 

cryo-HAADF STEM images (Figure 4.13). This was done to ensure that the size of the 

surfaces created reflects accurately the size of the Au-NPs observed in cryo-(S)TEM 

images. The surfaces created through this function are always spherical regardless of 

the shape of the original particle, which was useful to eliminate the elongation along 

the z-axis arising as a missing wedge artefact. The particle size adjustment was 

additionally important to compensate for any inaccuracy from the missing wedge and 

low signal-to-noise ratio in the HAADF STEM images.  
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Figure 4.13 – Size distribution measurements for the Au-NPs in cryo-STEM, and for 

the same 3D particles created in the electron tomogram. The size of the 3D spheres 

was tuned during their creation to follow the size distribution seen in the cryo-prepared 

sample. 

 

Figure 4.14 shows images from the electron tomogram and the original area of interest 

(Figure 4.14-A); as was seen from regular cryo-(S)TEM images, some Au-NPs appear 

to be touching when observed from an above view. A side view of the tomogram 

(Figure 4.14-C) shows the particles to be distributed along the thickness of the ice, 

confirming that the particles are not in direct contact with each other (as interpreted 

from the 2D images).  

Overall, the core-satellite structure is retained in 3D, with the smaller Au-NPs 

surrounding the larger particles in all directions. A preference for particle distribution 

along the ice surface remains in this sample, with Figure 4.14-C showing a strong tilt 

likely caused by the local shape of the ice [217, 218]; the satellite particles are also 

preferentially distributed near the ice surface, though to a smaller extent, as some 

particles are still seen above and below the larger “core” particles. Preferential 

distribution of nanoparticles along the air-water interface is a well-known issue when 

plunge-freezing in biology, with Noble et al. [204] finding that approximately 90% of all 

particles are localised to the air-water interface (from 50 different grids) approximately 

5-10 nm from the interface, as visualised using tilt tomography. This absorption onto 

the air-water interface has been observed in a wide range of nanoparticles including 

proteins [219], viruses [220], nanocrystals [221], and nanoparticles [217], all of which 
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may adsorb onto the air-water interface in preferred orientations [204, 217, 222, 223]. 

The plunge-frozen core-satellite structures appear to be preferentially orientated on-

plane, i.e. the satellite NPs are mostly found on the same plane in-line with the plane 

of ice and perpendicular to the beam. This explains how the majority of core-satellite 

structures appear two-dimensional with the exception of some NPs that are further 

within the ice volume and therefore appear to overlap in 2D imaging (as visualised in 

the diagram in Figure 4.15). The adsorption of nanoparticles to specific interfaces 

occurs during the waiting period between sample blotting and vitrification; at this point 

the water film is only a few nanometres thick, and the nanoparticles can easily collide 

with the air-water interface multiple times before vitrification. Decreasing this waiting 

time to below ~200 ms by Noble et al. [224] has been shown to result in a 20-fold 

increase in “free-floating” particles within the ice volume, though such a drastic 

decrease in waiting time (compared to >1 seconds achieved by the Vitrobot) require 

the use of especially-made plunge-freezers such as microfluidic spray-plungers [220, 

224-226]. 
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Figure 4.14 – Images from an electron tomogram of the Au-NPs core-satellite sample 

showing A) cryo-HAADF STEM image of the area of interest imaged for 3D 

reconstruction. B) Image from the reconstructed tomogram, taken from the same angle 

as the original HAADF image. C) Image from the tomogram taken perpendicularly from 

B. Particles with size above 13.0 nm are shown in yellow, while smaller particles are 

shown in grey. Note the particles in the tomogram appear perfectly circular as they 

were created using the particle creator function in Imaris; this does not reflect the real 

NP shape. D) Projected view along the same axis as C, showing the proposed ice 

layer (shown in blue). This proposed ice layer assumes the NPs at the top and bottom 

of the volume are near the air-water interface, as the ice itself could not be imaged 

due to lack in contrast [224]. Total electron fluence: 700 e-/Å2. 
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Figure 4.15 – Schematic showing the possible positions and orientation of the core-

satellite structures within the ice layer. A) Idealised plunge-frozen sample where the 

NPs are within the ice volume and far from the air-water interface. Here the position 

of the NPs is solely given by the inter-particle forces resulting in 3D core-satellite 

structures. B) Sample with all NPs absorbed onto the air-water interface, with the core-

satellite structure appearing “flat”. C) Diagram more closely showing the position of 

the NPs as seen from tilt tomography. Here some of the NPs are adsorbed onto the 

air-water interface, while others are found deeper within the ice volume. 

 

4.2.3 Au NP core-satellite summary 

Overall, it was possible to observe the core-satellite structure in the Au-NP system 

using plunge-freezing to instantly vitrify the sample. Cryo-HAADF STEM imaging 

shows the presence of these core-satellite structures in vitrified samples, as opposed 

to drop cast samples where particle agglomeration is a result of the drying process. 

Electron tomograms were successfully collected through the collection of cryo-HAADF 

STEM tilt series at a high enough resolution to be able to resolve the smaller ~5 nm 

Au-NPs, while simultaneously preventing beam-induced damage to the sample. This 

allowed for the visualisation of the nanoparticles in 3D while retaining their native 

structure.  
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Cryogenic preparation and imaging of the sample shows distinct advantages over 

plunge-freezing vacuum-drying as cryo-(S)TEM imaging allows for the observation of 

the sample structure in 3D, compared to PF-VD where the particles are deposited onto 

the TEM grid. Despite the preferential positioning of the Au-NPs near the ice surface, 

the overall core-satellite structure of the NP clusters is retained and can be seen 

through the entire ice thickness. Overall, these results that conventional drop-casting 

and air drying is unsuitable for the imaging of self-assembled structures in their native 

aqueous state, while PF-VD and cryo-(S)TEM can preserve these structures as seen 

with these core-satellite Au-NPs. After PF-VD NPs are deposited onto the supporting 

film on the TEM grid, thus resulting in a 2D projection of the sample’s core-satellite 

structure. This can be beneficial for the measurement of particle size and distances 

between particles (including nearest-neighbour distances), while losing on the 3D 

aspects of the particle position. Meanwhile, cryo-(S)TEM can preserve these 3D 

structures, making measurements from 2D images more challenging due to out-of-

plane NP overlap. This makes cryo-(S)TEM imaging especially desirable when using 

ET. The results obtained with this sample can be applied to the Pickering emulsions 

systems with 3-5 nm stabilising particles, as the cryo-ET procedure used for the Au-

NP system could also be applied to collect tomograms of Pickering emulsion droplets 

and their stabilising particles. 

 

4.3 TiO2 coated in biological media 

The third system discussed in this chapter consists of titanium dioxide nanoparticles 

in a cell culture medium (TiO2–DMEM, Dulbecco's Modified Eagle Medium) prepared 

by the group of Professor Andy Brown, School of Chemical and Process Engineering, 

University of Leeds. TiO2 is currently used in a wide variety of applications such as in 

paints, sunscreen, cosmetics and as additives in food and drugs due to its light-

scattering properties and ability to confer whiteness and opacity [227]. TiO2 has been 

proven to be biologically inert [228, 229] and approved for consumption as a food and 

pharmaceutical additive [9], but its overall toxicity is yet to be fully understood [227]. 

The formation of an amorphous coating containing calcium and phosphorus on TiO2 

particles has been observed when dispersed in DMEM and subjected to changes in 

pH [230-232]. TiO2 particles that travel along the digestive tract would experience a 
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change in pH, and hence this coating may form. Therefore, it is important to 

understand this system, as any absorption or uptake of TiO2 by cells in this situation 

may be due to the coating formed in situ. TEM imaging can be used to confirm the 

presence of a calcium and phosphorus coating surrounding particles. In this section, 

cryo-(S)TEM imaging was employed for the particle analysis to prevent drying 

artefacts [99], as this previous work has shown that in drying other components of the 

biological media (e.g., Na, Cl) precipitate out on the particles. EDX spectroscopy and 

mapping was used for the elemental analysis of the particles and coating. Cryo-ET 

was used to visualise the particles in 3D to ensure the coating fully surrounds the 

particles. 

The characterisation of this sample using cryo-(S)TEM imaging and spectroscopy in 

2D and 3D was used to test the more energy-intensive tilt series acquisition methods 

integrating spectral data. This sample was suitable for this task for two main reasons: 

first, the elements Ti (in the core nanoparticles), Ca, and P (in the nanoparticle coating) 

present in the sample can be identified by both EELS and EDX; second, the TiO2 

nanoparticles used in this sample are much larger (~150 nm) than the Pt nanoparticles 

present in the Pickering emulsion samples (3-5 nm) and are therefore less affected by 

the initial sublimation of the vitreous ice as a result of beam-induced damage. This 

means that a higher cumulative damage to the sample will be needed before the 

emergence of any observable change in the sample structure (i.e. particles drifting as 

the surrounding ice sublimates), thus allowing for a more generous total electron 

fluence range that can be used during imaging. 

 

4.3.1 Cryo-(S)TEM Imaging  

Initial cryo-HAADF STEM imaging of the sample in conjunction with EDX was 

performed on a plunge-frozen sample to ensure the presence of a particle coating 

containig calcium and phosphorus. Both cryo-(S)TEM imaging and EDX spectral maps 

confirm the presence of a coating (Figure 4.16), while EDX confirms the presence of 

Ca and P signals on the particle coat. EDX analysis of this sample was simple to 

perform even with a low electron beam current (~10 pA) with a sufficiently high signal-

to-noise ratio due to the overall size of the particles (which were found in >400 nm 

clusters) and the thickness of the coating (~60 nm). This allowed for a strong Ti and 
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Ca signals, though the P signal was noticeably weaker (as can be partially seen in 

Figure 4.16-D). Coatings rich in calcium and phosphorus similar to those reported here 

have been observed in nanoparticle systems in cell culture including TiO2, Au, BaTiO3, 

ZnO, and Fe2O3 nanoparticles as seen in studies such as Ribeiro et al. [230] and Ilett 

et al. [232], where nanoparticle coatings were observed in nanoparticle systems after 

prolonged sonication or heating [230, 232, 233]. 

 

 

Figure 4.16 - Cryo-HAADF STEM and EDX maps of the coated TiO2 nanoparticles. 

Though the coating is already visible with HAADF STEM, EDX mapping confirms the 

size of the coating and the presence of Ca and P in the coating. A) cryo-HAADF STEM 

image of a TiO2 particle agglomerate. B) EDX map showing the Ti K signal. B) EDX 

map showing the Ca K signal. D) Composite EDX map showing the Ti K (red), Ca 

K (blue), and P K (yellow) signals. Total electron fluence: 180 e-/Å2. 
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4.3.2 Cryo-HAADF STEM Tilt Tomography  

Initial tilt series were collected in cryo-HAADF STEM along a ±60° range with tilt 

interval of 3°. The resulting tilt series was reconstructed using SIRT. The reconstructed 

electron tomogram in Figure 4.17 shows that the coating seen in the cryo-HAADF 

STEM images remains distinguishable after 3D reconstruction even without the use of 

EDX or other elemental analysis techniques. When observing the particle cluster in 

3D, the coating appears to surround the cluster itself rather than the individual particles. 

The TiO2 particles in the tomogram in Figure 4.17-C appear to directly touch one 

another, suggesting that the particles might have already formed a cluster before the 

deposition of Ca and P on the cluster surface. This shows that the particles 

agglomerate prior to the pH change and remain agglomerated as the coating forms. 

 

 

Figure 4.17 - Cryo-ET reconstruction of a nanoparticle agglomerate consisting of 

coated TiO2 particles. A) cryo-HAADF STEM image of the area of interest. B) Above-
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view of the reconstructed tomogram, showing the coating being clearly visible even 

after reconstruction. C) Tilted view of the tomogram, showing the presence of the 

coating around the entirety of the coated TiO2 particles. Total electron fluence: 180 e-

/Å2. 

  

Given the ease of distinguishing the coating from the TiO2 particles and surrounding 

ice, it was possible to segment the tomogram by simply applying a threshold to the 

tomogram images. In order to confirm the presence and position of the coating, EDX 

was performed on the same particles used for electron tomography (Figure 4.18-A and 

Figure 4.18-B) after the completion of the tilt series. EDX data was collected solely at 

0° tilt rather than performing another full tilt series to minimise exposure to the beam. 

However, EDX data collection should be performed together with the HAADF STEM 

tilt series to ensure that the elemental data obtained can be applied to a 3D dataset. 

The result of this image segmentation in Figure 4.18-D and Figure 4.18-E more clearly 

show the TiO2 particles (shown in red) and the coating fully surrounding them (edge 

shown in blue). The image segmentation in Figure 4.18-D and -E highlights more 

clearly the position of the coating layer surrounding the larger cluster. This coating 

surrounds the entire agglomerate and appears to be consistent (~60 nm) within the 

centre of the tomogram in the x-y plane (orthogonal to the electron beam at 0° tilt). 

Coating measurements could not be performed in other planes or at the top or bottom 

of the agglomerate due to the inaccuracy of the reconstruction because of the missing 

wedge. It is important to note that the segmentation method presented here was only 

possible due to the clear contrast from the coating in the electron tomogram. 

Additionally, this method is limited in its accuracy, as the only elemental information on 

the sample was obtained at a 0° tilt and therefore does not provide information to 

segment the tomogram above and below the tilt axis. In the example presented in 

Figure 4.17 Figure 4.18, the coating can be seen throughout the entire tomogram as 

the effects of the missing wedge are minor, but in cases where coating is more difficult 

to distinguish (perhaps due to a lower signal-to-noise ratio or more artefacts) this 

segmentation method would not be suitable. 
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Figure 4.18 - 3D segmentation of the coated nanoparticles using EDX as a reference. 

A) cryo-HAADF STEM image of the area of interest, with B) the equivalent EDX 

spectral map showing the Ti K (red), Ca K (blue), and P K (yellow) signals. C) 

Cross-section of the reconstructed tomogram showing the coating, line measuring 60 

nm is shown on the coating. D) Above-view of the electron tomogram after 

segmentation, with the TiO2 particles being coloured red and coating coloured blue. 

E) Tilted view of the segmented tomogram. Total cumulative electron fluence (ET and 

EDX): 300 e-/Å2. 

 

4.3.3 3D Elemental Analysis using EDX SI Tomographic 

Reconstruction  

A second TiO2 sample with thinner coating (pH = 7.8, see Chapter 3) was prepared for 

cryo-(S)TEM imaging by plunge-freezing. Cryo-HAADF STEM imaging and EDX as 

shown in Figure 4.19 confirm the presence of a much thinner coating (~10 nm) 

compared to the previous sample. In this case, the electron tomography and 

tomogram segmentation technique shown in the previous section are unsuitable due 

to the thinness of the coating and it was therefore decided to collect a tilt series 

composed of EDX elemental maps. This approach should allow for the collection of 

elemental information at multiple tilt angles, which, after 3D reconstruction, can aid 
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with the segmentation process by overlapping the tomograms obtained from the cryo-

HAADF STEM signal and the EDX Ti K and Ca K signals. The P K signal was not 

used for further tomography due to the poor signal strength compared to titanium and 

calcium. 

 

 

 

Figure 4.19 – Cryo-HAADF STEM and EDX elemental map of a sample with smaller 

coating thickness. A) and B) cryo-HAADF STEM images of a particle agglomerate. C) 

EDX elemental map showing the Ti K signal. D) EDX elemental map showing the Ca 

K signal. E) composite EDX elemental map showing the Ti K (red), Ca K (blue) 

and P K (yellow) signals. A thin coating containing Ca and P can be seen in E. Total 

electron fluence: 80 e-/Å2. 

 



 Chapter 4 - Development of Experimental Approaches via Case Studies 

114 
 

Cryo-HAADF STEM images of a TiO2 particle cluster were collected every 3° in a ±60° 

tilt range. EDX data of the area of interest was collected at tilt angles 0°, ±9°, ±21°, ±30°, 

±39°, ±51°, and ±60° together with the HAADF STEM tilt series to ensure proper image 

alignment after each stage tilt. Both images and spectra were collected with a probe 

current of ~10 pA at low tilt angles below ±50°, and with a probe current ~20 pA above 

±50° to allow for a sufficiently high signal-to-noise ratio (SNR) at high angles where 

the sample thickness increases. Elemental maps for each of the available tilt angles 

were created from the Ti-K and Ca-K EDX signals, chosen as representative of the 

TiO2 particles and coating, with a spatial resolution of 20 nm/px. The tomograms 

reconstructed from the HAADF STEM and EDX signals in Figure 4.20 shows the 

possibility of reconstructing tomograms from EDX images. As was seen in Figure 4.17, 

3D reconstruction from cryo-HAADF STEM images remains a viable method to 

accurately visualise the particle cluster. 

Figure 4.20-C and -D show the tomograms reconstructed from the Ti-Ka and Ca-Ka 

EDX signals respectively, which largely correlate with the HAADF STEM tomogram in 

Figure 4.20-B. Although this process was largely successful in creating tomograms 

from cryo-EDX data, the accuracy of the results is lacking due to the poor spatial 

resolution used for the elemental maps. The spatial resolution of the elemental maps 

and the signal-to-noise ratio for the EDX data collected in cryogenic conditions is 

correlated with the total electron fluence and therefore the potential damage to the 

sample. A higher electron dose per tilt angle, higher amount of tilt steps and higher 

spatial resolution are needed to obtain better quality tomograms, though these 

parameters all contribute to the total electron fluence for the tilt series. An equilibrium 

needs to be struck between tomogram quality and electron dose for each area that is 

being analysed based on the sample size and material. In the case of the TiO2 particle 

cluster shown in Figure 4.20-A, the main limiting factor to take in consideration is the 

size of the individual TiO2 particles, which contain features as small as ~50 nm. When 

compared to the spatial resolution of 20 nm/px for the elemental maps, some of the 

sample details are lost, including the thin coating.  
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Figure 4.20 – Cryo-HAADF STEM image of a TiO2 cluster and 3D reconstruction from 

the HAADF STEM and EDX signals. A) Cryo-STEM HAADF image of a TiO2 cluster 

after the collection of the tilt series. Some damage to the area can be seen on the 

carbon film on the right of the particle cluster (where the ice has sublimed, indicated 

by the red arrow), though there was no visible damage to the particles. B) 3D 

reconstruction of the cluster in A, reconstructed from the cryo-HAADF STEM images 

collected in the tilt series. C) and D) show the 3D reconstruction of the elemental maps 

collected using EDX, with C) showing the tomogram reconstructed from the Ti K 

signal and D) showing the tomogram reconstructed from the Ca K signal. The 

tomograms B), C), and D) are shown at the same magnification, though C) and D) 

appear smaller due to the poor spatial resolution used for the collection of the EDX 

data. Total electron fluence for ET: 180 e-/Å2; for EDX: 80 e-/Å2. 
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The same approach to image segmentation shown in Figure 4.18 (using image 

contrast) can also be applied to this tomogram, as the coating remains clear enough 

to be distinguished from the TiO2 particles. The result of the segmentation as seen in 

Figure 4.21 shows the TiO2 particle cluster in red and the coating in blue. Despite the 

segmentation process being more difficult as the coat is much thinner than the 

previous sample, this method remains more approachable than the EDX tomography. 

 

Figure 4.21 – 3D reconstruction of the TiO2 cluster in Figure 4.20-A, with manually 

generated surfaces from the HAADF STEM images. The TiO2 nanoparticles are 

shown in red, while the coating is shown with a blue see-through surface. 

 

4.3.4 TiO2 coated in biological media summary 

In these cryo-fixed samples, segmentation of the tomograms is preferrable to the 

collection of additional spectral data in the tilt series. The segmentation approach is 

significantly less damaging to the sample, as it only requires a standard tilt series to 

be collected alongside an EDX elemental map to use as reference for the position of 

the coating. The biggest limitation to this approach is the need for every component 

that needs to be segmented to be sufficiently contrasting as to be distinguished from 

other components. This was the case in this TiO2 sample, as only two components 

were present (the TiO2 particles and the coating), which are both easy to distinguish 

from the vitrified ice and from one another. However, this is not the case for all 

systems, including the Pickering emulsion samples used in this study, where the oil is 

difficult to distinguish from the vitrified ice. In this case, collecting elemental data 
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together with a cryo-HAADF STEM tilt series remains a useful method to distinguish 

between different components in the system in 3D. 

 

4.4 Initial Ice Thickness Analysis 

Understanding the thickness of the vitreous ice is important for various aspects in cryo-

(S)TEM. It is important for the vitreous ice to be sufficiently thick to allow for sample 

presence, in this case of the next chapter, the Pickering emulsion droplets. However, 

excessively thick ice can become an issue preventing the electrons from fully passing 

through the sample, thus affecting the image signal. The ice thickness was estimated 

in a lacey carbon TEM grid after plunge-freezing a hexadecane-in-water Pickering 

emulsion sample, although only selecting regions in the grid with no Pickering 

emulsion droplets. Two approaches to ice thickness measurement consist of using 

EELS and tilt tomography, both of which tend to be situational due to their suitability 

to different samples. The EELS method is straightforward as it uses low-loss EEL 

spectra to measure the sample thickness but requires knowledge of the mean inelastic 

free path of the sample, which can be challenging as it varies depending on the 

accelerating voltage used and exact sample composition and will therefore be 

unsuitable for samples that are not well-studied. The tilt tomography method allows for 

the measurement of sample thickness directly from a 3D tomogram using markers as 

points of reference. This method is more generally accessible, but in this case it was 

not used to avoid the addition of markers to the sample that may affect stability of the 

Pickering emulsions. 

Estimations for the ice thickness were calculated in Hyperspy from low-loss EEL 

spectrum images. The value for the inelastic mean free path on vitreous ice at 300 kV 

was taken to be λin = 356 nm, which was determined by Yan et al. [217] and previously 

predicted by Vulović et al. [234] from experimental results at different conditions. 

Analysis of the vitreous ice around the centre of the grid squares shows an ice 

thickness value in the 300-350 nm range. This estimated value is close to the inelastic 

mean free path for vitreous ice, indicating that the sample is unsuitable for quantitative 

elemental EELS analysis of high-loss edges. The ice thickness estimation was also 

performed near the grid bars, as ice is known to be thicker in this region. Figure 4.23 

shows drastic increase in ice thickness nearing the grid bars, with the thickness 
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reaching 2 μm at a distance of 5 μm from the grid bars. The ice thickness continues 

increasing when nearing the grid bars, but at sample thickness values this far above 

λin the portion of electrons passing through the sample is too small to obtain a proper 

signal for EELS.  

 

Figure 4.22 – Cryo-HAADF STEM image of a section of frozen ice and ice thickness 

estimated using low-loss EELS. A) HAADF STEM image of a region of ice in a lacey 

carbon TEM grid. The area imaged here shows part of the carbon film, several holes 

in the film filled with ice, and a hole without any ice. The lines show the position of line 

profiles taken, starting from the dot and terminating in the arrow. B) Position of the 

carbon film (red) ice (blue) and frost particles (green).C) and D) thickness estimation 

(in nm) for the line profiles shown in A). E) Estimated thickness (in nm) map of the 

area highlighted in A). 
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Figure 4.23 – Cryo-HAADF STEM image of a section of ice near the TEM grid bars 

and ice thickness estimated using low-loss EELS.A) ADF image of a region of ice near 

the TEM grid bars (visible in the top-left corner of the image and indicated by a red 

arrow). B) Estimated thickness map of the area highlighted in A). 

 

The thickness values for vitreous ice in a lacey carbon TEM grid prepared through 

plunge-freezing were estimated to be in the 300-350 nm range near the centre of the 

grid squares. The ice thickness was seen to increase above 2 μm when approaching 

the grid bars, at which point the ice reaches a critical thickness above which EELS 

thickness analysis cannot be applied and cryo-(S)TEM becomes unusable. Ice 

thickness as reported in the literature tends to vary depending on the sample used 

and ice region analysed. In Noble et al. [204] tilt tomography was not only used to 

investigate nanoparticle distribution within the ice, but also served to obtain ice 

thickness measurements for a wide range of plunge-frozen sample in holey TEM grids. 

In the data reported in this study, the ice was thinnest in the centre of the holes (~15-

190 nm depending on the sample) and gradually became thicker near the edge of the 

holes (up to ~265 nm). These results are generally thinner than the estimations made 

in this thesis, but also in some cases larger than the ideal <100 nm ice thickness [67]. 

Ice thickness varies depending on the sample [67] and the particle size might also be 
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crucial for the determination of ice thickness, as thicker ice might be present near 

larger particles, meaning that samples larger than the average ice thickness could be 

found near the centre of the grid squares. This increases the possibility of finding 

samples in areas suitable for tilt series acquisition. 

Low-loss EELS was found to be suitable for the estimation of the ice thickness in 

plunge-frozen samples, which is invaluable as a tool when analysing areas to perform 

tilt tomography. As the sample is tilted when collecting a tilt series, the effective 

thickness of the sample increases when approaching higher tilt angle [104], affecting 

the signal-to-noise ratio due to multiple scattering and ultimately negatively affecting 

the quality of the resulting tomogram. 

 

4.5 Summary 

ZnO NP dispersions were imaged in TEM, cryo-(S)TEM and cryo-FIB-SEM using a 

range of sample preparation methods to investigate the effects of sample drying and 

cryogenic freezing to the agglomeration of particles. Comparisons between 

preparation techniques are challenging due to the large mixture of agglomerate sizes 

even when dispersed in water as seen from DLS size measurements. Nonetheless, 

PF-VD on continuous carbon grids and cryo-(S)TEM of frozen samples in lacey carbon 

grids are seen as suitable techniques for the imaging of NP dispersions. 

Cryogenic freezing using plunge-freezing was shown to be valuable for the retention 

of the core-satellite structures in the gold nanoparticle system. PF-VD was found 

suitable for sample imaging when particle size measurements are needed as the gold 

nanoparticles are deposited onto the carbon support film while maintaining the core-

satellite structure. In contrast, results from a sample imaged in cryo-(S)TEM show 

overlap between nanoparticles was observed due to out-of-plane nanoparticles. Cryo-

ET of core-satellite structures confirmed the nanoparticle overlap was due to the three-

dimensionality of the core-satellite structures.  
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Cryo-HAADF STEM was used to image TiO2 particles surrounded by a coating rich in 

calcium and phosphorus, as confirmed through EDX spectroscopy. Tilt tomography of 

a TiO2 particle agglomerate showed the coating surrounding the agglomerate rather 

than the individual particles, indicating that agglomeration took place before the 

formation of the coating layer. Moreover, it was shown that EDX can be performed at 

different tilt angles simultaneously with cryo-HAADF STEM tilt tomography to obtain 

tomograms from elemental maps that track the elements in 3D space. This technique 

can help obtain 3D elemental information for structures that lack contrast in cryo-

HAADF STEM such as the oil and water phases in a Pickering emulsion. 

The ice in a plunge-frozen sample was found to vary in thickness depending on the 

distance from the grid bars and distance from the support film. Low-loss EELS was 

successfully used as a low-dose technique for the estimation of the ice thickness, 

which can be used to select areas suitable for tilt tomography to ensure the ice 

thickness at high tilt angles is thin enough to allow for cryo-(S)TEM imaging. 
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Chapter 5 Cryo-(S)TEM Analysis of Pickering Emulsion Samples 

This chapter includes the cryo-(S)TEM analysis of three different Pickering emulsion 

samples that were presented in Chapter 3:  

1. A sunflower oil-in-water Pickering emulsion stabilised by 3-5 nm Pt-NPs, with 

~100 nm droplet size;  

2. A hexadecane-in-water Pickering emulsion stabilised by 3-5 nm Pt-NPs and 

~100 nm droplet size;  

3. A hexadecane-in-water Pickering emulsion stabilised by 3-5 nm Pt-NPs and > 

1 μm droplet size. 

Cryo-(S)TEM imaging was performed on Pickering emulsion samples prepared by 

using plunge-freezing, with droplet size and shape examined. Cryo-EDX and -EELS 

were used for the elemental analysis of the sample focusing on the carbon signal from 

the oil phase, oxygen signal from the water phase (and vitreous ice), and platinum 

signal from the Pt-NPs. Cryo-ET was used to visualise the sample droplets in 3D to 

ensure the spherical structure of the droplets is retained after plunge-freezing. Further 

cryo-ET with simultaneous EELS spectrum imaging (SI) was performed to obtain 3D 

elemental maps of the emulsion droplets as a stain-free method to visualise the oil 

phase. 

The Pickering emulsion samples were prepared by the research group of Dr Olivier 

Cayre, in the School of Chemical and Process Engineering, University of Leeds. Part 

of the results presented in this chapter have been published in the Journal of 

Microscopy under the title “Native state structural and chemical characterisation of 

Pickering emulsions: A cryo-electron microscopy study” (see Appendix A).  

 

5.1 Preliminary Sample Analysis 

Pickering emulsions have been analysed using a wide range of techniques including 

optical microscopy, AFM, DLS, TEM and SEM. Among these, optical light microscopy 

is one of the simplest methods to visualise emulsions. Optical microscopy was used 

in previous work featuring these Pickering emulsion samples seen in Hitchcock et al. 

[40] to confirm the droplet size and shape. However, these observations are limited by 

the spatial resolution of light microscopy, restricting the ability to image the smaller 
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droplets in the system or the Pt-NPs [40]. For several of the samples presented here, 

the smallest droplets were too small to allow for representative characterisation using 

a light microscope and as would be expected, this method does not provide 

information on the Pt particles or their distribution on any of the Pickering emulsion 

droplets. Conventional TEM and SEM have been identified as important techniques to 

break through this resolution limit [57] but are both unsuitable for imaging Pickering 

emulsions and other soft matter samples due to the vacuum in the microscopes drying 

the samples. The drying of aqueous samples will affect their structure and create 

drying artefacts, which in turn affects sample imaging [17, 28, 235].  

Initial analysis of the Pickering emulsion samples includes DLS analysis for bulk 

sample measurement in in the native state, and TEM imaging to visualise the emulsion 

droplets and stabilising nanoparticles. Both dry sample imaging and imaging of a cryo-

fixated sample were used in this chapter to confirm the usefulness of cryo-fixation 

techniques in preserving the structure of soft matter samples. For this, plunge-freezing 

was chosen as a cryogenic preparation technique due to its ease of use and 

availability.  

 

5.1.1 DLS Measurements 

Preliminary DLS measurements were taken to verify the droplet size in its native, 

aqueous state before undergoing any changes during sample preparation for EM 

imaging. Using DLS the average particle size was measured to be ~100 nm for the 

sunflower oil Pickering emulsion (see Figure 5.1), though this is limited by DLS only 

measuring the hydrodynamic diameter of the droplets, and therefore unable to 

differentiate between individual droplets and any agglomerates of droplets.  
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Figure 5.1 – DLS size measurements of the sunflower oil Pickering emulsion sample. 

The measurement shows an average droplet diameter of ~100 nm [236]. 

 

The hexadecane oil Pickering emulsion sample used later in the chapter was similarly 

analysed using DLS, with results presented in Figure 5.2. DLS size measurements in 

Figure 5.2 show a number distribution with a main peak corresponding to ~100 nm, 

similar to the results seen in Figure 5.1. This suggests that the largest droplet 

population consists of ~100 nm droplets. The DLS volume distribution in Figure 5.2-B 

contains two peaks at ~100 nm and ~600 nm. This may suggest the presence of large 

droplet clusters, though it may be due to the presence of large droplets. When 

considering the size limitations for imaging samples in TEM, a sample with smaller 

primary particle size would be preferred, especially since the further limitations given 

by plunge-freezing would mean that larger droplets may collapse or be deformed 

during sample preparation. EELS thickness measurements for the ice formed through 

plunge-freezing seen in Chapter 4 showed an average ice thickness of 300-350 nm in 

the centre of the grid squares. Although emulsion droplets with sizes near the 100 nm 

diameter measured in DLS may be found in ice with this thickness, larger droplets or 

clusters are expected to be “pushed” to the thicker ice regions near the grid bars which 

are less accessible for imaging and electron tomography. 
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Figure 5.2 - DLS measurements of the hexadecane Pickering emulsion, showing A) 

the number distribution and B) the volume distribution. The graph in A) shows that 

similarly to the sunflower oil sample in Figure 5.1, the hexadecane sample has an 

average diameter of ~100 nm. The volume distribution graph in B) instead shows two 

peaks, with a main peak around ~600 nm and a second peak at around ~100 nm [236].  

 

5.1.2 Dry Sample TEM Imaging 

The hexadecane-in-water Pickering emulsion sample was drop-cast onto a continuous 

carbon TEM grid and left to dry, after which it was taken to the TEM for imaging. As 

the structure of Pickering emulsions is given by surface interactions between the oil 

and water phases, it is expected the droplets would collapse following drying and 

therefore not carry any information on droplet size, shape, or agglomeration. Similarly, 

it was expected for the NPs to not retain their native distribution and agglomeration.  

TEM and HAADF STEM images of the dry sample in Figure 5.3 show the presence of 

collapsed droplets, delineated by the Pt-NPs. Here, the Pt-NPs on the droplet surface 

appear to have been directly deposited on the grid film during drying, thus functioning 

as a projection of the original droplets and providing some information on droplet 
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shape or aggregate size. This can be seen with dry droplets in Figure 5.3-A, Figure 

5.3-B, and Figure 5.4-B where a projection of the droplet remains. 

Dry (S)TEM imaging can be useful for basic particle analysis of the stabilising NPs if 

only information such as nanoparticle size or shape is needed. High magnification 

TEM imaging of the sample can be seen in Figure 5.3-C, where the particle size of the 

Pt-NPs has been measured to be 3-5 nm. It is however impossible to collect any 

information on droplet agglomeration or distribution as these are greatly affected by 

the droplet collapse and drying artefacts. 

 

Figure 5.3 – Electron microscopy images of a dry hexadecane oil Pickering emulsion 

sample. A) and B) HAADF STEM images of collapsed droplets. C) TEM image of the 

Pt-NPs, with approximate particle size of 3-5 nm. 

 

Stabilising particles can naturally sit in the continuous phase in Pickering emulsion 

systems, therefore it is unclear from the imaging of a dry sample whether the position 

of the Pt-NPs is due to Pt-NPs in the water phase or as a result of the sample drying 

[237]. EDX analysis performed by Roncal-Herrero et al. [65] on a dry sample of 

sunflower-in-oil Pickering emulsion on a silicon nitride TEM grid confirms the absence 

of a defined carbon signal from the droplets, as the oil phase had fully evaporated 

during the drying process. The EDX results in an area including a collapsed droplet 

(Figure 5.4) show that although a carbon signal was detected, it does not correspond 

directly to the oil droplet. The platinum signal map in Figure 5.4-C confirms that the 

nanoparticles are platinum and are present both in the collapsed droplet and around 

it [65]. Overall, these results show that cryo-EM imaging is necessary to verify the 

position of the Pt-NPs in cryo-fixated Pickering emulsion samples. 
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Figure 5.4 – EDX elemental analysis of dry a sunflower oil Pickering emulsion sample 

on a SiNx TEM grid. A) HAADF STEM image of a group of collapsed droplets. B) 

Higher magnification image of the area in A) showing a single collapsed droplet. C) 

EDX elemental map of the Pt signal, which corresponds to the remnants of the 

collapsed droplet. D) EDX spectrum with the main peaks labelled. The Si and N peaks 

are due to the SiNx TEM grid. The elemental maps in C) shows that while the Pt signal 

corresponds to the droplet in B), the C signal does not reflect the position of the droplet, 

thus demonstrating that the sample has completely collapsed and does not retain its 

native structure. Figure adapted from the data in Roncal-Herrero et al. [65].  
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5.2 Cryo-(S)TEM Imaging 

The two main Pickering emulsion samples used for cryo-(S)TEM imaging all possess 

droplets with an average diameter of ~100 nm, making the sample suitable for 

preparation through plunge-freezing. The Pickering emulsion samples were mainly 

imaged in cryo-HAADF STEM mode to make use of two key advantages for cryogenic 

imaging:  

1. Higher electron fluences being needed before beam-induced damage occurs 

in STEM mode [95, 98];  

2. Atomic number imaging in STEM mode allows to obtain good contrast for the 

Pt-NPs [108, 142, 144].  

Further analysis was conducted using cryo-EDX, -EELS, and -electron tomography to 

fully characterise the sample in 2D and 3D. Cryo-imaging is useful for imaging the 

Pickering emulsion sample in a hydrated state, preventing the loss of structural 

integrity of the droplets as a result of drying artefacts. 

 

5.2.1 Initial Observations 

Initial imaging of the hexadecane-in-water emulsion (< 1µm) using cryo-HAADF STEM 

can be seen in Figure 5.5, showing individual droplets and clusters of droplets. The 

images in Figure 5.5 were collected near the centre of the TEM grid squares where 

the ice is thinnest, with the droplets not showing any evidence of deformation or 

collapse even within larger droplet clusters as seen in Figure 5.5-A. Higher 

magnification imaging resolved individual 3-5 nm Pt-NPs in Figure 5.5-B and Figure 

5.5-D. These images show the Pt-NPs being arranged in chains, mostly at the oil-

water interface on the droplet’s surface. Some nanoparticles can be also seen in small 

clusters in the water phase (Figure 5.5-D). Cryo-HAADF STEM was used for high 

magnification imaging due to the higher threshold for ice damage associated with 

STEM imaging as was demonstrated in previous work by Ilett et al. [95] and Egerton 

[238], where damage in cryo-analytical STEM was seen to occur at higher electron 

fluences (<2000 e−/Å2) as compared to conventional cryo-TEM (<100 e−/Å2) [95, 238]. 

Although higher magnification imaging was possible in cryo-STEM, consideration of 

electron fluence is required to prevent sample damage from interfering with the 

imaging process. Electron fluence (the total number of electrons incident on the 
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sample per unit area) and dose (the rate of electrons per unit area) are critical 

parameters for cryo-EM observation. At high total electron fluences the sample will 

incur significant beam-induced damage in the form of ice subliming, but a minimum 

amount of electrons is also needed to generate enough contrast for imaging; this 

impacts the parameter needed for sample imaging, focusing, and navigation, as all 

these steps can impact the total electron fluence. The beam current was kept below 

20 pA when imaging in HAADF STEM at image resolutions below 2 nm/px to keep the 

total electron fluence under a total of ~200 e-/Å2, within the safe range before incurring 

beam damage as reported by Ilett et al. [95] and Egerton [238]. However, damage 

remains at smaller pixel sizes due to diffusion limited damage by the radiolysis 

products generated in vitreous ice [95]. 

https://0-www-sciencedirect-com.wam.leeds.ac.uk/topics/biochemistry-genetics-and-molecular-biology/radiolysis
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Figure 5.5 – Cryo-HAADF STEM images of Pickering emulsion droplets. A) Low 

magnification image of a large droplet cluster. B) Image of a single droplet with Pt-NPs 

visible on the droplet surface. C) and D) images of droplets at two magnifications, with 

D) showing a high magnification image of C) where individual Pt-NPs can be resolved. 

Total electron fluences: A) 10 e-/Å2, B) 63 e-/Å2, C) 66 e-/Å2, D) 270 e-/Å2 [236].  

  

Large droplets with diameter >500 nm can be occasionally identified, though not all of 

them are properly preserved. Figure 5.6-A shows an example of such droplets, which 

appear to have partially burst. Very large agglomerates and droplets (>1 μm) can be 

seen near the grid bars (Figure 5.6-B), where the ice thickness is anticipated to be 

higher as observed in the preliminary ice studies conducted in Chapter 4. 
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Unfortunately, sample imaging in these regions is difficult as the ice thickness 

approaches the maximum size for STEM imaging, and approaches sizes where ice is 

likely to have crystallised during plunge-freezing. This indicates that cryo-(S)TEM is 

therefore not suitable for the analysis of Pickering emulsion samples with large droplet 

sizes. 

 

Figure 5.6 – Cryo-HAADF STEM images showing imperfections in the sample. A) 

Cluster of droplets with a large, partially collapsed droplet. B) Large droplet cluster 

near the grid bar. The higher ice thickness near the grid bars can accommodate much 

larger droplets (and droplet clusters) compared to the centre of the grid square, but 

the sample thickness here makes proper sample analysis problematic. Total electron 

fluences: A) 10 e-/Å2, B) 1 e-/Å2. 

 

The impact of the droplet size was examined by studying the hexadecane-in-water 

Pickering emulsion with a droplet size larger than 1 μm. This was prepared for cryo-

TEM using plunge freezing and variable results were obtained. As seen from cryo-

HAADF STEM images in Figure 5.7-A and Figure 5.7-B, large droplets (diameter >500 

nm) are deformed, with single droplets appearing “squashed” and elongated, while 

droplets in clusters collapse on each other. In Figure 5.7-C smaller droplets within a 

cluster are also deformed, while droplets that are not part of a cluster remain mostly 

unaffected (see the top-right droplet in Figure 5.7-C).  
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Figure 5.7 – Cryo-HAADF STEM of a hexadecane oil Pickering emulsion with large 

droplet size (>1 μm) after plunge-freezing. A), B) and C) all show droplets of different 

sizes at a range of magnifications. The droplets in this sample appeared to be 

deformed, an occurrence that seems to be more pronounced in larger droplets (>500 

nm) or droplet clusters. Total electron fluences: A) 2 e-/Å2, B) 22 e-/Å2, C) 90 e-/Å2. 

 

Cryo-EELS was used for the elemental analysis of area of the sample with thickness 

up to the mean inelastic free path of vitreous ice, as can be seen in Figure 5.8. The 

EEL carbon K edge signal map in Figure 5.8-B shows that carbon is not only present 

in the droplet, but also ubiquitous to the entire analysed area irrespective of the 

presence of visible droplet remains. This could be a result of large clusters being 

deformed, together with the high sample concentration as a result of the blotting step. 

These results show that initial droplet size information needs to be known prior to 

selecting a cryo-preparation methods as techniques such as plunge-freezing are only 

suitable for smaller droplets, with other characterisation techniques such as DLS, 

optical microscopy, and cryo-SEM being possible alternatives depending on the 

specific sample size and analysis needs. 
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Figure 5.8 – EELS elemental maps of a plunge-frozen Pickering emulsion sample with 

large droplets. A) Cryo-HAADF STEM images of the plunge-frozen sample with 

highlighted area of interest. The droplet collapse together with the high sample 

thickness means the sample is often difficult to image and droplets are difficult to 

visualise. B) and C) EELS elemental maps of the area in A) showing the carbon K 

edge signal (B) and oxygen K edge signal (C). Due to the droplet collapse, it is possible 

to find areas where the oil can be found in the droplets and also around them (as is 

the case with (B), which shows carbon around the droplet). Total electron fluence: 100 

e-/Å2. 

 

5.2.2 Comparisons Between Dry and Cryo-Prepared Samples 

It was seen from initial imaging that the sample structure was visibly different following 

drop casting as compared to plunge-freezing. Drop casting soft matter samples (e.g. 

biological samples, surfactant solutions, etc.) for conventional TEM imaging will cause 

drying artefacts affecting the sample’s structure and morphology. Initial visual 

comparisons between drop cast and plunge-frozen samples in Figure 5.9 how that 

under the vacuum of the TEM, the emulsion droplets have burst, leaving only the Pt-

NPs deposited on the supporting film (Figure 5.9-A and Figure 5.9-B). As expected 

from a dry Pickering emulsion sample, the droplets in Figure 5.9-A present a variable 

morphology, with most droplets not being circular. Conversely, the emulsion droplets 
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in the cryo-fixed sample in Figure 5.9-C and Figure 5.9-D are circular, implying the 

spherical shape of the droplets is maintained within the vitreous ice. 

 

Figure 5.9 – Comparison between dry and plunge-frozen sunflower oil Pickering 

emulsions. A) and B) TEM images of a drop cast sample. C) and D) Cryo-TEM images 

of a plunge-frozen sample. Comparisons between the two sample preparation 

methods clearly show the spherical shape of the droplets being retained after 

cryogenic preparation. Total electron fluences: C) 41 e-/Å2, D) 781 e-/Å2 [236]. 

 

The diameter of the emulsion droplets was measured for both the dry and plunge-

frozen sample to compare the effects of the two preparation methods on droplet 

structure. 500 droplets were manually measured from (S)TEM images of both 

samples; the average droplet diameter in the drop cast sample was found to be 340 

nm (with droplet sizes ranging from 98 nm to 1089 nm), while the average droplet 
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diameter was found to be 183 nm for the plunge-frozen sample (with droplet sizes 

ranging from 45 nm to 514 nm), as seen in Figure 5.10-A. The variability in the 

diameter measurements for the dry sample are extreme, with a mean diameter much 

greater than the bulk DLS measurement (Figure 5.1), but with only a small increase in 

mean diameter measured from the cryo-prepared sample compared to the same DLS 

results. The circularity of the droplets was measured by overlapping an ellipsoid with 

the droplets and adjusting it to the droplet such that the droplet diameter coincides 

with the ellipsoid’s major axis. This was done do partially account for droplets with only 

partial outlines as seen in Figure 5.9-B. Circularity is given by the equation:  

 
𝐶𝑖𝑟𝑐 =

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2

4𝜋⁡x⁡𝐴𝑟𝑒𝑎
 (5.1) 

Where circularity ranges from 1 for a perfect circle, and higher than 1 as the shape 

approaches an infinitely elongated polygon. A plot of circularity against droplet 

diameter for cryo-prepared and dry emulsion droplets in Figure 5.10-B shows the drop 

casted droplets present a large range in circularity (from 2.82 to 1.01), while the cryo-

prepared droplets are more consistently circular (1.22 to 1.01).  

These results suggest that the cryo-prepared sample retains both the droplet size and 

shape that would be expected in its aqueous state. However, this analysis is limited to 

two dimensions and cannot detect deformation in the direction normal to the viewing 

plane as a result from blotting the sample during plunge-freezing. In fact, the flattening 

of large samples was also observed by Wills et al. [239] in nanoparticle dispersions 

cryogenically frozen by plunge-freezing and subsequently dried under a high vacuum, 

where agglomerates were shown to be flattened [239]. By using electron tomography 

and acquiring images at multiple tilt angles, it is possible to observe these droplets in 

3D space, therefore confirming whether the droplet shape is maintained through the 

sample preparation steps. 
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Figure 5.10 – Graphs showing the size distribution and circularity of 500 Pickering 

emulsion droplets prepared through drop casting and plunge-freezing. A) Size 

distribution of the droplets across the two samples. B) Circularity of the droplets versus 

the droplet diameter across the two samples. Droplet morphology appears to change 

as the droplets collapse during the drying process. The average droplet size for the 

drop cast sample was measured to be ~342 nm, compared to ~183 nm for the plunge-

frozen sample [236]. 

 

Initial sample imaging using (S)TEM clearly showed the usefulness of plunge-freezing 

as a cryo-preparation technique for Pickering emulsion samples, ensuring the 

emulsion droplet structure is maintained during imaging (Figure 5.11-A and Figure 

5.11-B). However, it is also evident from the imaging of large plunge-frozen sample 

droplets such as Figure 5.11-C that plunge-freezing can only be applied to a narrow 

sample size range, with droplets >1 μm in diameter collapsing or deforming during 

sample preparation, It is therefore important to keep in mind that larger Pickering 

emulsion droplets will require alternative imaging techniques such as optical 

microscopy or cryo-SEM for optimal characterisation.  
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Figure 5.11 – Comparison between dry droplets and cryogenically prepared 

hexadecane-in-water emulsion droplets with different sizes. A) HAADF STEM image 

of a drop cast sample. B) Cryo-HAADF STEM image of a plunge-frozen sample. C) 

Cryo-HAADF STEM image of a plunge-frozen sample containing large droplets (>1 

μm). Plunge-freezing is successful in preserving the droplet structure, but only for 

samples with appropriate droplet size; large droplets (with diameter significantly larger 

than the ice layer formed by plunge-freezing) will collapse. Total electron fluences: B) 

14 e-/Å2, C) 1 e-/Å2. 

 

5.2.3 Spectroscopy using EELS and EDX 

During cryo-(S)TEM imaging, the low contrast between the oil and water phases 

results in difficulties identifying the oil phase and the position of Pt-NPs relative to it. 

In high magnification images such as Figure 5.5-D it is not possible to clearly 

distinguish between the oil and water phases; while it is vaguely possible to identify 

the oil-water interface by following the position of the Pt-NPs, this is far from an 

accurate method and is based on the potentially incorrect assumption that the 

stabilising particles must be at the interface. In practice, the stabilising particles might 

also be present in the water or oil phases with Figure 5.5-D being one such case, 

showing Pt-NPs in the water phase. When considering different Pickering emulsions, 

samples using particles such as proteins as stabilisers present low contrast stabilisers 

that cannot be used as indicators for the purpose of identifying the oil-water interface. 

EELS and EDX can be used as elemental analysis techniques while in HAADF STEM 

mode to identify the water and oil phases through the carbon and oxygen signals 

respectively. Figure 5.12 shows EDX elemental maps and EDX spectra corresponding 

to the inside and outside of an emulsion droplet highlighted in the cryo-HAADF STEM 
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image in Figure 5.12-A. A composite of the carbon and platinum EDX elemental maps 

can be seen in Figure 5.12-B, showing the presence of carbon signal corresponding 

to the oil phase in the centre of the droplet, and a platinum signal located 

predominantly at the droplet’s surface, corresponding to the position of the Pt-NPs. A 

challenge for the elemental analysis of this oil phase lies in distinguishing the carbon 

signal corresponding to the oil from the surroundings (e.g., the carbon support film). 

To resolve this issue, elemental analysis of the frozen sample was only performed on 

droplets found over holes in the carbon film. 

 

Figure 5.12 – EDX elemental analysis of a single sunflower oil-in-water emulsion 

droplet A) HAADF-STEM images of a cluster of Pt-NPs-stabilised Pickering emulsion droplets 

plunge-frozen onto lacey carbon grid, B) EDX elemental map showing the carbon (red) and 

platinum (blue) signals with boxes showing EDX spectra locations. C) EDX elemental map for 
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the oxygen within the vitrified ice. EDX spectra for D) the entire droplet, E) the centre of the 

droplet, and F) the water phase (total electron fluence: 732 e-/Å).  

 

EELS was used to support the results obtained from the EDX analysis, generating 

EELS elemental maps as seen in Figure 5.13. Core-loss spectra were collected within 

the electron energy loss range of 200-600 eV to include carbon and oxygen edges, 

corresponding to the carbon in the oil phase and oxygen in the vitreous ice. This allows 

for the detection of the oil in the droplets and understanding what proportion of the ice 

thickness they occupy. The EELS maps were taken with a 0.09 s exposure time and 

12 nm pixel size (resulting in a total electron fluence of 16 e-/ Å2), as an increase in 

exposure time or decrease in pixel size would result in an increase in electron fluence 

which would then cause damage to the sample. These parameters need to be adjusted 

depending on the sample and the area that is being analysed, as changes in sample 

size, elements present in the sample, ice thickness, and damage threshold for the 

sample will affect the maximum total electron fluence that can be used. 

To obtain an EELS spectrum image it was found that a lower electron fluence was 

needed compared to an EDX map with the same pixel size and signal quality. Due to 

the method of signal acquisition (electron scattering in EELS versus x-ray emissions 

in EDX), EELS is more suitable for the analysis of elements with low atomic numbers, 

while EDX is more suitable for high atomic numbers. This makes EELS particularly 

useful for the analysis of carbon and oxygen signals in the Pickering emulsion samples. 

In addition, the position of the carbon and oxygen EDX peaks near each other means 

that differentiating between these lighter elements is more challenging, especially 

when signal acquisition is limited by electron fluence and sample damage. The lower 

electron fluence needed is especially attractive for cryo-STEM imaging, as it can allow 

for the use of supporting analysis techniques in the same area and could also be used 

in conjunction with electron tomography to generate 3D reconstructions based on the 

elemental maps without damaging the sample. The applicability of EELS to a given 

sample is given by the sample thickness (which affects the signal quality and the ability 

to obtain quantitative data) and presence of important major EEL edges at high energy 

losses, where the total electron fluence needed to obtain a sufficient signal is higher 

than the threshold for damage. This is the case with the Pt major edges (found at 

above 20000 eV) associated with the Pt-NPs, and which cannot be accessed without 
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damaging the sample. EELS may however be useful for the elemental analysis of 

different stabilising particles as long as the major edges for the elements in the 

particles are found at low energy loss values, as is the case with the silicon (silicon L-

edge can be found near 100 eV) found in silica particles that are commonly used for 

Pickering emulsions [51, 57]. 

 

Figure 5.13 – Cryo-EELS elemental analysis of a droplet cluster. A) Cryo-HAADF 

STEM image of a droplet cluster. B) EEL elemental map of the carbon K edge signal 

and C) oxygen K edge signal. The position of the C signal maps to the position of the 

droplets and lacey carbon film, though smaller droplets cannot be resolved with the 

pixel size and dwell times used for the EEL signal collection. Total electron fluence: 

16 e-/ Å2 [236].  

 

So far, neither EDX nor EELS can be thought of as a catch-all for elemental analysis 

of these Pickering emulsion samples. EELS can provide fast, single-pass, and low-

dose elemental maps that can be used to quickly analyse elements within a limited 

electron energy loss range. This electron energy loss range imposes a limit to the 

elements that can be successfully analysed, as edges at high electron energy loss 

longer exposure time would require longer exposure times to detect a signal. This 
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increase in exposure time, possibly in the range of 1-10 seconds, would increase the 

total electron fluence by a factor of 100. Further issues arise when small image pixel 

sizes are needed to resolve small particles. On the other hand, EDX can be used to 

detect most elements despite the lower energy resolution. The 3-5 nm Pt-NPs used in 

these samples are challenging to analyse using both spectroscopy techniques, with 

EDX being able to detect a platinum signal ( 

Figure 5.12-C), but is unable to distinguish between individual NPs, and EELS being 

unable to reach a pixel size below 12 nm in the microscope setup used without 

significant damage that irreversibly changes the sample. 

The absolute thickness of the sample was estimated from EEL low-loss spectra using 

Hyperspy, to generate height maps as shown in Figure 5.14 [240] and using a mean 

inelastic free path for vitreous ice of ~350 nm [217]. Thickness analysis was performed 

along a wide area near the centre of the TEM grid square, including areas free of 

sample, and areas with emulsion droplets to ensure that the ice thickness is sufficient 

to contain the droplets without deformation, but also thin enough to allow for cryo-

HAADF STEM imaging and spectral analysis. Figure 5.14-B shows the vitreous ice 

within the holes in the carbon film is estimated to be approximately ~250 nm thick near 

the centre the grid square, with a variation in the ice thickness seen near the carbon 

film (~300 nm in thickness) and when approaching the copper grid. In contrast, the ice 

thickness in areas with droplet clusters was estimated to reach up to ~500 nm in 

thickness. Plunge-freezing cryo-TEM might therefore be suitable for the imaging of 

droplets and clusters up to a few hundreds of nanometres (<600 nm) in diameter 

without deformation or damage to the droplets. Larger droplet aggregates have been 

observed and could be suitable for cryo-(S)TEM imaging, with the only limitations 

being the decrease in SNR when imaging thicker sample regions and the higher 

likelihood of crystalline ice forming during the sample preparation in these thicker 

regions. For EELS analysis the droplet size limitation is more stringent: a minimum 

droplet size of ~50 nm could be analysed with the methods presented in this study, 

limited by the smallest pixel size available before beam-induced damage begins 

accumulating. Identifying an upper limit for EELS can be more challenging, as it is 

dependent on the information that needs to be extracted. The limitations for low-loss 

EELS and thickness estimation are less stringent and similar to those seen in regular 

cryo-HAADF STEM imaging, as the ice is generally thinner than 2-3 times the mean 
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inelastic free path. This means techniques such as EELS-based thickness estimation 

can be used in conjunction with other analysis techniques and as an initial step to 

ensure the area of interest is suitable for other techniques requiring thinner ice. On the 

other hand, techniques like EELS mapping and elemental quantification cannot be 

applied to areas where the sample thickness is much thicker than the mean inelastic 

free path, therefore only allowing for the analysis of single droplets or small 

agglomerates up to 400-500 nm in diameter.  

 

Figure 5.14 - Maps of the estimated absolute ice thickness (in nm) from EEL low-loss 

spectra taken from two regions of the STEM image (A). The estimated thickness maps 

for (B) an area without sample (3.97x10-3 e-/Å2) and (C) an area with Pickering 

emulsion droplets shows that the ice thickness can vary depending on the presence 

of the sample (0.29 e-/Å2). Areas containing droplet clusters or larger droplets (>300 

nm diameter) will feature thicker ice than what is observed in droplet-free areas [236].  



 Chapter 5 - Cryo-(S)TEM Analysis of Pickering Emulsion Samples 

143 
 

5.3 Electron Tomography 

Electron tomography was used for the 3D visualisation of Pickering emulsion samples, 

to identify the 3D position and shape of the emulsion droplets and Pt-NPs. In all cases 

a cryo-HAADF STEM tilt series was recorded in a range from -60° to +60°, which was 

then reconstructed using SIRT and visualised using Imaris. Tilt series were collected 

in HAADF STEM mode to mitigate the beam-induced damage accumulating over the 

course of collecting multiple images 42[98].  

Electron tomography was initially used to compare the drop cast and plunge-frozen 

hexadecane-in-oil emulsion samples to verify that the droplets remain spherical after 

cryo-fixation, while the dry droplets will completely collapse. Figure 5.15 shows 

HAADF STEM images of emulsion droplets taken in cryo-TEM (Figure 5.15-A) and 

standard dry TEM (Figure 5.15-B), and the corresponding 3D reconstructions. For both 

samples, tilt series were collected every 5° for a total of 25 images per tilt series. A 

comparison between 3D reconstructions of the two samples from a top (Figure 5.15-

C and Figure 5.15-D) and side (Figure 5.15-E and Figure 5.15-F) view shows the 

position of Pt-NPs, which indicate that the plunge-frozen emulsion droplet retains a 

spherical 3D structure, while the Pt-NPs in the drop cast sample are deposited on the 

grid support film. Pt-NPs in the plunge-frozen sample have been colour labelled to 

distinguish between the particles near the main droplet’s surface (coloured red) and 

the particles in the water phase and near the two smaller droplets (coloured green). It 

is notable that the Pt-NPs in the water phase and the emulsion droplets both appear 

to be located preferentially on the ice surface (the air-water interface). 
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Figure 5.15 – HAADF STEM images of a plunge-frozen and drop cast emulsion 

samples and images from the corresponding electron tomograms. A) Cryo-HAADF 

STEM images of a droplet in a plunge-frozen sample. B) HAADF STEM image of a 

droplet cluster in a drop cast sample. C) Top view image of an electron tomogram 

reconstructed from a tilt series of the area in A). Pt-NPs are shown in red when found 

on the surface of the main droplet in A) and green when found elsewhere. D) Top view 

image of an electron tomogram reconstructed from a tilt series of the area in B), with 
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Pt-NPs shown in grey. E) Side view of the electron tomogram seen in image C). F) 

Side view of the electron tomogram seen in image D). Comparisons between E) and 

F) clearly show that the cryogenic sample preparation allows for the preservation of 

the 3D droplet structure, while all droplets appear to have collapsed in after dry sample 

preparation. Total electron fluence: ~2667 e-/Å2. 

 

Figure 5.16 shows an electron tomogram of an emulsion droplet cluster with droplets 

ranging from ~50 nm to ~600nm, reconstructed from a tilt series consisting of 41 

images taken every 3°, using a pixel size of 1.8 nm and a probe current of 20 pA. The 

electron tomograms in Figure 5.16-B and Figure 5.16-C show the position of the Pt-

NPs on the surface of the emulsion droplets (coloured in red) and in the water phase 

(coloured in green). The emulsion droplets are shown in purple; however, due to the 

low contrast of the oil phase, the 3D surfaces for the droplets were created manually 

by following the position of the Pt-NPs, assuming their position is near the oil-water 

interface. Similarly to the electron tomogram in Figure 5.15-E, Figure 5.16 also shows 

the three-dimensional nature of the droplets is retained after cryogenic preparation, as 

the droplets do not appear to have collapsed. The Pt-NPs can be seen both on the oil-

water interface and in the water phase, where they are predominantly found near the 

ice surface. The presence of Pt-NPs near the ice surface might be an artefact of the 

sample preparation, arising from nanoparticles moving during the short time period 

between the sample blotting and freezing in liquid ethane. This effect has been 

observed in cryogenically frozen inorganic samples with nanoparticle markers being 

found at the ice surface; in biological samples, the presence of sample near the ice 

surface can induce a bias on the direction of cells, viruses, and particles, therefore 

affecting their characterisation [204, 217, 222, 223]. 
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Figure 5.16 – Electron tomogram images of a droplet cluster. Cryo-HAADF STEM 

image of a droplet cluster and B) a top view image from the corresponding electron 

tomogram. Approximation for the oil droplets (in purple) were made manually based 

on the position of the Pt-NPs and are therefore not necessarily accurate to the position 

of the oil phase. C) Side view of the tomogram showing Pt-NPs in the water phase on 

the air-water interface, and the presence of a thicker ice layer near the large central 

droplet. Total electron fluence: ~1600 e-/Å2 [236]. 

 

As stated, electron tomograms of the Pickering emulsion samples show that similarly 

to other systems, the droplets and particles tend to be found near the surface of the 

ice [204]. A diagram representing this arrangement is shown in Figure 5.17, where Pt-

NPs on the droplet surface are represented in red and those in the water phase are 

represented in green. Ice near large droplets becomes thicker to accommodate the 

droplet below an unknown critical size, above which the droplet will be partially 

destroyed. This increase in ice thickness can be seen by observing the position of the 

Pt-NPs on the ice surface in Figure 5.16-C. In this schematic, the Pt-NPs are closer 
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together on the right side of the image, and the gap between the top and bottom of the 

ice increases while nearing the large central droplet. It is unfortunately not possible to 

accurately determine whether the entire droplet is preserved in 3D as the Pt-NPs on 

the top and bottom sections of the tomogram are absent or represented inaccurately 

due to the missing wedge artefacts. Additionally, imaging these larger droplets 

becomes especially difficult as they are the first features in the sample that will incur 

beam-induced damage. Smaller droplets in a cluster near larger droplets can be found 

at any position within the ice, which functions as a shield to beam damage as more 

ice is required to sublime before reaching these droplets. 

Following the diagram in Figure 5.17, damage to the sample was seen to progress as 

follows: initial damage affects the entire sample, leading to small displacements of 

smaller particles such as the Pt-NPs in this system. This can be observed as a 

displacement of particles near the ice surface and expansion of the droplets. As 

electron fluence increases, the ice begins to sublime, causing the particles near the 

ice surface to move further. This was seen to first affect the particles in the water phase 

(as these tend to be in contact with the ice surface) and large droplets, causing them 

to burst. Smaller droplets near the middle of the ice cross-section will be shielded from 

this until the ice sublimes further. The effects of beam-induced sample damage during 

the collection of tilt series are further discussed in Section 5.5 “Observations on 

Sample Damage“. 

 

Figure 5.17 – Schematic showing a cross-section of ice containing the Pickering 

emulsion sample. Droplets are highlighted in purple; NPs on the oil-water interface are 

shown in red while NPs in the water phase are shown in green. In cases where 
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droplets have a diameter slightly larger than the ice thickness, they can still be found 

while being not collapsed. In these cases, the local ice near the large droplet will be 

thicker than usual (even when located far from the TEM grid bars). Both droplets and 

particles will be preferentially found near or at the ice surface, though both can be 

found in the middle of the ice within clusters. 

 

The 3D reconstruction results obtained show that HAADF STEM imaging with atomic 

number contrast allows for straightforward analysis of the Pt-NPs in 3D space. 

However, in this imaging mode the oil phase does not generate enough contrast to be 

successfully imaged, and it is therefore not possible to locate the position of the oil-

water interface. As was seen in the TiO2 case study in Chapter 4, simultaneous cryo-

ET and elemental analysis can be performed to obtain 3D elemental information for a 

sample with poor contrast, as is the case with the Pickering emulsion’s oil phase. 

 

5.3.1 Considerations for Electron Tomography 

Controlling beam-induced damage to the sample during the acquisition of the tilt series 

remains a key issue that must be balanced with the overall imaging quality. The use 

of HAADF STEM mode for tilt series acquisition was taken as an initial step in reducing 

sample damage was taken, but additional parameter can further decrease the total 

electron fluence. Beam current, dwell time, pixel size, and number of images in the tilt 

series all affect the total electron fluence and can be fine-tuned on a sample-by-sample 

basis. Lowering the beam current and dwell time will decrease the electron fluence but 

will result in a lower signal. An increase in pixel size will likewise decrease the electron 

fluence but will also decrease the image resolution which in this sample resulted in 

cases where the pixel size was too large to resolve individual Pt-NPs (see Figure 5.16, 

where the imaging pixel size was 1.8 nm per pixel, too large to resolve individual ~3 

nm Pt-NPs) but is a vital trade-off to ensure sample subliming does not happen during 

imaging. Lastly, the number of tit steps can be decreased to lower the number of 

images taken per tilt series, but also affecting the quality of the 3D reconstruction [191, 

214, 215, 217].  

A comparison between electron tomograms acquired using different parameters can 

illustrate this balance between damage and image quality: Figure 5.18 shows an 



 Chapter 5 - Cryo-(S)TEM Analysis of Pickering Emulsion Samples 

149 
 

electron tomogram of a droplet cluster reconstructed from a tilt series acquired with a 

20 pA probe current, a 5° tilt step, but a pixel size of ~0.6 nm per pixel. Although the 

higher tilt step used for this electron tomogram compared to the tomogram in Figure 

5.16, the smaller pixel size of ~0.6 nm per pixel result in an overall higher electron 

fluence per image taken. This resulted in visible damage to the sample which can be 

seen in the form of Pt-NPs being displaced from the droplet surface due to ice 

subliming (Figure 5.18-B and Figure 5.18-C). Sample damage occurring during the 

acquisition of the tilt series will inevitably result in an inaccurate reconstruction. In 

addition to mitigating beam-induced damage, using HAADF STEM for tomography is 

advantageous as it will limit any diffraction contrast that would otherwise be evident in 

cryo-TEM imaging and therefore limit any 3D reconstruction. 

STEM pixel size and dwell time are not the only parameters to be considered when 

collecting a tilt series in cryo-(S)TEM: not only is the number of tilt steps in a series a 

major contributor to the total electron fluence, but so are the focusing and tracking 

steps. Both of these steps can be automated depending on the software used, allowing 

for focusing and tracking at lower pixel sizes. Unfortunately, due to the inability to 

simultaneously focus on all Pt-NPs on emulsion droplets due to the spherical shape 

of said droplets, all focusing had to be performed manually, therefore increasing the 

overall electron fluence. Sample focusing can be approached by either directly 

focusing on the area of interest or by moving the beam to focus on a nearby feature. 

Neither strategy can be thought as a catch-all solution for this system, as the former 

allows for accurate focusing but is more energy intensive, while the latter fully prevents 

damage to the area of interest but requires the presence of nearby features along the 

tilt axis. This requirement is often not met, as in this system droplets found in clusters 

tend to be near thicker ice, and therefore less suitable for collecting a tilt series. 

Improvements in the focusing strategy and user ability, together with a decrease in the 

probe current and pixel size used for imaging are the factors that had the greatest 

contributions in lowering the total electron fluences for the collection of a tilt series. 

Among the electron tomograms presented in this chapter, it is possible to see a 

decrease in total electron fluence required for a tilt series from ~2600 e-/Å2 to less that 

~1000 e-/Å2 to obtain tomograms of similar quality, an improvement that was mostly 

possible through an increase in user experience allowing for faster and more accurate 

focusing to obtain images at lower probe currents. 
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Figure 5.18 – Electron tomogram images of a droplet cluster that has received 

significant beam-induced damage. A) Cryo-HAADF STEM image of the droplet cluster 

featured in Figure 5.22 and B) a top view image of the corresponding electron 

tomogram with arrows pointing to areas where the Pt-NPs on the droplet surface were 

displaced due to ice subliming. C) Side view image of the electron tomogram showing 

the damage occurring at the ice surface. Total electron fluence: A) ~67 e-/Å2, B) ~2600 

e-/Å2 [236]. 

 

Increasing the tilt angle will increase the distance travelled by the electron beam 

through the sample, therefore making the sample more difficult to image and requiring 

a higher electron dose to obtain a sufficient SNR. If the thickness of the ice is assumed 

to be uniform (Figure 5.19), the increase in distance through the sample travelled by 

the electrons increases with sample tilt following: 
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𝑙 =

𝑙0
𝑐𝑜𝑠𝜃

 (5.2) 

Where: 

𝑙0:  Sample thickness 

𝑙:  Length of the path travelled by the electron beam 

𝜃:  Tilt angle 

 

The cryo-TEM holder used for this study allowed for a maximum tilt of ±60°. Accounting 

for this, the effective sample thickness at maximum tilt can be calculated to be: 

 
𝑙 =

𝑙0
𝑐𝑜𝑠60°

= 2𝑙0 (5.3) 

 

An increase in sample thickness by a factor of 2 can have a large effect on the imaging 

quality and further analysis techniques. When accounting for this thickness increase, 

the amount of suitable areas for electron tomography decreases; when imaging this 

system, areas with large droplet clusters often could not be used for electron 

tomography due to the potential thickness of the sample at high tilt angles, despite the 

abundance of droplets in these regions. In areas where the sample is present within 

the ice, the ice thickness tends to be thicker than the average, sample-free, regions 

(see Figure 5.17 and Figure 5.19-C). Likewise, depending on the sample morphology, 

the increase in effective thickness at high tilt angles can be larger than the calculated 

2𝑙0 . This increase in thickness is not homogeneous throughout the sample and 

predicting it can be complicated, making choosing the ideal area for electron 

tomography a difficult endeavour. A potential strategy for determining suitable areas 

consists of the collection of an EEL low-loss spectrum near or at the interested area(s). 

This allows the user to estimate the sample thickness before beginning the tilt series 

collection, although this procedure will contribute to the total electron fluence for the 

area. 
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Figure 5.19 – Schematic showing the change in distance travelled by the beam 

through the sample after tilting. A) Electron beam passing through the sample at 0° 

tilt; here the distance travelled l is the same as the sample thickness. B) Electron beam 

passing through the sample at a tilt angle θ; as the sample tilt approaches 90°, the 

distance travelled by the beam (l) increases. C) Electron beam passing through a 

Pickering emulsion sample containing a droplet cluster. In cases where large droplets 

are preserved, the sample thickness can be higher than the average thickness of the 

ice as shown here. D) Electron beam passing through a tilted Pickering emulsion 

sample. Depending on the size and position on the droplets within the ice, the distance 

travelled by the beam might increase by an even greater extent, which cannot be easily 

calculated as the local sample morphology might be completely different depending 

on the area imaged. 
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5.4 Cryo-EELS Tomography 

Electron tomograms reconstructed from HAADF STEM images alone do not show 

sufficient contrast to distinguish the oil phase from the surrounding ice. In the 

tomograms shown in Section 5.3, the shape of emulsion droplets was generated from 

the position of Pt-NPs assuming their closeness to the oil-water interface. However, 

the success in identifying the oil phase in the emulsion droplets using EEL 

spectroscopy as an elemental analysis technique that required a low total electron 

fluence, shows an opportunity for the use of electron tomography and EELS 

simultaneously to obtain 3D elemental data. 

EEL low-loss and core-loss spectra were collected at various tilt angles alongside a 

HAADF STEM tilt series. A total of 9 EELS elemental were thus acquired at tilt angles 

0°, ±18°, ±27°, ±39°, and ±51°, while 51 HAADF STEM images were acquired with a 

3° tilt step and ~3 nm/px pixel size at ~10 pA. A lower number of EEL spectra were 

collected compared to the HAADF STEM images to decrease the total electron fluence 

and prevent damage during data acquisition. After generating elemental maps using 

the carbon K edge signal in Hyperspy, the EELS tilt series was aligned and 

reconstructed into a tomogram using the same process outlined in Section 5.3 (see 

Figure 5.20). The tomograms reconstructed from the HAADF STEM and EELS signals 

were then superimposed in Imaris using the 0° HAADF STEM and ADF images, which 

were collected simultaneously with the EEL signal. Figure 5.20-D shows that the 

tomogram generated from the carbon K edge map aligns with the approximated 

position of the oil droplets.  
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Figure 5.20 – Images from an electron tomogram including reconstructions from cryo-

HAADF STEM and EELS signals. A) Cryo-HAADF STEM image of a droplet cluster. 

B) Top view of an electron tomogram reconstructed from cryo-HAADF STEM images 

of the area highlighted in A). Pt-NPs near the oil-water interface are shown in red and 

Pt-NPs in the water phase are shown in green. C) top view of an electron tomogram 

reconstructed from EEL maps of the carbon K edge signal in the highlighted area in 

A). D) top-view image showing the HAADF STEM and EEL signals superimposed. The 
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carbon K edge signal aligns with the two larger droplets seen in D), though the pixel 

size was insufficient to resolve other smaller nearby droplets. Total electron fluence: 

~551 e-/Å2 [236]. 

 

The requirement to collect multiple EELS elemental maps drastically increases the 

total electron fluence needed (by at least a factor of 10), and therefore pixel sizes 

below 12 nm cannot be used for EELS elemental maps without damage occurring 

during the tilt series. This limits the use of this technique to larger droplets (>300 nm) 

and can only give qualitative information on the position of the stabilising nanoparticles. 

This size limit creates a narrow size range for suitable droplets, with the lower limit 

being given by the pixel sized needed for EELS and an upper limit given by the sample 

thickness. It is therefore possible to determine the general position of the particles and 

whether they are embedded within the oil-water interface, but it is not possible to 

determine their exact position at the interface (e.g. determine the contact angle for the 

particles, which is a difficult task for systems where the particles stabilising the 

interface are <50nm).  

Despite the improvements in tilt series collection methodology, some sample damage 

was still observed when collecting the EELS and HAADF STEM tilt series. Selected 

tilt series images in Figure 5.21 show some of the issues encountered during data 

acquisition. Initial sample damage (similar to the droplet “expansion” observed in 

Figure 5.25) was seen during imaging. Further issues can be found when selecting 

suitable regions for collecting EELS series; not only is the increase in effective ice 

thickness at higher tilt angles potentially problematic for obtaining a sufficiently strong 

EELS signal, but additionally, the supporting carbon film can partially block the sample. 

This can be seen highlighted in Figure 5.21-F, where the carbon film is partially 

blocking the droplet cluster. This issue can be solved by performing an EELS analysis 

at 0° to obtain information on the ice thickness and presence of carbon film (which 

may be difficult to see near droplet clusters). 
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Figure 5.21 – Selection of images from the tilt series used for Figure 5.20. A) through 

E) tilt series images collected in cryo-HAADF STEM; as the series progresses it is 

possible so see some initial displacement of Pt-NPs due to beam damage. F) through 

H) EEL elemental maps showing the carbon K edge signal. The red arrow shows part 

of the lacey carbon film covering a section of droplet cluster within the area of interest.  

 

The techniques presented in this section were successful as a proof of concept for the 

use of low dose electron tomography in conjunction with spectroscopy to effectively 

perform 3D elemental analysis of cryo-preserved samples. This process is, however, 

not always necessary, as collecting a single EELS (or EDX) elemental map might be 

enough to provide sufficient elemental information for 3D analysis in cases where the 

structures of interest have clear contrast within the tilt series (see Chapter 4). This 

approach will cause far less beam-induced damage while being more accessible to 

users.   
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5.5 Observations on Sample Damage 

Sample damage during cryo-EM imaging has been shown to affect not only biological 

samples, but also inorganic soft matter samples such as nanoparticle dispersions 

[241-243]. The high total electron fluence associated with repeated high-resolution 

imaging, especially when collecting image series causes of this damage and its visual 

appearance. Figure 5.22 shows a large droplet before and after the collection of a 

HAADF STEM tilt series, amounting to a total cumulative electron fluence of ~2600 e-

/Å2 (see Section 5.3.1 for details on tilt series acquisition). The post-tilt series result in 

Figure 5.22-B shows the large central droplet being damaged, with its surface 

appearing to have burst, while the nearby smaller droplets appear to be unaffected. 

Images from the tilt series of the area in Figure 5.23 clearly shows the progression of 

the damage to the droplet, highlighted by the red arrows pointing at the forming hole. 

This type of damage occurs frequently and is likely due to the ice subliming; given the 

importance of managing sample damage, more work was done to better understand 

the mechanisms through which the Pickering emulsion system is affected by the 

electron beam. 

 

Figure 5.22 – Cryo-HAADF STEM images showing beam-induced damage to a 

droplet. A) Image of the droplet after minimal exposure (i.e. tracking, focusing, and 

imaging). B) Image of the same droplet after an approximate total electron fluence of 

~2600 e-/Å2. Result of beam-induced damage in the area shown in B) include the 

displacement of Pt-NPs on the surface of the large central droplet as a result of ice 

sublimation, and beam-induced carbon contamination. 
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Figure 5.23 – Images from a cryo-HAADF STEM tilt series corresponding to Figure 

5.22 and Figure 5.18. The image series shows the progression of sample damage 

(highlighted by the arrows) as the tilt series is being collected. Sample damage is 

evident by the displacement of Pt-NPs on the surface of the droplets closest to the ice 

surface (see Figure 5.18 for the position of the damage in 3D space). As the tilt series 

collection progresses sample imaging becomes more difficult due to the effective 

sample thickness increasing at high tilt angles, sample damage, and the onset of 

sample contamination, with the contamination becoming an issue for imaging when 

nearing the end of the series collection. 

 

EEL low-loss spectral images were taken as a selected area was irradiated with 

electrons to monitor the decrease in ice thickness with cumulative electron fluence 

(Figure 5.24 and Table 5.1). The absolute ice thickness for the irradiated region was 

calculated from the EEL low-loss spectra in Hyperspy. The minimum and maximum 

thickness values were then taken from the thickness maps for each time point and 

recorded in Table 5.1. Looking at the decrease in the estimated maximum and 

minimum values for sample thickness across the experiment in Table 5.1, no 

significant changes in thickness are present until the first time point. The total 

cumulative electron fluence of ~2600 e-/Å2 before the onset of visible damage (as 

seen in Figure 5.24-B and Table 5.1) reflect the findings in Egerton (2019). The 

greatest changes in thickness begins at time point 2, which coincides with the most 

visual damage a seen in Figure 5.24-C, -D and -E, where the droplets begin bursting. 

Initial damage to the droplets begins affecting the smaller droplet to the left first and 

then proceeds to the central droplets. This can be explained by the position of these 

droplets relative to the ice surface as seen in the side view of the electron tomogram 
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of the area (Figure 5.15-E). Sample damage and ice thinning in Figure 5.24 is 

concentrated on the top-left of the image, which coincides with the beam’s scanning 

trajectory starting on the top-left corner of the screen. This results of increased 

accumulated damage for an image series in this corner due to beam flyback. 

 

 

Figure 5.24 – Cryo-HAADF STEM images of a droplet after beam exposure and 

corresponding EEL maps of the estimated sample thickness (in nm) at different time 

points. A) to E) cryo-HAADF STEM images of the droplet and surrounding area 

showing damage to the droplet and area exposed to the electron beam. F) to L) Maps 

of the estimated sample thickness at the corresponding time point, using low-loss 

EELS. Note the values for vitreous ice were used for the inelastic mean free path and 

sample density, therefore the thickness estimate is inaccurate for droplet itself. 
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Table 5.1 – Electron fluence values and sample thickness for the area in Figure 5.24 

at different time points. Thickness at time point 0 was estimate using low-loss EELS 

with a total electron fluence <10 e-/Å2. Note that fewer images were taken for time 

point 1, resulting in a lower electron fluence for that time point.  

Time Point 
Electron Fluence 

(e-/Å2) 

Cumulative 

Electron Fluence 

(e-/Å2) 

Max Thickness 

(nm) 

Min Thickness 

(nm) 

0 10 10 486 282 

1 2677 2677 500 272 

2 1710 4387 493 220 

3 2630 7017 444 159 

4 2630 9647 389 118 

 

At high electron fluences (>500 e-/Å2) or small pixel sizes (<2 nm/px) sample damage 

appears immediately in the form of a slight displacement of Pt-NPs. Initial sample 

damage can be seen in Figure 5.25-A to -C, where all droplets in frame appear to 

expand continuously. This effect is seen most evidently in the droplets labelled I and 

II, though movement in the Pt-NPs is present throughout the entire imaged area and 

in NPs that are both on the droplet surface and within the water phase. As damage 

progresses droplets appear to burst as shown in Figure 5.25-D to -F. Although all the 

imaged droplets begin expanding, only a few are seen to burst in Figure 5.25-F, with 

the damage mostly occurring only on one side of the droplets. Droplet bursting may 

occur due to the ice subliming, which forces the displacement of the Pt-NPs nearest 

to the ice surface. As such, most of the damage from subliming will be observed only 

on the droplets near the ice surface, and only on the size of the droplet in contact with 

it. Droplet expansion might occur through a different mechanism from droplet bursting, 

as all droplets in the irradiated area are seen to expand immediately independently of 

their size of position in the ice. This expansion might instead be caused by changes 

to the ice structure, with ice crystallisation possibly forcing the displacement of 

nanoparticles before subliming.  



 Chapter 5 - Cryo-(S)TEM Analysis of Pickering Emulsion Samples 

161 
 

 

Figure 5.25 – Selection of cryo-HAADF STEM images from an image series showing 

droplets expanding and bursting due to beam damage. A) through C) Images showing 

droplets in a cluster that appear to expand as they are exposed to the electron beam, 

with droplets labelled I and II showing noticeable expansion. D) through F) Images 

showing droplets in a cluster expanding and then bursting, with the droplet labelled III 

showing noticeable expansion and then bursting near the area signalled by the arrow. 

Note that all the droplets in the two clusters imaged seemed to expand as they are 

exposed to the beam, but only a few of the droplets in E) and F) begin to burst, likely 

droplets that are near the ice surface. Total electron fluences for the full image series: 

(top) 2400 e-/Å2, (bottom) 1600 e-/Å2. Total fluence for images (A, D) 50 e-/Å2, (B, E) 

800 e-/Å2, (C, F) 1600 e-/Å2. 

 

Damage to the Pickering emulsion sample when exposed to the electron beam in 

STEM mode for repeated imaging was observed to follow the following mechanism, 

illustrated in Figure 5.26. After initial exposure to the electron beam, the emulsion 

droplets seem to “expand” regardless of their position within the ice, even without 

being affected by the ice sublimating (Figure 5.26-B). The ice begins thinning as it 

sublimates because of the electron beam. The stabilising nanoparticles within the 
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sublimated volume will then appear to be displaced, as can be seen in the droplet 

shown in the tilt series in Figure 5.23. Only the particles near the affected ice surface 

are displaced, while the nanoparticles and droplets in regions of the ice that are not 

being sublimated will appear unaffected (Figure 5.26-C). 

 

 

Figure 5.26 – Schematic showing the speculated mechanism for droplet deformation 

due to beam-induced damage. This diagram is based on observations of the sample 

being damaged by the beam. A) Cross-section of an ice section containing emulsion 

droplets of various sizes and NPs in the water phase before any damage occurs (see 

Figure 5.16). B) After minimal exposure to the beam, but before ice sublimation visibly 

begins affecting the sample, the droplets appear to “expand” (see Figure 5.25). C) The 

ice begins sublimating, causing the nanoparticles near the affected ice surface to be 

displaced (see Figure 5.23).  
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5.6 Limits to the sample analysis and future directions for 

cryo-imaging and analysis of Pickering emulsions 

Using the current electron microscope setup (detailed in the Materials and Methods), 

limits in the effective imaging resolution were encountered when attempting to analyse 

the Pt-NPs due to the low electron fluence needed to prevent sample damage, with 

the images collected having low SNR at high magnifications. The solution shown in 

this study was to simply work at lower magnifications (×20k to ×80k) whenever high 

total electron fluence was required, as was the case with electron tomography. When 

using electron tomography with EELS, this approach results in the inability to resolve 

individual Pt-NPs on the droplet surface, therefore being unable to analyse their 

contact angle, which is a characteristic of interest for Pickering emulsions. For the two 

Pickering emulsions in this study, each with the same Pt-NPs stabilising a different oil 

(hexadecane and sunflower oil), it would be interesting to examine the precise location 

of the stabilising NPs with respect to the oil–water interface, as this effective contact 

angle measurement is a useful indicator of stability [57]. An automated cryo-EM 

tomography procedure to limit exposure but push resolution to as low as possible 

could achieve this and such systems are currently being used and developed within 

other scientific fields. Moving forward applying these techniques to the system 

analysed here would be the logical next step [244, 245]. 

Furthermore, the use of improved equipment such as a direct electron detection 

system rather than a CCD camera could help resolve such small NPs during low dose 

imaging [244, 246, 247]. In addition, characterisation of the sample through cryo-

scanning electron microscopy using techniques such as focus ion beam milling would 

offer a future opportunity to image a larger sample volume and therefore image larger 

droplet clusters or systems with larger droplet sizes or to select a site of interest to 

prepare a lamella to cryo-transfer to the cryo-(S)TEM [136, 175, 184]. 

 

5.7 Summary 

One of the challenges of analysing Pickering emulsion systems with nano-sized 

stabilising particles lies in the difficulty of simultaneously analysing both the stabilising 

particles and the emulsion droplets. Here it was shown the possibility of successfully 

analysing oil-in-water Pickering emulsion samples stabilised by 3-5 nm Pt-NPs using 
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plunge-freezing to cryo-prepare the sample and using cryo-(S)TEM, EDX and EELS 

analysis for imaging and elemental analysis.  

Cryo-HAADF STEM allowed for high-resolution imaging and elemental analysis using 

EDX and EELS while maintaining low electron fluences and minimising damage to the 

sample and vitreous ice. Cryo-HAADF STEM allowed for easy identification of the Pt-

NPs due to their high atomic number while permitting for a higher total electron fluence 

before the onset of beam-induced damage to the sample. EDX and EELS were 

successfully used to obtain carbon, oxygen, and platinum signals in the sample which 

were used to identify the oil and water phases and the stabilising Pt-NPs. 

The collection of EELS spectrum images alongside cryo-HAADF STEM tilt series 

allowed for the 3D reconstruction of the sample volume while also providing 3D 

elemental data. This technique provided information on the oil phase, which would 

otherwise be inaccessible in cryo-HAADF STEM, without the need to stain the sample. 

Improvements on the efficiency of the tilt series collection are needed to decrease the 

electron fluence per tilt angle, therefore allowing for a higher number of images per tilt 

series and higher resolution tomograms. The small size of the of the stabilising 

particles in the samples used resulted in a high electron fluence requirement for 

electron tomography while being able to resolve the Pt-NPs. This made the current 

experimental approach unsuitable to identify the exact position of the Pt-NPs on the 

water-oil interface. Future work may include the use of Pickering emulsion systems 

with larger stabilising NPs to decrease the pixel resolution requirements when 

collecting tilt series or elemental maps. 

Plunge-freezing was found suitable for the preparation of the Pickering emulsion 

samples with ~100 nm droplet diameter, with the droplets retaining their spherical 

structure as observed using both cryo-(S)TEM for 2D imaging and cryo-ET for 3D 

imaging. Droplets with diameter below ~600 nm were found with no visible evidence 

of deformation, though larger droplets were found to be partially collapsed, making 

plunge-freezing unsuitable for the imaging of emulsion samples with larger droplet 

sizes, or where droplet clusters and interactions between droplets need to be studied. 

Alternate cryo-preservation technique will be required for these larger samples, with 

cryo-FIB-SEM being a potential alternative due to the ability to image a larger sample 

surface compared to TEM, while block face tomography can analyse larger 3D 
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volumes compared to tilt. Additionally, FIB milling allows for the generation of frozen 

lamellae that can be transferred to a TEM with cryogenic capabilities to access the 

high-resolution imaging. 
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Chapter 6 Cryo-SEM Analysis of Pickering Emulsion-Based 

Systems 

Results from Chapter 5 showed size limitations for the imaging of Pickering emulsion 

samples in cryo-TEM when prepared by plunge-freezing. Alternate strategies are 

needed to prepare and image larger sample volumes and samples with larger 

volumes. In this chapter, two systems were used: a gold nanocapsule sample 

prepared from a sunflower-in-oil Pickering emulsion with 3-5 nm Pt-NPs, and a 

hexadecane-in-water Pickering emulsion stabilised by 3-5 nm Pt-NPs. Both systems 

have droplet / nanocapsule sizes >1 μm in diameter and are not suitable to be directly 

imaged in cryo-TEM, and therefore have been examined here using cryo-FIB-SEM. 

The samples were frozen in slush nitrogen and transferred to a cryo-FIB-SEM, where 

FIB-milling was used create new surfaces for imaging. FIB-milling was further used for 

the collection of 3D “slice and view” datasets, and for the fabrication of a thin (150-400 

nm) electron-transparent lamella suitable for cryo-lift out and transfer to the cryo-TEM. 

Ideally high pressure freezing would be preferrable for the preparation of vitreous ice, 

but for this thesis slush nitrogen was used due to the unavailability of a high pressure 

freezer. 

Although Pickering emulsions are often used as stabilised emulsions, they can also 

be used as a template for the fabrication of capsules and porous materials [248-250]. 

Hitchcock et al. [40] shows the preparation and analysis of gold nanocapsules from 

the nano-sized sunflower oil-in-water Pickering emulsion droplets shown in Chapter 5. 

These nanocapsules were used for controlled drug delivery, and as such their size and 

shape of these nanocapsules and the thickness of the gold layer are important to 

gauge the samples performance, with the capsule thickness being important for the 

long-term retention of drugs within the capsules. In this thesis, plunge-freezing and 

cryo-(S)TEM were employed in Chapter 5 to image emulsion droplets with ~100 nm 

diameter; however beyond this size cryo-FIB-SEM is a more suitable imaging 

technique for the imaging of larger samples, with FIB allowing for the milling of sample 

cross-sections for the analysis of capsule thickness. 

The Pickering emulsion sample and nanocapsule sample were prepared by the 

research group of Dr Olivier Cayre, in the School of Chemical and Process 

Engineering, University of Leeds. 
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6.1 Cryo-FIB-SEM Analysis of Pickering Emulsion-Based 

Systems 

The plunge-freezing procedure and cryo-(S)TEM imaging used for analysing the 

Pickering emulsion samples in Chapter 5 demonstrated that it can only be used for 

very limited emulsion droplet sizes. The upper range for droplet diameters was 

estimated to be near ~600 nm before risking damage to the droplets as a result of the 

blotting step during plunge-freezing. The Pickering emulsion samples presented 

through most of Chapter 5 had droplets of a range of sizes, however most were below 

600 nm. Pickering emulsions can have droplets with much larger sizes [49, 57, 64, 

68]. Cryo-SEM is an alternative for imaging these samples in cryogenic conditions. 

Larger sample volumes can be cryo-fixed using high pressure freezing or plunging in 

liquid nitrogen slush [172]. Moreover, SEM as a surface imaging technique is more 

suitable for large samples compared to TEM where it is required for the electron beam 

to penetrate and transmit through the sample. Moreover, the high sensitivity of BSE to 

elements with high atomic numbers is useful for the imaging of platinum and gold 

within the ice [168-170].  

 

6.1.1 FIB Milling and “Slice and View” 

Cryo-SEM allows for the imaging of larger sample volumes than what is possible with 

cryo-(S)TEM and can therefore be used to image Pickering emulsion samples with 

larger droplet sizes (> 1 μm diameter) and droplet agglomerates. However, in standard 

cryo-SEM, the larger volume available for imaging is offset by the ability to only image 

the sample surface, which effectively reduces the amount of the sample that can be 

viewed.  

This issue can in part be resolved by increasing the sample concentration before 

freezing and imaging to increase the likelihood of the sample being present at the 

imaging surface, as was the case with the ZnO NPs imaged in Chapter 4. Even when 

the sample is at the surface however, larger structures such as droplet agglomerates 

can be encased within the ice, with only a single droplet or a small group of droplets 

being visible on the ice surface while the remaining droplets are not visible. This may 

not be an issue when imaging small samples, but larger samples such as the Pickering 
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emulsion-based droplets presented in this study cannot be fully imaged this way, as it 

is impossible to view the full droplet size and shape by only imaging the fractured ice 

surface. Solutions to this issue can be found in the form of cryo-microtomy and focused 

ion milling, both of which allow for the imaging of a cross-section of the frozen sample 

[81, 88, 251]. 

In this thesis, the use of a focused ion beam within a cryo-SEM allowed for the milling 

of the frozen Pickering emulsion-based sample to identify areas of interest containing 

emulsion droplet within a larger volume than what can be accessed through cryo-SEM 

imaging alone. However, finding the sample during FIB milling can be difficult even 

after increasing the sample concentration. A larger cross-section can be milled to 

increase the likelihood of finding the sample, but this can quickly increase the time 

spent milling. A further challenge that might arise during this process is over-milling 

past the sample either during the initial milling procedure or while cleaning the surface 

prior to imaging. A possible solution can be found in the use of the “slice and view” 

method, consisting of FIB milling the sample to expose a sample cross-section for 

imaging, directly following by imaging the cross-section. After an image is taken, the 

imaged face is milled to produce another slice. By repeating this milling and imaging 

process it is possible to build an image series of all the slices, showing a view of the 

entire volume that was milled.  

Once a suitable region for imaging was found, the cryo-SEM stage was tilted to 52° 

allow for FIB-milling. A rectangular section of the ice was milled to expose a cross-

section containing emulsion droplet. This section was further cleaned using the FIB to 

ensure the sample cross-section is fully visible and free of redeposited material (Figure 

3.8 and Figure 3.9 show the FIB-milled trench setup used) [81, 89]. Two parallel 

channels were milled to the sides of the sample to create a 39 x 52 μm area that will 

later be imaged. After imaging, a slice of this surface was milled to expose a new 

cross-section; this imaging and milling process was repeated until the entire volume 

of material was imaged. 

Selected slices from the “slice and view” image series of the nanocapsule sample can 

be seen in Figure 6.1, showing images for slice 1, slice 250, and slice 500 from a 501-

slice image series. A total volume of 39 x 52 x 32 μm was imaged through this process, 

with each slice being 50 nm thick. The sample seen here consists of a sunflower oil in 



 Chapter 6 - Cryo-SEM Analysis of Pickering Emulsion 

169 
 

water Pickering emulsion stabilized by Pt-NPs, with droplets covered in a gold film. As 

seen in Figure 6.1, droplets with diameter above 10 μm are fully visible, a sample size 

that would be unsuitable for imaging in cryo-(S)TEM. 

 

 

Figure 6.1 – BSE images from a “slice and view” image series. A) Slice 1, B) slice 150 

and C) slice 500 of a 501-slice image series that was stabilised and cropped to isolate 

the emulsion droplets. The brightness in the images shown here has been corrected 

to minimise the effects of sample charging, though curtaining artefacts are still visible 

in the upper portion of images A), B), and C). 

 

Observing the sample using only a cross-section or an individual slice gives only 

partial information on the sample. From the slices in Figure 6.1 it could be possible to 

observe a droplet size and cross-sectional circumference, but as it is difficult to 

establish the droplet centre from slices alone information on the maximum droplet size 

is unavailable. “Slice and view” image stacks can be aligned and used to create a 

tomogram of the imaged volume, therefore eliminating this issue. FIB-milling is also 

subject to other issues besides the difficulty to obtain representative sample slices. 

Curtaining, thermal damage from the ion beam and sample charging are all well-

known challenges in cryo-FIB-SEM imaging [81, 175]. Curtaining is often seen during 

FIB-milling as a result of local variations in ion scattering along the sample surface 

and can distort the features in the sample, as can be seen in the top region of the 

slices in Figure 6.1. 
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6.1.2 “Slice and View” Tomography 

The image stack obtained from FIB-milling the Pickering emulsion-based sample in 

the previous section was reconstructed in 3D to allow for the full visualisation of the 

imaged volume. After aligning the image stack and correcting the brightness and 

contrast of the images, the stack was visualised in 3D using the Imaris software. The 

voxel size of the resulting 3D reconstruction is 33 x 42 x 50 nm. 3D surfaces were 

created using the thresholding tools in the Imaris software, used as a form of 3D 

segmentation to better visualise the nanocapsules and to separate individual 

nanocapsules. Figure 6.2-A is a 3D visualisation of the image stack, which shows a 

frontal view (at the same angle as the slices in Figure 6.1) of the full stack, isolating 

the BSE signal corresponding to the Pt-NPs and gold layer. 3D models for the 

nanocapsules were generated following the signal from the gold layer, which allowed 

to isolate individual nanocapsules and small groups for better viewing. Figure 6.2-B 

and Figure 6.2-C show 3D surfaces created in Imaris for a group of nanocapsules, 

each individual droplet textured with a different colour. The droplets here appear to be 

in contact with each other, with the capsule surface being distorted when in contact 

with other capsules. Measurements of the nanocapsules showed an average diameter 

of 7.8 μm (taken form the longest dimension of the nanocapsules, standard deviation: 

1.3 μm) and an average sphericity of 0.955 (standard deviation: 0.013). The capsules 

in this samples are generally spherical, but the tomogram in Figure 6.2 also shows an 

uneven surface. These surface features may suggest that external forces might be 

able to flatten them, or possibly through damage from either sample preparation or 

imaging. The irregularity of the droplet surface is also visible in Figure 6.2-D and Figure 

6.2-E, which show views of an individual droplet from different angles. In these images 

it is also evident that there are some holes in the droplet surface. It is unclear through 

cryo-SEM imaging alone whether these holes are the result of area on the droplet 

surface with poor gold coverage, or if they coincide with portions of the droplet surface 

with a thin enough layer to be difficult to detect with the imaging resolution used in 

cryo-SEM and therefore leading to poor contrast in the 3D visualisation.  

The voxel size for the tomogram (33 x 42 x 50 nm) provides a limit to the ability to 

resolve features in the sample such as the thickness of the gold layer. Measurements 

of the gold layer thickness ranged from a maximum of ~200 nm to less than 80 nm. 

Some area of the nanocapsules appear to be thinner than this, appearing as “holes” 
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in the capsules which are visible in Figure 6.2-B, Figure 6.2-C, and Figure 6.2-C. 

Nanocapsule thickness measurements in smaller nanocapsules in Hitchcock et al. [40] 

show that the gold layer could be as thin as 15-20 nm (with an average of ~50 nm), 

which is below the voxel size. This means that the “holes” in the nanocapsules might 

instead be thin regions with thickness below the tomogram voxel size, making 

comprehensive measurements of the nanocapsule thickness impossible with the 

current imaging and milling parameters. 

Imaging challenges during FIB-milling are not limited to the image pixel (or voxel) 

resolution, as the ion beam can directly damage the sample through a variety of 

mechanisms. Morphological deformations to the samples have been observed as a 

result of beam-induced heating and radiolysis as the ion beam is rasterised across the 

sample during milling, which can result in sample heating and warping [252, 253]. 

Other artefacts induced by the ion beam include curtaining (observable in the images 

in Figure 6.1) and ion implantation on the sample which can affect imaging and 

spectroscopy analysis [252, 254]. These artefacts can be mitigated by cleaning the 

sample surface with the ion beam using low voltages to remove the affected surface 

[252], though this approach can be of limited use during the automated serial block 

face milling. 
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Figure 6.2 – Stills of 3D models from the “slice and view” dataset. A) Front view of the 

“slice and view" stack showing the signal from the Pt-NPs. B) and C) Front and side 

views of a group of droplets. D) and E) Front and side views of an individual droplet.  

 

The “slice and view” process was successful in obtaining a 3D dataset of the >1 μm 

droplets and allowing for the visualisation of both individual droplets and agglomerates 

in 3D. When compared to the results shown in Chapter 5, the approximately spherical 

3D structure of the droplets appears to be retained in the cryo-FIB-SEM dataset. 

Sample deformation was not observed after preparation for cryo-FIB-SEM. Cryo-FIB-

SEM has already been successfully used to image soft matter samples in this size 

range [129, 174, 175], though in Pickering emulsions freeze-fracture is a more 

commonly used method for exposing the sample compared to FIB-milling [57, 66, 

255]. Exceptions to this are found when the main scope of the study is imaging the 

interfacial interaction in the sample, as seen in Elbers et al. [69], where FIB milling was 

used to obtain an image series of a Pickering emulsion sample to visualise the 

interfacial interaction between the droplets and stabilisers both in 2D and 3D. In these 

cases FIB-milling is used to create new surface cross-sections, as the ion beam is 

suitable for the milling of a variety of samples. On the other hand, freeze-fracture alone 
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forms a new surface along existing particles or sample structures, thus limiting the 

possible imaging areas. In addition, serial block face tomography allows for the 

collection of 3D datasets for much larger volumes compared to tilt tomography (which 

is limited to samples up to a few hundred nanometres thick), despite the trade-off in 

imaging resolution. 

Although this was useful to obtain information on the droplets, the slice thickness (and 

resulting voxel resolution) was insufficient to properly visualise the 3-5 nm Pt-NPs. For 

this, the high-resolution imaging found in cryo-(S)TEM is still needed to visualise the 

stabilising Pt-NPs. Studies such as Antoniou et al. [129] and Parmenter et al. [130] 

have successfully shown the possibility of manufacturing a cryo-FIB-SEM lamella that 

can be transferred to a cryo-TEM in a process known as cryo-lift out This process 

could also be applied to this Pickering emulsion sample, thus allowing for the 

preparation and imaging of large emulsion droplets using cryo-FIB-SEM and the 

imaging of the much smaller stabilising nanoparticles using cryo-(S)TEM. 

 

6.2 Cryo Lift-Out and transfer to cryo-(S)TEM 

Preparation of lamellae for TEM imaging is a technique routinely used for the analysis 

of a variety of samples when high-resolution imaging of a large volume samples is 

needed [132, 256]. Similarly, samples can be cryogenically fixed for initial imaging in 

cryo-SEM, where lamellae can be prepared and then transferred for cryo-(S)TEM 

imaging. As seen in the previous sections, freezing in slush nitrogen allows for the 

cryo-preservation of the large emulsion droplets. FIB-milling of this frozen sample can 

be used for the fabrication of a frozen lamella thin enough to allow for cryo-(S)TEM 

imaging. This setup has been successfully used in the life sciences [132, 134] and will 

be adapted to allow for high-resolution cryo-(S)TEM imaging of Pickering emulsions 

droplets that would otherwise be unsuitable for conventional TEM cryo-preparation 

techniques such as plunge-freezing (see section 5.2.1 in Chapter 5). 

 

6.2.1 Cryo-SEM Imaging and Lamella Preparation 

The cryo lift-out process for a hexadecane in water Pickering emulsion sample 

stabilised by 3-5 nm Pt-NPs is documented in Figure 6.3, which shows images taken 
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at different stages of preparing a lamella. The first step in the lamella preparation 

process consists of identifying an area on the ice surface where the sample is present. 

Figure 6.3-A shows the ice surface with an emulsion droplet in the middle of the image; 

this area was initially chosen to start FIB milling under the assumption that more 

droplets might be present in the nearby area below the ice surface.  

After tilting the cryo-SEM stage to 52°, the FIB was used to mill a rectangular area to 

expose a sample cross-section. The newly exposed cross-section was milled until an 

emulsion droplet was found. After this, the area behind the sample was milled until a 

thin section (slightly thicker than ~1 μm) was obtained. The bottom and one side of the 

section was milled to obtain a lamella only attached to the bulk ice on one side (Figure 

6.3-B) The FIB was used to clean the surfaces of the lamella to remove any material 

that may have redeposited during the milling process. Once the lamella was properly 

thinned, cryo-grippers were used to hold onto the lamella, and after the remaining side 

was milled, the freed lamella was lifted. The lamella was then extracted using the cryo 

grippers and loaded onto a TEM grid for the transfer (see section 3.2.6.3 for more 

details), which was temporarily glued onto a SEM shuttle. Figure 6.3-C shows the 

lamella in the transfer TEM grid, after further thinning and polishing to ensure the 

lamella has a smooth surface and is thin enough for TEM imaging. As seen in the top-

view from Figure 6.3-D, the right side of the lamella where the emulsion droplet is 

present has been thinned in two areas, one with a thickness of ~130 nm and another 

with a thickness of ~400 nm. This was done to thin the lamella enough for TEM imaging 

while ensuring the integrity of the whole lamella remains stable during the transfer 

process. A hole in the ~130 nm thick section of the lamella is visible in Figure 6.1-C, 

created due to a milling error; care needs to be taken when thinning lamellae to prevent 

heat damage or compromising the structural integrity of lamella, which might result in 

losing the lamella during transfer. 
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Figure 6.3 – SE images showing the process of creating a sample lamella. A) Image 

of the ice surface showing a droplet. B) Lamella milled using the FIB. C) Lamella 

loaded onto a modified TEM grid after FIB milling of the lamella surface. D) Top view 

of the lamella showing regions with different thickness (indicated by the red arrows 

from left to right: ~1 μm, ~130 nm, and ~400 nm). 

 

After the lamella was loaded onto the transfer TEM grid and thinned, it was removed 

from the cryo-FIB-SEM and immediately immersed in liquid nitrogen together with the 

SEM sample shuttle. The TEM grid was then transferred to a grid holder while under 

liquid nitrogen and stored in liquid nitrogen while the TEM cryo-holder was being 

cooled down and prepared for transfer. The TEM grid was then transferred to the cryo-

holder under liquid nitrogen and loaded into the TEM. Grid boxes for long term storage 

under cryogenic conditions were not available, therefore each lamella preparation and 

transfer attempt had to be executed on the same day. 

Due to the necessary thinning and cleaning steps, it is difficult to fabricate an ideal 

lamella where none of the droplet volume of interest is milled away when thinning the 

lamella. In the case of the Pickering emulsion lamella shown in Figure 6.3-B through 
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Figure 6.3-D, the central cross-section was initially visible but after the thinning and 

cleaning process most of the droplet was milled through, with only a smaller portion of 

the droplet remaining in the finished lamella. This issue can become more problematic 

as the sample that needs to be captured in the lamella becomes smaller, as the chance 

to lose important sample features through milling becomes higher. Small features such 

as the connection point between two emulsion droplets are therefore especially 

challenging. 

Some of the challenges associated with the fabrication of a cryo-FIB-SEM lamella are 

inherent to cryo-FIB-milling, with curtaining, thermal damage and sample charging 

being well-known issues [252]. The cryostage temperature must be kept below -138° 

to avoid devitrification, which can become an especially important issue when 

manipulating thin lamellae. The lamellae must be kept at low temperature even during 

the transfer process to the cryo-TEM, where exposure of the sample to air can lead to 

sample contamination with the formation of frost on the sample surface and 

devitrification. Both issues ultimately affect cryo-TEM imaging, with surface 

contamination in the form of frost covering the sample while devitrification creating 

crystalline regions in the lamellae that disrupt imaging. Lamella transfer must therefore 

occur at low temperatures and in a vacuum or while submerged in liquid nitrogen to 

reduce the possibility of damage to the lamella. Improvements to the cryo lift-out 

procedure include using different strategies for the fabrication of lamellae, lift-out, and 

transfer to the cryo-TEM, including the use of autoloaders for cryo-ET to increase the 

output of useful lamellae [257-260]. An example of alternative cryo lift-out strategies 

can be found in Kelley et al. [136]. Here the sample was frozen using HPF directly on 

a TEM grid, then FIB-milling was used to mill multiple lamellae. The entire TEM grid 

containing the lamellae was then lifted-out and transferred to a cryo-TEM instead of 

lifting out individual lamellae, thus increasing the lamella throughput compared to 

conventional methods and increasing the amount of suitable lamellae reaching the 

cryo-TEM. 

Within this work, 6 attempts were made to transfer a Pickering emulsion lamella to the 

cryo-(S)TEM. In most cases, challenges were encountered during the lift-out and 

transfer processes, with lamellae being destroyed during the thinning process and lost 

during the transfer process out of the cryo-FIB-SEM and into the cryo-(S)TEM. Two 

lamellae were successfully transferred but only one of these yielded a usable lamella, 
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as in the other case the Pickering emulsion sample was fully covered in frost, 

preventing imaging and spectroscopy. 

 

6.2.2 Cryo-(S)TEM Imaging 

After transferring the sample lamella to the cryo-TEM holder under liquid nitrogen, the 

sample was inserted into the TEM under cryogenic conditions for imaging. Initially, low 

magnification imaging was used to examine the state of the lamella, to ensure that the 

lamella was not lost during the lift-out and transfer processes, and to ensure that the 

lamella was not covered in frost. Figure 6.4 shows low magnification cryo-(S)TEM 

images of a lamella (from Figure 6.3) that was successfully transferred. It can be seen 

from all these images that frost crystals are present on the entire the lamella surface; 

in Figure 6.4-C crystals are covering part of the emulsion droplet (droplet surface 

indicated by a red arrow). The presence of these frost crystals is a common occurrence 

in cryo-(S)TEM samples due to the TEM grid being moved through the air for short 

distances when being transferred to the microscope. Unfortunately, the lamella in cryo 

lift-out samples is only a small area compared to the entirety of a TEM grid, therefore 

there is a higher chance for frost crystals covering the sample and rendering the entire 

sample preparation process fruitless. Figure 6.4-B shows the presence of eutectic 

ridges in the ~1 μm thick section of the lamella, appearing as parallel lines running 

across the lamella. These ridges are formed during the crystallisation process, and 

indicate that freezing with slush nitrogen was unsuccessful for the formation of fully 

vitreous ice. Despite this, no evidence was found of emulsion droplets being deformed 

or Pt-NPs being displaced during freezing.  

A single emulsion droplet can be seen in Figure 6.4-C, corresponding to the droplet 

that was isolated during the FIB milling process in the cryo-SEM documented in Figure 

6.3. The lamella thinning performed in this area allows for the cryo-(S)TEM imaging of 

the emulsion droplet, while minimising the area being thinned to decrease the risk of 

damage to the lamella during the thinning process and during transfer to the TEM. As 

indicated by the arrows in Figure 6.4-A, three sections of the lamella were thinned to 

different thicknesses (from left to right: ~1 μm, ~130 nm, and ~400 nm). The thinner 

sections are obviously more beam transparent and therefore more suitable for a wide 
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range of cryo-(S)TEM techniques, but also more fragile and at risk of damage during 

transfer.  

 

Figure 6.4 – Cryo-(S)TEM images of the lamella after being transferred to the TEM. 

A) Cryo-TEM image of the whole lamella, highlighting the regions with different 

thickness (from left to right:~>1 μm, ~130 nm, and ~400 nm). B) Cryo-HAADF STEM 

image of the lamella and C) magnified region of the lamella containing an emulsion 

droplet (highlighted by the red arrow). The image in this figure have been rotated to 

align with the cryo-FIB-SEM images shown in Figure 6.3. Total electron fluence: A) 

0.1 e-/Å2, B) 0.8 e-/Å2, C) 7 e-/Å2. 

 

Higher magnification images were taken in the droplet region, as can be seen in Figure 

6.5. Figure 6.5-A shows a portion of the droplet, with Pt-NPs present at the oil-water 

interface. It can be seen from both Figure 6.5-A and Figure 6.5-B that the Pt-NPs are 

only present near the (presumed) oil-water interface, and are completely absent deep 

within the water and oil phases. Despite this, the Pt-NPs seem to be organised in a 

layer which can be observed in all high magnification images; this likely suggests the 

oil-water interface is curved towards the centre of the droplet, while the regions with 

different concentrations of Pt-NPs (see Figure 6.5-B and Figure 6.5-C) suggest that 

the droplet interface curvature is not smooth. The spots in the water phase in Figure 

6.5-B and Figure 6.5-C might be a result of implantation of the Ga+ ions during FIB-

milling [252], though this could not be confirmed through EDX as the overall signal 

was not high enough to distinguish a possible Ga EDX peak. 

As was discussed in Chapter 5, damage to the ice will inevitably cause movement of 

the Pt-NPs as the ice sublimes; given the proximity of the Pt-NPs to the ice surface, it 
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is expected for some damage to appear immediately in both the areas with ~130 nm 

and ~400 nm thickness. 

 

Figure 6.5 – Cryo-HAADF STEM images of the droplet and Pt-NPs in the sample 

lamella. A) Surface of the droplet within the ~130 nm thick region. B) Section of the 

droplet and C) higher-magnification image from the region in (B) showing individual 

Pt-NPs. Total electron fluence: A) 2 e-/Å2, B) 8 e-/Å2, C) 60 e-/Å2. 

 

EDX mapping was performed in four separate areas at the droplet surface. Two 

datasets were collected in the ~130 nm thick region of the lamella, while two other 

datasets were collected in the ~400 nm thick region. Figure 6.6 shows the EDX maps 

of an area at the surface of the droplet and EDX spectra corresponding to different 

area of the mapped region. As expected from the EDX and EELS results presented in 

Chapter 5, Figure 6.6-B and Figure 6.6-E show the presence of an oxygen signal and 

a lack of a carbon signal, which corresponds to the ice in the water phase. Meanwhile, 

Figure 6.6-C and Figure 6.6-G show the presence of a carbon signal corresponding to 

the oil phase. The oxygen signal elemental map in Figure 6.6-B shows the presence 

of oxygen through the entire analysed area, suggesting the presence of ice both in the 

region corresponding to the water phase and the region containing the Pt-NPs and oil 

phase. This is confirmed by the EDX spectra in Figure 6.6-E, -F, and -G where the 

oxygen signal peak is seen to decrease when going from the water phase (top) to the 

oil phase (bottom). The presence of ice through the entire region can be explained by 

the profile of the droplet’s surface (further explored in Figure 6.8). 
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Figure 6.6 – EDX of the droplet surface in the ~400 nm thick region of the lamella. A) 

Cryo-HAADF STEM image of the droplet surface. EDX elemental maps showing the 

B) oxygen Kα C) carbon Kα and D) platinum Kα signals. E), F) and G) EDX spectra 

from the water phase, droplet surface, and carbon phase. The chlorine Cl Kα in F) is 

likely the result of the synthesis process for the Pt-NPs. The red box indicated the full 

area that was analysed using EDX. Total electron fluence: 600 e-/Å2. 

 

Unfortunately, only the dataset presented in Figure 6.6 contained a sufficient EDX 

signal for elemental analysis (collected in the ~400 nm thick area). Difficulties 

collecting an EDX dataset were twofold:  

• As discussed in Chapter 5, total electron fluences higher than ~800 e-/Å2 result 

in damage to the Pickering emulsion sample due to ice sublimation. As the 

imaged area becomes thicker, higher total electron fluences are required before 

the sample is completely lost and, inversely, thinner regions (such as the ~130 

nm thick region in this lamella) will be more readily affected. 

• Due to the position of the Pt-NPs near the surface of the ice, it was found that 

the Pt-NPs would readily be displaced as soon as any damage occurred to the 



 Chapter 6 - Cryo-SEM Analysis of Pickering Emulsion 

181 
 

ice. This resulted in difficulties mapping the Pt EDX signal as lowering the total 

electron fluence to minimise damage would result in a low EDX signal being 

collected, while at higher electron fluences the nanoparticles would be 

displaced, making the mapping inaccurate. 

Despite possible inaccuracies in the mapping of Pt-NPs using EDX, this technique 

remains more approachable than EELS (for the analysis and mapping of Pt) due to 

the lowest energy major edge being the M5 edge at 2122 eV [152]. This edge is 

inaccessible during cryo-EM imaging as the high dwell times needed to obtain an 

acceptable SNR at such high energy loss would damage the sample. 

The results of sample sublimation during EDX acquisition can be seen in Figure 6.7, 

which shows a lower magnification image of the area in Figure 6.6-A where the EDX 

analysis was performed. It is immediately visible that a hole was created due to the 

ice subliming, causing the Pt-NPs to move and abruptly ending the EDX acquisition 

process. 
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Figure 6.7 – Cryo-HAADF STEM image of the area used for EDX analysis. A hole in 

the ice formed in the area in the centre-right of the image, where the EDX dataset 

presented in Figure 6.6 was collected. Further damage can be seen in the leftmost 

area in the image, where Pt-NPs have been displaced due to beam-induced damage 

during imaging. Total electron fluence for this image: 8 e-/Å2. Total cumulative electron 

fluence for the area (including EDX and HAADF STEM imaging): ~630 e-/Å2. 

Currently, it is difficult to visualise the oil-water interface curvature due to the imaging 

angle and the concentration of Pt-NPs, but a possible cross-section was recreated in 

Figure 6.8 from the information obtained from cryo-HAADF STEM imaging and EDX 

elemental mapping. Figure 6.8-B and Figure 6.8-D show possible sample cross-

sections of different areas of the droplet’s interface. As was seen in the “slice and view” 

tomography in section 6.1.2, the droplets show an irregular surface rather than a 

perfectly “smooth” spherical surface. This is reflected in the cryo-HAADF STEM 

images of the droplets interface (Figure 6.8-A and Figure 6.8-C) and EDX elemental 

maps in Figure 6.7, which confirm the position of the oil and water phases. The ability 

to perform high-resolution imaging of the droplet surface could be used together with 

electron tomography and elemental analysis to visualise the oil-water interface and 

obtain information on surface interactions with the stabilising particles. 
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Figure 6.8 – Schematic drawing depicting the possible droplet cross-section at the 

droplet surface after corresponding cryo-HAADF STEM images. A) and C) are cryo-

HAADF STEM images of the Pt-NPs on the droplet’s surface. B) and D) are the 

suggested cross-sections of the droplet’s surface as they would appear in the 

corresponding cryo-HAADF STEM image. The dotted line is the cross-section 

represented in the diagrams. This diagram shows the possible droplet surface profile 

given the information in Figure 6.5, Figure 6.6, and Figure 6.7. The oil phase is 

represented in purple, the water phase is represented in blue, and the Pt-NPs are 

represented in red. Total electron fluence: A) 60 e-/Å2, C) 30 e-/Å2. 

 

6.2.3 Cryo Lift-Out Limitations and Future Work 

Due to time constraints, it was not possible to apply all the techniques shown in 

Chapter 5 (i.e. electron tomography, EELS elemental mapping, and EELS 

tomography). The ability to prepare lamellae with specific thicknesses could be used 

to fine-tune lamellae to ensure the sample is thin enough to allow for cryo-HAADF 

STEM imaging, EELS quantification and elemental maps even at high tilt angles 

without a significant loss in SNR. Electron tomography with simultaneous elemental 

analysis would be able to bring more insight into the droplet surface and the position 

of the stabilising nanoparticles. It was shown here that even in cases where cryo-ET 
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was unavailable, it is still possible to obtain information on the droplet’s profile by using 

elemental analysis techniques. Tilt tomography of a sample in a frozen lamella can be 

challenging depending on the position of the sample within the lamella, orientation of 

the TEM grid, and presence of frost on the lamella surface. Tilt tomography was not 

possible in this lamella due to the position of the Pickering emulsion droplet at the 

edge of the lamella and near the copper grid, which prevented imaging at high tilt 

angles. It is clear that tilt tomography of samples within cryo lifted-out lamellae needs 

to be taken into consideration before the lamellae milling, as care needs to be taken 

to ensure a central position of the sample within the lamellae and that the TEM grid is 

properly orientated when loaded in the cryo-holder. Even after these considerations 

frost contamination from the grid transfer can cover the sample, thus preventing proper 

imaging at all tilt angles. 

FIB-milling allows for the fine control of the lamella thickness, ensuring the sample is 

of an appropriate thickness for cryo-(S)TEM imaging, EDX, EELS, and tilt tomography. 

On the other hand, the milling of a thin sample lamella from a larger volume result in 

more immediate sample damage as seen in Figure 6.7. The samples prepared through 

plunge-freezing in Chapter 4 and Chapter 5 were often fully encased in ice and 

although some damage was observed as the surface of the ice sublimated, the sample 

fully within the ice was more resistant to damage. In the FIB-milled lamella, however, 

the sample is always near the air-water interface and immediately exposed to the 

electron beam (see Figure 6.8, where the Pt-NPs are always in contact with both the 

top and bottom of the lamella), thus any ice sublimation will immediately affect the 

sample.  

Cryo lift-out was applied to this sample due to the small size of the Pt-NPs which would 

be otherwise difficult to resolve in cryo-FIB-SEM, though as previously mentioned, 

Pickering emulsion systems seen in the literature can contain stabilising nanoparticles 

routinely larger than 20 nm [51, 69]. For such samples, cryo lift-out might allow to not 

only image the stabilising nanoparticles, but also more precisely identify their position 

on the oil-water interface and could ultimately result in an alternative method for 

analysing the contact angle of the stabilising NPs in their native state. 

Although cryo lift-out is a promising technique and might be tempting to apply to a wide 

range of samples, the many steps involved in cryo lift-out present many failure points 
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where the lamella may break, melt or detach, as the sample is being transfer from the 

cryo-SEM to the cryo-TEM. As stated earlier, after attempting this procedure six times, 

only two resulted with a lamella being successfully transferred to the cryo-TEM, and 

only in one attempt the sample was visible through the frost crystals. Despite the 

difficulty to carry out a lamella cryo-lift out, there have been constant improvements in 

various aspects of the procedure. Parmenter et al. [132] presents detailed instructions 

for the preparation of cryo-FIB-SEM lamellae, lift-out of the lamellae, and transfer to 

the cryo-TEM. These cryo lift-out protocols offer useful guidelines to identify possible 

failure areas during FIB-milling and cryo-lift out. Zachman et al. [261] shows the use 

of EDX and EELS to identify sub-surface structures in a hydrogel sample, improving 

the process finding suitable areas for FIB-milling and lift-out. Similar to some of the 

challenges encountered in this thesis, Zachman et al. [261] also reports a poor SNR 

for small sub-surface particles, but higher SNR for larger particles near the lamella 

surface despite a lamella thickness near 130 nm. Efforts have been made to transfer 

grids with multiple lamellae, thus allowing for the analysis of multiple sample areas 

and increasing the overall chance of delivering an uncontaminated, TEM-ready 

lamella. In this work, Schiøtz et al. [123] shows a novel approach to the preparation of 

multiple lamellae from a single C. elegans larva sample. This serial lift out of lamellae 

allowed for the retention of a large amount of information from the same sample. 

After taking into consideration this high failure rate, it is only recommended to only use 

this procedure for large volume samples where the high-resolution imaging of cryo-

TEM is a strict necessity. 

 

6.3 Summary 

It was shown here that freezing in slush nitrogen for cryo-SEM is a suitable sample 

preparation method for Pickering emulsion samples that are otherwise unsuitable for 

plunge-freezing for cryo-TEM due to large droplet sizes. The use of a focused ion 

beam allowed for the imaging of the droplet’s cross-section and collection of an image 

stack that can be used to reconstruct a 3D tomogram of the imaged volume. Cryo-

FIB-SEM serial block face tomography using “slice and view” allowed for the 

visualisation of the emulsion droplets in 3D, confirming the sample retains its structure 

after cryo-preparation. 
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The cryo-lift out procedure, though difficult to carry out successfully, is useful for the 

high-resolution imaging of samples that would otherwise be too large for TEM viewing. 

The same characterisation techniques presented in Chapter 5 are applicable to the 

frozen lamella after cryo-lift out, with cryo-HAADF STEM allowing for high-resolution 

imaging of the 3-5 nm Pt-NPs at the droplet surface. The application of electron 

tomography and elemental analysis techniques as seen in Chapter 5 in the future 

could allow for the visualisation of the droplet oil-water interface in 3D. 
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Chapter 7 Conclusions and Future Work 

In this chapter, the results from Chapter 4, Chapter 5, and Chapter 6 are summarised 

together with the original project objectives. Outcomes from these objectives and their 

potential for future applications and improvements are discussed. Areas for future work 

are then discussed, including possibilities for improving the characterisation 

approaches presented in this thesis, and the possibility to apply them to other systems. 

 

7.1 Conclusions 

The aim of this thesis project was the representative characterisation of soft matter 

samples, specifically Pickering emulsions, using cryo-electron microscopy techniques 

bridging the gaps between characterisation techniques used in biology and those used 

in material science. Plunge-freezing was successfully used for the cryogenic 

preparation of Pickering emulsions, preserving the 3D structure of emulsion droplets 

up to ~600 nm in diameter, and allowing for the use of cryo-TEM with HAADF STEM 

imaging, EDX and EELS spectroscopy, and electron tomography, characterisation 

techniques often used in materials science. Cryo-ET together with EELS elemental 

mapping consists of a novel combination of techniques used in the biological sciences 

and material science which has potential applications in the 3D imaging and elemental 

analysis of soft materials, allowing both for the detection of particles with high atomic 

number using HAADF STEM imaging and for the tracking of elements within the 

sample in 3D space. 

In Chapter 4 three different systems (ZnO NP dispersions, core-satellite Au-NPs, and 

TiO2 particles in biological media) were analysed using cryo-EM techniques to test 

their effectiveness of the characterisation approaches for future application on 

Pickering emulsion systems. ZnO NP dispersions were prepared using a range of dry 

and cryogenic sample preparation techniques and then imaged using dry TEM, cryo-

TEM, and cryo-FIB-SEM to examine the possible effects of these preparation 

techniques on particle agglomeration. Particle size measurements from EM images 

showed similar size distributions across the different preparation methods, but with 

particles <100 nm being absent from cryo-FIB-SEM measurements due to limits in 3D 

imaging resolution related to the step size for FIB-milling. However, these results are 

inconclusive as this system presents a wide range of particle sizes as measured using 
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DLS, therefore further experiments should be performed using different, more 

monodisperse NP systems. Imaging of the core-satellite Au-NPs prepared using drop-

casting, plunge-freezing followed by cryo-TEM and plunge-freezing followed by 

vacuum-drying (PF-VD) revealed changes in particle distribution that have 

ramifications for the measurement of particle size and nearest neighbour distances. 

Drop-casting was by far the simplest and fastest preparation method but could not 

retain the core-satellite NP structures, while both cryo-preparation methods were 

shown preserve these structures. Particles in samples prepared using PF-VD are 

deposited onto the carbon film from their position in the vitrified ice, thus retaining the 

core-satellite structure in 2D and allowing for easy measurements for particle size and 

nearest neighbour distances. Meanwhile, Au-NPs in cryo-TEM appeared to be 

overlapping one another, making accurate measurements more challenging. Cryo-ET 

of the core-satellite structures shows the overlap is due to the NPs retaining the core-

satellite structure in 3D space and therefore positioned at different heights within the 

ice. These results show the importance of selecting suitable sample preparation 

methods for the given types of analysis given plunge-freezing followed by vacuum 

drying (PF-VD) was the most successful preparation technique to ensure proper 

distance and size measurements, while plunge-freezing for cryo-TEM was more 

successful in retaining a 3D sample structure. Overall, PF-VD was more suitable for 

the rapid collection of measurements across a large sample area, while cryo-ET was 

more suitable for the collection of measurements in small groups of particles. Cryo-

HAADF STEM imaging together with EDX spectroscopy was successfully used to 

identify a coating containing calcium and phosphorus surrounding TiO2 particles in a 

biological medium, which has been previously observed [232]. Cryo-ET of the coated 

particles showed the presence of the coating around particle agglomerates rather than 

around individual particles, suggesting the TiO2 would have already formed 

agglomerates prior the growth of the coating layer during the pH treatment. This 

allowed us to comment on the mechanisms involved in the formation of the system, 

which in the future can be used to understand whether these particles could be 

harmful. Further cryo-ET was performed together with EDX elemental mapping of 

particle agglomerates to obtain 3D elemental maps of the particles and coating. 

Although tomograms were successfully created from the Ti Kα and Ca Kα signals, the 

need to maintain a low total electron fluence when collecting the EDX data resulted in 

a poor signal intensity and poor SNR, with the inability to obtain a strong enough 
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phosphorus signal for 3D reconstruction. Lastly, the thickness of vitreous ice was 

estimated using EELS in a sample containing only water that was prepared using 

plunge-freezing. The ice thickness varied across the sample, with regions thicker than 

1 μm near the grid bars, and ~300-350 nm thick near the centre of the grid squares 

(with ice becoming thinner in the centre of holes in the carbon film). Overall, the results 

obtained in Chapter 4 showed the usefulness of these cryo-EM techniques for the 

analysis of various particle dispersions, and their potential in the characterisation of 

other soft matter systems such as the Pickering emulsions in Chapter 5 and Chapter 

6. 

In Chapter 5 a combination of DLS, cryo-(S)TEM imaging, and cryo-ET were used to 

successfully confirm that plunge-freezing allows for the retention of the native droplet 

size and spherical shape in hexadecane-in-water and sunflower-in-oil Pickering 

emulsion samples stabilised with 3-5 nm Pt-NPs with droplet sizes ~100 nm in 

diameter (with maximum droplet size below ~600 nm). Plunge-freezing was however 

unsuitable for the cryo-preparation of hexadecane-in-water Pickering emulsions with 

droplet sizes above 1 μm, as the droplets were seen to deform and collapse. Droplets 

with sizes within the 600 nm - 1 μm range were sometimes found in plunge-frozen 

samples, but were deformed or found in areas with thick ice. Cryo-FIB-SEM can be 

used for the analysis of a much wider range of droplet sizes with a minimum size as 

low as ~100 nm. However, it has to be noted that smaller droplets might be more 

difficult to find in cryo-FIB-SEM, especially if present in low concentrations. Cryo-

HAADF STEM imaging, EDX, and EELS were successfully used for the 

characterisation of the emulsion droplets and stabilising NPs without incurring beam-

induced damage to the sample. Cryo-electron tomograms of droplet clusters were 

successfully reconstructed from tilt series composed of cryo-HAADF STEM images 

and EELS maps, allowing for the visualisation of the sample in 3D to obtain information 

on the position, shape, and size of the emulsion droplets and Pt-NPs in 3D. The further 

use of EELS during the tilt series acquisition allowed for the identification of the oil and 

water phases despite poor contrast in cryo-HAADF STEM. Overall, the techniques 

used in Chapter 5 show the possibility of observing the size, shape, position, and 

agglomeration of the stabilising particles in Pickering emulsions, therefore giving 

information on the long-term performance of the system. Cryo-ET is a novel approach 

to the characterisation of Pickering emulsions allowing for high-resolution tomograms, 
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which when used together with spectroscopy can give elemental information and 

allows for the 3D tracking of elements in the sample. These techniques could be used 

for the analysis of the droplet interface and droplet-particle interactions in 3D which 

could also be applied for the analysis of other soft materials in 3D. 

The cryo-FIB-SEM imaging in Chapter 6 shows alternative cryo-EM characterisation 

methods for Pickering emulsion samples with large droplets (> 1 μm in diameter) that 

would be otherwise unsuitable for plunge-freezing and cryo-TEM imaging as seen in 

Chapter 5. Sample preparation by plunging in slush nitrogen was suitable for freezing 

larger sample volumes than plunge-freezing, but future work will be needed to verify 

the presence of freezing artefacts. Eutectic ridges were found in samples frozen using 

slush nitrogen, but further work is needed to confirm damage to the sample or sample 

deformation resulting from the formation of crystalline ice. The use of a focused ion 

beam allowed the imaging of the sample beyond the fracture surface by milling the ice 

to expose sample cross-sections. This approach can be used to image the sample 

beyond the ice surface, therefore simplifying the process of finding and imaging full 

emulsion droplets without ice sublimation. Serial FIB-milling of a sample cross-section 

allowed the 3D imaging of sample volumes larger than those possible through tilt 

tomography in cryo-TEM, giving information on the 3D size and shape of full emulsion 

droplets. Although FIB-milling and SEM tomography were useful for the 3D imaging of 

the nanocapsules, their gold layer was at times smaller than the milling thickness, 

which made estimating the gold layer thickness particularly challenging. Changing the 

milling parameters or the cryo-TEM would be necessary for proper imaging of these 

features. A sample lamella containing a slice of a Pickering emulsion droplet was 

successfully FIB-milled and transferred from the cryo-FIB-SEM to a cryo-TEM, where 

it was analysed using cryo-HAADF STEM imaging and EDX. Cryo-(S)TEM imaging of 

the Pickering emulsion lamella allowed for the high-resolution imaging of the stabilising 

Pt-NPs, while future 3D analysis could give more insight into the position of the NPs 

relative to the droplet interface. Overall, cryo-FIB-SEM and lamella cryo lift-out allow 

for the imaging of emulsion droplets that would be unsuitable for more conventional 

cryo-TEM imaging, thus bridging the gap between higher resolution imaging of small 

sample volumes available in cryo-TEM and the imaging of larger volumes at lower 

resolution in cryo-SEM. In particular, the cryo lift-out technique can be applied to any 

sample that can be cryogenically frozen for cryo-FIB-SEM, effectively increasing the 
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size of the samples can be analysed in cryo-TEM without having to contend with issues 

in sample thickness. 

 

7.2 Opportunities for Future Work 

The most immediate opportunity for future work in the cryogenic characterisation of 

Pickering emulsions consists in the application of cryo-ET and cryo-ET together with 

spectroscopy to the cryo lift-out lamellae. This would complete the use of the 

techniques shown in Chapter 5 and would also allow for the 3D visualisation of the 

interface of larger droplets which would help understand the position on the Pt-NPs in 

3D space as was proposed in the diagrams in Chapter 6. 

One of the largest challenges encountered in this study is the low effective imaging 

resolution that is obtained as an effort to minimise total electron fluence and beam-

induced damage. This is a key issue in the low-dose analysis of beam-sensitive 

materials including cryogenically frozen samples, with potential solutions looking to 

improve image collection and processing. Some of the solutions seen in other low-

dose imaging studies could be adapted for the imaging of Pickering emulsions in 2D 

and 3D. Image collection could be improved by using serial imaging with lowered 

exposure time to decrease the total electron fluence while maintaining a high SNR. 

This could also be applied to the collection of tilt series as shown Padgett et al. [114] 

where a fast scan STEM image stack was collected at every tilt angle to obtain images 

with a high SNR. Machine learning (ML) methods for image processing have been 

developed to improve denoising and to remove missing wedge artefacts in electron 

tomography. Studies such as Cha et al. [262] show the possibility to use ML to denoise 

and increase the overall signal of EDX elemental maps to aid in the 3D reconstruction 

of tomograms from EDX data. This approach could directly benefit the cryo-ET and 

EDX reconstructions of the TiO2 particles in Chapter 4 and might be also applicable to 

EELS maps, which could help improve the spatial resolution of the EELS tomograms 

in Chapter 5. Machine learning has also been used to aid in electron tomography 

reconstructions by decreasing missing wedge artefacts as seen in Wiedemann & 

Heckel [263] and Liu et al. [264] and enable accurate reconstructions with minimal 

projections [262-264]. These techniques could be applied to the work shown in this 

thesis to improve image collection in cryogenic conditions, cryo-ET, and spectroscopy. 
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The cryogenic freezing of samples for cryo-FIB-SEM imaging has been performed by 

plunging the sample in slush nitrogen. This method has been used in the literature as 

a better alternative to plunging in liquid nitrogen for large sample volumes due to the 

lower temperatures reached by the slush, but it is known that this technique is limited 

in the volume that can be frozen with ice crystals and phase separation appearing in 

samples prepared this way [206]. Therefore, a potential improvement to this work 

would entail the use of high pressure freezing for the cryogenic preparation of 

Pickering emulsion samples. HPF has been successfully used for the freezing of large 

volumes of biological samples without the onset of freezing-related artefacts. 

Moreover, HPF can be used for the freezing of samples on TEM grids which simplifies 

the cryo lift-out process by not requiring to move the FIB-milled lamellae to a separate 

TEM grid before transferring them out of the cryo-FIB-SEM, increasing the chances of 

successful cryo lift-outs by removing a potentially risky step [123]. 

Lastly, there is an opportunity to use the cryo-EM techniques presented within this 

thesis to analyse different Pickering emulsion systems. Currently only oil-in-water 

Pickering emulsion systems with small (3-5 nm) stabilising nanoparticles have been 

imaged, whereas Pickering emulsions found in the literature present a wide range of 

droplet and stabiliser shapes, sizes, and materials. In specific, oil-in-water systems 

with >20 nm stabilising NPs could be used as a simpler system to test electron 

tomography techniques, as the larger NPs would require lower magnifications for 

imaging and thus would allow for lower total electron fluences. This could be used to 

experiment with the amount of tilt images taken for electron tomography and for 

spectroscopy. Pickering emulsions with different droplet shapes could also be used to 

further test the suitability of electron tomography for 3D imaging, especially regarding 

the effect of missing wedge artefacts on the reconstruction of Pickering emulsion 

droplets. These imaging approaches could also be applied to other soft matter 

systems nanoparticle dispersions, hydrogels, (standard) emulsions and any other 

sample where analysis requires or would benefit from high-resolution 3D imaging and 

elemental analysis. 
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