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Abstract 
In the last decade, liquid-phase electron microscopy (LPEM) has 

provided a new strategy for investigating samples immersed in 

their media at the nanoscale.1–8 The main focus of previous 

research have  mainly revolved around inorganic matter (e.g. 

metallic nanoparticles);9 nonetheless, the field of soft materials, 

classified as organic synthetic (i.e. polymers and gels),  and 

biological (i.e. membranes and protein) structures have rapidly 

grown interest in LPEM to study fundamental questions.2 Soft 

materials deform easily or undergo dynamic changes by thermal 

fluctuations and external forces. Despite the great advantages 

LPEM provides, electron beam damage and image contrast 

present still an issue, particularly in sensitive samples. 

New technological and methodological advances may attenuate 

these issues. There is a need to employ these advancements to 

develop strategies to image soft materials. This thesis focuses 

on the development of methodologies for the investigation of soft 

materials using LPEM. Amongst the different conducted studies, 

there are three main sections of focus: (i) the reconstruction of 

three-dimensional (3D) structures via Brownian tomography 

(BT) and Brownian particle analysis (BPA), enabling the 
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investigation of the 3D conformational space of single unit of the 

specimen, via BT, and an average reconstruction of several 

specimens, via BPA; (ii) the dynamic studies of  biological and 

synthetic soft materials, specifically oxidant-sensitive polymeric 

micelles and viruses, focusing on their disassembly via external 

factors, reactive-oxygen species (ROS) and virucidal 

nanoparticles respectively; and (iii) the imaging of intracellular 

ultrastructure via organometallic, cyclometalated complexes for 

intracellular targeting, particularly actin and nuclear DNA, via 

correlative light and liquid phase electron microscopy (CLLEM) .  
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Impact Statement 
An improved understanding of soft materials through an in situ 

analysis, may be beneficial for answering unresolved questions 

in the biological, pharmaceutical, physical, and any fields 

focusing on soft matter. Through the development of novel 

strategies to investigate these samples, it is possible to address 

issues more and more complicated in each field.  

The aim of this thesis was to develop novel methodologies to 

investigate soft organic and biological specimens via a state-of-

the-art technique, LPEM. The lack of methodologies for soft 

organic samples, combined with the handling difficulties of the 

technique, generated a stark field for the analysis of soft 

materials via LPEM. The purpose of this thesis was also to 

unlock the latent, hidden potential of LPEM in order to allow 

scientists to address a broad spectrum of existing biological 

questions. In addition, thorough characterisations on soft 

biocompatible polymer systems, routinely used as drug delivery 

systems, were also investigated via this novel technique.  

These developments are widely spread in different areas; hence, 

they were divided in three main sections: (i) Brownian 

tomography (BT) and Brownian particle analysis (BPA) (Chapter 
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4); (ii) interactions at the nanoscale (Chapter 5); (iii) a novel class 

for intracellular imaging via CLLEM (Chapter 6).  

In the first section (Chapter 4), structure reconstruction 

techniques towards four-dimensional (4D) microscopy are 

introduced. The proposed reconstruction techniques, BT and 

BPA, exploit the Brownian motion of the objects or particles 

under study by tracking these objects over time, gathering their 

profiles at different angular orientations, and reconstructing the 

3D structure of the specimen. LPEM allows these 3D 

reconstructions to be an average of several specimens, via BPA, 

similarly to the single particle analysis (SPA) applied in cryoEM, 

or, notably, to reconstruct the 3D architecture of a single, 

individual specimen, via BT. Thus, BT allows unprecedented 

investigation of the 3D structure of single units or heterogeneous 

soft specimens, a unique feature to this technique. Applying BT 

to metastable nanoparticles, such as disk-like micelles, that, due 

to preferential orientation, do not show their 3D nanostructure via 

other techniques may reveal insights on the physicochemical 

properties of the specimen of interest, along with a thorough 

understanding of its synthetic route. 

In the second section (Chapter 5), regarding dynamic 

investigations of soft systems, different methodologies for LPEM 
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are presented to study two different systems in-situ: the oxidation 

of oxidant-sensitive polymer micelles and vesicles, and the 

interaction of virucidal nanoparticles on viruses. The unique 

procedures developed for the analysis of these studies may 

expand the horizons of the nanoscale analysis of complex 

systems dynamics. The in situ investigations of these systems 

for soft material may very well represent the biggest advantage 

LPEM has to offer independently to the field of application. 

In the last section (Results 4.3), cyclometalated organometallic 

complexes (OMs) are employed to image intracellular targets via 

correlation of light microscopy and LPEM, the so-called 

correlative light and liquid-phase electron microscopy (CLLEM). 

OMs prove to be a very suitable tool for the investigation of 

intracellular targets within whole cells offering an uncharted 

resolution. The application of this class of OMs to CLLEM may 

pave the way to novel studies in the biological and 

pharmaceutical fields. 
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1. Introduction 
Transmission electron microscopy (TEM) is one of the most 

powerful techniques for structural investigation of thin 

specimens, reaching  resolutions up to atomic level.10,11 The 

recent development of TEM has provided invaluable scientific 

insights on biological investigation from the first detailed 

micrograph of biological cells12 to the recent imaging and 

reconstruction of chromatin,13 a complex of genetic 

macromolecules found in cells. 

 The constant development of electron microscopes, as well as 

the associated techniques and imaging instrumentation have 

had a meaningful impact on the improvement of investigating 

soft materials. While imaging soft material via TEM, it is crucial 

to consider the high energy electrons and their strong interaction 

with matter, even air. Hence, the electron beam needs to be 

under vacuum to avoid undesired scattering with air in the 

electron path. In TEM, vacuum does not affect samples in solid 

state; yet, it characterises one of the key drawbacks while 

imaging soft materials, which native state is, usually, immersed 

in liquid media. Hence, in TEM, the three-dimensional (3D) 

structure of soft material may be lost or kept by standardised 
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preparation protocols (e.g. for biological samples). However, 

these strategies immobilise the specimen and may induce 

structural alterations of the soft material under study. The most 

common technique used to analyse soft material is cryoEM. 

CryoEM vitrifies the specimen by rapidly cooling it in liquid 

medium, thus preventing any ice crystal formation. 

In the last decade, liquid-phase electron microscopy (LPEM) has 

provided more and more scientific insights allowing real-time 

observation of biological processes,14 chemical reactions,15 

nanoparticles growth,9 etc. LPEM applies the image analysis of 

TEM to specimen in liquid, enabling the imaging of sample 

dynamic in situ. Even though, LPEM was theorized in 194216, 

only recent microfabrication techniques allowed the creation of 

an electron-transparent microfluidic chamber, such as graphene 

and silicon nitride.  Despite the great advantages of LPEM, 

electron beam damage and image contrast are still an issue, 

particularly in sensitive samples, like soft materials. Beam 

damage can be attenuated by using low-dose direct detection 

cameras or rapidly scanning the incident electron beam, thus 

reducing the electron beam flux through the specimen. Soft 

materials often display low electron density, which results in few 

electron scattering events, and, hence, low contrast images.  
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To improve the contrast of soft samples, it is crucial to reduce 

the thickness of the media in the liquid chamber, thus reducing 

the chance of multiple scattering between the incident beam and 

the specimen. In the case of larger specimens (e.g. cells), it is 

essential to employ labelling agents to increase the contrast of 

the target of interest.  

This thesis focuses on the development of methodologies for the 

investigation of soft materials via LPEM. Here, novel LPEM 

methodologies will be investigated to promote the use of this 

technique in a broad range of studies and samples. Such far-

reaching objective is one of the biggest obstacles to overcome 

and requires plenty of optimization, as normally in EM studies 

there is one type of defined sample (e.g. protein or cells). The 

objectives of this thesis will focus on different samples, from the 

nano- to the micro-scale, in the development of methodologies: 

(i) to study the three-dimensional (3D) structure of 

nanoarchitectures following their Brownian motion in water; (ii) 

to investigate the interaction of soft samples at the nanoscale; 

(iii) to analyse ultrastructures within cells and correlating them to 

light microscopy. 
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2. Literature Review 
2.1. Transmission Electron Microscopy (TEM) 

In 1933, Nobel Laureate Ernst Ruska17 pioneered TEM. After 

almost a century from its invention, TEM is still at a novel frontier. 

Before introducing the latest advances of TEM, it is crucial to 

understand the reasons to develop standard TEM.  

In 1873, Abbé postulated the diffraction limit, the limit at which 

an energy wavelength propagates after it encounters an obstacle 

(i.e. sample). Therefore, using the light as wavelength, the 

diffraction limit describes the limit of resolution achievable with 

an optical microscope.18 Abbe’s equation (Equation 1) defines 

the resolution of the microscope (d), or minimum distinguishable 

distance between two points, as directly dependent on the 

wavelength of the energy source used for imaging (λ).  
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                                        Equation 1 

 

where n is the refractive index relative to free space of the 

immersion medium between the objective and lens; and sin𝜃 

represents the sine of the convergent beam half-angle 𝜃. 𝑛	sin𝜃, 
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so-called numerical aperture (NA), could attain a minimum value 

of 1.4.19 Analysing Equation 1, it is clear that to improve the 

resolution (d), lower wavelengths are needed, such as electrons 

or x-rays. However, x-rays cannot be focused while electrons 

can. Thus, electrons have been used as energy source. 

 

2.1.1. Electron Interactions  

Electrons (e-) are subatomic particles, whose possess a 

negative one elementary charge. Electrons show wave-particle 

duality, because they propagate through space like a wave, yet 

they interact at a point like particles. In an atom, electrons are 

confined to specific regions of space called orbitals which 

revolve around the positively charged nucleus to balance its 

charge. The structure of electron orbitals, especially the 

outermost electron shell, provides for the chemical properties of 

each atom. Electrons can be also used as energy source and 

are considered ionizing radiation. As ionizing radiation, incident 

electrons may surpass the ionization energy of a specific atom 

removing an electron from it.  

In TEM, an incident beam of electrons travels through the 

specimen, composed of several atoms, each of which 

possessing its nucleus and its electrons in the orbitals. The 
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interaction between electron beam and sample causes electron 

scattering. The atoms act as scattering point as the more e- are 

present in the atomic shell, the more the incident beam e- 

scatters. The scattered electrons are collected by a detector, 

which assigns a digital signal to the detected e- and forms a 

micrograph. In micrographs, the contrast of the digital signal will 

depend on several factors: atomic number, where atoms with 

high atomic number (Z), will scatter more than atoms with lower 

electrons density, lower Z; thickness of the specimen, where 

contrast is caused by multiple electron scattering in the 

specimen; the energy lost by e- on passing through the sample; 

and others. 

In the interaction between the incident electron beam and the 

sample, it is possible to identify three fundamental types of 

scattering. First, the incident beam undergoes no interactions 

interacting with the sample, and it is known as ‘direct beam’. In 

the next outcome, the incident beam engages with the negatively 

charged electron cloud of the sample. Hence, the incident 

electrons experience only an angular deviation of few degrees 

with the electron cloud or by attraction toward the nucleus, that 

scatters electrons through larger angles, up to 180º. Such elastic 

scattering is strictly dependent to the atomic number (Z), hence 
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the electron density. Elastic scattering is the main cause of 

contrast upon EM imaging. In the third case, the incident beam 

collides with an electron ionizing the atom. This interaction is 

known as inelastic scattering. During ionization, an element-

specific minimum energy, so-called critical ionization energy or 

ionization threshold, is transferred from the incident electron to 

the expelled inner-shell electron. These energy losses, 

distinctive signals, called ionization edges, may be collected in a 

spectrum where they locate in relation of their critical ionization 

energy. Ionization edges are a characteristic of the element and 

the shell almost exclusively defining its presence in the 

specimen.20 Hence, EM techniques may employ inelastic 

scattering events to effectively recognise elemental data of the 

sample via analytical electron microscopy (AEM) (Literature 

Review 2.2). 

 

2.1.2. Electron sources 

The incident electrons are typically yielded by two kind of 

sources (or guns): thermionic21 or field-emission electron guns 

(FEGs). 22 The thermionic guns generate electrons when they 

are heated. Thermionic guns consist in three parts: a cathode, 

commonly, lanthanum exaboride (LaB6) crystals; a Wehnelt 
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cylinder and an anode at earth potential with a hole on its centre. 

Heating the cathode to a high temperature to produce electrons 

requires sufficient energy to surpass the work function, a natural 

limit that avoid electrons from escaping. The electrons parting 

from the cathode possess a negative potential of the chosen 

accelerating voltage with respect to the earthed anode. Hence, 

they accelerate, obtaining the chosen energy. Eventually, to 

control the electron beam a small negative bias is used on the 

Wehnelt cylinder.21,23  

FEGs employs strong electrostatic fields to induce electron 

transmission.23 The field is applied to a sharp, needle-like, 

tungsten tip, where the electrons will propagate from due to 

tunnelling effect. The tunnelling, or quantum tunnelling, effect is 

a quantum mechanical phenomenon of wavelength propagation 

through a potential barrier.24 In comparison with thermionic guns, 

FEGs release more monochromatic incident electrons, causing 

a brighter and less spread electron beam, that is advantageous 

for analysing the structure and elemental composition of the 

sample.23  
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2.1.3. TEM Lenses 

In the TEM, the incident electron beam is controlled by electromagnetic 

lenses. 25 The lenses are built using a circular casing encompassing a wire 

coil, and, at its centre, a pole piece. Electrical current travels through the 

coil, yielding an electromagnetic field, which is concentrated by the pole 

piece. The intensity of the yielded electromagnetic field can be regulated 

altering the current travelling through the electromagnetic lenses. The 

internal structure of TEM, shown in Figure 2.1, display four types of lenses: 

the condenser lenses, two lenses employed for adjusting beam brightness; 

the objective lens, which focuses the incident beam, after encountering the 

sample, by convergently directing on the imaging plane; the intermediate 

lens, which modifies focal lengths  changes magnification; and, finally, the 

projector lens, which projects the image on the screen.10 
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Figure 2.1. Internal structure of a transmission electron microscope (TEM) 
showing, from top to bottom, electron source, condenser lens, specimen, 
objective lens, intermediate lens, projector lens, and imaging screen. 

 

2.1.4. Electron Microscopy Modes 

Electron microscopes can be operated in two different modes: 

transmission electron microscopy and scanning transmission 

electron microscopy (STEM). STEM is a modality of EM where 

the beam is confined to a nanoscopic or sub-nanoscopic spot 

and rastering across the sample to produce an image.26 STEM 

mode easily enables to switch from image to analysis mode, to 
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create compositional images, and to compensate for thermal 

expansion of sample and mechanical vibration. Moreover, STEM 

signal may provide more precise structural information than TEM 

as the detector collects incident electrons from several smaller 

areas, providing a higher resolution for similar imaging 

conditions.  

STEM mode offers better signal to noise ratio (SNR) compared 

to TEM, especially important in soft specimen where it is crucial 

to keep a low electron dose, as it will be further discussed in 

chapter 2.3. TEM imaging for Soft Material. Here, it is important 

to mention dose-limited resolution (DLR).27 DLR takes into 

account signal-collection efficiency, statistical noise, as well as 

sample thickness.27 This concept becomes crucial when thicker 

samples needs to be investigated as DLR is inversely 

proportional to the thickness of the sample. Hence, the thicker 

samples is the higher the electron dose the sample can 

withstand, as there is a larger number of scattering events in the 

specimen.  
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2.2. Analytical Electron Microscopy (AEM) 

In the last decades, electron microscopy has experienced 

significant advancements on its spatial 10 and elemental 28 

resolution. These improvements brought standard electron 

microscopy into analytical electron microscopy (AEM). AEM has 

the ability of investigating the elemental composition of the 

sample through secondary signals from inelastic scattering. 

AEM methods comprise X-ray energy-dispersive spectroscopy 

(XEDS),29 electron energy loss spectroscopy (EELS)30, and 

energy-filtered transmission electron microscopy 

(EFTEM)31,32,33. AEMs can be employed with either standard 

TEM or scanning transmission electron microscopy (STEM).27,29  

 

2.2.1. X-Ray Energy-Dispersive Spectroscopy 

(XEDS) 

In the late 1960s, the first AEM technique was developed: 23,34 

X-ray energy-dispersive spectroscopy (XEDS). XEDS systems 

are composed of three main components: the detector; the 

processing electronic; and the computer. The detector, usually a 

silicon semiconductor device, produces voltage pulses from the 

inelastic scattering-generated X-ray between incident beam and 



 33 

sample. The electronic processing of these pulses decodes the 

X-ray signals into a specific channel in a computer-controlled 

storage system. So, the X-ray signals are exhibited as a 

spectrum, that present a quantitative elemental profile, or a 

chemical image or map. The sensitivity of XEDS depends on the 

window material of the detector, typically beryllium. Beryllium 

absorbs low energy X-rays; hence beryllium XEDS detectors, 

are unable to detect elements below sodium in the periodic 

table.23  

 

2.2.2. Electron Energy Loss Spectroscopy (EELS) 

and Energy-filtered TEM (EFTEM) 

The chemical detection limit of XEDS is surpassed by another 

analytical method, electron energy loss spectroscopy (EELS). 

EELS has the capability of sensing most chemical elements in 

the periodic table20,30. EELS investigates the energy distribution 

of the incident beam electrons passed through the specimen. 

From this analysis of energy loss it is feasible to gather data on 

the chemical nature and electronic structure of the sample, such 

as bonding/valence state, dielectric response, free electron 

density, and the specimen thickness. 
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 The core of the EELS technique is the magnetic-prism 

spectrometer,35 where the electrons that are being transmitted 

from the specimen, travel down a ‘drift tube’ with polepiece 

edges. The electrons are then deflected ≥90º by the magnetic 

field into an electron spectrometer. Electrons undergoing no loss 

of energy from elastic scattering are found in an area called “zero 

loss”, while electrons undergoing energy loss from inelastic 

scattering are deflected further. Hence, a spectrum is produced 

via the electron energy loss, comprising a distribution of electron 

intensity versus energy loss. EELS spectra are typically split into 

two main sections: zero-loss and energy-loss peak areas (Figure 

2.2). The zero-loss peak provide data on the signal-to-noise 

ratio, called jump ratio in EM. The jump ratio can be used to 

investigate the thickness of the sample, which relies on the 

variance between the highest and the lowest intensities. 

Concurrently, it is feasible to investigate the information from the 

energy-loss peaks, or edges, which provides characteristic data 

on the elemental arrangement of the sample. As mentioned 

earlier, the energy-loss edges are the ionization edges yielded 

from inelastic collisions, where the critical ionization energy is 

transmitted from the incident electron to the expelled inner-shell 

electron.  
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Figure 2.2. Schematic EELS graph (left) displaying zero-loss (green) and 
energy-loss (orange). Insert (right): magnified peak of the spectra, and the 
graphic representation of a three-windows mapping during EFTEM. 

 

In addition, the spectrometer enables to create images using an 

energy filter on the magnetic-prism (energy-filtered TEM, 

EFTEM).32,33 In EFTEM, the energy filter, in the shape of a 

physical slit, is introduced after the spectrometer. The slit is 

employed to pick electrons at selected energies through the slit 

width. Hence, it is feasible to produce energy-filtered images. 

Among those images the most useful for EM analysis are elastic 

images (Figure 2.3) and chemical maps (Figure 2.4). In the 

elastic image (Figure 2.3), the slit picks only the zero-loss peak 

(Figure 2.2), providing images with an enhanced contrast. As 
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previously mentioned, elastic scattering in this context denotes 

to the electron-specimen interaction where there is no loss of 

electron kinetic energy and momentum. Thus, the expression 

zero-loss, and especially the zero-loss peak, indicates the 

intensity of the transmitted electrons that underwent elastic 

interactions with the sample. The elastic image, where only the 

elastic interaction are computed, can be processed with the 

unfiltered image to provide a thickness map of the specimen.32,33 

(Figure 2.3) The thickness map displays information on the 

probability of the number of collisions between the incident 

electron and the specimen. This probability is called mean free 

path (mfp), and preferably, it should be 1. The data obtained from 

the thickness map reveals the regions where the chemical maps 

can be achieved in the sample. In the cases where the mfp in 

the thickness map results higher than 1.1, there is a high chance 

for the incident electrons to undergo more than one collision.  

High mfp may be related to sample thickness, or in the case of 

complex samples, to the sum of the sample thickness, usually 

dependent from its medium (i.e. resin, ice, liquid).  Thus, the 

electron energy-loss resultant from those collisions is their sum 

resulting in multiple scattering events. In this particular case the 

changes in the final energy-loss appearing as the consequential 
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peak are not atom-specific; hence, they cannot be properly 

detected. Although, there are some computational fitting 

methods which, based on the sample, can resolve this sum of 

energy-loss,36 chemical maps of regions with mfp higher than 1.1 

cannot be smoothly obtained. 

 

 

Figure 2.3. EFTEM micrographs of different OMs compounds: Mn-I, Ir-Tub, 
and Pt-C2, Zn-Cl deposited on a conventional carbon coated Cu grid 
showing unfiltered (left), and elastic (centre) images, and the thickness map 
(right). Insert in the thickness map of a mean free path (mfp) legend, where 
the light blue/teal denotes the fittest area for chemical mapping. Slit width 
= 10 eV. 

EELS can be used also to achieve chemical mapping on 

specimens. Chemical maps are elemental-sensitive images, 

achieved via the ‘three windows mapping’ technique. 32,33In the 

three-windows mapping method, an electron shell of an element 

existing in the sample is selected and the critical ionization 

energy of the chosen electron shell of that element is 

investigated. Three images are then collected at different filtered 

energies close to the element’s critical ionization energy and at 
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the same slit width. These images are (i) two pre-ionization 

edges (Pre-e1 and Pre-e2), and (ii) one post-edge (Post-e) 

(Figure 2.4). The pre-edge images are employed to form a 

background, which is then removed from the post-edge signal 

developing a false-colour chemical map (Figure 2.4), which can 

then be merged to the standard EM image or the elastic image. 

There are two energy filter detectors by different providers that 

can be encompassed either after or inside the EM column. The 

two EELS detectors are the Gatan Image Filter (GIF), 

development of the parallel-collection EELS (PEELS),37,38 and 

the in-column omega (Ω) filter, commercialised by JEOL.23 

PEELS or GIF are set after the viewing screen; the Ω filter, 

conversely, is incorporated in the column of the microscope and 

located between the specimen and the viewing device. Thus, 

GIF and Ω filter record spectra and energy filtered images 

(Figure 2.4).  
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Figure 2.4. EFTEM micrographs of Zn-Cl complex deposited on a 
conventional carbon coated Cu grid (Top) Three energy-filtered images 
displaying two pre-ionization edges (Pre-e1 and Pre-e2) and post-ionization 
edge (Post-e) of zinc. (Bottom) Unfiltered TEM micrograph and zinc (cyan) 
chemical map resultant from the three-windows EFTEM. Slit width = 10 eV.  

 

2.3. TEM imaging for Soft Material 

Soft materials, like polymers, gels and biological components, 

can experience dynamic alterations due to their physical 

behaviour happening at an energy scale comparable with 

thermal energy (kT). These materials tend to be formed by atoms 

with low Z; hence, low electron density, which translates into 

poor electron contrast via EM techniques. When it comes to 

imaging soft material via TEM, there are two notable aspects that 
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need to be considered: the need of vacuum to avoid multiple 

scattering of the electron beam and the requirement for chemical 

elements with appropriate electron density to stain the specimen 

to increase contrast over the background signal. Vacuum and 

labelling agents require protocols to protect specimens from 

vacuum and to increase their electron density. 

 

2.3.1. Vacuum 

In biological samples, maintaining the three-dimensional (3D) 

structure of the specimen is crucial. Soft materials are not 

vacuum-resistant because of their high-water content which 

undergoes rapid evaporation, resulting in dehydration and 

distortion of their 3D architectures. Thus, sample preparation is 

critical to image biological specimens in EM. In TEM, the need 

for vacuum affects the state of the specimens, which, 

predominantly, need solidification techniques to preserve its 3D 

structure.  
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2.3.2. Standard Preparation of Biological 

Specimen 

There are two techniques to preserve the 3D structure of a 

biological specimen: resin-embedding and vitrification (Literature 

Review 2.4). In this section, the resin-embedding technique, so-

called standard preparation, is shortly explained.  The standard 

methodology for preparing biological samples requires five 

steps: fixation, dehydration, resin-embedding, sectioning, and 

staining.39,40 

Fixation via compounds, usually using aldehydes (e.g. 

formaldehyde and glutaraldehyde) are used to cross-link the  

biological structure and can decrease dehydration artefacts. 

Dehydration via solutions avoids specimen distortion in the 

vacuum; yet, this procedure usually produces a coagulation of 

cellular components.41 Coagulation can alter the architecture of 

the specimen, however there are some methods to avoid it. 

During dehydration, the best result is achieved by fixating via 

freezing procedures and dehydrating the cell at a minimum of -

90 ºC.42 Then, specimen are embedded in resins, which are 

cured either with UV or heat. Resin-embedding solidifies the 

specimen to aid sectioning by preventing collapse of the 
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structure. After the development of the resin residue, the 

specimen requires to be cut into thin sections of circa 100nm. 

The sample thickness achieved will be comparable to the 

resolution, because, if the specimen is too thick, the incident 

electron beam could undergo multiple scattering or, in the worst 

cases, not be able to penetrate the section. The section is then 

deposited onto a carbon-coated copper grid,39,40 and stained with 

metal-containing staining agents. Depending on the labelling 

agents used, the staining procedure may also be done prior to 

fixation. 

 

2.3.3 Contrast  

The aforementioned procedures are used to avoid the loss of 

structure by vacuum. However, staining procedures are used to 

address another drawback of imaging biological specimen: low 

contrast. As discussed earlier, elastic scattering, responsible for 

the image contrast, depends strongly on the electron density; 

thus, high Z atoms (e.g. metals) provide more contrast than light 

elements in soft material (e.g. C, O, H, N). Soft samples, as 

biological samples, which have little inherent contrast because 

of their low electron density, allowing most electrons to penetrate 
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the specimen with insufficient elastic scattering to differentiate 

the structure from the background. Labelling agents or probes 

are therefore critical for imaging, especially in biology.  

The staining of specimens may be achieved at different stages 

depending on the label chosen. Typically, the labelling agent of 

interest, for staining a particular ultrastructure within the cell is 

employed before, or, usually right after fixation, varying on the 

size of the labelling agent. In cells, the probe size requirements 

will depend on the labelling agent ability to cross the cellular 

membrane. Cellular probes for TEM are used after fixation, such 

as osmium tetroxide (OsO4),43 a membrane staining agent, 

generally used to dye the membrane of organelles within the cell, 

as well as its cellular membrane. Notably, a factor that can hinder 

this process is the media where the cells are. An interesting case 

regarding the media for OsO4 was reported by Hagström 

(1960),44 when they discovered that adding sucrose at 0.25M it 

slows down the penetration rate of OsO4 by 50%. The reasons 

for this phenomenon are unknown, yet there were two 

hypotheses to what can contribute to this phenomenon: 

increased viscosity and competition.45 Following resin-

microtoming sections at 100 nm in thickness, the contrast of the 
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sections can be enhanced employing unspecific probes, usually, 

lead nitrate, and uranyl acetate.46  

 

2.4 Cryo Electron Microscopy (CryoEM) 

An alternative technique to conventional TEM, which solves the 

foreseen limitations of vacuum and contrast, is cryo-electron 

microscopy (cryoEM) created by Dubochet and coworkers.47 In 

cryoEM, the specimen endures a fast-cryogenic treatment, 

which rapidly freezes, vitrifies, the specimen. Vitrification of the 

sample employs cryogens to flash freeze the specimen without 

the formation of large ice crystals that would damage the delicate 

structures in the sample. Amongst the cryogens, ethane possess 

the best relative cooling efficiency for soft materials.48  

Vitrification allows the specimen, typically biomolecules, to keep 

the water component. Specimens can thus be imaged without 

artefacts and subsequent loss of their 3D structure.49 Another 

important advantage in cryoEM is the lack of labelling agents for 

imaging, because of the difference in density between specimen 

and  background, the surrounding vitrified water.50 Conversely, 

the resin of the microtomed sections and the carbon-coating of 

the grids have similar densities to the organic samples (>1 
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g/cm3) being imaged; hence the specimens require contrast 

agents. Notably, employing cryoEM on 2D electron 

crystallography in 1990, Henderson and colleagues managed to 

reach the atomic resolution of bacteriorhodopsin.51 

 

2.4.1 Three-dimensional (3D) analysis in Cryo EM  

Today, cryoEM is one of the most widely employed methods due 

to its consistency in three-dimensional (3D) analysis of biological 

architectures. In 3D cryoEM, thousands of profiles of the 

biomolecule under investigation are imaged. The 2D profiles of 

the biomolecule display different angular orientation, which are 

computationally identified in a software, such as Scipion.52  

The 2D profiles are then used to three-dimensionally reconstruct 

the biomolecule with software, such as ReLion.53 The explained 

reconstruction methodology, so called single particle analysis 

(SPA), was pioneered by Frank and coworkers,54,55 and inspired 

by De Rosier’s and Klug’s work on 3D EM in conventional TEM.56  

The analysis of the 3D structure is crucial to better understand 

the function of the biomolecule, following the biological dogma 

“structure defines function”. Thus, it is possible to gather insights 

into physiological and pathological processes, as well as design 



 46 

drugs based on the pathogen. For instance, tau filaments and 

amyloid fibrils were studied by Fitzpatrick57 and Gremer,58 

respectively, to better understand the mechanisms of the 

Alzheimer’s disease, the most widespread neurodegenerative 

disease. More recently, Wrapp59 determined the structure of the 

SARS-COV2 spike protein at a resolution of 3.5 Å. This protein 

is responsible for the virus entry in the cell. Recently, cryoEM 

was recognised by the Nobel prize in Chemistry awarded to 

Henderson, Dubochet, and Frank in 2017.60  

In the last 30 years, the detailed biomolecule architectures 

achieved by using cryoEM massively improved in resolution. The 

technique underwent what was called “the resolution revolution”, 

61 managing to massively improve the details of the 

reconstruction, breaking the barrier of the 2 Å, until recently 

reaching single atom resolution at 1.3 Å.62,63 Ferritin64 and 

archeal RNA polymerase,65 biomolecules that will be analysed 

further on in this thesis (Results 4.1.1) reached a maximum 

resolution of 1.5 Å and 3.79 Å, respectively. The aforementioned 

resolution revolution was made possible especially via the 

technological advancements of the detectors and in image 

processing. Remarkably, the direct detection cameras (DDCs) 

managed to massively enhance the signal-to-noise ratio and 
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improve the resolution.66,67 In addition, image processing 

algorithms have improved the reconstruction performances too 

by correcting the motion due to thermal or mechanical drift, i.e. 

motioncore1/2,67 improving the reconstruction workflow, i.e. 

ReLion.53 However SPA is limited to image homogeneous 

samples dispersed in thin, vitrified ice.  

In cryoEM, the prerequisite for homogeneous and fixated state 

of the specimen, hinders dynamic studies. New improvements in 

the algorithmic 3D classification gave the possibility to image 

conformational changes in single molecule.68 Moreover, it has 

been possible to analyse complex dynamics, such as the 

interaction between virus and virucidal nanoparticles,69 via 

dynamic cryoEM. In dynamic cryoEM, the specimens are frozen 

at different time points to provide a detailed analysis of their 

interactions. However, dynamic cryoEM is extremely time 

consuming as it requires numerous preparations for each time 

point studied. Moreover, it only allows for snapshots of the time 

point of choosing, neglecting the dynamics between time points 

and their aftermath. 
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2.5 Liquid-phase electron microscopy (LPEM)  

In the past decade, liquid-phase electron microscopy (LPEM) 

has provided a new strategy for investigating samples immersed 

in their media at the nanoscale.1–8 The main focus of previous 

research has revolved around hard materials (e.g. metallic 

nanoparticles),9 nonetheless the field of soft matter has rapidly 

grown interest in LP-EM with the aim to study and be able to 

answer fundamental questions.70,71 The study of soft matter has 

been hindered in the past by various experimental drawbacks, 

such as lack of proper experimental protocols and damage of 

electron beam. However, continuous development of the liquid 

holders, detection devices, and protocols has steadily improved 

the field, reaching a position where it is feasible to directly 

visualise structure and investigate dynamics of hydrated soft 

organic materials. LPEM is achievable by means of employing 

electron transparent material that protects the specimen from 

vacuum and allows visualisation. As shown below, there are 

several combinations of electron-transparent materials, selected 

relying on the purpose of the investigation (as shown in the next 

section). Yet, the main challenge when performing LPEM is to 

effectively manage the high-energy electron beam, which 
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penetrates the sample and media, may induce conformational 

changes in the experiments. Thus, it is crucial to carefully plan 

the experiments to either reduce or exploit the induced beam 

damage in the specimen under investigation. 

 

2.5.1 Liquid Chamber Design 

The fundamental methodological characteristic in LPEM experiments 

is the principle by which soft materials in liquids can be introduced 

into the electron microscope. In LPEM, the sample is protected from 

the evaporation caused by the high vacuum in the microscope column 

thanks to the use of liquid chambers.  

In 1944, Abrams and McBain, introduced the first generation of liquid 

chambers.72 The enclosed liquid chamber had a system made by thin 

nitrocellulose films, fabricated by floating a solution containing 

colloidal cotton on a mercury surface.10 After, these films were fitted 

on a platinum perforated frame.72 Yet, such method was unsuccessful 

because the film thickness did not permit high resolution of the 

sample due to poor electron beam penetration. In the 1960s, two foils 

divided by few micrometres created an environmental chambers,73,74 

that enabled imaging of condensed water droplets in a gas 

environment at 0.13 bar.73 Yet, this environmental chamber was 

located in the EM polepiece, and did not enable the specimen 

environment to be changed during imaging. This drawback was 
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surpassed by the addition of the chamber into side-entry specimen 

rods, thus reaching sample control, and allowing gas flow to and from 

the sample.75,76 A comparable instrument was employed in wet 

conditions to achieve resolution of circa 100 nm (for bacteria 

imaging), using ultra-high voltage (800 kV) TEM.76 Few years after, 

imaging of soft materials (e.g. bacteria,77 DNA78) was achieved using 

standard voltage TEM flowing solution in the liquid chamber. Yet, the 

reported achieved resolution was still comparable to FM.77,78  

Novel microfabrication procedures have enabled the production of 

electron transparent materials of tuneable dimensions, strength, and 

electron transparency; hence, solving the challenge of producing 

reliable liquid chambers. The more recent liquid chambers are made 

mainly of two electron-transparent materials: thin (50nm) silicon 

nitride (SiN) windows on silicon chips and graphene.79 The former, 

SiN microchips offer outstanding mechanical properties of the 

membrane material which are relatively easy to use. Thus, SiN 

microchips have become the most popular materials for liquid 

chambers.15 The latter, graphene is used to create graphene liquid 

cells (GLCs), which provide a thinner liquid thickness thinned than 

what, leading to less electron scattering of the incident beam with the 

media, thus,  higher resolved features compared to other methods. 

Yet, this technique requires high-level in-house expertise, as 

graphene is less rigid and more difficult to handle than SiN.  
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There are three main strategies to create liquid chambers combining 

the aforementioned materials.80 The first method involves two SiN 

microchips (Figure 2.6a) which enclose the sample in media, this 

methodology  enables the flow-in of other media or samples 

supported by the rigidity of the windows. This in-flow feature is 

remarkably critical for real-time investigation of soft matter dynamics 

upon employment of external stimuli, like pH and temperature 

fluctuations. It is by far the most versatile approach, as it allows static 

and dynamic experiments, and, therefore, the most used nowadays. 

The second strategy is the use of two graphene sheets to enclose the 

sample, forming GLCs via π-π interactions between the graphene 

sheets (Figure 2.6b). This strategy is exploited to achieve the highest 

resolution in imaging materials in solution. The third and last 

methodology is a combination of the previous two, and involved one 

SiN microchip sealed by a graphene sheet (Figure 2.6c). It is used to 

reduce the thickness of large specimens such as whole cells allowing 

the graphene to follow the shapes of the objects in solution and thus 

granting the sample to have thinner and thicker areas depending on 

its natural shape. 
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Figure 2.6. Liquid chambers methodologies. (a) Two SiN windows (blue) on 
their microchips (grey) sealing sample (red) in solution (light blue). (b) Two 
graphene sheets (green) forming GLCs englobing the sample. (c) 
combination of one SiN widow enclosed with a graphene sheet. 

 

2.5.2 Radiation damage via LPEM 

Beam–sample interactions are a critical factor to consider when 

imaging objects in liquid media, especially soft materials, via 

LPEM. It is feasible to split beam-sample interactions into two 

classes: (i) reversible and dynamic; and (ii) irreversible and 

destructive. Reversible processes involve the formation of higher 

temperature, excited states, and charge pairs. Conversely, 

irreversible processes involve the rupture of chemical bonds and 

knock-on damage.81 These events depend on the total electron 

flux, called electron dose, received by the particular specimen 

through destructive processes, where the electron flux is the 

number electrons passing through the specimen per second. 

Thus, reversible processes may be slowed down by the 

application of low electron flux. Moderating radiation damage in 

reversible processes may allow more time for the sample to 
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compensate for heating, charging pairs, and charging 

separation.82 Thus, it is crucial to consider the different 

constituents of the specimen and the media enclosure. In regard 

of a liquid chamber filled with aqueous solution, for instance, 

Interactions between the electron beam and the aqueous 

medium will lead to radiolysis of water and subsequent 

reactions.83,84 Such reactions produce reactive oxygen species 

(ROS) (e.g. hydroxyl radicals), as well as hydrogen radicals, 

solvated electrons, and oxygen, which will locally alter the 

solution chemistry (i.e. change the pH of the media).83 All these 

effects strongly depend on the electron dose used to image the 

specimens.  

It is possible to reduce the electron dose employing an extremely 

electron-sensitive camera (e.g. DDCs), 66,67 however these 

devices are rather expensive. Cheaper alternative to operate the 

microscope in STEM mode. In STEM mode the beam is focused 

on in a small area (~1 nm) and rastered across the specimen 

without applying a constant flux in the field of view, as occurs in 

TEM mode. The methodology chosen will obviously depend on 

the final objective of the experiment. Yet, it is essential to keep 

track of the total electron dose D employed in an experiment, by 

the following equation: 
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𝐷 = !"
#$

                                                                            Equation 2. 

 

with probe current I, exposure time t, area exposed to the raster 

of the electron beam A, and elementary charge of the electron e. 

The equation above is usually used for STEM imaging mode; 

while, in TEM mode, when using a direct detection camera 

(DDC) device, the software will automatically calculate the 

electron dose using a conversion factor of signal intensity to 

electron count. However, if a charge-coupled camera (CCC) is 

employed, the electron dose is calculated by inserting a Faraday 

cup in the EM. A Faraday cup is a metal cup designed to capture 

charged particles in vacuum. It is necessary to restrict the width 

of the beam to the area of the cup and irradiate it. The probe 

current will correspond to the readings of the Faraday’s cup, 

which are dependent on the spot size of the beam and the 

apertures being used. It is important to keep always track of the 

electron dose in any LPEM experiments and possibly use 

techniques to image LPEM at low dose.  

It is important to consider that, even minimising the electron dose 

in order to limit both direct damage to the sample and from the 
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radiolytic species formed in aqueous solution, the final energy in 

the specimen is still high. Usually, for a standard LPEM sample, 

which is 200 nm-thick and low dose settings (~ 1 e-/A2), the 

energy generated is 106 Gy/s. However, this dose has been 

reported to cause significant decreases in pH for aqueous 

solutions in LPEM experiments.83 Hence, it is crucial to consider 

the effects of the decreased pH while planning LPEM 

investigations. 

 

2.5.3 LPEM for Soft Synthetic Materials 

Soft materials whether biological or synthetic, such as DNA, 

proteins, colloids, and polymers, have a fundamental 

relationship between function and structure in the liquid phase.85 

As mentioned in the previous section, cryoEM is a fundamental 

technique for investigating soft material architectures via the 

acquisition of 2D of vitrified specimens. LPEM, however, offers 

the possibility to investigate soft matter systems in a liquid milieu, 

hence, recording multiple configurations of the soft material as 

well as the way it interacts with external stimuli. Below, some 

experiments on soft materials analysed via LPEM are reported. 
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Figure 2.7. Time-series LPEM micrographs, in TEM mode, showing PEO-
PCL polymer self-assemblies formation. The time series displays the 
amphiphilic polymers first, which show poor contrast. Then, by addition of 
water. After 200 s, it is possible to distinguish micelles and vesicle (red 
arrow), which reaches their complete self-assembly after 600 s. Electron 
flux of 0.3 e- Å-2 s-1. Scale bar = 100 nm. Adapted from reference 86. 

 

Ianiro and coworkers reported the formation of synthetic 

macromolecular structures in situ using liquid chambers with 

SixNy windows.86 Amphiphilic block copolymer have the property 

to self-assemble in specific solvents. In the investigation, 

poly(ethylene oxide)-poly(caprolactone) (PEO-PCL) was used, 

where PEO act as the hydrophilic and PCL as the hydrophobic 

block. In acetone, PEO-PCL diblock is present as polymer, but it 

self-assembles with other polymers when water is added to 
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minimise the contact between PCL and water. Following this 

principle, the in situ synthesis of polymer bilayer membrane 

structures, also known as vesicles, was reported. The 

membrane thickness was comparable to those of vesicles 

produced in bulk solution (Figure 2.7).86 In this investigation, the 

polymers in acetone solutionwere dropped cast on the opened 

SiN window, which was sealed with SiN counterpart. Water was 

slowly added into the liquid chamber to provide the environment 

forthe in situ self-assembly of the polymer into micelles and/or 

vescicles. 

 

2.5.4 LPEM for Biological Material 

Biological specimens have also been targeted in the 

development of LPEM. For instance, virus assemblies, 

specifically rotavirus, a target of interest especially in the recent 

pandemic, were three dimensionally imaged by Duke and 

coworkers.87 A combination of lipid coating the SiN windows 

linked to virus-targeting antibodies was employed to immobilise 

the excessive movements of the virus.87 The 2D profiles of the 

virus were imaged in TEM and reconstructed following 

procedure similar to the aforementioned SPA (Literature Review 
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2.4) . This methodology allowed the first 3D visualization of virus 

via LPEM (Figure 2.8). 87 A recent study by Jonaid and 

coworkers, inspired by the technique which will be presented 

further on (Results 4.1), managed to replicate the result with 

adenovirus without the need of blocking the sample. 88 

 

 

 

Figure 2.8. LPEM micrograph displaying rotavirus entrapped by a complex 

of functionalised lipid and antibodies. Reported electron dose 0.1 e- Å-2 s-1. 

Scale bar = 100 nm. Adapted from reference 87. 

 

Larger biological samples, such as whole cells, have also been 

imaged via LPEM. Several methods have been reported,89 but 
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the most effective to investigate cellular function at the 

nanoscale in whole cell combines STEM mode, a microfluidic 

chamber90 and high Z nanoparticles as staining agents.14,91,92 As 

previously mentioned (Literature Review 2.3), nanoparticle with 

high Z provide contrast to the targeted ultrastructure within the 

cell. This strategy overcomes the drying and sectioning 

procedures involved in specimen preparation, such as resin-

embedded and vitrified sections, for conventional EM and 

cryoEM, respectively. In the study of cells via LPEM, it is crucial 

to seed them on the electron transparent window, and incubating 

them with specific staining agents, prior or post fixation 

depending on the labelling agents.92,93 After seeding and 

labelling, the electron transparent material, often a SixNy chip, is 

assembled with its counter-chip usually having a 5 μm spacer in 

the sample holder, thus forming the liquid chamber.90 If SixNy 

microchips are used for the liquid chamber, solution can be flown 

through the liquid chamber as an external stimulus. Upon the 

experiment, this procedure may be beneficial for providing 

nutrients to the cells, as well as removing harmful matters, such 

as radicals, free electrons, and heat. STEM sensitivity for Z is 

exploited, employing gold nanoparticles (AuNps) or QD, to target 

and detect electron signal from the thick background, 
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encompassing low electron density materials, i.e. aqueous 

solution and biological matter.14,94,95 Among the different cell 

types it is important to take into account three criteria: (i) the 

shape, it is important to use thin cell types that can flatten and 

outstretch on poly-L-lysine coated microchips; (ii) lack of 

apoptosis or necrosis when kept in the liquid chamber; and (iii) 

slow cell division to avoid overly crowded windows.92 For all the 

reasons above,  the cell type used in the majority of these studies 

were fibroblasts, specifically from African green monkey’s kidney 

(COS7). Currently, only one extracellular biological target, 

epidermal growth factor receptors (EGFR), have been 

studied.92,96 EGFR is a transmembrane receptor97,98 responsible 

for the pathogenesis and progression of several kinds of 

tumors.98 EGFR is triggered when epidermal growth factor (EGF) 

binds to it. The activated EGFR produces a homodimer with an 

homologous EGFR,99 thus triggering a signal transduction in the 

cytosol, the inner side of the cell.100 Once conjugated with 

streptavidin-biotin complex, AuNps and QDs acquire specificity 

for the biological target. Thus, they were employed to target EGF 

and track the EGFR.101 Compared to gold nanoparticles, 

fluorescent QD offered the advantage of enabling both 

correlative fluorescent and liquid phase EM, thus, offering more 
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information on the sample. In this particular experiment, the 

recorded cumulative electron dose was 7 ´ 102 e-Å-2, an order of 

magnitude smaller than the dose employed for STEM on thin 

resin-embedded sections.102 Moreover, the claimed spatial 

resolution achieved was remarkably high (4 nm),101 even though 

it does not take into account the distance of the probes from the 

sample, EGFR in this case, which would decrease the resolution 

in the order of tens of nanometers. This distance is due to the 

linker the streptavidin-biotin complex, which is 15 nm long, plus 

the size of the QD or AuNp, which increases the total length over 

20 nm. Thus, it is highly unlikeable that the reported resolution 

of 4 nm is correct, and more probable that the image is out of 

focus. However, the involvement of LPEM in cells was 

successfully reported and laid the fundaments for future studies. 
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Figure 2.9. Liquid-pase scanning transmission electron microscopy 
(LPSTEM) micrographs of whole cells in a CM200 S/TEM (FEI, Hillsboro, 
OR, USA) with a FEG operated at 200 keV. (a) Micrograph of a fixed COS7 
cell, with media thickness of 5.7 μm, maintained under buffer solution. The 
false-coloured micrograph was recorded at the edges of the cell. AuNp-
labelled EGFRs are displayed in green/yellow; whilst, cellular material in 
blue. In the marked location, monomers, dimers, and a larger cluster are 
noticeable. Total exposure time = 20 s; pixel dwell time = 20 μs, Pixel size 
= 2.9 nm. (b) Micrograph of a COS7 cell, with media thickness of 8.6 nm, 
after the same procedure, additional incubation time of 15 min with 5 min 
of AuNp-EGF tagging. The micrograph exhibits the endosomes with 
AuNps-EGFRs. Pixel size = 4.4 nm. Both (a) and (b) micrographs have 
image size = 1024 ´ 1024 pixels. Adapted from reference 14.  
 

 

 

 

 

 (a)                                                         (b) 
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3 Methodology 
3.1 Materials 

Equine spleen apoferritin was acquired from Merck (previously 

Sigma-Aldrich) and diluted with PBS at a concentration of 2 

mg/mL.  

Archaeal RNA polymerase (RNAP) was produced by Prof. 

Werner Finn’s group from Sulfolobus acidocaldarius cells 

employing the methodology reported by Blombach et al 103 and 

used at a concentration of 1 mg/mL.  

Poly(methacryloyloxy) ethyl  phosphorylcholine -

poly(diisopropylamino) ethyl methacrylate (PMPC-PDPA) disk-

like micelles were prepared by Dr. Lopez Vazquez following the 

methodology reported by Contini et al104 and used at a 

concentration of 1.5 mg/mL. 

Mesoporous silica nanoparticles (MSNs) were manufactured by 

Dr. Soto from Sanchez’ group, following the same process under 

very low surfactant conditions reported by Wang et al.105 MSNs 

were used at a concentration of 1.5 mg/mL. 

Polyethylene oxide-polymethionine (PEO-PMET) samples of 

either vesicles or worms were prepared by Dr. Duro Castaño106 

and diluted at a concentration of 1 mg/mL.  
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Antiviral particles, undecanosulfonic octanethiol gold 

nanoparticles (MUS-OT AuNps) and Herpes Virus Simplex type 

2 (HSV2) were synthetised by Prof. Stellacci’s group69 and 

recorded at the concentration of 100 μg/mL and 105 plaque-

forming unit (pfu). 

Organometallic complexes (OMs) were synthetised by Prof. 

Tian’s group following procedures based on Ikawa’s work107, 108 

for the iridium complexes (Ir-DE, Ir-PA, Ir-CE) and Tian’s work109 

for the zinc complex (DTPP-Zn). Both OMs were used at a 

concentration of 5 mM. 

 

3.2 Cell Culture  

Fibroblast cells were selected due to their flat shape, which 

enables better visualization of the cytoskeletal 

components. Primary human dermal fibroblast (HDF) cells were 

purchased from ATCC. HDF cells were cultured and maintained 

in Dulbecco’s Modified Eagle Media (DMEM) containing 10% 

(v/v) fetal bovine serum, 2 mM L-glutamine, 100 mg/ml 

streptomycin and 100 IU/ml penicillin (Sigma-Aldrich®). Cells 

were cultured at 37°C, 95% air and 5% CO2. Cells were 

periodically sub-cultured using Trypsin-EDTA solution 0.25% 
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(Sigma-Aldrich®) for the detachment process and centrifuged 

at 3000 rpm for 5 min for the pellet collection.  

 

3.3 Electron Microscopy   

JEOL JEM-2200FS TEM equipped with a FEG operating at 200 

keV, and an in-column Omega filter. The microscope was used 

in TEM and STEM mode depending on the sample and the 

results desired (Table 3.2.1). Thin samples may be imaged by 

both TEM and STEM mode; however, to acquire more profiles of 

the specimen it is possible to employ fast acquisition with a direct 

detection camera (DDC). Conversely, thicker samples may 

reveal more details in STEM mode than thin specimen. This 

distinction is accentuated even more in LPEM. 

In TEM mode, a DDC in-situ K2-IS camera from Gatan was 

employed. The K2-IS camera allows, due to its high-sensitivity, 

low-dose imaging significantly limiting electron dose damage, 

and enabling high spatial (3838×3710 pixels) and temporal (up 

to 1600 fps in in-situ mode) resolution. To further reduce the 

electron dose on the samples, micrographs were recorded at the 

minimum beam spot size (5) with a condenser lens aperture 

(CLA 2 - 100 μm). The K2-IS camera can operate in two 
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recording modes, linear and counted. The first is fast, but it 

produces the output micrograph by capturing the integrated 

signal from each pixel, comparable to a standard CCD. By 

contrast, counted mode processes the images and assigns one 

count to the pixel or sub-pixel of the landing site of that electron. 

TEM images and videos were recorded in counted mode using 

dose fractionation, collecting at 10 frames per seconds (fps). 

This frame rate is employed with soft specimen to balance time 

of acquisition, electron dose and image contrast. The faster the 

acquisition employed, the lower the electron dose used per 

micrograph, yet the less image contrast there is. Hence, after 

optimising the acquisition rate, 10 fps was found to be the most 

consistent frame rate. Every image was recorded in of 4-byte 

grayscale format and required the full size of the detector 3840 x 

3712 pixels. 

STEM imaging was performed with high-angle annular dark-field 

(HAADF) detector. STEM mode offers improved DLR in the 

specimen, and especially in media (in LPEM). The images were 

recorded with a built-in Hamamatsu camera and a dwell time of 

13 μs. Slower acquisition rate than 13 μs would provide better 

image quality at the cost of electron dose and acquisition rate. 
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Similarly to the 10 fps as acquisition time for DDC acquisition 

rate in TEM imaging, 13 μs was found to be the ideal dwell time 

for STEM imaging. STEM mode was operated with a probe size 

of 1 nm and a condenser aperture of 40 μm (CLA 3). STEM 

videos were recorded with the MOVAVI screen-recorder 

software (version 9.5). 

Both STEM and TEM imaging were conducted at low doses, 

about 1 e-/A2/s, using total doses <20 e-/A2 usually employed in 

Cryo-TEM.110 As previously discussed in the literature review, 

low dose is crucial for preventing direct damage on the organic 

and biological samples, as well minimise radiolytic damage of 

the media, which could lead to pH drop and further damage to 

the samples. Although, there were two exception in the dose 

used for imaging. Doses employed for each investigation are 

reported in the results section. The first was the study of oxidant-

sensitive polymer vesicle disassembly (Chapter 5.1) by reactive-

oxygen species from the radiolysis of water. The second was in 

the study of thick biological samples, i.e. cellular studies 

(Chapter 6). When imaging thick biological specimen, the 

thickness (2-10 μm) of the media layer is ten to fifty times higher 

than the thickness achieved for nanoparticles with the 200 nm-
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spacer. The electron dose the samples can withstand will be 

proportional to the thickness of the liquid layer,94,111,112 because 

a large proportion of the incident electron intensity is lost through 

multiple scattering, ionization and other processes in the liquid 

medium and the specimen itself. The silver lining for the study of 

the thicker specimen is that they can withstand higher doses, as 

they also have higher DLR than thin specimen. Hence, even if it 

may seem higher than the traditional value, the electron dose 

used for thick specimen is still small in relation to the size of the 

sample. 

 

3.4 Conventional TEM sample preparation 

Prior to TEM imaging, polymer samples were stained with 0.5% 

(w/v) phosphotungstic acid (PTA) (Sigma- Aldrich, Dorset, UK). 

First, carbon-coated 400 mesh copper grids (Agar Scientific, 

Essex, UK), were glow-discharged in air for 40 second to 

increase their hydrophilicity. Then, 5 μL of the sample 

dispersions (0.5 mg/mL) were drop cast on the grids for 60 

seconds, followed by removal of the excess of sample using filter 

paper and vacuum pump. The samples were positively stained 

by immersing them into a 0.5% PTA solution for 4 seconds, 



 69 

which again was removed using filter paper and vacuum pump. 

Depending on the samples the PTA percentage or immersion 

time may increase or decrease.  

However, for the majority of the soft samples described this was 

found to be the optimal concentration and time. However, for 

herpes virus simplex type 2 (HSV2) only, the aforementioned 

methodology resulted in excessive staining, where the details of 

the virus where indistinguishable during imaging. Thus, HSV2 

positive staining was completed using uranyless®, instead of 

PTA, a substitute of uranyl acetate formed by mixture of different 

metals from DELTA Microscopies. HSV2 was in contact with the 

Uranyless® solution Finally, after the positive staining, the grids 

were blotted again and dried under vacuum for 1 min.  

 

3.5 Liquid holders  

Two liquid holders, both manufactured by DENSsolutions, were 

used for the LPEM experiments, the Ocean and Stream holders. 

Both holders possess two silicon nitride (SixNy) chips with 50 nm-

thick SixNy windows, which are electron transparent due to their 

size and low Z, thus enabling the visualization of the sample.  
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Figure 3.1. Schematic representation of the Ocean liquid chamber for 
LPEM imaging. (a) The top-view image highlights the flower-shaped tip of 
the holder, connected to two tubes placed used for flowing media in and out 
of the holder. The holder hosts on the inside two microchips (top and 
bottom), with observation windows located at the centre (yellow). (b) The 
cross section of the holder with inflow and outflow pipes. The specimen is 
flown in the liquid chamber, defined by a spacer or the amount of deposited 
liquid on the bottom chip when drop casting the sample onto the bottom 
chip.  

A schematic representation of specimens investigated and 

LPEM imaging parameters is shown in Table 3.1. In both liquid-

phase holders, the SixNy chips are placed one on top of the other 

(top and bottom microchip) to sandwich the sample, creating a 

liquid chamber in all their surface, although only the liquid 

enclosed by the windows is visible. There are some notable 

differences in the chip preparation and phenomena that may 

hinder the window and will be discussed in the next section.  
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Table 3.1. Schematic representation of the sample parameters used in the 
different LPEM experiments (reported in chapters 4-6). MSN= mesoporous 
silica nanoparticles. HSV2= Herpes simplex virus type 2. MUS-OT AuNp= 
Undecanosulfonic octanethiol gold nanoparticle. HDF= human dermo 
fibroblast. Ir-DE and DTPP-Zn-Br are organometallic probes. BT=Brownian 
tomography. BPA=Brownian particle analysis.  

 

In the Ocean holder, top and bottom chips are interchangeable; 

while, in the Stream holder, the bottom chip has a larger surface 

than the top chip. Moreover, the most important difference in the 

two systems is their fluid dynamic profile. The Ocean holder 

(Figure 3.1) has a “flower-shaped” area where the chips are 

hosted at the center and the media is flown in and out the tubing 

system placed on the same plane; thus, there is a dispersion of 

liquid in the flower shaped milieu, which, then, has to  pass 
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through the nanometer-thick liquid chamber. These limitation 

was also demonstrated in a fluid dynamic simulation of the 

system (Figure 3.2) using COMSOL Multiphysics, conducted by 

Dr. Marchello, where it appears clears that only a minimum 

amount of the liquid sample manages to reach the liquid 

chamber, while the vast majority pass through the empty flower-

shaped areas to reach the outlet. On the other hand, the Stream 

holder (Figure 3. 3) has the tubing systems below its bottom chip. 

Indeed, the chip has two holes corresponding to the inlet and 

outlet of the media. This strategy avoids wasteful dispersion of 

the liquid sample in areas different from the liquid chamber, thus 

improving the fluid dynamic of the system.  

 

Figure 3.2. Schematic representation of the COMSOL Multiphysics fluid 
dynamic simulations. Fluid dynamic simulation of the Ocean holder of the 
holder modelled (a) without and (b) with the SixNy chips were a Newtonian 
fluid (red) was flown in the inflow tube (left) and out the outflow tube (right). 
Both simulations were performed employing a steady laminar flow, planar 
symmetry conditions.  
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Figure 3.3. Schematic representation of the Stream liquid chamber for 
LPEM imaging. The top-view of the SixNy bottom chip highlights the flowing 
system of the folder, where inlet and outlet tubes are placed below the 50 
nm-thick SixNy window of the bottom chip. Image adapted from 
DENSsolutions website. Adapted from reference 113. 

 

 

3.5.1 Ocean holder assembly and methodology 

For the OCEAN holder preparation, the sample in solution was 

enclosed in a liquid chamber formed by two chips made of SixNy, 

with 50 nm-thick electron transparent rectangular windows at the 

centre measuring 20 nm x 200 nm. SixNy windows prevent the 

leaking of the solution from the closed chamber while allowing 

the electrons pass through the sample for imaging. Generally, 

the liquid chamber created by the chips is consists of a 200 nm-

spacer chip placed at the bottom and a spacer-less chip placed 

at the top. SixNy chips were immersed in HPLC-graded acetone 
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followed by HPLC-isopropanol for two minutes each, to remove 

their protective layer made of poly(methyl methacrylate) 

(PMMA). Afterwards, the chips were plasma cleaned for 13 min 

to increase their hydrophilicity; increasing their wettability and 

aiding the soft material towards the surface of the chip. Starting 

from a glow discharge of 1 min, it was systematically increased 

by 1 min to find the best results in terms of wettability of the chips 

and freedom of movement of the samples.  Soon after, the chip 

with the 200 nm-spacer was fitted at the bottom of the liquid 

chamber and 1.5 μL of sample was deposited onto the viewing 

window of the chip. During this process, it is crucial to position 

the top chip on the bottom chip as fast as possible with the 

deposited sample to minimise water evaporation as the 

thickness of dried samples cannot be controlled precluding 

reliable, good quality imaging.  
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Figure 3.4. Schematic representation of windows position as parallel (left) 
or crossed (right) and either aligned (top) or misaligned (bottom). In light 
blue the imaging section of the windows (windows found in bot and top 
chips), while in red the section impossible to image (only one side has a 
window, either bot or top of the chips). 

 

It is possible to position windows in different conformation: 

parallel or crossed (Figure 3.4). The parallel position allows a 

larger viewing area, but due to mechanical problems that shift 

the windows from their perfect alignment, it is possible to end up 

with a thin viewing area or even be able to see anything at all. 

The crossed or perpendicular position however generally gives 

a smaller area than the parallel configuration, but it allows 

consistency in the experiments as it is always possible to find an 

area for the imaging. Hence, the observing windows at the top 

and bottom chips were placed in a perpendicular configuration.  
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The liquid holder was sealed, and 300μL of the sample were 

flushed in at 10 μL/min with a peristaltic pump. A volume of 300 

μL of solution guaranteed that the holder tubing system and 

liquid chamber were filled with sample.  

 

3.5.2. Stream holder preparation 

The Stream holder encompasses two chips made of SixNy, with 

50 nm-thick electron transparent rectangular windows at the 

centre measuring 10 μm x 200 μm. Stream chips are not 

supplied with protective layer; thus, they did not necessitate 

immersion in organic solvent as for the Ocean chips. Hence, 

Stream chips were directly plasma cleaned to increase their 

hydrophilicity and, hence, wettability of the sample solution. Both 

top and bottom and again for how long, specify. The viewing 

windows resulting from the intersection of the top and bottom 

chips was manually aligned using an optical microscope and in 

a perpendicular configuration. Although the perpendicular 

configuration may be reached depending on the supplied chips. 

It may happen, as it did, that the only configuration available to 

align is parallel. The issue was brought to the attention of the 

manufacturer DENSSolutions. As with the Ocean, the top and 
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bottom chips were separated by a 200nm spacer. The liquid 

holder was sealed by slowly increasing the torque of the screws 

to a maximum of 1 cN, while constantly checking the windows 

alignment. Soon after, the sample was flown in the tubing 

system. Precisely, a volume of 300 μL of sample solution was 

flushed in the sealed holder at 1 μL/min with a liquid nitrogen 

pump.  

In the case of the Stream holder, the bulging effect on the 

windows was reduced by applying a negative pressure in the 

outlet tube (Figure 3.2.2.4). Thus, the negative pressure reduced 

liquid thickness and allowed to acquire images with good 

contrast and signal-to-noise ratio (SNR). The inlet and outlet 

tubes of the pumps were sealed to ensure a closed liquid circuit. 

In order to guarantee that convection effects from the flowing 

process were not affecting the Brownian movement of the 

samples in solution, 5 min were waited prior to imaging.  

The general preparation of the Stream holder just described is 

useful for single specimen. Yet, when the system to investigate 

becomes more complex i.e. the interaction of multiple specimens 

some specific modifications are needed to image the specimens 

and capture in-situ processes. These details will be discussed in 

the following chapter Results 5. 
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3.6 LPEM image processing 

The micrographs recorded via LPEM, especially collected at high 

frame rate in TEM mode, are classically corrupted by noise and 

blur, due to the scattering of the incident beam electrons with the 

media. This issue is mainly caused in order to prevent damage 

organic samples. Hence, it is crucial to find a balance between 

the electron dose chosen to image and the frame rate for the 

collection. The higher the frame rate, the lower the electron dose 

on the sample as acquisition takes place in a dose fractionation 

mode; yet, low electron dose will also lower the contrast on the 

micrographs. This balance is the main reason the frame rate 

could not be increased beyond than 10 fps. Yet, the excessive 

noise from liquid medium and low electron dose lower the quality 

of the micrographs, thus hampering further analyses on the 

samples. 

To overcome the reduced quality of the images, the Noise2Void 

(N2V) machine learning-based approach114  was adopted and 

optimised by Dr. Gabriele Marchello. Opposite to conventional 

machine learning-based approach, the N2V does not need 

corresponding noiseless images to reduce the noise of an 

image. This feature makes the N2V perfect to process LPEM 
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micrographs, as noiseless LPEM micrographs are impossible to 

record. Yet, the N2V particularly well-suited a large dataset, 

known as training set, to fulfil its task. This requirement is 

common to machine learning-based approaches.  

In order to produce high quality estimation of the noise 

distribution, the training set has to include hundreds of 

thousands of images collected with the same imaging settings. 

However, in LPEM, the more a sample is imaged, the more it is 

damaged, and it is difficult to keep similar imaging conditions. 

Hence, the training set does only reach 3000 frames per training 

set. From the selected frames, 128 different non-overlapping 

squared patches of 64x64 pixels are extracted from each of 

them. Then, the N2V was trained for 100 epochs, with a batch 

size of 128. Once the N2V was trained, these values produced 

the best results for cleaning LPEM micrographs in a short 

processing time (15-60 min, depending on the data set). Figure 

3.5 displays the results of this noise reduction procedure. 
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Figure 3.5. Raw micrograph (left) and same micrograph processed via 
noise2void (N2V) machine-learning approach of mesoporous silica 
nanoparticles (MSN) collected at 0.9 e-A-2. 

 

3.7 Reconstruction methodology 

The N2V-processed frames were used for the sample 

reconstructions. Reconstructions were achieved using ReLion 

2.0 methods53 within the Scipion framework.52 Sample profiles 

were selected and extracted from the processed frames. The 

Relion algorithm assigned an angular orientation for each profile 

to be able to reconstruct the three-dimensional (3D) structure. 

The reconstruction methodology is the same for both Brownian 

tomography (BT) and Brownian particle analysis (BPA) (Results 

4.1).  
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3.8 Molecular Dynamics 

In molecular dynamics (MD), protein structures were simulated 

using their x-ray crystal structure. Dr. Acosta Gutierrez helped 

with the simulation of apoferritin starting from the biological 

assembly of a 1.43 Å resolution x-ray crystal structure (PDB-id: 

6MSX) containing Cd2+ atoms. Although, Cd2+ atoms positions of 

the protein were retained to be simulated as Fe2+ atoms. The 

protein complex did not bestow any mutations or structural gaps; 

hence, it was protonated at pH 7.4. Then, the complex was 

solvated (150mM NaCl) using a TIP3P  water model,115 and 

Charmm36m protein and ions force field.116 The final simulated 

system consisted of 336806 atoms, resulting in a truncated 

octahedron simulation cell of 16.14 nm x 15.21 nm x 13.17 nm.117 

All simulations were performed with Gromacs version 2019.2  

with a 2fs integration step.118 2000 steps of minimization 

(steepest descent algorithm) were performed, followed by 5000 

steps of isotropic NPT (number, pressure, temperature) at 300K, 

using the velocity-rescaling thermostat,119 and Parrinello-

Rahman barostat.117,120 After 50000 steps of NVT (number, 

voluume, temperature) the system was fully equilibrated and 
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ready for production, which was performed in the NVT ensemble 

for 1 microsecond.117  

The simulation of archaeal RNA polymerase was started from 

the cryo-EM structure of the RNA polymerase. Missing residues 

and loops were modelled using MODELLER.121 The protein 

complex, including the structural Zn2+, Mg2+, was protonated at 

pH 7.4 and solvated (150mM NaCl) using a TIP3P water 

model,115 and Charmm36m.116 The final simulated system 

consisted of 539642 atoms, resulting in a truncated octahedron 

simulation cell of 18.94 nm x 17.86 nm x 15.47 nm.117 The same 

equilibration protocol mentioned above was followed and 1 

microsecond of NVT production was generated.117 

 

3.9 Dynamical map calculation 

Fourth-dimensional residence time matrix was calculated by Dr. 

Acosta Gutierrez for both protein molecular dynamic systems, 

apoferritin and RNAP, from their all-atom MD trajectories. The 

system is roto-translated for each frame of the trajectory, into a 

template (initial molecular dynamics structure). The rotation 

matrix of the system snapshot onto the template was calculated 

using a least-squares rigid motion transformation using single 
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value decomposition. Then, an occupation fourth dimensional 

matrix was calculated and exported as a volumetric map.117 

 

3.10 Dynamic Light Scattering   

Dynamic light scattering (DLS) measurements were performed 

using a Malvern Zetasizer NanoZS instrument equipped with 

a 633 nm laser at a fixed scattering angle of 173°. Samples at 

0.1 mg/mL in either DMSO or water were directly measured. Size 

distribution was obtained (radius, nm) for each sample per 

triplicate with n > 3 measurements. Automatic optimisation of 

beam focusing, and attenuation was applied for each sample.   

 

 3.11 Pore analysis of mesoporous silica 

nanoparticles 

The different reconstructed mesoporous silica nanoparticles 

(MSNs) presented pores with different sizes and at different 

locations within each MSN. The pores were analysed by 

projecting the two-dimensional (2D) profiles of each BT 3D 

reconstruction by ChimeraX,122 and, then, measuring the 

diameters of the pores in ImageJ.123 
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3.12 Oxidation kinetics 

For oxidation kinetics, PEO-PMET structures were incubated at 

37°C with different H2O2 concentrations ranging from 0.1 mM to 

10 mM for 24 hours. Absorbance measurements at 450 nm were 

achieved at each time point using a UV-2401 PC Shimadzu 

Spectrophotometer (Japan) at room temperature, scan speed of 

40 nm/min, integration time 2 s and bandwidth 1 nm. Due to their 

nanometric size, the nanoparticles are expected to scatter light 

at the incident wavelength, and therefore, the detected signal 

can be considered as an indication of the turbidity of the 

samples.  

 

3.13 Confocal imaging   

Confocal microscopy imaging was acquired with a Leica TCS 

SP8 confocal microscope equipped with 40x objective lens or 

63x/100x oil-immersion objective lens.  

The incubated slices were excited at 405 nm for Ir-DE for 

imaging, 633 nm for NucRed, 405 nm for DAPI, 488 nm for Syto-

9, 488/650 nm for fluorescent secondary antibodies with a 
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semiconductor laser, and the emission signals were collected at 

(600 ± 20) nm for Ir-DE, (680 ± 20) nm for NucRed, (430 ± 20) 

nm for DAPI, (520 ± 20) nm for Syto-9, (520 ± 20)/ (680 ± 20) nm 

for fluorescent second antibodies, respectively.   

 

3.14 STED super-resolution imaging 

STED nanoscopy experiments were performed under Leica 

DMi8 confocal microscopy equipped with Leica TCS SP8 STED-

ONE unit. The complexes Ir-DE and SiR-Actin were excited 

under STED laser, the emission signals were collected using 

HyD reflected light detectors (RLDs). Specimen living cells were 

prepared using similar method as normal confocal microscopy 

described previously, and donut laser used in 660 nm STED 

laser (70% power), with 2048 x 2048 pixel at 100-scanning 

speed.  
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3.15 Fluorescent micrograph processing and 

analysis  

The STED micrographs were further processed by 

deconvolution wizard’ function using Huygens Professional 

software (version: 16.05).124 The area radiuses were estimated 

under 20 nm with exclusion of 100 absolute background 

values. Deconvoluted fluorescent micrographs were analysed 

by ImageJ 123 to quantify the fluorescence intensity, and 

colocalization coefficient.  
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4. Brownian Tomography (BT) 
and Brownian Particle Analysis 
(BPA) 

Soft materials tend to be dispersed or contain solutions, 

particularly aqueous solutions. Hence, soft materials need 

particular methodologies, involving either precise drying or 

cryogenic treatments (Literature review 2.3.2 and 2.4), to be 

imaged in EM. Yet, those methodologies may cause artefacts on 

the specimen. Such artefacts are especially significant for soft 

materials whose meso- and nano-scale structures involve water 

as one of the building blocks.125 It is possible to overcome some 

of these drawbacks using fast vitrification processes to observe 

vitrified specimens.126 In the last thirty years, cryogenic electron 

microscopy (cryoEM) has deeply impacted the study of soft 

materials, especially in biology.127–131  

A fundamental step forward in the advancement of cryoEM has 

been the development of direct detection cameras (DDCs) and 

3D structural analysis techniques, such as electron tomography 

(ET) and single-particle analysis (SPA). 3D analysis of the 

specimens has permitted scientists to elucidate the structural 
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conformation and related functions of complex biological 

systems. In ET, several two-dimensional (2D) projections or 

profiles of the sample are collected by rotating the specimen to 

different angles.132,133 SPA is based on the theory that the 

sample is homogeneous, and the profiles of the specimen are 

gathered over thousands of images containing hundreds of 

samples per field-of-view.128,134 In ET and SPA, all the recorded 

profiles are classified, aligned, refined, and collated together to 

create a 3D reconstruction of the specimen.135 It should be noted 

that, due to the large number of profiles recorded, SPA offers 

higher spatial resolution than ET. Therefore, ET tend to be 

limited to the investigation of large complexes or sub-cellular 

sections132,133 considered too large and/or heterogenous for 

SPA. In that instance, SPA provides atomic-resolution 

reconstruction for proteins, 136 remarkably contributing in the field 

of molecular and chemical biology, as well as drug discovery.137 

CryoEM and dry TEM record the 2D micrograph of the 

morphology of the sample. Eventually these 2D micrographs are 

computationally elaborated into 3D architectures that can be 

associated with its function, and can potentially reach resolutions 

close to a single angstrom.62,63,138  
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Soft materials, however, are exposed to thermal fluctuations and 

internal motion over a wide range of length and time scales. The 

conformational space of soft materials is peculiar to each 

temperature and environmental setting and comprises several 

micro-states. Exploring the dynamics of soft materials, for 

instance biomolecules, is crucial to comprehend molecular 

recognition patterns, enzymatic conversions, and allostery. 

Hence, the new frontier of electron microscopy is the temporal 

dimension, and the capacity to access dynamic changes near 

physiological temperatures where the soft material of interest 

(e.g. biomolecules, polymer vesicles for drug delivery) operates. 

Four-dimensional (4D) electron microscopy has been reported 

with temporal resolutions close to nanoseconds;139 yet, obtaining 

the hierarchical organization of soft materials under 

physiological conditions still represents a central challenge. In 

cryoEM, conformational states can be accessed via rapid 

sampling140,141 or proper classification during SPA refinement to 

discrete diverse configurations;142,143 however, the time 

resolution is restricted, and the samples undergoes cryogenic 

vitrification at -180 ºC. NMR spectroscopy can provide structural 

and dynamic information at atomic resolution and physiological 

conditions. Yet, NMR is limited to small proteins for unlabelled 
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structure determination, and it needs the incorporation of stable 

isotopes for structures larger than ~100kDa,144 typically along 

with supplementary techniques such as X-ray crystallography or 

cryoEM imaging.142 Moreover, the determination of structural 

and dynamic information via NMR need time-consuming 

chemical shift assignment.144 All these drawbacks demand a 

new approach to analyse soft materials with relevant timescales 

at physiological temperature.  

As seen in the previous chapter (Literature review 2.5), novel 

advancement of electron-transparent materials and LPEM have 

permitted the investigation of specimens at room temperature 

and in liquid-phase.1,8 LPEM has been employed in several 

fields.1–8 Notably, LPEM has also been used for the extraction of 

3D structural information of inorganic nanoparticles in 

solution,145,146 and functionalised virus on the coated-chip of the 

liquid chamber.147  

In this section, soft materials undergoing Brownian motion are 

recorded via LPEM, employing their natural rotation to acquire 

the sample morphological information for accessing its 3D 

architecture employing tomographic techniques. Two 

tomographic techniques were implemented in this section: 
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Brownian tomography (BT) and Brownian particle analysis 

(BPA).  

 

4.1 BT and BPA techniques 

In BT (Figure 4.1a), a single particle is selected and tracked long 

enough to acquire most of its 2D profiles which are then 

computed (classified, aligned, refined, and assembled together) 

and converted into a 3D structure. On the other hand, BPA  

(Figure 4.1b) follows several particles on the field of view over 

time, which are similarly computed to create a 3D reconstruction 

which average the followed particles. Both techniques follow 

iterative computations, which involves an alignment and 

averaging step to develop an initial volume which turns into the 

reference for the next iteration. This initial volume or model is 

further refined via an iterative algorithm either with or without 

(unbiased) a reference mode. Employing a reference model may 

increase spatial resolution across iterations.148 Yet, the 

reference model has to be selected carefully, as it should be 

precise enough to implement data refinement, but not too 

precise for the purpose of not biasing too much the data. Thus, 

a low-pass filtered map of an acknowledged analogous 
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architecture tend to be used. The analogous structure can be 

either a structure or a substructure achieved by other 

experimental strategies (e.g. xray or NMR), computationally 

designed homology or also de-novo models.  In the section 

below, BT and BPA will be exploited to access the 3D 

architecture of various nanoparticles.  

 

 

 

Figure 4.1. Representations of (a) Brownian tomography (BT) and (b) 
Brownian particle analysis (BPA) workflows to obtain the 3D architecture of 
a free protein in solution and experiencing Brownian motion. At the far-right 
side, reconstructed 3D models of apoferritin via (c) BT and (d) BPA 
respectively. Adapted from reference 117. 
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4.2 BT and BPA on Proteins 

Protein complexes, undergoing Brownian motion, were imaged 

via LPEM. In this fashion, the protein natural motion in solution 

is exploited for the purpose of gathering most of the protein 2D 

projections with the aim of accessing their 3D structure using 

tomographic techniques. Two proteins were chosen to establish 

these methodologies: apoferritin and archeal RNA polymerase. 

 

Figure 4.2. Structure of (a) apoferritin, and (b) archaeal RNA polymerase 
(RNAP), showing both C3 and C4 channels and the different domains 
respectively. Adapted from reference 117. 
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Apoferritin (Figure 4.2a) is an octahedral shell containing 24 α–

helical subunits with 432 point symmetry, establishing a hollow 

spherical shell with an outer and an inner diameter of 12 and 8 

nm, respectively.149 The organizational conformation of ferritin 

exhibits three- and four-fold symmetry axes and  eight C3 and 

six C4 channels, respectively.149 The C3 channels arise from the 

connection of three different subunits pairs, resulting in a 

negatively charged diameter of circa 2 nm.149  While the C4 

channels emerge from the contact of four diverse subunits pairs, 

which are closer than the C3 channels and are mainly 

hydrophobic.149  

Double-psi beta barrel (DPBB) RNA polymerases (RNAPs) 

(Figure 4.2b) is a fundamental protein performing genetic 

transcription in all cellular life forms, along with some 

bacteriophages and viruses.150 Archaeal and eukaryotic RNA 

polymerases are akin for what concerns structure, subunit 

composition, molecular mechanisms, promoter DNA sequence 

motifs, utilisation of basal transcription factors, and histone-

based chromatin templates.151 There are four principal 

morphological features of RNAP: (i) the clamp that enfold the 

DNA-binding channel and stabilises RNAP-DNA complexes; (ii) 

the DNA-binding channel;  (iii) the assembly platform; (iv) the 
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stalk that interacts with newly formed RNA chain and works as 

docking point for accessory RNA-processing factors.151 Either 

RNAP clamp and stalk are flexible motifs, and their specific 

conformation is subjected to the binding of transcription factors 

(i.e. TFE and Spt4/5), and the DNA/RNA scaffold of transcription 

complexes as RNAP proceeds iteratively through the 

transcription cycle.151–153   

 

4.2.1 Optimization studies 

In the first experiments, LPEM objective was to flow the sample 

in the liquid holder, but, even if the viewing area was visible at 

the time of the experiment, the sample was highly improbable to 

be found. The main issue was related to the poor design of the 

first-generation Ocean holder, which had a large reservoir area 

in the “petals” of its flower shaped liquid chamber. Flowing the 

sample in the holder from the tubing system, it encounters a 

difference in pressure between the nanometric observing area 

between the chips and the centimetre-wide area of the petals of 

the flower shaped liquid chamber induced the sample. This 

pressure difference leads the liquid sample to circumnavigate 

the viewing area and directly exit through the outlet tubing 
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system. As demonstrated in the experiments, that even in the 

case when the liquid medium was able to overcome this 

unfavourable design and flow to the observing areas, the sample 

dispersed in the medium may remain in the petal reservoir. After 

several failed experiments, this problem was overcome by drop 

casting the specimen between the windows. The drop casting 

allowed to reduce the pressure enough for the sample to pass 

through it. 

The imaging settings, such as magnification, electron dose, and 

sample concentration were systematically optimised. Moreover, 

it was necessary to consider the thickness of the liquid chamber, 

to choose the area to image, as well as the liquid medium, to 

reduce the damage from the radiolytic species generated by the 

electron beam.  

The thickness between the two chips is dictated by the 200 nm-

spacer used in the liquid chamber. The spacer used in these 

experiments generates 200 nm-thickness. Yet, the observation 

windows of the chips tend to experience some bulging (Figure 

4.3) mainly at their centre point, which can reach 500 nm. This 

bulging effect is due to the pressure difference experienced by 

the windows when the holder is inserted into the vacuum of the 

microscope. Distortion is a common phenomenon in all liquid 
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holders and has been extensively documented in the 

literature.154–156 The bulging phenomenon of the windows 

consequently adds some extra thickness to the observation 

chamber, especially at the centre, whereas it is smallest at the 

corners of the rectangular windows, which are the less flexible 

areas. Hence, imaging was conducted at the areas close to the 

corners of the SixNy window. 
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Figure 4.3. Investigations on sample thickness for the Ocean and Stream 
systems via analytical TEM methods. (a) Schematic diagram of window 
bulging on the Ocean system when inserted into the microscope (top) and 
detail of windows configuration in perpendicular arrangement (bottom); (b) 
Observing window (Ocean system) filled with liquid sample showing the 
dark thick and bright thin regions and detailed observing window for the (c) 
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Ocean and (d) Stream systems marked at different positions along the 
diagonal for EELS study. (c) EELS spectra acquired at the positions 1 to 9 
along the diagonal line depicted on the Ocean window. Graph showing the 
electron counts collected by the K2 detector as a function of window 
position for the (f) Ocean, and the (g) Stream configurations. In the Stream 
configuration two cases have been shown, before (blue) and after (green) 
applying a negative 800mbar pressure in the outlet with the aim to reduce 
window bulging. Water relative thickness as t/lambda mean free path (mfp) 
as a function of window position for the (f) Ocean, and the (g) Stream 
configurations. In the Stream configuration two cases have been shown, 
before (blue) and after (green) applying a negative 800 mbar pressure in 
the outlet with the aim to reduce window bulging.  

 

 

Figure 4.4. Analysis of ferritin morphology in dH2O and PBS via LPEM. 
LPEM micrographs of ferritin and its particle size distribution as a function 
of time (t) dispersed in dH2O (a and b respectively) and in PBS (c and d 
respectively). D= electron dose.  
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Another important variable to consider when imaging with liquid 

holders is the medium that is selected for the experiments. 

Deionised water (dH2O) and phosphate buffer solution (PBS) 

were used to assess the best media in which conduct the 

experiment with organic samples. Ferritin was used for this 

analysis. A critical difference was found in the sample resistance 

to the electron beam when using dH2O or PBS as solvent for the 

ferritin dispersion.  

Ferritin was imaged dispersed in the two solutions in sequence 

at 2.5 mg/mL (Figure 4.4).  Ferritin in dH2O display a fast 

degradation and consequent morphological changes of its 

structure, which resembles amyloid fibrils. On the contrary, 

ferritin in PBS managed to withstand much higher doses without 

showing similar changes in the morphological behaviour. This 

difference between ferritin in the two solutions is emphasized by 

the morphological analysis of the ferritin profile done ImageJ.123 

In the profile of ferritin dispersed in dH2O (Figure 4.4b), the size 

of the particle greatly changes; while, in the profile of ferritin 

dispersed in PBS (Figure 4.4c), the size of the particle stayed 

constant at 12 nm even at doses ten times higher than 

conventional imaging.110 Indeed, this analysis finds support from 

the theoretical analysis of the total electric charge in the 
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sample.157,158 The total electron charge within the sample 

illuminated area can be assessed as  

𝑄 ∝ 𝐼𝑆𝜖𝜎−1 

where 𝐼𝑆 represents the sample beam intensity, 𝜖0 the relative 

permittivity, and 𝜎 the	 medium conductivity. Analysing the 

conductivity of the two medium shows that dH2O has a 

conductivity at room temperature of 5×10−6 Sm-1, while PBS has 

a conductivity of 2 Sm-1.157 Hence, this massive difference of five 

orders of magnitude suggests that PBS and, in general, aqueous 

buffers, are the best candidate media for imaging in LPEM.159 

Note that, although PBS was mainly used for the majority of the 

experiments, Archaeal RNAP was imaged in Hepes, a sulfonic 

acid buffer. The buffering effect of PBS and HEPES protects the 

sample also from the lowering pH caused by the high 

concentration of radiolytic beam damage. 83  Even for the low 

dose setting used during the experiments, the energy generated 

in the specimen was in the order of ~106 Gy/s. This energy is 

rather high compared to the energy generated from other 

techniques.83  

The wide variation in sample charge is even greater when 

compared to the condition for cryoEM, vitrified water. In cryoEM, 
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𝜖 and 𝜎 of vitrified water would confer ferritin a charge one to 

three orders of magnitude higher than in liquid water. 

Noteworthy, buffer solutions improve also the condition of the 

radiolytic damage from the beam, avoiding pH drop. Thus, buffer 

solutions manage to efficiently improve the DLR threshold for 

soft specimens imaged via LPEM. 

 

Figure 4.5. Liquid phase transmission electron micrographs of apoferritin 
(1.5 mg/mL) and archeal RNA polymerase (1 mg/mL) in PBS. (a) LPEM 
micrographs of apoferritin proteins recorded at 20 frames per second (fps) 
(10k magnification). (b) Comparison of high magnification micrographs of 
apoferritin imaged via LPEM and cryo-EM under the same imaging 
conditions. (c) LPEM micrographs of archaeal RNA polymerase proteins 
recorded at 10 fps in liquid water displayed at (c) low (10k) and (d) high(30k) 
magnification. Images were processed in imageJ and RNAP micrographs 
were further improved via N2V algorithm. Electron cumulative dose <10e-
/Å2. Scale bar: 20 nm 
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After optimising the imaging areas and liquid medium for LPEM 

experiments, apoferritin was imaged in liquid phase (Figures 4.5 

a-b). Apoferritin images were recorded achieving similar contrast 

to that obtained via cryoEM (Figure 4.5b) using the same 

imaging conditions. Analogous contrast was also achieved for 

RNAP proteins (Figures 4.5c-d). It is worth noticing that the total 

electron dose employed to record the videos was well beneath 

the lethal dose threshold <10 e- Å-2 of total electron dose, as 

acknowledged by previous studies in cryoEM.7,110  

 

4.2.2 LPEM of apoferritin and archaeal RNA 

polymerase 

Apoferritin (Figure 4.1a) and archaeal RNA polymerase (Figure 

4.1b) were recorded with a good degree of movement freedom 

to diffuse in solution over time. This degree of freedom is due to 

the methodology used, precisely the glow discharge. Thus, the 

specimens are imaged in confined Brownian motion.160 

Yesibolati et al.161 demonstrated a difference in motion up to 9 

orders of magnitude between the areas nearby the windows and 

the bulk. The movement of the proteins is reduced via the local 

increased viscosity of the liquid, and the attraction forces of the 
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plasma discharged window. The translational movement for a 

nanoparticle, in the scale of microseconds, is about three 

magnitudes slower than the rotational movement, in the scale of 

nanoseconds. Hence, the confinement slowing effect in the 

translational movement is easier to visualise compared to the 

rotational movement. The slower than normal rotational 

movement allows the sample profiles to be collected with less 

blurring effect in the micrograph. Thus, it was possible to 

investigate ferritin and archaeal RNA polymerase via Brownian 

tomography (BT) and Brownian particle analysis (BPA). 

After collecting the profiles of apoferritin and archaeal RNA 

polymerase in PBS via LPEM (Methodology 3.5), the 

micrographs were deblurred and denoised with the N2V 

machine-learning approach developed by Dr. Marchello. 

Experiments were repeated three times per specimen, obtaining 

similar results in the contrast, damage and resolution of the 

proteins.  
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4.2.3 Electron density (ED) maps  

Several electron density (ED) maps were calculated for 

apoferritin via both BT and BPA employing both unbiased 

refinement and a low-pass filtered ED map calculated from the 

established x-ray apoferritin PDB structure (PDB: 2CIH). In 

cryoEM, the use of PDB structures increases considerably the 

resolutions for both reconstruction methods; thus, permitting the 

imaging of the core-shell architecture of apoferritin. Employing a 

template slightly bias the reconstruction by guiding the 

reconstruction algorithm as follow the shape of the template for 

the reconstruction. Yet, only BT maps display the expected 

octahedral symmetry (Figure 4.6a), whether BPA maps show a 

spherical structure with undistinguishable features (Figure 4.6b). 

Moreover, even though the expected resolution from the Scipion 

software was ~5 Å, the biological features suggest an ED maps 

resolution at ~9 Å. This resolution did not identify peculiar 

apoferritin morphologies, for instance C4 or C3 channels. The 

lack of details may be produced by the wide conformational 

spaces of proteins in solution at room temperature compared to 

cryogenically immobilised state.  
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The achieved time resolution (~100 ms), given by the frame rate 

used, did not achieve the general protein rotational correlation 

time (~1 μs) nor the protein internal structure vibrations (~1 ns). 

While protein rotational dynamics were faster than the time 

frame employed to collect them, the achieved architectures are 

slowed by the confinement as specified earlier and expected to 

be time-averaged, independently of the intervals used. In this 

way, LPEM generated reconstructions represent the time 

average of all the conformations visited by the protein on the 

timescale of the measurement. 
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Figure 4.6. Evaluation among electron density (ED) maps for apoferritin 
produced via both (a) BT and (b) BPA employing either unbiased 
refinement or a low-pass filtered ED map calculated from the deposited x-
ray apoferritin PDB structure, presented at different orientation.  
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Figure 4.7. Molecular dynamics of apoferritin and archaeal RNAP. (a) 
Apoferritin architecture displaying sixty superimposed morphologies of a 
single unit coloured as a function of the root-mean-square displacement of 
atomic positions (RMSD). (b) C4 and C3 orientation of sixty merged 
morphologies of apoferritin where α-helixes and coils are highlighted in 
orange and white respectively. (c) Two distinctive angular orientations of 
sixty merged conformations of archaeal RNAP coloured as a function of the 
RMSD. Employing the molecular dynamics datasets achieved for the two 
different proteins, (d) apoferritin and (e) RNAP 4D maps displayed at two 
orientations (top and bottom) and through three orders of magnitude of 
atomic residency time.  
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4.2.4 Dynamics maps 

It is possible to obtain several 3D density maps in distinctive 

conformations;142,143 collecting and classifying different rotational 

substates. Yet, these states maps require a vast number of 

profiles and suitable classifications. Molecular dynamics (MD) 

simulations of both apoferritin and archaeal RNAP in liquid state 

(150mM NaCl) at room temperature were investigated with Dr. 

Acosta Gutierrez. In long MD simulations, the system under 

study calculate a conformational ensemble reachable for the 

starting state of the structure at a given temperature. In Figure 

4.7a, the apoferritin structure displays one unit with sixty 

overlapped conformations, which had been coloured as a 

function of the root mean square deviation from the reference 

atomic positions, root mean square displacement (RMSD) 

during MD. Apoferritin protein is also shown with the sixty 

conformations superimposed and coloured (Figure 4.7b). Similar 

analysis was carried out for RNAP, where two orientations of 

sixty superimposed RMSD coloured conformations are shown 

(Figure 4.7c). A 4D residence time matrix from the all-atom 

trajectories was obtained to elucidate the effect of dynamics on 

the local morphology. Thus, the system is roto-translated for 



 110 

each frame of the trajectory into an initial molecular dynamics 

structure (reference template). Then, a least-square rigid motion 

transformation employing single value decomposition calculated 

the rotation matrix of the system profiles onto the template.117 

This methodology locates the best-fitting rigid transformation 

that aligns two sets of corresponding points. Afterwards, an 

occupation 4D matrix is estimated and translated as a volumetric 

map. The achieved volumetric maps for apoferritin and RNAP for 

different atom residency times (Figures 4.7d and 4.7e) grant 

dynamical information at different time scales. The MD 

simulations display a rigid structure for apoferritin with maximum 

RMSD of 1.5 Å. Whilst the architecture of RNAP appear to have 

many units within the stalk and the DNA binding cleft, hence, to 

be remarkably more flexible than the former, mainly due to its 

function, as seen previously, reaching a RMSD of 5.4 Å. The 

‘dynamical maps’ (Figures 4.7d-e) achieved from MD 

encompass both the thermal fluctuations and the available 

morphological micro-states of the architecture at the given 

temperature. Notably, the structural dynamics of the high 

mobility region of RNAP, stalk and clamp, display agree well with 

conformational alteration that have been partly identified by 

evaluating diverse molecular architectures characterised by 
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other techniques such as cryoEM, crystallography, single-

molecule fluorescence resonance energy transfer of double-

labelled RNAP in liquid.152,162 In Figure 4.7d and 4.7e, different 

levels of the map relate to the dynamical configuration at diverse 

time-scales and their conformational features. In Figure 4.8, the 

“dynamical map” is compared with a low-pass filtered map, here 

named “static map”, obtained from x-ray of the all-atom 

architecture for the archaeal RNAP polymerase. The resolution 

obtained is given computationally from the Scipion software, 

after inserting the pixel data of the micrograph, and sanity-

checked considering the dose used for the imaging, as well as 

the thickness of the liquid chamber. Notably, the comparison 

between these two maps increases up to a certain spatial 

resolution, yet never reaching full agreement (Table 4.1).  

 
Table 4.1. Correlation between ‘dynamical map’ and ‘static map’ at different 
resolutions. 
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Figure 4.8. Static versus dynamical maps of archaeal RNAP. Three diverse 
low-pass filtered maps of archaeal RNAP produced from cryoEM maps, 
obtained by Dr. Pilotti, are portrayed as grey atomic surface, overlayed onto 
the coloured “dynamical map”, and displayed at diverse orientations. Each 
map matches the following resolutions: (a) 5Å; (b) 20Å; (c) 40Å.  

 

The ‘dynamical map’, as initial model for the refinement, was 

used as refinement in the ED maps from both BT and BPA 

techniques for apoferritin (Figure 4.9). The final reconstruction, 

using the BT method, reaches a considerably improved 

resolution producing the maps compared to the BPA method. 
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Notably, both channels of apoferritin, C3 and C4, become 

discernible in the produced BT ED map. Interestingly, the C3 and 

C4 channels appear rather different: C3 is represented by a hole 

in the BT ED map (Figure 4.9a), denoting that its local density is 

similar to the background (bulk water) and so offering no contrast 

in the image and reconstructed structure; conversely, C4 

appears to be solid in agreement with the reported channel 

polarity thus offering the same contrast as the rest of the protein 

structure. Remarkably, the C3 pore is not noticeable in the 

dynamical map; thus, it cannot be a bias from the model. The C3 

pore feature is crucial to determine the spatial resolution of the 

ED map with 9Å resolution. The results from the BPA ED maps 

(Figure 4.9b), however, are rather different. The BPA ED maps 

are the outcome of averaging thousands of profiles across many 

proteins, specifically 2340 angular orientation of 32 apoferritin 

proteins, and 5600 angular orientation of 14 RNAP proteins. 

Hence, the reconstructions achieved from BPA denote the 

configurational space preserved across the different proteins 

during the acquisition time. Notably, the density of the BPA ED 

map strongly correlates with the secondary structure distribution 

of both proteins. In this way, the highest density regions in the 

BPA ED map seem to match the predominantly α-helix 
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arrangements, whilst the lowest density correlates to the random 

coil conformation. In Figure 4.9b, the highest and the lowest 

density areas are portrayed in orange and white respectively. 

BPA reconstructions can additionally be computed from a 

smaller data set. Thus, the video can be divided into intervals of 

1s. Profiles of 32 particles were obtained from every frame 

producing 468 total profiles and divided into 10 frames (1s) sets. 

The profiles encompassed in each 1s-set were processed for 

individual refinements, producing five distinctive and sequential 

ED maps over 5 seconds (Figure 4.9c). This strategy permits to 

investigate the damage from the incident electron beam to the 

sample over time. Although, these maps do not display 

remarkable discrepancies from the summative map, some 

fluctuations can be perceived between the diverse secondary 

conformations of the protein. 
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Figure 4.9. BT and BPA of apoferritin. (a) BT ED map of apoferritin achieved 
via LPEM showed at both C4 and C3 channel position as individual density 
(left), and merged with the apoferritin crystallographic architecture both 
clipped (centre) or as equatorial cross section (right); showed view of the 
C3 channel at the far right side. (b) BPA ED map of apoferritin produced 
from LPEM (light blue) exhibited together with one hundred overlapping 
configurations from MD simulations (α-helices and coils coloured in orange 
and white respectively). (b) BPA ED map is superimposed with MD 
simulations both clipped or as equatorial cross section at the right and far 
right side respectively. (c) Temporal progression of BPA ED maps of 
apoferritin. Snapshots of 32 apoferritin proteins were taken from each frame 
and were divided into 10-frame groups of 1s long duration, these groups 
were then employed for individual refinements, producing five diverse ED 
maps displayed here. 
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The symmetrical architecture of apoferritin is ideal for introducing 

the new strategy, but the actual effect of the dynamical 

investigation can be truly appreciated when employing to an 

anisotropic protein, like archaeal RNAP. Figure 4.10a displays the 

achieved BT ED maps for three different RNAP proteins tracked 

during the video along micrographs, employing the ‘dynamical 

map’ as template. All three particles produce diverse 

reconstructions, displaying efficiently distinctive configurations of 

the RNAP stalk and clamp, the two most flexible regions. 

Moreover, BPA, produce an average reconstruction (Figure 

4.10b) that smooth the configurational information encoded in the 

experimental data; however, the architecture is not different to the 

single BT ED maps implying that the RNAP features are 

preserved across long time scales. The BPA angular orientations 

were broken down into smaller sub-groups each characterising a 

time length of 5s, from the start to the end of the recording. These 

BPA ED maps (Figure 4.10c) display the variations of the main 

RNAP features with the stalk exploring a large volume and the 

DNA binding channel expanding and contracting. Thus, while 

distinct regions of the protein fluctuate around the structure, this 

structural evolution corroborates that this methodology can record 

their dynamics over 40s periods.  
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Figure 4.10. BT and BPA of archaeal RNAP. (a) BT ED map of archaeal 
RNAP achieved via LPEM using the dynamical map as template displaying 
three different RNAP proteins at different angular conformations. The 
published RNAP structure is superimposed to display correlation. (b) BPA 
ED map produced from 5600 angular orientations of 14 proteins over a 40s 
(400 frame) time period, overlapped with a PDB structure. (c) Temporal 
progression of the BPA ED map of RNAP. The collection of 5600 profiles 
was divided into 50 frame (5s) groups, each with 700 conformations, 
producing eight independently refined maps (c).  
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4.2.5 Conclusions 

In summary, this section has described a totally novel method 

for imaging proteins in solution utilising their natural Brownian 

dynamics with the aim of gathering the angular orientations of 

the proteins. Indeed, a single protein can be tracked exploiting 

the Brownian tomography (BT) method, where every particle can 

be individually reconstructed. Yet, a loss of ‘spatial resolution’ 

was shown since single reconstructions are yielded with less 

angular orientations and are not frozen when compared to 

cryoEM which uses thousands of profiles. Nonetheless, this loss, 

when using the BT method, is balanced by the achievement of 

dynamical resolution, showing the rigid and flexible areas of the 

proteins as well as the evolution of the reconstruction selecting 

different time frames. Moreover, merging SPA with Brownian 

dynamics, in BPA, it is possible to gather more profiles than 

when employing BT; however, these angular orientations are 

collected across numerous protein units and conformational 

states. Thus, the final BPA structure corresponds to the average 

conformational area of the analysed proteins across several 

micro-states. Notably, each protein will act stochastically and 

individually, tracking these random dynamics together average 
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different structural conformations to analyse their area of 

movement. Visualising proteins in solution exploits Brownian 

dynamics to obtain and rapidly evaluate many different 

orientations of the protein as well as its conformational 

dynamics. Finally, despite a lack of atomistic level information in 

the reconstruction, the entire particle is imaged and accessed for 

conformational data employing BT coupled with MD. 

Remarkably, both inter- and intra- particle dynamics are lost by 

the requirement to vitrify the sample in cryo-EM or crystallise the 

proteins in x-ray crystallography missing significant 

conformational data related to MD. Also, it is crucial to mention 

that the best cryo-EM reconstructions are obtained from the 

individual profiles across millions of proteins,62 which is usually 

three to five orders of magnitude superior to the profiles used in 

BT and BPA. Herein, the protein profiles are restricted to several 

hundred in BPA dictated by the number of particles in the field of 

view, and to one in BT with thousands and hundreds of profiles, 

respectively. Specifically, to this study, these number of profiles 

are three and four orders of magnitude less than modern cryo-

EM methods. However, the achieved spatial resolution is circa 

six times worse than that reached by cryoEM. 62 Yet, the 

acquisition time for cryoEM is in the orders of hours,62 while for 
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LPEM it is in the order of seconds. While we are several years 

away from closing this resolution gap, LPEM BT and BPA 

methods can be complementary to cryoEM and simulations, i.e. 

MD, to approach the 4th dimension, time, in dynamic structural 

biology obtaining important, uncharted information.  
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4.3 BT on Synthetic Anisotropic Soft Material: 

Disk-like Micelle 

Polymer soft materials have been broadly investigated as drug 

carriers for different biomedical applications.163 Polymer drug 

carriers can be designed to respond to an external stimulus, 

giving them the ability to dissociate and release their cargo.163 

Poly(methacryloyloxy)ethyl phosphorylcholine -

poly(diisopropylamino)ethyl methacrylate (PMPC-PDPA) are 

amphiphilic block copolymers that have been reported for the 

intracellular drug delivery of biomolecules (e.g. antibodies, DNA, 

drugs, etc).164–166 The PDPA block can switch from hydrophilic to 

hydrophobic depending on the external pH value. The 

diisopropylamine residues on the side chains cause the PDPA 

blocks to be protonated for pH values below 6.4, thus exhibiting 

a hydrophilic character while at pH values higher than 6.4, the 

polymer chains exhibit a hydrophobic nature.167 Thus, the switch 

system of the PDPA blocks is paramount to allow the copolymer 

diblocks to self-assembly into high order structures. 

Interestingly, when the system is quenched by the pH switch, 

before reaching the critical number of aggregates to form 

vesicles, different anisotropic metastable structures arise from 
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both bottom-up and top-down self-assembly of membrane-

forming copolymers.104 Some of these newly discovered 

morphologies, such as tubular vesicles, were investigated.104,168 

Tubular vesicles were investigated to understand their effect on 

cellular uptake and  intracellular delivery of anticancer drugs.169  

 

4.3.1 Optimization studies 

Traditional characterisation techniques for investigating 

polymeric nanoparticles include dynamic light scattering (DLS) 

and transmission electron microscopy (TEM). These 

methodologies are useful as self-assembled soft polymer 

structures tend to be spherical, as the sphere is the most 

energetically stable morphology. Thus, both techniques present 

certain advantages, but they may bias the results obtained due 

to preferential orientation of the specimen.104 In DLS, there is the 

assumption that the nanoparticles under study are spherical, 

thus there may lead to errors while calculating the size of non-

spherical nanoparticles. In conventional TEM, the 3D structure 

of the sample is not preserved, moreover, nanoparticles may 

display preferential orientation, not showing some of their 

profiles. Hence, there is a need for reliable techniques which can 



 123 

provide a sample characterization that is unbiased, hence that 

allows 3D reconstruction without any template. Before using 

LPEM to characterise a heterogenous sample focusing on a 

metastable polymer structure, namely PMPC-PDPA disk-like 

micelles. 

Three different PMPC25-PDPAx disk-like micelles with varying 

PDPA degree of polymerization (x=43, 68, 100) were 

characterised to understand which polymer diblocks would yield 

more disk-like micelles. The specimens were characterised via 

TEM and asymmetric flow-field fractionation (AF4) system 

equipped with multiangle and dynamic light scattering (MALS 

and DLS) and TEM (Figure 4.11). The AF4 system was operated 

by Dr. Lopez Vasquez. In Figure 4.11, the three different 

fractograms obtained from AF4 analysis were plotted. Although 

the mass injected for all three samples was the same, there is a 

difference on the detector signal intensity, especially for the 

PMPC25-PDPA100 signal (figure 4.11e). This aspect indicates 

that particle size is greater, since bigger particles scatter more 

light. It can also be noticed from the fractograms that the sizes 

of the two shorter PDPA lengths have a similar retention time for 

their simplest assemblies. However, PMPC25-PDPA43 only 

presented one particle population (Figure 4.11c-d). This can be 
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explained in terms of the self-assembly of particles following a 

bottom-up process, in which polymers are completely solubilised 

before self-assembly is triggered and nucleation starts. After 

nucleation, polymers free in solution will try to insert themselves 

into the pre-formed assemblies making the aggregates to grow 

and, eventually, bend and start enclosing to form vesicles16. If 

the polymer chain is too short, the insertion of more polymers 

can be obstructed due to the high curvature of the assembled 

disk micelles, hence there is no particle growth and only one 

particle population is produced. In the case of PMPC25-PDPA68 

(Figure 4.11c-d), polymer chain length allowed the continuous 

growth of the assemblies; this can be demonstrated by the range 

of particles sizes showed in the fractogram. Moreover, towards 

the end of the fractogram particles showed a shape factor value, 

indicator of the morphology, close to 0.9 meaning that the larger 

assemblies have a vesicle morphology. This confirmed that a 

longer hydrophobic chain in the block copolymer encourages the 

evolution of particles to the point where they reach a minimum 

size and start enclosing and producing vesicle-like 

morphologies. A similar tendency can be seen for PMPC25-

PDPA100 (Figure 4.11e-f), in which the evolution of disk-like 

particles occurred, and more vesicle-like particles can be found 
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before the sample elutes completely. Due to their longer chains 

and bigger particle sizes, they could deform the membrane more 

easily, thus allowing to form of vesicles. In conclusion, PMPC25-

PDPA68 was chosen to investigate disk-like micelle via LPEM.  

 

 

Figure 4.11. (a, c, e) AF4 fractogram and (b, d, f) TEM images of 
nanoparticles formed with PMPC25-PDPAx. Scale bar = 200nm.  

 

PMPC25-PDPA68 disk-like micelles were further investigated via 

TEM. The difference of electron scattering intensity between 

micelles and vesicles on a grid, having monolayer and bilayer 

membranes respectively, were evaluated by a brightness 

intensity analysis algorithm (Figure 4.12). The polydisperse 
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sample was imaged (Figure 4.12a) and classified into micelle or 

vesicle by its scattering profile (Figure 4.12b). Yet, disk-like 

micelles in both dry and cryogenic conditions104 tend to bias their 

angular orientations displaying in most cases the widest side. 

Thus, the preferential orientation hinders their thorough 

characterisation, and interferes in our ability to distinguish 

between spherical and disk-like micelle.  

 

 

Figure 4.12. (a) TEM image of nanoparticles formed by PMPC-PDPA 
copolymer at 1 mg/mL stained with PTA on a cupper grip. (b) TEM 
brightness intensity analysis, where disk-like micelle are represented in red 
and vesicles in blue. Scale bar: 100 nm. 

 

4.3.2 LPEM characterisation 

After carrying out the AF4 and TEM analysis, the dynamics of 

the nanoparticles undergoing Brownian motion were imaged via 

LPEM. Three subpopulations of the specimen in solution were 

recorded by LPEM coexisting within the same specimen 
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dispersed in PBS at 1 mg/mL (Figure 4.13a-d). The freedom of 

translational and rotational movement of the nanoparticles in 

solution allowed for the specimen to move stochastically all its 

orientations.  

 

Figure 4.13. (a) LPEM micrograph containing (b) micelle; (c) disk-like 
micelle; (d) vesicle and their profile (e,f,g respectively). 

 

Following the natural rotation of a single nanoparticle, in this 

case a disk-like micelle, it is possible to display all its randomised 

orientations (Figure 4.14a). The difference observed in the 

profiles of the same disk-like micelle acquired sequentially does 

indeed verify the anisotropy in its geometry. Interestingly, the 

time-coloured palette of the tracked disk-like micelle (Figure 

4.14b) reveals the stochastic evolution of each profile as a 
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function of the imaging time. Unfortunately, our temporal 

resolution is 100ms, four orders of magnitude longer than the 

rotational time of the investigated structure. The differences 

between the afforded temporal resolution and actual rotational 

times hinders a perfect tracking of the angular dynamics. Yet, it 

is possible to  capture several profiles and use them sequentially 

to reconstruct the full 3D structure.145,170 This reconstruction 

(Figure 4.14c) is shown as an axonometric projection of the disk-

like micelle alongside the different angular orientations 

monitored in red and three of its profiles (Figure 4.14d) unveiling 

the BT ED of the micelle.  
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Figure 4.14. Brownian tomography of a block polymer disk-like micelle. (a) 
Snapshots of a single PMPC-PDPA disk like micelle rotating in PBS imaged 
in liquid phase transmission electron microscopy. (b) Time-coloured palette 
sequences of a PMPC-PDPA disk-like micelle imaged sequentially. Each 
colour represents a different time point. (c) Axonometric projection of a 
PMPC-PDPA disk-like micelle shown alongside the different orientation 
collected as a function of time. (d) Three-dimensional rendering of a PMPC-
PDPA disk-like micelle shown in three different views. (e) Comparison 
between the coarse-grain model and the Brownian tomography rendering 
shown in two orientation and as cross section showing the hydrophobic 
core surrounded by the hydrophilic brush. 

 

The entire disk-like micelle architecture was visualised by Dr. 

Acosta Gutierrez with a computationally calculated resolution of 

circa 1 nm almost allowing to exhibit its polymer building blocks. 

Such level of resolution allows to extract further structural 

information from the micelle by combining the experimental data 

with computational modelling (MD). The single PMPC-PDPA 

diblock can be simulated with a coarse grain model in different 
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units or beads that comprise the critical chemical elements 

(Figure 4.15a), allowing to reduce each polymer from 2536 

atoms to 316 beads. The use of the coarse MD model, permits 

the simulation of the full disk (circa 1 million atoms) and capture 

the full dynamics of the system, including its self-

assembly behaviour. The resulting MD map was then compared 

with the BT ED map by fitting the number of polymers as free 

parameter (Figure 4.15b). The result shows a very good 

agreement between the experimental BT ED map and the 

coarse-grain MD map capturing the different structural elements 

of the micelles.  
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Figure 4.15. Coarse-grain model of the PMPC-PDPA micelle in water. (a) 
Coarsening of a single PMPC-PDPA chain from 2536 atoms to 316 beads. 
(b) End-to-end distance of a PMPC-PDPA chain from the micelle core and 
one from the disk edge. 
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4.3.3 Conclusions 

In summary, two complementary methods were established to 

characterise soft anisotropic and heterogenous samples, 

specifically disk-like micelle. The AF4 coupled with simultaneous 

MALS and DLS effectively assessed how changing polymer 

chain length in three polymer diblocks affect self-assembly 

polymer morphology. Thus, the molecular parameter of three 

copolymer nanostructures were evaluated, such as particle size, 

shape and molecular weight. Moreover, anisotropic soft 

materials were characterised via LPEM capturing their Brownian 

motion in solution. The extra temporal dimension allowed us to 

convert the Brownian motion associated with the particle 

diffusion into tomography techniques that can reveal the 

full three-dimensional profile of the specimen. The time factor 

becomes crucial as no other microscopy technique may 

provide the reconstruction of anisotropic and/or heterogenous 

samples. We believe that our findings may lead the way to new 

frontiers in soft matter, thus enabling novel material, 

biological and pharmacological studies, hence discoveries. 

 



 133 

4.4 Brownian tomography characterization of 

mesoporous silica nanoparticles (MSNs) 

In this last section dedicated to tomographic techniques, 

unbiased structural characterisation of mesoporous silica 

nanoparticles (MSNs) and their unique porous structure are 

presented. MSNs are nanoparticles containing pores between 2 

nm and 50 nm discovered in the late 1960s.171,172 In the early 

1990s,  MSNs achieved great relevance in the scientific 

community due to the need of extending zeolites applications.173–

175 Notably, MSNs grant a customisable porosity, which is 

controlled by the parameters of its synthesis.176 MSNs combines 

these tailored porosity with other crucial qualities: 

biocompatibility, customisable surface chemistry, and low costs. 

Thus, all these characteristics have facilitated the application of 

MSNs in various fields, encompassing separation,177 

catalysis,178 ion exchange,179 molecular sieving and 

adsorption.180 For instance, MSNs are exploited as catalysts or 

template for the synthesis of conductive polymers181–183 and 

conductive carbon nanowires.184 MSNs are also used to develop 

sensors and energy transfer devices,185–187 remove heavy 

metals from water  in environmental remediation,188,189 
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encapsulate large molecules,190 modulate drug delivery,191,192 

and actively deliver cargos as functionalised self-propelled 

nanomotors.193,194 Hence, It is paramount to propose new 

methodologies that permit a precise characterisation and 

understanding of MSN pore distribution if novel potential 

applications are to be investigated.  

The structure of MSNs is commonly investigated by their 

parameters, size and porosity of the nanoparticles, which can 

define their applications. Typically, the size of MSNs is evaluated 

by both dynamic light scattering (DLS) and transmission electron 

microscopy (TEM). While porosity is experimentally investigated 

by nitrogen adsorption–desorption isotherms (Supporting 

Information). The Brunauer, Emmett and Teller (BET) 

technique,195–197 estimates the surface area of the nanoparticles 

and allows to estimate their average internal pore volume and 

size distribution.197 Yet, the BET technique has not high accuracy 

and only offers an average size of the porosity without 

information on the pore distribution, shape, morphology, 

connectivity, etc.  

Recently, 3D representation was obtained using scanning 

transmission electron microscopy (STEM) by imaging single 

MSN particles at different angles using tomography.198 STEM 
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imaging has provided a more detailed information of the MSN 

internal structure hierarchy.198 However, both TEM and BET are 

performed on dried samples often neglecting the hydration 

effects.  

Here, the use of liquid-phase electron microscopy (LPEM) is 

proposed to image MSNs in water and gather their internal 

structure using Brownian tomography techniques: BT and 

BPA.117 As previously explored, BPA focuses on homogeneous 

identical objects collecting a large number of profiles to generate 

one final average reconstruction; while, BT provides information 

on the singular MSN, generally on specimens that contain 

objects that are not identical, resulting in a reconstruction per 

MSN investigated. Both Brownian tomographic techniques were 

applied to MSNs dispersions, as described in Figure 4.16. 
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Figure 4.16. Brownian tomographic techniques. Schematics showing the 
two strategies to convert imaging of particle undergoing Brownian rotations 
into three-dimensional maps of their structure. In Brownian tomography, the 
profiles of one MSN, taken at different spatial orientation due to their 
Brownian motion, are followed through the frames and computed to give a 
3D reconstruction of the MSN, showing the “particle details”. In Brownian 
particle analysis, the same concept is applied to several MSNs followed in 
time; hence, the final 3D reconstruction is an average of several profiles of 
many particles, which bestows the “structural invariants” of the many MSN 
under investigation. 

 

MSNs were manufactured by Dr. Soto from Sanchez’ group, 

following the same process under very low surfactant conditions 

reported by Wang et al.105 In the growth approach, hexadecyl-

trimethylammonium bromide (CTAB) was used as structural 

template and tetraethyl orthosilicate (TEOS) as precursor at low-

surfactant-concentration respectively. The resultant silica 

nanoparticles became well-controllable architectures, starting 
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from a very porous structure and eventually growing into a 

structure with tubes whose lengths are tunable and internal 

diameter is established by CTAB micelles template. In the initial 

phase of the growth of the tubes, the surface area is reduced as 

the mesoporous channels are blocked and covered, due to the 

overgrowth of excess silicate with insufficient surfactant 

template.  

 

4.4.1 Standard characterization of MSNs 

The architecture of MSNs was investigated at the initial phase of 

the tube growth. MSNs were imaged via LPEM (Figure 4.17a-b) 

with good contrast and resolution very similar to dried state TEM 

(Figure 4.17c) and exhibiting a good agreement with sizing from 

dynamic light scattering (DLS) (Figure 4.17d). LPEM analysis 

unveiled a range of MSNs diameter of 30.5 ± 8.3 nm, whilst DLS 

yielded diameters of 29.9 ± 9.4 nm with a polydispersity index of 

0.01. MSNs were also analyzed via nitrogen physisorption which 

resulting isotherm displayed a hysteresis classified by the 

IUPAC as type IV, typical for mesoporous structures (Figure 

4.18).197 The isotherm was used to calculate the corresponding 
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BET surface area (ABET = 48.022± 0.83 m2/g) and the pore 

diameter (dP = 2.75± 0.5 nm). 

 

 

Figure 4.17. Comparison between standard technique used to analyse the 
size of MSNs. (a-b) liquid-phase TEM micrographs, at different 
magnifications, (c) conventional TEM of dried samples, and (d) size 
distribution measured by dynamic light scattering (DLS). 
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Figure 4.18. BET plot of the MSNs which resulted in a typical type IV 
isotherm for mesoporous structure with the inset showing the Barrett-
Joyner-Halenda (BJH) Adsorption Pore Distribution. 

 

4.4.2 LPEM characterization of MSNs 

MSNs were imaged via LPEM in TEM mode using the Ocean 

liquid holder and a direct detection camera as explained in the 

methodology section. The MSNs were dispersed and diluted at 

1mg/mL in a phosphate buffer solution (PBS) for recording single 

isolated nanoparticles. Dose fractionation videos were acquired 

in TEM mode where single MSNs were tracked and collected in 

consecutive frames. Four consecutive 10 seconds-long videos 

were recorded at 10 frames per seconds (fps) at ultra-low dose 

(0.9 e-Å−2s-1) to avoid any beam-induced effect or damage in the 
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specimen. The nanoparticles were collected while moving and 

randomly displaying their profiles in the liquid milieu as a 

consequence of Brownian motion. In the overall 40 seconds long 

video, eight nanoparticles were followed in their stochastic 

angular orientation (Figure 4.18), combination of rotational and 

translational movement, as a function of time (Figure 4.16). The 

profiles of MSNs were extracted, and BT of each single unit 

nanoparticle tracked through the frames was processed. Then, 

BPA was computed with the profiles of all the MSNs used for BT. 

BT used 400 profiles for eight single MSNs, which were then 

merged into 3200 profiles to employ the BPA approach. Thus, 

nine different 3D reconstructions (Figure 4.19) were obtained, 

eight of which were obtained by BT and one by BPA.  
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Figure 4.19. Three-dimensional reconstruction of MSNs in aqueous 
solution. An example of 3D map calculated from Brownian tomography (BT) 
shown in three different orientations (a).  Comparison between 3D MSNs 
maps of 7 different particles calculated from BT and the overall map 
calculated from Brownian particle analysis (BPA) (b). 

 

BT ED maps reveal a high resolution of the mesoporous 

architecture of the silica (Figure 4.19a). Other seven BT ED 

maps alongside the cumulative BPA maps are shown in Figure 

4.119b. As predicted, the BT reconstructions strongly differed 

from the BPA reconstruction. Typically, the higher the number of 

nanoparticles used, the higher the resolution achieved. Thus, 

BPA reconstructions, which employed eight times the amount of 

profiles of any BT reconstruction performed, should appear more 
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resolved. However, this statement is confuted by the stochastic 

porosity of MSNs. MSNs resulted monodispersed in size and 

shaped; yet, each single MSN unit has peculiar geometrical pore 

positions. Thus, each MSN differs from the other. The resulting 

BPA ED map displays all the structural features preserved 

across the chosen nanoparticles. Yet, the BPA ED map lacks the 

mesoporous structure; instead, the map suggests that the core 

of the MSNs has higher density and is conserved among the 8 

different particles. BPA and BT ED maps were both obtained 

without imposing any structural knowledge in the computation; 

hence, both type of reconstructions can be defined, in this case, 

as unbiased. Moreover, the angular orientations of the MSN 

profiles (Figure 4.20) were checked to control if there was any 

preferential orientation. In Figure 4.20, it is clear that the profiles 

were collected from different angular orientations and there was 

no preferential orientation. 
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Figure 4.20. Angular orientation of the profiles of MSNs collected from the 
40 seconds-long video at 10 fps and used to run Brownian tomography (BT) 
and Brownian particle analysis (BPA). 
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4.4.3 Techniques comparison 

The internal porous structure of the BT ED maps (Figure 4.21a) 

are shown at two different orientations and with three transversal 

sections to highlight the internal porous architecture with a 

minimum resolved resolution of circa 0.8nm. Such resolution 

allows us to extract further structural information from the MSNs 

and calculate the nanoparticles size and average porosity. The 

diameter of the reconstructed structures was of 30.7 ± 1.2 nm, 

in good agreement with previous data from conventional TEM 

and the DLS data (Figure 4.21b). The 3D reconstructions of the 

eight nanoparticles were then analysed independently to study 

the width of their pores (Figure 4.21c). We gathered more than 

150 measurements from the eight different reconstructions 

which resulted in an average pore diameter of 2.4 ± 0.7 nm 

(Table 4.2). The average value is well within the range obtained 

by the Barrett-Joyner-Halenda (BJH) calculation from the BET 

technique.198 
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Figure 4.21. Ultrastructural analysis. MSN particle 1 3D maps reconstructed 
by BT show at two orientation and three transversals sections (a). 
Comparison between particle diameter measured by BT and DLS 
respectively (b). Comparison between the particle porosity measured by BT 
and BET (c).  
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P1 P2 P3  P4 P5 P6 P7  P8 Avg 

MSN_size 

(nm) 

30.19 31.23 30.76 31.00 29.35 31.50 32.42 28.96 30.68 

+ 

1.20  

Pore d 

Avg (nm) 

2.28 

+ 

0.83  

2.32 

+ 

0.60  

2.40 

+ 

0.95  

2.46 

+ 

0.80  

2.37 

+ 

0.76  

2.39 

+ 

0.52  

2.55 

+ 

0.75  

2.38 

+ 

0.56  

2.39 

+ 

0.72  

 

Table 4.2. Table containing the nanoparticle diameter (d) and pore sizes of 
the single analysed MSNs and their average. 

 

4.4.4 Conclusions 

In conclusion, in this section, Brownian tomography has 

demonstrated the ability to characterise the morphology of 

multiple heterogeneous and anisotropic mesoporous silica 

nanoparticles, specifically focusing on their most characteristic 

feature, porosity. Analysing the size and shape of the MSNs and 

their pores, we determined that the results from well-established 

techniques, such as TEM, DLS, and BET were in good 

agreement with the measurements by BT. Moreover, BT 

presented an additional advantage when compared to BPA, 

which was not able to precisely reconstruct the mesoporous 

architecture of the silica nanoparticles, due to the sample 

heterogeneity. These features have never been visualised 
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before on single nanoparticles as conventional methods, such 

as BET or other structure reconstruction techniques, need to rely 

on multiple nanoparticles.  In addition, the resolution of the 3D 

reconstructions achieved can potentially be increased by 

imaging with longer exposure times. Longer exposure times can 

provide for a larger number of nanoparticle profiles and hence 

more resolved reconstructions. We believe that Brownian 

tomography can be used as a new tool for characterising 

unbiased heterogeneous mesoporous materials with 

unprecedented detail. This thorough characterisation will in turn 

allow to finely tune MSNs functionality for future applications. 
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5 Interactions at the nanoscale 
One of the biggest perks of using LPEM is the chance to capture 

the dynamics of the soft material of interest in solution. The 

Brownian motion of the particles in solution was introduced in the 

previous section to enable 3D structural analysis via BT and 

BPA. In this section, the aim is to exploit the dynamic processes 

of the soft materials to investigate dynamic phenomena. The 

observation of dynamic phenomena requires extensive 

optimization of the imaging condition to balance the minimum 

electron dose for imaging with enough temporal resolution and 

signal to noise ratio (SNR). For each set of experiments the best 

imaging conditions were optimised to investigate oxidative-

sensitive supramolecular structures, vesicles and tubular 

micelles, disassembly and the mechanism of action of virucidal 

nanoparticles on viruses. 
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5.1. Oxidative-sensitive supramolecular 

structures disassembly 

Polypeptides are the backbone of biological organisation and 

have raised substantial interest from organic chemists to 

synthesise them. The state-of-the-art approach is based on 

solid-phase methods that consent the synthesis of complex 

amino acid (AA) sequences, yet never larger than tens of AAs. 

Long polypeptides without sequence control, can be produced 

by ring-opening polymerisation (ROP) of N-carboxyanhydrides 

(NCAs).199 Frequently, the most important features of polymeric 

biomaterials, i.e., biocompatibility and biodegradability, which 

tend to be provided by stimuli-responsiveness, can be 

accomplished with single-AA peptides.199 For instance, pH-

sensitivity, can be achieved using natural AAs containing 

(de)protonable residues, such as lysine, histidine, glutamic and 

aspartic acids; whilst redox-sensitivity is conferred by AAs 

cysteine or methionine.200 Moreover, tailored stimuli-

responsiveness may be included by conjugating stimulus-

specific moieties to the polypeptide backbone (i.e., sugars, 

peptide sequences, etc.), hence providing additional stimulants. 

In addition, polypeptides possess self-assembly behaviours due 
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to the possibility to achieve high regulation over intra- and inter-

chain interactions, as well as tuneable secondary and tertiary 

structures.201 Amphiphilic diblock copolypeptides, 

encompassing hydrophilic and hydrophobic blocks, have been 

established to self-assemble in a wide range of architectures.202 

Overall, the aforementioned qualities make them ideal 

candidates for application in many biological fields such as 

drug/gene delivery, imaging, or tissue engineering.203–206  

Conventionally, self-assembled structures employing 

polypeptides were synthetised by first synthesising their 

constituent amphiphilic polypeptides (i.e., unimers), followed by 

post-polymerisation self-assembly involving a variety of 

techniques such as film rehydration, solvent switch, pH 

adjustment, nano-precipitation, salting-out, electro-formation, 

layer-by-layer assembly, and microfluidic techniques.207,208 Yet, 

most of these self-assembly methodologies only consent the use 

of diluted nanoparticle dispersions (<1%), which in turns produce 

low yields. Fathomably, drawbacks in scaling up procedures and 

manufacture hinder the commercial and clinical employment of 

polypeptide-based assemblies. Therefore, it is crucial to develop 

for a suitable and scalable strategy for polypeptide nanoparticle 

manufacture. From this perspective, polymerisation-induced 
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block copolymer self-assembly (PISA) appears as an optimal  

alternative to conventional methods.209,210 PISA involves the in-

situ growth of a “living” amphiphilic polymer chain and its 

concurrent self-assembly.211  In addition, PISA enables the use 

of high solid concentrations to generate a vast number of 

homogenous and reproducible morphologies, including 

spherical micelles, worm-like micelles, and vesicles.212,213 To 

ensure that PISA correctly operates, a solvent-soluble 

macroinitiator is typically employed to polymerise a solvent-

soluble monomer. The duality of the amphiphilic copolymer 

results in a solvent-insoluble polymer residue which leads the 

assembly.214 The PISA methodology, nowadays, has been 

extensively studied in the engineering of polymethacrylate 

derivatives employing controlled radical polymerisation 

procedures in dispersion or emulsion.215 Yet, to the best of the 

author knowledge, the state of the art employing ROP induced 

self-assembly is still modest.216–220 Recently, Jinhui Jiang et al 

stepped toward this objective reporting the formation of 

poly(ethylene oxide)polyphenylalanine vesicles in 

tetrahydrofuran by what was mentioned as NCA-PISA.221 

Similarly, Lecommandoux and Bonduelle described the 

synthesis of “needle-like” structures from poly(ethylene 
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oxide)poly(benzylglutamate) by aqueous NCA-PISA, retitled as 

ROPISA.222 While unquestionably innovative, both 

methodologies reported a limited amount of forty residues of the 

hydrophobic chain domain, as well as low solid contents. 

Potentially, this limitation was led by the well-known hydrolysis 

sensitivity of the NCA monomers.223 Furthermore, only one 

structural arrangement was described in each of the previous 

investigations, i.e. vesicular or needle-like structures. These 

drawbacks might limit the production of different nanoparticle 

morphologies (which can dictate, for instance, the rate of 

endocytosis), characterising a potential obstacle for the scale-up 

manufacturing of peptide-based nanoparticles. Thus, novel 

methodologies for the translation of polypeptide-based 

formulations of well-established structures, are strongly desired 

for their commercialization. Another fundamental prerequisite for 

the clinical use of synthetic nanomedicines and biomaterials is 

their capability to deliver their functional output (e.g., drug 

delivery) under specific physiological and pathological conditions 

to the site of interest. Reactive oxygen species (ROS), 

connected to mitochondria dysfunction224 are associated to 

chronic oxidative stress, associated with several pathologies, 

such as neurodegeneration, arthritis, atherosclerosis, diabetes, 
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inflammation, and cancer.225–229 Thus, the unique oxidative 

milieu in these pathologies differ the affected regions from their 

physiological areas. Consequently, the application of ROS-

responsive polymers has been widely studied and used to 

precisely deliver drugs, bioactive/imaging agents to the disease 

site, and in pro-drugs.230–232 Furthermore, under physiological 

conditions, ROS-mediated biodegradability is optimal to 

increase biocompatibility of the biomaterials/nanomedicine. 

 

5.1.1 Morphology characterization 

A novel methodology was developed by Dr. Castaño Duro for 

the one-pot production of multiple polyethylene oxide-

polymethionine (PEO-PMET) nanoparticle morphologies by 

dispersion polymerisation of NCA precursors in aprotic 

solvents.106 This methodology eliminates the risk of instability of 

NCA with moisture/water that would otherwise conduct to rapid 

hydrolysis, and consequently the strategy offers no limits in solid 

content nor hydrophobic residue length. Tuning the degree of 

polymerisation (DP) of the hydrophobic residues and the total 

solid concentration, it is viable to design a plethora of 

arrangements (Figure 5.1). The building hydrophobic blocks 
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used are synthetise with the ROS-responsive AA methionine as 

prototypical hydrophobic residue. Methionine allows the 

nanoparticles to be degraded under oxidant conditions.233 This 

novel synthetic strategy can also be designed to synthetise 

supramolecular hydrogels in the cell matrix mimics and 

therapeutics in tissue engineering, biosensors, including drug 

release or antibacterial applications.234 Herein, the dynamic of 

the degradation of these nanoparticles was monitored in situ at 

the nanoscale via LPEM.  

 

 

Figure 5.1. Schematic representation of the “one-pot” synthesis. (a) 
Synthetic scheme for the ROP of activated urethane methionine in DMSO 
as solvent. (b) Computational model of the PEO-PMET copolymer at a 
molecular level displaying the partial folding of the polypeptide. (c) Scheme 
exhibiting the progression from spherical to tubular micelles to vesicles as 
degree of polymerization as a function of PMET polymers in the di-block. 
(c) Below the scheme, the relative transmission electron micrographs. 
Scale bar: 100 nm. 
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Figure 5.1 shows the strategy and chemical equation of the 

reaction developed by Dr. Castaño Duro. The hydrophilic block 

(mPEO125-NH2, green colour) was used as macroinitiator and 

stabiliser group for the ring-opening polymerisation (ROP) of a 

ROS-sensitive activated urethane of methionine (‘M’, orange 

colour) in DMSO as solvent. Both mPEO125-NH2 and the 

activated urethane of methionine were soluble in DMSO, but as 

polymerisation proceeded, the hydrophobic block (i.e., 

polymethionine, PMET) became solvent-insoluble, and drove 

the self-assembly of the resulting amphiphilic diblock copolymer 

into a variety of morphologies (Figure 5.1c). The nanoparticle 

morphologies were adjusted by tuning the solid concentration or 

the degree of polymerisation (DP) of the PMET block. TEM 

micrographs of stained structures (Figure 5.1c) exhibits the 

effect of the total solid concentration and of the DP of the PMET 

block on the morphology. Spherical micelles (spheres, left 

micrograph) were formed at low solid concentration and/or DP of 

PMET, while cylindrical micelles (worms, middle micrograph) 

were detected for increasing solid concentrations and/or length 

of the PMET block. Further increasing the DP of PMET resulted 

in vesicular structures (vesicles, right micrograph), especially at 

high solid concentration.  
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Polypeptide-based block-copolymers were synthesised using an 

adaptation of the ROP of NCAs methodology established on the 

AA synthesis of urethane-derivatives, as more stable and less 

moisture-sensitive monomers than NCA monomers.235 Such 

active urethane-derivatives are recognised to be predisposed to 

cyclisation to form NCAs under mild temperature conditions, 

which additionally can polymerise depending on the solvent 

nature.236,237 Particularly, hydrophobic residue of the ROS-

sensitive activated urethane of methionine, were polymerised at 

60 °C in dimethyl sulfoxide (DMSO), a polar aprotic solvent, 

employing the hydrophilic residue methoxy-poly(ethylene 

glycol)amine (mPEO125-NH2) as both macroinitiator and 

stabiliser residue (Figure 5.1a). Whilst DMSO demonstrated to 

be a good solvent for the selected monomer, the reaction mixture 

turned turbid as the reaction proceeded proposing that the 

polypeptide was insoluble. The increasing solvent-phobic chain 

set up the state for self-assembling and the final architectures 

were controlled by the polypeptide DPs and by the solid content 

in the reaction mixture (Figure 5.1c). This methodology was 

evaluated for producing different nanoparticle architectures by 

adjusting the DP of the methionine residue from 5 to 120 units 
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and by changing the total solid content from 8% to 45% (Figure 

5.1c).  

The impact of the DP was investigated as a function of the 

hydrophobic residue length and the solid concentration on the 

arrangements of the self-assembled structure. A vast TEM 

analysis enabled to produce a phase diagram showing PMET 

DP versus solid content and this is displayed in Figure 5.2.  
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Figure 5.2. Phase diagram of polypeptide nanoparticle morphologies. 
Morphological phase diagram (top graph) showing the PEO125-PMETx 
nanoparticle morphologies in aqueous solution after solvent displacement 
by dialysis, for polymerisation reactions conducted under various total solid 
concentrations (expressed in w/w %) and degrees of polymerisation (DP) 
of the polymethionine (PMET) residue. Symbol legend: purple triangle = 
spherical micelles (S); blue hexagon= spherical + worm-like micelles (S + 
W); yellow trapeze= worm-like micelles (W); green diamond= worm-like 
micelles + vesicles (W + V); pink circle= vesicles (V). Below, TEM 
micrographs of stained PEO125-PMETx architectures in aqueous dispersion 
(0.5 mg/mL) after solvent displacement by dialysis display the related 
arrangements. Scale bar = 100 nm.  
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Solely the smallest level of DP yielding PEO125-PMET5 and 

concentration of 8 w/w % solid content displayed small spherical 

micelles with diameter around 10-15 nm. Increasing the solid 

concentration while maintaining this particular hydrophobic 

length at 5 residues of methionine gradually headed to a mixture 

of spherical and worm-like micelles with a diameter of circa 20 

nm. Additional expansions of the hydrophobic residue length 

from 5 to 10-20 methionine units, at the lowest solid 

concentration (8%) showed a mixture of predominantly linear 

worm-like micelles and few spherical micelles. A population of 

uniquely worm-like micelles was achieved at DPs of 40-60 while 

maintaining the solid content at 8%. Increasing further the DPs 

manufactured a mixture of worms and transitional structures, 

such as branched worms, partially coalesced worms, nascent 

bilayers, “octopuses”, “jellyfish”. Eventually, maintaining the solid 

content at 8%, vesicles with diameters ranging between 100 and 

200 nm were detected with a DP of 120 PMET residues. 

Comparably, a solid content of 15% displayed an equivalent 

tendency (Figure 5.3 and Figure 5.4) when growing the DP of 

methionine from 5 to 120 residues. Conversely, worm-like 

micelles and vesicles became prevalent for the highest solid 

contents, i.e., 30 or 45 %, above 10 methionine residues in both 
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cases (Figure 5.2 and Figure 5.3). Remarkably, batch-to-batch 

(n=2-3 depending on the specimen) reproducibility was coherent 

among diverse polymerisation batches of the one-pot method for 

both polymer characterisation and attained morphologies. 

Notably, worm-like micelles obtained for PEO125-PMET40 further 

assembled into organogels during polymerisation. Remarkably, 

as well as the other morphologies, the gels were preserved 

during dialysis, exchanging DMSO with water (Figure 5.5).  

 

Figure 5.3. Representative TEM micrographs of the polymer morphologies 
formed during PISA in DMSO at 15% solid contents after dialysis against 
water, at constant DP (PEO125-PMET20) and different solid content 
during polymerisation. 
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Figure 5.4. TEM micrographs of the polymer morphologies formed via PISA 
after dialysis against water, at 15% solid contents of PEO125-PMETx with 
varying degrees of polymerisation (DP).  

 

Figure 5.5. Dynamic light scattering measurements of PEO125-
PMET120 vesicles in DMSO after polymerisation induced self-assembly and 
in aqueous solution after solvent displacement by dialysis. A) 
Hydrodynamic diameter (nm) expressed in intensity, and B) Correlograms 
for the measurements.  

 

5.1.2 Oxidative-responsiveness characterization 

For the purpose of gaining supplementary information on the 

secondary structure of the worm-like micelles, the hydrogels 

produced by a network of worm-like micelles were investigated 
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via STEM. The high angle angular dark field imaging mode 

(HAADF) in STEM delivers improved signal-to-noise ratio in the 

micrographs. Furthermore, in some architectures, this 

methodology uncovers spatial features not easily noticeable in 

bright field STEM or TEM. In this case, STEM images in DF 

mode unveiled a twisted architecture in a helix-like arrangements 

as opposed to smooth straight worms visible in TEM (Figure 

5.6a). The same gels made of PEO125-PMET40 sample were also 

investigated via STEM in liquid-phase. In LPEM, the identical 

structures were investigated in PBS using an Ocean liquid holder 

and SixNy chips with a 200 nm spacer. The arrangements 

recorded suggested that the twisted arrangement is not an 

artefact from the water evaporation in conventional TEM (Figure 

5.6b). Both gel analyses proposed that the PMET residue fold 

into α-helices, which assemble creating a staggered coiled-coil 

configuration (Figure 5.6c). Interestingly, such arrangement only 

allows one-way growth; thus, the diblocks form worm-like 

micelles despite the hydrophilic/hydrophobic ratio would be ideal 

for spherical structures. Notably, the same specimen can show 

both worm-like micelles and vesicles (Figure 5.6d). As proposed 

in Figure 5.6e, the parallel arrangement will only permit 

membrane packing. On the other hand, for longer hydrophobic 



 163 

residues, like PMET80 or PMET120, their aptitude to assemble in 

vesicles is validated in the liquid-phase STEM micrograph 

(Figure 5.6f), where a mixed configuration of helixes and random 

coils was proposed (Figure 5.6g) in agreement with the scaling 

analysis.  

 

Figure 5.6. Supramolecular structure of PEO125-PMETx.  Dark-field 
scanning transmission electron microscopy (DF-STEM) (a) in dry-state and 
(b) in liquid-phase micrographs of the of PEO125-PMET40 worm-like micellar 
gels at different magnifications. (c) Molecular model of the polypeptide 
assembly displaying the PEO125-PMET40 staggered helices. 
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(d)Transmission electron microscopy of PEO125-PMET40 worm-like micelles 
co-existing with vesicles (scale bar=100 nm). (e) Molecular model of the 
membrane arrangement possible with parallel coiled-coil helices. (f) Liquid 
phase DF-STEM of PEO125-PMET120 vesicles and (g) the proposed model 
of mixed coil and helix conformation. The peptide secondary structures are 
symbolised displaying both their electron density coloured as function of its 
hydrophobicity and the related helices illustrated as a cartoon ribbon. 
Dwelling time for (b): 13 s. e- doses for (b): 0.008 e-/A2 for top left, 0.19 e- 
/A2 for top right, 3.11 e- /A2 for middle and 19.45 e- /A2 for bottom. Scale 
bar for (f): 100 nm. Dwelling time for (f): 3s. e- doses for f):47.59 e- /A2.  

 

The stimuli-responsiveness of the morphologies to ROS was 

further analysed. Methionine has a thioether moiety that oxides 

during the exposure to oxidants, producing methionine sulfoxide 

under mild oxidation, and ultimately methionine sulfone, under 

further oxidation.238 Both yielding molecules are hydrophilic; 

thus, the hydrophobic to hydrophilic alteration of methionine 

enables for the engineering of ROS-responsive structures. A 

series of UV-Vis spectrophotometry studies was planned to 

investigate the turbidity of the specimen by evaluating the 

intensity of light scattered by the nanoparticles upon addition of 

hydrogen peroxide (H2O2). Notably, the worm-like micelle-

containing samples endured well the application of the lowest 

H2O2 concentrations, specifically at 0.1 and 1 mM, exhibiting a 

decrease of 20% circa in the light scattering profile after 24 hours 

of incubation (Figure 5.7a). However, worm-like micelle 
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specimens were nearly entirely degraded when treated with the 

highest H2O2 concentration of the investigation, at 10mM. The 

disassembly rate of the worm-like micelle gels was evidently 

dependent on the ROS concentration. Hence, both 

nanostructures may efficiently offer ROS-sensitive drug delivery 

in related diseases. Ross’ group83,23983 reported the creation of 

ROS, especially radical species, in aqueous solution upon 

electron beam irradiation. Thus, LPEM was used to investigate 

polymer degradation by oxidation processes in situ. Liquid-

phase STEM (Figure 5.7) revealed that the worm-like gels 

seemed to be compartmentalised into large micron-sized 

globular structures (Figure 5.7b) with diverse density at the inner 

and outer regions, confining strictly packed worm micelles. Upon 

electron beam irradiation, the degradation presented as 

progressive conformational changes due to the alteration in 

hydrophobicity of the PMET block. The globular structures 

appeared to swell and open up to release the worms (Figure 

5.7c) in approximately twenty minutes (Figure 5.7b). Upon 

oxidation, the closely-packed amphiphilic worms within the 

globular structures would translate into hydrophilic. For the 

purpose of maximising contact with the outer aqueous solvent, 

the hydrophilic worms seem to break free from the globules, 
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slowly untangling to be entirely exposed to the bulk solution. 

Eventually, the worm micelles altered their morphology and 

disassembled (Figure 5.7b-c). These examinations propose that 

the closely-packed network of worms imaged in dry TEM/STEM 

would have been enfolded within the globular morphology when 

the system was in a hydrated state. LSTEM micrographs (Figure 

5.7b-c) suggest that the darker inner globular gel structures were 

denser than the surrounding bulk solution. Such worm-like 

micelle behaviour, coiled up inside the globular gels, may have 

been induced in an endeavour to minimise contact with the bulk 

due to their amphiphilic nature, or the whole structure simply may 

have not solubilised well. The slow disassembly of the worm 

specimen could be associated with the predisposition of these 

assemblies to form gels. These results agree with previously 

reported experiments by Xu et al, displaying a slow and 

sustained degradation of similar ROS-sensitive hydrogels at 1 

mM of H2O2 over 19 days of incubation, and a fast hydrogel 

degradation in 3 days at 10 mM H2O2 .240 
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Figure 5.7. ROS-sensitive assembly of PEO125-PMETx nanostructures. (a) 
DLS temporal progression of the by PEO125-PMET40 worms, as a function 
of time upon the addition of H2O2 at three different concentrations (0.1, 1, 
10 mM). (b) Time-series LSTEM micrographs of PEO125-PMET40 revealing 
the electron beam-led in situ oxidation reaction occurring in the spherical 
aggregates located within the gel micron-size structure. Scale bar: 200 nm. 
Dose rate: 33.3 e- /A2 /s. Total dose: 40626 e- /A2. (c) Magnified area of (b) 
displaying the closely packed worms within the globular gel. (d) DLS 
temporal progression of the PEO125-PMET120 worms, as a function of time 
upon the addition of H2O2 at three different concentrations (0.1, 1, 10 mM). 
(e) LSTEM micrographs showing a time-series of PEO125-PMET120 
revealing the electron beam-led in situ oxidation reaction occurring in the 
spherical aggregates positioned within the gel micron-size structure. This 
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series begins at 0 s with a pristine polymer vesicle. After 14 s, the polymer 
vesicle membrane displays initial morphological alterations in the form of 
spikes swelling out of the membrane; the disassembly of the vesicle 
proceeds by growing tentacle like branches; at 48 s a final hyper-branched 
morphology with an inhomogeneous spherical core is achieved. Dwelling 
time = 13 s. Scale bar: 100 nm. Dose rate: 47.6 e- /A2 /s. Total dose: 2284.8 
e- /A2 (f) Magnification of the final hyper branched structure obtained in (e).  

 

Conversely, for vesicles (Figure 5.7d), the scattering intensity in 

UV-Vis spectrophotometry experiments decreased from 100% to 

0% after 24 h, implying a complete disassembly of the vesicles 

for all the H2O2 concentrations employed. Around 50% of the 

scatter intensity was lost in the vesicles specimen after 6 hours 

of exposure to H2O2 independently from its concentration.  

 

In LSTEM, upon irradiation, the antioxidant-sensitive polymer 

vesicles were progressively changed their membrane shape 

from spherical to irregular, hyper-branched structures (Figure 

5.7e-f). Certainly, the transition methionine—>methionine 

sulfoxide—>methionine sulfone progressively switched from 

hydrophobic to hydrophilic producing an escape of the formerly 

hydrophobic block from the inner membrane of the vesicle to the 

outside media to maximise hydration. This progressive oxidation 

reaction was examined in situ as conformational changes i.e. 

vesicle fully disassembled in under one-minute time (Figure 
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5.7e). These results were further confirmed via dynamic light 

scattering (DLS), where the absence of a good correlation 

function for scattered intensity suggested vesicles disassembly 

(Figure S4.2.1.7a-c). These investigations showed a good 

agreement with a similar study by Deming et al on a reduction-

sensitive poly(methionine sulfoxide) block.233 Deming and co-

workers analysed the cargo release from the disassembly of the 

vesicular structure due to the enzymatic reduction of methionine 

sulfoxide into methionine. In agreement with Deming’s research, 

oxidation conformationally altered the secondary structure of the 

peptide residue, from α-helix in poly(methionine) to a water-

soluble disordered conformation in poly(methionine sulfoxide), 

and eventually to a water-soluble form composed of principally 

α-helix in poly(methionine sulfone). In the current investigation, 

and for the vesicle samples, notable differences in disassembly 

were absent for all the H2O2 concentrations investigated. Overall, 

the results of the analyses indicate different degradation kinetics 

of structural variation for the two morphologies investigated i.e. 

vesicles and worm-like micelles. Thus, it appears feasible that 

the hydrophilic and conformational transitions triggered a 

distortion of the structure stability and an expansion of the 
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curvature at the hydrophobic-hydrophilic interface; thus, eliciting 

structural alterations.  

 

5.1.3 Conclusions 

The formulation of self-assembled PMET-based nanoparticles in 

a one-pot reaction following polymerisation-induced self-

assembly (PISA) at relatively high solid content was obtained. 

The presented strategy permitted to work at high concentrations 

(up to 45% high solid contents tested in this investigation), and 

worked for various hydrophobic residue lengths (up to 120 units 

tested). The regulation of both factors consents to tune the 

system for tailoring a broad range of morphologies, i.e. spherical 

micelles, worm-like micelles, vesicles. Yet, spherical micelles for 

PMET higher than 5 units were not found, and the phase 

diagram was predominantly made by cylindrical arrangements. 

Through a thorough analysis, methionine trend to arrange in 

alpha-helices and their interrelation were demonstrated. In 

addition, the synthesis of fairly twisted architectures 

corresponding to helix-like patterns in place of smooth linear 

worms was discussed. Notably, worm-like micelles may also 

gather into self-standing gels confined in globular structures, 
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which increase the spectrum of achieved formulations. 

Moreover, the ROS-sensitive PMET residue allows the 

architectures to be degraded under controlled oxidant 

conditions, such as exposure to H2O2, or radical species 

produced by an electron beam in aqueous solution; the last of 

which was analysed in situ via LPEM. Conclusively, the 

regulation over the design of specific morphological 

nanostructures using biocompatible, biodegradable and stimuli-

responsive polypeptides, i.e. PMET, can lead to a plethora of 

purposes in the biological and pharmaceutical fields. The 

therapeutics encapsulation in these designs may be involved in 

drug delivery (i.e. spherical micelles and vesicles) and sustained 

drug release (i.e. worm-like micelle) for pathological conditions 

involving ROS overproduction, such as stroke, arthritis, and 

overall, inflammation processes.  
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5.2. Imaging antiviral nanoparticles dynamic 

on viruses 

Viral infectious diseases accounted for circa 10% of global 

mortality before the SARS-CoV 2 virus pandemic.241 This data 

has dramatically increased up to circa 7% due the current 

epidemic, reaching almost a fifth of the total death worldwide per 

year.242,243 Yet, CoVid-19 infections are not the only alarming 

infectious disease, as viral infections are the ten most common 

causes of death.242 The best strategy to avoid viral infections is 

vaccination. However, logistical and production schedules may 

limit the number of drugs, which often are not equally available 

worldwide.244 After infection, antiviral drugs are the only 

treatment possible, yet there are still a limited number of 

approved antiviral drugs, which are all tailored to specific viruses. 

It appears clear that there is a dire need for broad-spectrum 

antiviral drugs that can provide target specificity for a large 

number of existing and emerging viruses. 

Current therapeutics can be classified into small molecules (e.g. 

nucleoside analogues), proteins to ignite the immune response 

(e.g. interferon), and oligonucleotides (e.g. fomivirsen).245 The 

vast majority of these drugs were developed to treat HIV, 
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hepatitis B virus (HBV), hepatitis C virus (HCV), herpes simplex 

virus (HSV), human cytomegalovirus (HCMV) and influenza 

virus. To provide specificity, these medications attack 

intracellular targets, typically on viral enzymes essential for 

replication. Yet, this strategy strictly depends on the need of the 

virus to replicate within the infected cell, and are frequently 

associated with intrinsic toxicity.246,247 Furthermore, viruses are 

prone to rapidly mutate; thus, acquiring resistance.248 The target 

of choice, virus-specific proteins, for antiviral drugs hinders the 

development of broad-spectrum antivirals for targeting a 

plethora of viruses which display genetic and structural 

differences. 

An alternative approach is provided by virustatic drugs which 

work on extracellular targets by interfering with the initial phases 

of the viral replication cycle. These drugs can be engineered to 

provide broad spectrum and low toxicity. Their mechanism of 

action exploits a reversible binding event, which is 

physiologically negligible. For instance, upon dilution the drug is 

separated from an unaffected viral particle, restoring its ability to 

infect. Existing virustatic agents (e.g. heparin, polyanions) focus 

on the virus–cell interactions, exploited by many viruses, to 

enable efficacy against a broad-spectrum of viruses. A critical 
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interaction, responsible for the first step of the virus replication 

cycle, is found between the viral attachment ligand (VAL) and its 

associated cell receptor. Several viruses, including HIV-1, HSV, 

HCMV, HPV, RSV and flavivirus, target, with their VALs, 

heparan sulfate proteoglycans (HSPGs) expressed on the cell 

membrane in almost all eukaryotic cells. 249 In the glycocalyx of 

the cell membrane, heparan sulphate (HS) is the binding target 

of the amino acids composing the VAL. In the literature, there 

are several HSPG-mimicking materials (e.g. heparin,250,251 

sulfated polysaccharides,252,253 or sulfonic-acid-decorated 

polymers, dendrimers, and nanoparticles)254–260 that have 

proven virustatic activity in vitro, yet they lacked efficacy in vivo. 

Notably, three anti-HIV-1 drugs (i.e. polysulfonated carraguard, 

polysulfonated PRO2000, and cellulose sulfate Ushercell) 

reached phase III, but they failed to block the transmission of the 

infection, in some cases they even made it worse.259–262 

Probably, the main reason for these failures was their 

reversibility. The problem is that the reversible binding approach 

that makes them broad spectrum has the disadvantage that 

under certain conditions the intact virus can be released. For 

instance, the dilution of the drugs and viruses, due to seminal 
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and vaginal fluid, may have triggered a loss in the reversible 

binding, thus the release of the virus. 

Given these contrasting outcomes, it is worth considering how 

one might create a broad-spectrum antiviral agent that would 

have a chance of acting against new pathogens. Clearly the ideal 

antiviral drug should be virucidal. In other words, they must lead 

to irreversible viral deactivation and not be affect by dilution.263 

Among substances that one might choose a detergents, strong 

acids, polymers,263 and nanoparticles.264–269 However, all of 

these lack specificity for the virus, hence they lead to intrinsic 

cellular toxicity.266 

A prototype antiviral drug should combine the positive properties 

of virustatic drugs (e.g. low toxicity and broad-spectrum efficacy) 

with the virucidal mechanism irreversibly inhibiting the virus. 

Stellacci and coworkers demonstrated the possibility to modify 

the behaviour of antiviral nanoparticle from virustatic to 

virucidal.69 This antiviral nanoparticle reversibly binds a broad 

spectrum of viruses inducing irreversible morphological changes 

in the virus capsid, its protein coating. However, once diluted, 

even if the drug releases the virus, it becomes unable to return 

to its original morphology, hence losing the ability to infect cells. 

This drug activity is caused by the linkers of the nanoparticles, 
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which leads to multivalent binding to the VAL closely repeating 

units, hence virucidal activity.69 The developed drug was gold 

nanoparticle (AuNp) coated with a mixture 2:1 of 

undecanesulfonic acid (MUS) and 1-octanethiol (OT) that 

showed biocompatibility and broad-spectrum virucidal activity 

versus HPV and RSV.69  

The virucidal activity of MUS-OT AuNps was demonstrated in 

vitro, in silico, ex vivo and in vivo.69 Notably, the interaction virus-

MUS-OT AuNps was analysed by collecting several images at 

different time point via cryo-EM to investigate the different stages 

of the virucidal activity.69 Here, the virus disassembly was 

analysed after the interaction with the nanoparticles (Figure 

5.8).69 However, analysing several TEM and cryo-EM grids for 

each time point is extremely time-consuming and some events 

may be missed. This investigation shows the need for a reliable 

technique able to investigate the full dynamics of the interaction 

virus-nanoparticle. Liquid-phase electron microscopy may be 

able to provide a more complete picture for the full process and 

characterization of the dynamic interactions between virus 

assemblies and virucidal nanoparticles. 
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Figure 5.8. (a)TEM and (b) cryoEM micrographs of HSV2 and MUS-OT 
AuNps at different time points displaying four different stages. Stage 1: 
HSV2 alone. Stage 2: HSV2 and MUS-OT AuNps. Stage 3: clusters of 
MUS-OT AuNps in areas of HSV2. Stage 4: virus disassembly. Scale bar = 
100 nm.  

 

5.2.1 TEM optimization studies 

First, an optimization study was conducted to understand the 

best imaging conditions, such as concentration of the virus and 

liquid-phase electron microscopy modality. HSV2 at 105 plaque 

forming unit (pfu) was imaged in conventional TEM. Prior to the 

analysis, HSV2 at 105 plaque forming unit (pfu) were deposited 

on a 45 s- plasma discharged grid and stained with uranyless for 

60 s. The dry TEM investigation focused on assessing the 

concentration parameters, as well as the conditions (i.e. 



 178 

contamination, impurities) of the virus solution (Figure 5.9a-b). 

HSV2 displays a diameter size around 150 nm and an 

icosahedral morphology, typical of the Herpesviridae family. 

Then, HSV2 was imaged also after 15-min exposure to MUS-OT 

AuNp (Figure 5.9c-d), to optimise the concentration of the dual 

system: virus and virucidal nanoparticle. MUS-OT AuNp showed 

a diameter size ranging from 2 to 7 nm, with the majority of the 

nanoparticles around 3-4 nm. The second dry TEM investigation 

(Figure 5.9c-d) displayed MUS-OT AuNps to alter the structure 

of the capsid leading to a complete disassembly of the viruses in 

majority of the cases (Figure 5.9c) or, at least, to be in the 

process of doing so.  
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Figure 5.9. TEM micrographs of uranyless-stained HSV2 pre- and post-
virucidal treatment. TEM micrographs of HSV2 in pristine conditions at (a) 
low and (b) high magnification. TEM micrographs of HSV2 after 15 min 
treatment with MUS-OT NPs at (c) low and (d) high magnification. 

 

5.2.2 LPEM optimization studies 

After pre-screening the virus and virucidal NPs system in 

conventional dry TEM we proceeded to investigate the system 

in liquid phase. The objective was to follow the dynamic process 

of viral disassembly in-situ upon addition of the virucidal agents.  
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The general LPEM preparation of the STREAM holder described 

previously (Methodology 3.5.2) is useful for single specimen. 

Yet, when the system to investigate becomes more complex i.e. 

the interaction of multiple specimens some modifications are 

needed to image the specimens and capture in-situ processes. 

Herein is reported the methodology specifically used for 

analysing the interaction between antiviral nanoparticles and 

viruses.  

After plasma discharging the Stream chips with 50 nm-thick 

electron transparent rectangular windows at the centre 

measuring 10 μm x 200 μm., the bottom Stream chip was 

incubated at 37°C, 95% air and 5% CO2 for 15 min with poly-L-

lysin at 0.3% (w/v) to increase the adherence of the viruses to 

the surface. The chip was then cleaned 3 times with PBS to 

remove the excessive poly-L-lysine. Then, 2 μL of virus, Herpes 

virus simplex type 2 (HSV-2), at 105 plaque-forming units (pfu) in 

Dulbecco’s Modified Eagle Media (DMEM) was deposited on the 

poly-L-lysine coated chip already place in the Stream holder. 

Right after, the liquid chamber was sealed with the top chip and 

the windows were aligned under an optical microscope slowly 

increasing the torque of the screws to a maximum of 1 cN. The 

Stream holder was, then, inserted in the TEM to proceed with 
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the preliminary alignment on the virus. Imaging was performed 

to screen the viral assemblies (control) and confirm the correct 

size, dispersion and contrast in the used settings. Similarly to the 

standard preparation of the holder, a volume of 150 μL of 

antiviral nanoparticles (MUS-OT AuNp) solution was flushed in 

the sealed holder at 1 μL/min with a liquid nitrogen pump.  The 

virus and MUS-OT AuNps had been previously screened in dry 

conditions to establish the optimal concentration and size of the 

particles. Half of the volume needed to reach the output of the 

tubing system was flown in the holder because of the interest in 

monitoring the interaction between nanoparticle and virus since 

“time 0”, the moment when the nanoparticles entered the liquid 

chamber with the viruses. A negative pressure was applied to 

reduce the thickness of the system. The imaging was done first 

in TEM mode (Figure 5.10a), which resulted in lack of contrast, 

probably due the excessive scattering of the incident electrons; 

then, in STEM mode (Figure 5.10b) to improve contrast hence 

the resolution achieved. In Figure 5.10b, the brighter background 

on the right-side of the image is a consequence of the cellular 

material from the virus production.  
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Figure 5.10. Liquid-phase micrographs of Herpes virus simplex type 2 
collected via (a) TEM mode and (b) STEM mode in dark field (DF). The 
virus, indicated by the red arrows, appear to have different contrast due to 
the different electron transmission mode used. Thus, compared to the 
background, it will appear darker in TEM mode and lighter in DF. 

 

After finding an area with several viruses, the MUS-OT AuNps 

were flown in the liquid chamber with the nitrogen pump. A time 

series was recorded via MOVAVI screenshot recorded for circa 

20 min at 100 fps. However, the actual frame rate of the video is 

slowed down by the collection time of the STEM mode and 

estimated to be ranged between 1 fps circa. 

LPSTEM was performed to improve the signal to noise ratio for 

the same electron dose. In DF-LPSTEM, the virus exhibited 

higher contrast than in TEM mode comparable to dry and cryo 

condition (Figure 5.11a, c, e). Moreover, the virus in the different 
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methodologies was investigated using a colour maps showing 

the virus in purple/red and the background in teal. Comparing 

the signal from both the grayscale and the colour maps of the 

micrographs, the virus exhibited similar morphologies, but 

different contrast. The best contrast was given by cryoEM, 

followed by LPSTEM, and dry TEM for last. Probably, the 

uranyless used to stain the virus contributed to improve the 

signal from the virus, yet increasing the background signal too. 
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Figure 5.11. Comparison of the virus micrographs imaged in (a,b) cryo 
TEM, (c,d) dry TEM, and (e,f) DF-LPSTEM. The virus micrographs are  
shown as (a,c,e) greyscale from the microscope, and as (b,d,f) colour 
maps, where the virus signal is red/purple and the background in teal. Scale 
bar: 100nm. Note: (a,b) CryoEM micrograph was adapted from refence 69. 
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5.2.3 Disassembly studies 

In our experiment, we first checked the integrity of the 

immobilised virus by DF-LPSTEM. A solution of MUS-OT AuNps 

was then passed through the cell using a pressure-based liquid 

pump. The viral particles were seen not to be affected by the flow 

of solution. The times series of images is shown in Figure 5.12.  

At time t=0 the virus can be observed with high contrast with its 

near-spherical structure intact. Over the next 15 minutes the 

virus starts to degrade with consequent loss of contrast. 

The virus slowly starts to degrade, probably slowly losing its 

inner genetic material; hence, losing more and more contrast. It 

is possible to see a loss in contrast at minute 11:00 circa, 

culminating at minute 14:00 circa. Notably, the time range 

between 11 min and 14 min may denote the amount of time 

taken for the disassembly of the capsid, and the simultaneous 

loss of some genetic material. Remarkably, after that moment, 

the virus rapidly loses all its genetic material within 2 minutes. 

After circa 16 minutes from the start, the genetic material is 

completely lost in the liquid chamber, and only the viral 

membrane attached to the liquid holder chip is left. 
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Figure 5.12. Time-series of LPSTEM of three HSV2 interacting with MUS-
OT NPs until their complete disassembly. The viruses displayed in the field 
of view showed high contrast, in respect to the background, in pristine 
condition at the beginning of the investigation (at 0). As the study 
progressed the viruses slowly lose contrast (11 min to 16 min) due to the 
disassembly of their membrane and the loss of the genetic material in their 
core. Eventually, the viruses are almost not distinguishable from noise. 

 

Interestingly, after 20 min from the start of the investigation of 

the viral disassembly, fibril structures were observed in LPEM 

nearby the area of imaging. Figure 5.13 displays a 2-picture 

sequence showing fibril coming out of a virus from one scan to 
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the next. Eventually, the fibrils eventually appear to be a 

predominant structure in the aftermath of the interaction (Figure 

5.14) and seems to stop their growth with a diameter of about 

150 nm in thickness. These fibrils seem have the appearance of 

twisted tubular structures, which could be a structure that could 

arise by the rearrangement of the genetic material and 

membrane lipoprotein.  

 

Figure 5.13. LSTEM micrograph of HSV2 after treatment of MUS-OT NPs. 
(a) HSV2 displays no fibrils at the beginning even though its structure is 
compromised, as it is not as regular as before. After 20 s from the previous 
micrograph, (b) a fibril came out the disassembled virus, probably a 
combination of its membrane lipoprotein and genetic material. 
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Figure 5.14.(a) LSTEM micrograph of the fibrils formed after the interaction 
of HSV2 and MUS-OT NPs. (b-c) Higher magnification of the areas in (a) 
displaying the fibrils structure. 

 

5.2.4 Conclusions 

In this section, the dynamic interaction of nanoparticle and virus 

was imaged for the first time via LPEM. The imaging allowed to 

correlate the stages and time-point at which the nanoparticle act 

on the virus, as well as the amount of time it took to lose its 

genetic material. Additionally, the genetic material seems to 

rearrange into fibrils with a twisted tubular structure. The 

development of a novel methodology for combining two soft 

material specimens at the same time may pave the way to novel 

analysis in the biophysical and pharmaceutical sector, where it 
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would be now possible to study complex interactions at the 

nanoscale.  
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6 A novel class of probes for 
cellular imaging via correlative 
light and electron microscopy 
(CLLEM) 
The complex architecture of cells has a valuable interest for the 

biological sector, which focus on the cellular components (i.e. 

nucleic acids, proteins, lipids) to unveil more and more their 

functions.  Imaging techniques, such as optical and electron 

microscopy, have shed light to structure, dynamic and function 

of cellular molecules. Imaging systems such as transmission 

electron microscopy (TEM) can resolve individual cell structure 

at atomic resolution.61 Yet, the new frontiers of structural cell 

biology require a comprehensive analysis of cellular components 

and their adaptation to the intricate cellular environment.270,271 

Cryo-electron microscopy272 has efficiently delivered a wide 

range of information of how cellular components behave at 

different length scale. Novel nanotechnology techniques 

enabled new TEM holders to lead to analysis of wet samples and 

whole cells.2 TEM analysis, however, does not usually use 

probes that target molecular components and often is limited by 
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restricted observation window. Conversely, optical microscopy is 

the pillar of cell biology, as this technique is employed with a 

broad range of selective molecular probes, such as fluorescent 

proteins, immune-labelling, and synthetic dyes to image live 

specimens across several dimensions. 273,274 In the last decade, 

super-resolution optical microscopy (SRM) techniques such as 

confocal laser scanning microscopy (CLSM), stochastic optical 

reconstruction microscopy (STORM) and stimulated-emission 

depletion (STED) have advanced optical microscopy resolution 

reaching to tens of nanometer,275 narrowing the resolution gap 

with TEM. Yet, SRM imaging is strictly probe-dependent. These  

such as: (i) photostability, the inverse of the quantum yield of a 

photochemical reaction; (ii) photo-switchable properties, 

molecules that undergo structural changes in response to light 

irradiation; and (iii) fluorescence capabilities, the emission of 

light by a substance that has absorbed light or other 

electromagnetic radiation. Even when conditions are favourable 

and SRM is possible, the available techniques may achieve high 

spatial resolution at the cost of time resolution. This trade is 

caused by the long acquisition time of SRM techniques which 

hinder time series studies. Thus, these limitations restrict the 

analysis of cellular molecules by SRM techniques277,278 A 
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strategy to overcome SRM and TEM issues involves combining 

both techniques to capture a multidimensional and correlated 

image which encompasses high structural resolution alongside 

functionality, cellular localization, and chemical mapping.278–280 

 

Correlative light and electron microscopy (CLEM) 95,281,282,283 is 

becoming more and more a critical tool for structural biology. Yet, 

it is imperative to develop novel classes of probes that comprise 

both the photophysical properties for SRM while allowing enough 

electron density contrast.279 In CLEM, the contrast is often 

provided by two different contrast agent, a specific probe for FM 

and an unspecific probe.46 The need for two probes derives from 

the fact that fluorescent probes, which offer fluorescent contrast, 

may not offer electron contrast, such as GFPs.284 Thus, to enable 

CLEM studies, GFPs need to be coupled with electron labelling 

agents, such as lead nitrate and uranyl acetate.284 Although, 

there were attempts to create endogenously expressed probes 

to provide electron contrast, such as horseradish peroxidase 

(HRP)285 and  ascorbate peroxidase (APEX)286, this compounds 

lack the fluorescent contrast. Only few probes display dual 

contrast for optical and electron imaging, an example of which 

are quantum dots. 
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There are several kinds of labelling agents for TEM, yet the vast 

majority are not specific for a singular target. In 1998, Bruchez287 

and Chan288, reported back to back in Science a novel class for 

biological imaging: quantum dots (QDs). Soon after, in 2004, 

Nisman demonstrated the first use of QDs to intracellularly 

image the promyelocytic leukemia protein via CLEM. QDs with a 

high Z core present good fluorescence features, and deliver high 

EM contrast.289 Moreover, QDs can be conjugated with a variety 

of biomolecules, such as  streptavidin-biotin complex, to target 

specific targets in the cell.284 Another class of probes that display 

similar properties to QD are organometallic complexes (OMs). 

OMs are novel biological labelling agents,290 which might 

substitute the utilization of QDs (20-30nm) due to their smaller 

size (2-3nm), their higher resistance to photobleaching, and 

Stock’s shift. OMs are metal-core complexes capable to produce 

fluorescence due to their aromatic groups and offer great 

electron density, an essential requirement for TEM contrast. 

Compared to other labelling agents, OMs offer important 

advantages290,291,292,293,294 : (i) specific targeting moieties 

designed for each sample of interest; (ii) contrast for both SRM 

and EM; (iii) large Stokes’ shifts, hence a large variance between 

the excitation and emission wavelengths, with visible light 
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excitation energies, hence, peculiar excitation/emission profiles; 

(iv) long lifetime and light-switch emissions; (v) high endurance 

to photo-bleaching. Lately, OM have proven an exceptional 

effectiveness in photodynamic therapy (PDT).295 Tian et al have 

reported the efficacy of a iridium (Ir) cyclometalated complex, i.e. 

Ir-ES as a possible PDT agent in vivo, employing mouse 

models.295  

 

 

Figure 6.1. (a, b) CLSM micrograph of human liver cancer (HepG2) cells, 
treated with Ir-ES, an Ir-cyclometalated compound, and correlated with two 
fluorescent dyes: DAPI and Mitotraker Far-Red (MT-FR). The stainers were 
also co-localised via superimposed map, displaying the correlation Ir-ES 
with both fluorescent dyes. The scale bar is 20 µm. (c, d). Standard TEM 
micrographs of HepG2 cells labelled with (c) osmium tetroxide (OsO4) and 
(d) Ir-Es. The scale bar is 5 mm. Abbreviations: n = nucleus, mt = 
mitochondria. Adapted from reference 295. 

 

Previously, Tian et al localised Ir-ES in the nucleus of human 

liver cancer (HepG2) cells via CLEM. In FM, it was co-localised 

with both DAPI (Figure 6.1a), and Mitotraker Far-Red (MT-FR) 
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(Figure 6.1b), a nuclear and mitochondrial stainer respectively. 

In TEM, Ir-ES was correlated with osmium tetroxide (OsO4), a 

well-known membrane stainer. Ir-ES displayed less contrast in 

cytosolic regions compared to the nuclear space. This outcome 

proposes that the Ir-Es complex gathered inside the cellular 

nucleus. Furthermore, the employment of OMs, for the study of 

live cells, was proven. OMs were encapsulated inside polymer 

vesicles to enhance their uptake.290,291 The high photo-stability 

of OMs enabled continuous irradiation and real-time examination 

of intracellular trafficking.290,291 Thus, OMs may befit as probes 

of interest to enhance CLEM studies.  

Battaglia’s group previously reported the efficiency of OM in 

imaging metal complexes that can be used in electron or optical 

microscopy to image nuclear DNA,290 mitochondrial DNA,291 lipid 

membranes,296 nuclear factor kappa B,297 and microtubules280. 

These compounds could therefore be a new class of probes for 

correlative light and liquid-phase electron microscopy (CLLEM). 

Among the different compounds that have been exploited in 

CLEM, only quantum-dots (QD) have been imaged in CLLEM.101 

These compounds provide both fluorescent and electron 

contrast, yet their resolution is limited by their own size. QD are 

about 25nm in size and need to be functionalised with a linker, 
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such as streptavidin-biotin complex, which generally have a 

diameter of circa 10 nm. Thus, depending on the angle between 

the target molecule and the QD there may be an error in the 

visualization depending on the angular orientation of the linker 

ranging from 20nm to 30nm.  

 

6.1 Characterization of iridium complexes 

In this work, two organometallic complexes, one newly 

synthetized cyclometalated Ir (III) complex (Ir-DE) and one 

already established terpyridine Zn (II) (DTPP-Zn-Br),109,298 are 

proposed for their application in CLLEM. The complexes, 

designed by Prof. Tian, target two very different sites within the 

cell. Ir-DE is able to label actin on its histidine 40 (His40) residue, 

a major component of cellular cytoskeleton;299 while DTPP-Zn-

Br, binds to nuclear DNA.109,298 Above all, intercellular 

ultrastructures have never been imaged under CLLEM 

conditions due to the lack of specific probes. DTPP-Zn-Br109,298 

has shown high photostability, large Stokes’ shift, and electron 

contrast. Similarly, iridium (III) complexes have shown similar 

capabilities.280,300–302 Taking advantage of these features, Ir-DE 

was synthetized to fluoresce in the orange part of the visible 
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spectrum upon selectively binding actin filaments. In cellulo 

super-resolution imaging demonstrated improved resolution due 

to the photostability of Ir-DE. More importantly, both complexes 

displayed high electron contrast, which enabled the intracellular 

analyses by CLEM and, for the first time, CLLEM with high 

specificity.  

Prof. Tian designed three cyclometalated Ir-complexes (Ir-DE, Ir-

PA, Ir-CE), with synthesis based on previous reported work107,108 

with a last step addition (Scheme 6.1-6.4) to obtain complexes 

with Ir-C and Ir-N bonds that possess high photo-stability and 

photo-resistance. Similarly, to previously synthetized 

complexes,277,280 these complexes display longer lifetimes when 

compared with those of conventional organic fluorophores and, 

most relevant here, offer the capability for STED and electron 

contrast, resulting in improved imaging resolution. Moreover, the 

structure of the complexes allows hydrogen bonding and 

hydrophobic interactions (π–π and π–alkyl) with actin amino 

acid residues, which hinders the molecular torsion of the 

extended conjugated systems. Thus, the iridium complex 

switches from the HOMO configuration to the LUMO 

configuration when π–conjugated with the actin residue. In the 

LUMO configuration, the iridium complex lead to intramolecular 
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metal to ligand charge transfer, thus allowing the “light switch” 

phenomenon, a strong fluorescence.  

 
Scheme 6.1. Chemical structure of three cyclometalated Ir (III) complexes: 

Ir-DE, Ir-PA, Ir-CE.  

 
Scheme 6.2. The synthetic route of Ir-DE. 

 
Scheme 6.3. The synthetic route of Ir-PA. 

 
Scheme 6.4. The synthetic route of Ir-CE. 

 

The final complexes were crystallised (Scheme 6.1-6.4), and 

characterised by mass spectra (Figure 6.2, 6.4, 6.6); 1H NMR 

(Figure 6.3, 6.5, 6.7); UV-visible absorption spectra (Figure 6.8), 
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and fluorescent emission spectra (Figure 6.9). Among the three 

complexes, Ir-DE yielded an orange broad emission (Figure 

6.10) from 560nm to 660nm,303 and the largest stock shift 

(>150nm) of the investigated complexes.304 

 

 

Figure 6.2. Mass spectra of Ir-PA. (MALDI-TOF-MS)  
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Figure 6.3. 1H NMR spectrum (400 MHz, CD3CN) of Ir-DE.  

 
Figure 6.4. Mass spectra of Ir-PA. (ESI-MS)  
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Figure 6.5.1H NMR spectrum (400 MHz, CD3CN) of Ir-PA.  

 

 

Figure 6.6. Mass spectra of Ir-CE. (ESI-MS). 
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Figure 6.7. 1H NMR spectrum (400 MHz, CD3CN) of Ir-CE.  

Figure 6.8. UV- visible spectra of Ir-DE, Ir-PA, Ir-CE in PBS (red line) and 
DMSO solution (blue line) and the comparison of absorption spectra of 
three complexes in DMSO solution.  
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Figure 6.9. Fluorescent emission spectra of Ir-DE, Ir-PA, Ir-CE in PBS (red 
line) and DMSO solution (blue line) and the comparison of emission spectra 
of three complexes in DMSO solution.  

 

Figure 6.10: The fluorescent photography of Ir-DE, Ir-PA, Ir-PC solution in 
DMSO (left) and water (right) under UV lamp.  
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The binding of the Ir-complexes to actin was first evaluated in 

silico via molecular docking using the Discover Studio ligand fit 

Vina software (version 2016, The Biovia Co) and the protein data 

base (PDB) actin structure (PDB: 1ALM). The binding of Ir-DE 

(Figure 6.11) and its analogues (Scheme 6.1) to the actin residue 

His40 was investigated, as well as their photo-switching 

mechanism. Then, the interactions between target and probes 

displayed a good match in the molecular docking (Figure 6.11). 

These interactions were further studied by fluorescence 

spectroscopy and it was observed that the Ir-DE fluorescence 

signal was improved when it binds to actin (Figure 6.11b). The 

titration experiments (Figure 6.11c) and polyacrylamide gel 

electrophoresis of actin (43kDa) after staining with Ir-DE (Figure 

6.11d) revealed that both effects are actin-concentration 

dependent.  
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Figure 6.11. (a) Molecular model performed with AutoDock Vina showing 
molecular docking of Ir-DE complex binding actin subunit on its His40 
residue. (b) Fluorescent evaluation of the complex Ir-DE unbound in DMSO 
(black) and bound (red) to actin, as well as its (c) dose-dependent 
investigation as a function of actin concentration. (d) SDS-PAGE analysis 
of actin with presence or absence of Ir-DE. 

 

6.2 In vitro studies 

The application of Ir-DE complex in vitro was examined, and 

cytotoxicity was measured by incubating the complex with 

several types of cells, including immortalised cancerous cell lines 

(HeLa and SH-SY5Y) and a mouse brain microvascular cell line 

(bEND3). Incubation of lr-DE with these cells for 72h showed a 

minimal effect on cell viability, suggesting minimal effect on cell 

metabolic activity by the probe (Figure 6.12). Upon treatment of 
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living cells with Ir-DE (stock solution 1mM in DMSO, then diluted 

into working concentration) the intracellular actin emitted a 

strong orange fluorescence signal under excitation at 405nm.  

 

Figure 6.12. Cell viability assay of Ir-DE at different concentration with three 
types of cells two cancerous (HeLA andSH-SY5Y) and one non-cancerous 
(bEND3). 

 

6.3 Super-Resolution Microscopy (SRM) 

studies 

In Figure 6.13, the binding specificity of Ir-DE with actin was 

evaluated and compared to other intracellular targets by using 

well-known commercial dyes via SRM. Specifically, we 

assessed the correlation of the signal by Ir-DE with microtubules, 
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mitochondria, endoplasmic reticulum and actin. Among the 

different targets, the signal from labelled actin displayed the 

highest correlation between the sets of data, Pearson’s 

coefficient, (0.955 in HDF, and 0.989 in heart tissue section). 

Thus, we further analysed and confirmed this correlation by 

imaging different cytoskeleton infrastructures of actin filaments 

(Figure 6.14).  

 

 

 
Figure 6.13. Colocalization experiments in (a-d) HDF cells and (e) mouse 
heart tissue of Ir-DE complex with commercially established dyes: (a) SiR-
tubulin for microtubules; (b) Mitotracker for mitochondria: (c) Syto 9 for 
endoplasmatic reticulum; (d) phalloidin for actin. 
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Figure 6.14. (a,c) Confocal micrograph of HDF cells showing colocalization 
experiments of Ir-DE and phalloidin displaying good correlation with beta- 
and gamma-actin in the proper cellular areas, as shown in (b,d) their 
profiles. (e) Confocal micrographs of several actin filaments infrastructure 
enabled by Ir-DE staining in HDF cell line. 
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Figure 6.15. SRM evaluation of the Ir-DE complex. Comparison between 
(a, b) confocal and (a, c) STED micrograph and (d) their full width at half 
maximum (FWHM) achieved.  (d) Fluorescence signal intensity before and 
after 100 scans for STED enabling actin staining agents (Ir-DE, Phalloidin, 
SiR-Actin). 

 

Supported by the results above, we tested the efficiency of Ir-DE 

for STED microscopy (Figure 6.15).  Photobleaching 

experiments (Figure 6.15e) suggested that the fluorescence 

signal was preserved after 100 STED scans, especially when 

compared to well-established and commercially available dyes 

for actin (Alexa Fluor 633 Phalloidin and SiR-Actin). The high 

resistance of Ir-DE to the high laser power associated with STED 

allowed high resolution imaging. As shown in Figure 6.15d, Ir-

DE labelled actin (5µM Ir-DE in fixed HDF cells) full width at half 
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maximum (FWHM) provided almost a three-fold increase in the 

resolution (160nm confocal, 60nm STED). 

 

6.4 CLEM studies 

Such increase in resolution is a crucial factor when imaging 

samples such as the actin-rich heart tissues. Thus, the selective 

contrast of Ir-DE was tested for electron microscopy and, 

eventually, the correlation of the optical-electronic information 

(Figure 6.16). First, microtomed tissue slices, prepared in Prof. 

Tian’s laboratory, were treated with Ir-DE; then, imaged by 

optical microscopy, followed by electron microscopy. The 

contrast of actin-staining by Ir-DE was almost enhanced by 

three-fold (Figure 6.16e), when compared to unselective 

labelling by uranyl acetate and lead citrate, which are able to 

stain cytoskeleton complexes and other cellular components.305 

Furthermore, in the scanning transmission electron microscopy 

image (STEM) (Figure 6.16d), we managed to find a good 

resolution (~8nm) in the size of actin filaments. These results 

endorsed Ir-DE for unprecedented mono-labelling of actin for 

SRM, EM, and CLEM. 
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Figure 6.16. (a-c) Correlative light and electron microscopy (CLEM) 
analysis of mouse heart tissue stained with Ir-DE displaying (b) parallel and 
(c) vertical fibres. (d) Section of electron micrograph and (f) its plot profile 
section. (e) Comparison between actin contrast achieved in electron 
micrographs through the staining of specific actin-targeting Ir-DE and no 
specific staining agents uranyl acetate and lead citrate (U&L). 

 

6.5 LPEM studies 

Then, encouraged by suitability for CLEM imaging, the ability of 

Ir-DE and the aforementioned DTPP-Zn-Br109 were employed to 

investigate cytosolic and nuclear intracellular target, 

respectively, by correlative light and liquid-phase electron 

microscopy (CLLEM).  

Human dermofibroblast (HDF) cells were selected to be imaged 

by CLLEM due to their flat shape. HDF cells were seeded on 
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SixNy microchip with 50 nm-thick rectangular observation 

windows at the centre measuring 50 μm x 200 μm (Figure 6.17a). 

Prior to cell seeding, the microchips were immersed first in 30 

mL of HPLC-graded acetone, then in 30 mL of HPLC-graded 

ethanol for 5 min to eliminate their protective layer made of 

PMMA. The washed microchips were plasma cleaned to remove 

any remaining contamination and left in 30 mL of HPLC-

graded ethanol for 15 min to ensure the sterility of the surface. 

The chips were rinsed in PBS (3 times) and incubated for 24h in 

a μm-Slide 8 Well Glass Bottom (New England Biolabs) 

containing 180 mL of DMEM cell medium. 1 x 103 harvested cells 

were deposited in each well and incubated at 37°C, 95% air and 

5% CO2 for 48h. 15 min after seeding, it is advisable to check the 

adherence of the cells, as the optimum number of cells on the 

microchip windows should be between 3 and 8 cells; however, 

this may vary depending on the size of the cells under study. 

HDF cells were fixed with paraformaldehyde (PFA) for 20min, 

rinsed 3 times with PBS, and labelled by incubating overnight 5 

mM of two organometallic probes (Figure 6.17b). The labelling 

agents used were Ir-Act and DTPP-Zn-Br targeting actin 

filaments and nucleic DNA, respectively. The following day, the 

labelled microchips were rinsed 3 times with PBS and 
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transferred in new wells containing PBS to be imaged via 

confocal microscopy and, later, liquid phase scanning 

transmission electron microscopy. 

 

 

Figure 6.17. Schematic methodology of correlative light and liquid-phase 
electron microscopy. First, (a) cells (red) are seeded on SixNy chips with 
their media. (b) Cells are labelled with contrast agent and fixed with 
paraformaldehyde. (c) Then, cells are imaged via fluorescence microscopy 
to assess the location of the contrast agent and the quantity of the cells on 
the window. (d) fluorescent microscopy (FM) imaging of how a chip with a 
proper number of cells (red-orange) on the SixNy window (blue) should look 
like. (e) Once finished the FM, a graphene layer is deposited on chip 
mechanically inserting the chip in a buffer solution, where the graphene is 
floating, and scooping it. (f) Last step is cellular imaging via liquid-phase 
scanning transmission electron microscopy.  

 



 214 

First, the HDF cells on the prepared SixNy chips with window size 

of 50 μm x 200 μm x 50 nm were enveloped in a microfluidic 

chamber formed by the aforementioned microchip and a SixNy 

chips with an equivalent window size and a 5 μm spacer 

positioned in a parallel conformation. All the attempts with this 

methodology failed for a variety of reasons: fragility of the 

specimen and the large windows; sliding of the windows in 

parallel conformation; bulging of the windows. Hence, the top 5 

μm spacer chip was changed for a 5-layers graphene sheet 

made by chemical vapour deposition on a copper sheet.306 

Graphene is more demanding to handle, yet offers several 

advantages over SixNy:307 (i) vacuum-like contrast due to its 

atomic thickness (0.335 nm);308 (ii) advantages for chemical 

analysis (EELS, EDS);309,310 (iii) reduced radiation damage84 for 

its heating311 and electrical311,312 dissipation. The graphene-

copper sheet was cut into 5 mm x 5 mm squares and left into a 

pyrex tray containing 1L of ammonium persulphate at 20% (w/v) 

dissolved in deionised water for 5 h to remove the copper 

residues. Then, the cleaned graphene sheet was transferred into 

a pyrex tray containing 1L of PBS to remove any contamination 

of ammonium persulphate.  
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Pre-seeded chips were used to “scoop” the graphene in PBS 

(Figure 6.17a), and left to rest for 5 min to allow the sealing of 

the liquid chamber between graphene and SixNy. It is worth 

mentioning that there may be some copper residues on the 

graphene sheet deposited on the chips (Figure 6.18); although, 

if the contamination is low, it does not hinder the imaging 

process. Both silicon nitride and graphene can be used for 

creating sealed liquid chamber and are electron transparent; 

thus, they do not hinder the path of the incident electrons.  

 

 

Figure 6.18. Correlative light and liquid-phase electron micrographs 
(CLLEM) of HDF cells stained with DTPP-Zn-Br and Ir-DE displaying (a-c) 
nuclear DNA and (d-f) actin, respectively. 

 

The whole cells (Figure 6.18) were investigated via liquid-phase 

scanning transmission electron microscopy (LSTEM) and the 
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LSTEM micrograph was correlated to their SRM counterpart to 

enable CLLEM characterization. DTPP-Zn-Br-labelled nuclear 

DNA and Ir-DE-labelled actin filaments (Figure 6.18-6.19) were 

shown for the first time via LSTEM by selective probes at 

relatively low doses (50-120 e-/Å2) for whole cells in LPEM. The 

electron dose is far below the suggested critical electron dose 

(~103 e-/Å2) at which damage become visible.7 Moreover, the 

use of PBS, buffering the pH of the solution, and graphene 

sheets,307 scavenging of radical species, further delay the 

damage on the specimen.  

 Further analysis of the actin bundles displayed the profiles of 

actin filaments, to the best of our knowledge, at an uncharted 

resolution (~8 nm) for intracellular complex via LPEM. For the 

200 nm-thickness expected may achieve a resolution up to ~1.5 

nm for the setting used (STEM spot size: 0.5 nm). The found 

resolution is in good agreement with previous studies,7,313 and 

can potentially increase up reaching sub-nanometer resolution 

for higher electron doses.145 By contrast, the nucleic area can be 

up to 5 μm-thick and, for our experiment, could achieve a 

resolution up to ~10 nm due to the low magnification used. 

Hence, imaging in thin cytosolic side provides higher resolution 

than nucleic areas. We conclude that Ir-DE shows exceptional 
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promise as a selective actin label that can enhance imaging 

contrast for SRM, EM, and CLEM. 

 

Figure 6.19. (a-f) Correlative light and liquid-phase electron micrographs of 
HDF cells stained with both DTPP-Zn-Br and Ir-DE displaying (a-c) nuclear 
DNA and (d-f) actin, respectively. (g-h) High magnification liquid-phase 
electron micrograph obtained with dark field scanning transmission electron 
microscopy showing details of (g) nuclear DNA and (h) actin, labelled as 
previously stated. (a-f) Scale bar= 2000 nm. 
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6.6 Conclusions 

In conclusion, the design and characterization of the iridium 

complex (Ir-DE), which targets His40 residues of actin in cells 

was reported. Ir-DE acts as a viable in cellulo imaging agent for 

the cytoskeleton component for a wide range of SRM (confocal, 

STED) and electron microscopy (TEM, STEM, CLEM, LPEM, 

CLLEM). From the perspective of LPEM, the application of 

organometallic probes, such as Ir-DE and DTPP-Zn-Br, have 

shown the ability to achieve structural biology investigation of 

intracellular target (actin and nuclear DNA) reaching uncharted 

resolutions for LPEM of whole cells. This novel class of 

organometallic probes unlock unprecedented advantages for 

correlative imaging techniques and may pave the way to novel 

biological and pharmaceutical studies. 
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7. Conclusions 
7.1. General conclusions 

The aim of this thesis was to develop novel methodologies to 

investigate soft organic and biological specimens via a state-of-

the-art technique, LPEM. The lack of methodologies for soft 

organic samples, combined with the handling difficulties of the 

technique, generated a stark field for the analysis of soft 

materials via LPEM. The purpose of this thesis was also to 

unlock the latent, hidden potential of LPEM in order to allow 

scientists to address a broad spectrum of existing biological 

questions. In addition, thorough characterisations on soft 

biocompatible polymer systems, routinely used as drug delivery 

systems, were also investigated via this novel technique.  

The thesis mainly focuses on three areas of investigation: the 

conformational analysis of samples, named “Brownian 

tomography (BT) and Brownian particle analysis (BPA)” 

(Chapter 4); the dynamic of soft samples in complex systems, 

termed “interaction at the nanoscale”; the intracellular 

ultrastructure, called “a novel class of probes for cellular imaging 

via CLLEM” (Chapter 5). These different investigations may 

seem unrelated to each other, yet it lays the foundation for 
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unprecedented studies of soft samples ranging from simple to 

complex systems, from the nanoscale to the microscale.  

In the first section (Chapter 4), named “Brownian tomography 

(BT) and Brownian particle analysis (BPA)”, the Brownian motion 

of the samples is exploited to unveil their stochastic angular 

conformations, hence their 3D structure. Two techniques were 

developed to address this study: BT and BPA. BT follows one 

particle through time, thus allowing the reconstruction of each 

individual particle in the field of view. BPA combines several 

conformational repertoires to generate an average 3D 

reconstruction of the particles, in a similar fashion to single 

particle analysis (SPA) used in cryoEM. This investigation is 

divided into three subsections, starting from homogeneous 

specimens (i.e. proteins) and moving into heterogeneous 

specimens (soft metastable structure and mesoporous 

nanoparticles). Proteins, and biological specimens, are of great 

interest for biological and pharmaceutical studies. Analysing two 

different types of proteins, one rigid symmetrical (ferritin) and the 

other flexible symmetrical (archaeal RNA polymerase, RNAP), 

BT and BPA were first assessed to reveal the tomographic 

reconstruction of the proteins. Interestingly, while the rigid ferritin 

structure allowed for an electron density (ED) map closer to the 
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x-ray map compared to the ED map of RNAP. Notably, the ED 

maps of RNAP showed large ED areas in the most flexibles 

areas due to the high mobility of the confirmed via in silico 

studies (i.e. molecular dynamics). The investigated 

homogeneous proteins were the first case of studying BT and 

BPA potential for soft material. Yet, this promising technique only 

started to uncover its potentiality. Indeed, when investigating 

heterogeneous specimen, such as disk-like polymer micelles, it 

is truly possible to value the ability of LPEM to access the 

different profiles of this nanoparticles uniquely showing the 

different orientations of metastable structures; a gateway to their 

3D structures, which, before, were only theorised. Moreover, it is 

possible to analyse structures which may appear homogeneous 

at first sight, such as MSNs, displaying for each MSN their 

peculiar porous structure, and allowing further analysis in its 

porosity; generally confirmed via BET technique. In these last 

two cases, no other tomographic technique (e.g. BPA, SPA) may 

achieve the 3D structural analysis of these samples, but BT, as 

it can supply information on each singular nanoparticle 

independently from the others. All the aforementioned 

reconstructions are possible due to the access that LPEM offers 

to the fourth dimension, time. This extra dimension allows to 
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screen the everchanging structure of the investigated structures 

in the natural aqueous environment. 

In the second section (Chapter 5), called “interactions at the 

nanoscale”, the unique feature of LPEM, time, is exploited even 

more to analyse samples in complex systems. This section is 

divided into two different types of experiments. The former 

(Chapter 5.1) follows the analysis of the oxidation of PEO-PMET 

at different degrees of polymerization focusing on two structures: 

worms and vesicles. Here, the major challenge found in LPEM, 

imaging at low dose to avoid the radiolysis of water, was turned 

into an opportunity to synthetise ROS and investigate the 

dissociation kinetics of the two polymer assemblies exploiting the 

electron beam effects on the sample. These investigations 

corroborated simultaneous studies of the ROS- sensitivity 

employing H2O2 and allowed the visualization of how vesicles 

disassembly faster and in a different fashion than micellar tubes. 

In the latter study, the interaction of virus and virucidal 

nanoparticles was investigated. Herein, a different methodology 

was employed to image for the first time the interaction of 

virucidal nanoparticles (MUS-OT-AuNps) and viruses (HSV-2). 

Here, the time series study revealed the fast interaction between 

the viral assemblies and virucidal agents. Indeed, the fine tuning 
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of the experimental set up and liquid cell preparation combined 

with careful LSTEM  imaging in this particular investigation 

allowed to replicate and further confirm the kinetics data from 

previous investigation in cryoEM.69 Specifically, in the 

abovementioned study69 the process of virucidal NPs entering in 

contract with viral particles and viral disassembly was estimated 

to range  between 10 and 40 min, from CryoEM investigations. 

69 The investigation carried out with LSTEM following the same 

conditions as the previous CryoEM experiments69 was able to 

show that the time employed by the virucidal drugs to completely 

dissociate the virus, was estimated to be circa 15 min. There 

may be some inaccuracy in the both cryoEM and LPEM 

investigations, both derived the from experimental error, such as 

swelling time missing earlier kinetics, recording time of the 

software, etc. However, LPEM allows to reduce the experimental 

error via, almost, continuously imaging the undergoing 

dynamics. Once again in this section, the time component that is 

intimately associated to LPEM was exploited. Furthermore, it 

was shown how new investigations on novel systems can be 

performed which may set the stage for further studies in the field 

of soft materials and pharmaceuticals. 
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The last section of the thesis (Chapter 6), named “a novel class 

of probes for cellular imaging via CLLEM”, entirely differentiates 

from the previous sections (Chapter 4-5). Herein, instead of 

investigating nanoscale samples dispersed in solutions, the 

focus is on cellular ultrastructure within whole cells. LPEM has 

already been employed to analyse extracellular ultrastructures, 

specifically cellular receptors.101 Yet, no reports in the literature 

have been found ever exploring the intracellular ultrastructures 

due to the lack of labelling agent which can provide electron and 

fluorescent contrast, while not hindering the morphology of the 

target of interest. To address this challenge , cyclometalated 

organometallic compounds, that have already showed great 

potential in conventional CLEM studies,290,296,314  were employed 

to unveil uncharted intracellular ultrastructure namely actin 

filaments and nuclear DNA by means of LPEM. Moreover, an 

unprecedented intracellular resolution of eight nm was reached 

analysing the line profile of the imaged actin bundle, which 

corresponds the single actin filaments within the bundle.299  

 

In summary, this compendium of methodologies and 

investigations have widely covered the interest and high 

versatility that soft organic matter has to offer. It has also made 
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an attempt to start answering some biological questions such as 

protein structure when the water component is kept in liquid form 

but not vitrified. We believe the frontier of bio-imaging at the 

nanoscale will need to strongly take into account that biological 

systems such as proteins are not static but highly dynamic in 

nature. To this regard the present thesis provides a step forward 

into this direction.  

 

7.2. Discussion and future directions 

Several obstacles were encountered in the experimental 

designs. These obstacles may be divided into external and 

internal, where external issues come from the instrumentation, 

i.e. the liquid holder, mode used for imaging that allowed enough 

contrast, suitable image analysis tools, etc ; while, the internal 

depends on experimental setting related to the material used, i.e. 

solvent solution and concentration, sample wettability and 

resistance to flow through small tubes, sample viscosity, etc.  

 

First, in the external issues, there was the need to overcome the 

fragility of the SixNy chips for the Ocean holder. Indeed, the first 

chips bought for the experiments had broken windows and were 
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typically more fragile than modern chips due to manufacturing 

issues. This unpredictable feature, which often induced breaking 

of the observing windows, impeded the protection of the sample 

from the vacuum and failure of the experiment due to sample 

leaks, another external issue found in the use of Ocean holder 

was the positioning of the windows. As discussed in 

Methodology 3.5, in the parallel settings, the chips often slid 

misaligning the window and completely blocking the incident 

electrons, thus no imaging of the samples was possible. To the 

novice user these setbacks are not straight forward and it takes 

intensive investigation and practice to be able to troubleshoot 

and diagnose the various faults in a liquid TEM investigation set 

up. The window misalignment was solved using a perpendicular 

positioning of the windows, which reduced the observing 

windows to a square shaped field of view, instead of the larger 

rectangle field of view in the case of parallel window 

configuration.  Yet this perpendicular conformation created 

consistency in finding an area to image and it proved to be more 

stable mechanically i.e. the SiN windows didn’t break as much 

as when placed parallel.  Another complication came from the 

fluid dynamics behaviour of the Ocean holder, also discussed in 

Methodology 3.5. The objective at the beginning of using the 
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liquid holder was to flow the sample in the holder, but, even if the 

viewing area was visible at the time of the experiment, the 

sample was highly improbable to be found. The issue was 

related to the poor design of the Ocean holder, which had a large 

reservoir area in the “petals” of its flower shaped liquid chamber. 

The difference in pressure between the nanometric observing 

area between the chips and the centimetre-wide area of the 

petals of the flower shaped liquid chamber induced the sample, 

coming from the inlet tubing system, to circumnavigate the 

viewing area and directly exit through the outlet tubing system. It 

was believed, and demonstrated in the experiments, that even 

in the case when the liquid media was able to overcome this 

unfavourable design and flow to the observing areas, the objects 

dispersed in the media may have remain in the water reservoir. 

This was a conclusion after many failed attempts to locate 

particles in the field of view. This problem was overcome by drop 

casting the sample between the windows, allowing to reduce the 

pressure enough for the sample to pass through it.  

 

For what concerns the internal issues, an optimization of the 

imaging conditions was needed for each experiment. As 

examined in Methodology 3.5, the solvent chosen for the sample 
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greatly impacted the damage from the electron beam. Hence, 

buffer solvent solution, which has less conductivity than water, 

was employed in each experiment. As described in the Results 

section different buffers were used for the various biological 

systems investigated herein. Moreover, for each experiment, 

magnification, electron dose, and sample concentration were 

systematically optimised to find the ideal imaging settings. These 

factors are all variables which strictly depends on the objective 

of the experiments and may easily be changed to allow for 

diverse experimental purposes. 

Once the experimental conditions were optimised, the 

investigations could then be initiated. Before employing BT and 

BPA (Chapter 4), the recorded images and videos needed to be 

processed in order to deblur and denoise them. Various attempts 

were made to achieve the best tool to effectively unveil structural 

features otherwise not visible in the raw images.114,117,315 BT and 

BPA offered the possibility to investigate  the conformational 

space of soft samples and proteins. Furthermore, BT offered the 

3D analysis of heterogeneous hard samples, such as 

mesoporous silica nanoparticles a unique feature only possible 

via LPEM. In In conclusion BT may be used to analyse 

nanostructures, along with metastable structure to unveil 
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physicochemical properties of both those nanoparticles and their 

synthetic route. These techniques, especially BT, have shown 

great potential, although there are some considerations to be 

made. It is possible to identify one main problem, the resolution. 

The resolution of BT maps cannot be compared to the resolution 

achieved in cryoEM. In the settings for these experiments, the 

reconstruction process revolves around the Brownian motion 

experienced by the particles in solution. Yet, a differentiation 

between the two main components of the Brownian motion is 

needed. Brownian motion is the combination of translational and 

rotational movement. The current imaging system, at the 

moment of writing this thesis is fast enough to record the 

translational movement; however, it is several orders of 

magnitude slower than the rotational movement of the 

nanometric samples studied. Hopefully, advancements in TEM 

design as well as faster imaging systems may fill this resolution 

gap between cryoEM and LPEM. 

 

In the section “Interactions at the nanoscale” (Chapter 5), the 

experiments on the dissociation dynamic of PEO-PMET 

structures, as well as viruses were corroborated by different 

experiments. Yet, especially for the interaction of virus 
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assemblies with virucidal nanoparticles (Chapter 5.2) more 

experiments would be needed to assess the efficiency of the 

nanoparticles at a lower concentration than the one employed 

here in order to analyse the variance of disassembling time as a 

function of concentration. Moreover, it would be interesting to 

compare the results achieved with the MUS-OT AuNps and the 

results from a completely organic broad-spectrum virucidal drug, 

such as MUS-cyclodextrin, to investigate the differences in 

disassembling time between drugs of the same class. Similarly, 

this feature could be used for studying biological processes in 

situ, such as DNA replication, or other pharmaceutical drugs with 

targets which could be deposited on the windows of the liquid 

holder. Generally, the potential of LPEM to access dynamic of 

complex systems at the nanoscale is a unique feature that may 

very well represent the biggest advantage of this technique with 

a broad range of applications to any soft matter field, from 

physics to biology. 

In the last section of the results chapter (Chapter 6), 

cyclometalated organometallic compounds were used for 

correlative light and liquid-phase electron microscopy. Among all 

the experimental procedures, the methodology for this section is 

the most challenging. The methodology presented several 



 231 

obstacles: (i) the selection cell type, which needed to be flat 

enough to allow incident electrons to pass through; (ii) the 

seeding of the cells on the SixNy chips and their concentration; 

(iii) the optical imaging of the seeded cells that required steady 

and gentle handing of the chips, as the sample is extremely 

fragile; (iv) the deposition of the graphene layer on top of the cell-

seeded chips, which, once again, needs to be handled steadily 

as graphene may break, hindering the sealing of the cells; (v) the 

sealing of the Ocean holder, where the windows need to be 

sealed without squeezing or breaking the cells. Once these 

obstacles are overcome, the proposed methodology is, so far, 

the only technique which allows a resolution below ten 

nanometers for intracellular investigations. Such investigations 

may benefit from the synthesis of other cyclometalated 

compounds with different intracellular targets and similar 

characteristics of those employed in Chapter 6. Newly 

synthetised compounds may shed light into cellular 

ultrastructure within the cells potentially reaching in situ imaging 

of biological processes. However, it will be necessary to 

investigate strategies to reduce the beam damage for long 

exposure recording, such as buffers, radical scavengers, and 

any other means to protect the specimen. 
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It is worth noticing that the majority of the imaging scientists in 

electron microscopy dedicate themselves to only one technique 

e.g. cellular imaging, SPA, analytical TEM for material science, 

etc., as the technical handling strongly differs for each technique. 

Developing and emulating different techniques, for each set of 

experiments was the biggest challenge of the author and the 

team involved in the results presented in this thesis. 

Hearteningly, the author wishes that this manifesto, dedicated to 

the investigation of soft specimens via LPEM, will guide the novel 

generation of soft material, biological, and pharmaceutical 

scientists in addressing their hypothesis in pursuit of their 

unsolved questions.  
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