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ABSTRACT 
 

Nanoparticles are one of the most promising materials supporting the current technological 

revolution, particularly for medical and pharmaceutical applications. However, a clear 

characterisation of the dynamics of particles at the nanoscopic scale has becoming crucial to 

fully support the development and translation to real-life scenarios of such applications and to 

understand their potential as well as limitations. In this thesis, the dynamics of a range of 

particles and biological organisms at the micro-nano scale was observed in a conventional 

inverted optical microscope in real-time without any requirement for fluorescent labeling, 

using an imaging technique based on the optical phenomenon of caustics. Gold nanoparticles 

were monitored to quantify the influence of inter-particle forces on their diffusion behaviour 

in solutions with different ionic content. Most of the cell culture media contain a high 

concentration of salts in solution, and this ionic content can potentially influence the diffusion 

dynamics of nanoparticles and critical parameters like cellular uptake and toxicity. The results 

demonstrated the dependence of the diffusion coefficient on the ionic content of the solution 

and demonstrated that electrostatic forces, Van der Waals forces and the nanoparticle-ion 

interactions should be accounted for when considering the diffusion dynamics of nanoparticles 

in solution with a non-negligible ionic content. Experimental observations on gold 

nanoparticles were also carried out to characterise the three-dimensional settling dynamics in 

simple and biological solutions, to provide quantitative information on the concentration of 

nanoparticles delivered at the surface level during in-vitro experiments. Typically, 

investigations involving cells and nanoparticles are conducted in-vitro using a 2D adherent 

monolayers of cultured cells. Hence, a clear understanding of the nanoparticles delivered to the 

cellular and surface level is needed to develop accurate dose-response assessments. The 

sedimentation times and the concentration profiles obtained demonstrated the inaccuracy of the 

current standard theoretical models for predicting the settling dynamics of particles at low 
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concentration and confirmed the dependence of the diffusion coefficient on the local 

concentration of nanoparticles in solution, already suggested in a number of previous studies. 

Moreover, the optical setup used in this study has been proven to be able to monitor and 

quantify the 3D motion and transport of nanoparticles in solution, providing a potential tool to 

characterise nanoparticles approach to cell and the preliminary interactions.  

The experimental evidence about the dependence of the dynamics of nanoparticles on the local 

concentration in solution was extended to investigate the accuracy of sizing techniques based 

on the evaluation of their diffusion behaviour. The analysis conducted on the asymmetric flow 

field-flow fractionation coupled with online dynamic light scattering technique showed a 

reduced accuracy of the sizing ability of the system when injected with solutions at low 

concentration of particles, providing a further confirmation and a direct implication of the 

experimental observation about the relation between dynamics and concentration of particles 

in solution.  

The tracking potential of the caustics optical technique was further explored in the final stage 

of this research project by imaging human and bacteria cells. The combination of the optical 

technique based on caustics with digital image correlation allowed for the characterisation of 

the dynamics of intracellular organelles, paving the way for further future real-time non-

invasive investigations of cellular activity. Concerning bacterial cells, the enhanced resolving 

power of the optical set-up based on caustics allowed for the monitoring and characterization 

of the dynamics of Escherichia coli bacteria and their interaction with surfaces, providing 

evidence for the relationship between bacterial dynamics and viability, as well as the ability to 

start a biofilm. This difference in dynamics allowed the early detection of a potential biofilm 

formation and offers the possibility to quantify the efficiency of antimicrobial surfaces and 

coatings. 
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CHAPTER 1 

1. Introduction 
 

Among other materials at the nanoscale, nanoparticles have attracted a growing attention in the 

scientific community due to their unique properties and versatility. The ability to manufacture 

functionalised nanoparticles with a well-defined geometry and controlled optical properties 

paved the way for a number of potential applications, supported by an even greater number of 

scientific studies. For instance, considering only the medical and pharmaceutical field, 

nanoparticles have been identified as a potential revolutionary material in a range of 

applications such as biosensing, photocatalysis, drug delivery, photothermal therapy and 

imaging [1]. The widespread usage of nanoparticles and their presence in a significant number 

of healthcare related products, required a rigorous definition to be provided for environmental, 

health and safety regulations. The European Commission officially defined as a nanoparticle 

any material with one or more external dimensions in the size range of 1 nm – 100 nm [2]. 

However, the physical properties of a nanoparticles (such as size and shape) are not the only 

factors to consider to fully characterise their behaviour and any potential effect on the external 

organism they interact with. Once in solution, the dynamics of nanoparticles is a function of 

intrinsic (properties of the nanoparticles) as well as extrinsic properties (properties of the 

solution). Such dynamics has been reported to have a non-negligible impact on the interaction 

with the surrounding organisms, with direct implications on cellular uptake, excretion, toxicity, 

etc. For instance, by exposing cells to suspensions of nanoparticles, Cho et al. demonstrated 

that cellular uptake of gold nanoparticles depends on the sedimentation and diffusion velocities 

of the nanoparticles and does not depend on their size, shape and density [3]. The dynamics of 

nanoparticles directly affects also the concentration of particles delivered at the cellular level. 

Knowing the exact concentration of nanoparticles local to the cell is essential to develop an 
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accurate dose-response analysis [4]. Moreover, it is worth considering that a number of 

techniques used to characterise nanoparticles based on evaluating their dynamics (e.g. 

NanoSight), have been reported to fail to provide an accurate size distribution of the 

nanoparticles in solution under certain circumstances. The sizing failure can be directly related 

to the unexpected diffusion dynamics exhibited by the nanoparticles in solution [5, 6].   

Despite the empirical evidence and potential implications, the dynamics of nanoparticles is still 

mainly described by theoretical models that are not directly transferrable to more complex 

scenarios and has been poorly investigated experimentally with real-time, direct observations.  

The experimental research proposed in this thesis is concerned with the direct observation and 

empirical characterisation of the motion and transport of a range of particles in a variety of 

solutions, providing an analysis of the factors affecting their dynamics and the implications of 

such dynamics on nanoparticles applications. The observations have been conducted exploiting 

the optical phenomenon of caustics, monitoring the dynamics of nanoparticles in real-time 

without any requirement for fluorescent labelling. The successful application of the caustics 

optical technique to visualise protein nanoparticles has extended this research to investigate the 

possibility of monitoring the internal dynamics of cellular components, namely intracellular 

organelles. The monitoring over time of the intracellular organelles of human mesenchymal 

stem cells (hMSCs) allowed us to relate intracellular dynamics with cellular viability, making 

the analysis of intracellular dynamics a promising early signal as detector of cellular 

functioning and paving the way for a number of future toxicological and pharmaceutical 

investigations.  The enhanced resolving power of the optical set-up based on caustics allowed 

also for the monitoring of bacterial cells dynamics and their interactions with surface to 

evaluate and characterise the effectiveness of anti-microbial coatings, in an effort to support 

the fight against the so-called antibiotic-resistant bacteria (also known as ‘superbugs’).  
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Chapter 2 presents the theoretical foundation of the dynamics of particles at the nanoscale. The 

state of the art of the two main processes regulating the motion and transport of nanoparticles, 

the diffusion and sedimentation processes, is discussed along with the mathematical laws 

developed by Einstein and Stokes to describe dynamics at the micrometre scale. The diffusion 

process (also known as Brownian motion) was first observed and characterised by Robert 

Brown in 1827 and then formalised mathematically by Einstein in 1905, adapting the previous 

work of Stokes. The latter played an important role on the history of the investigation of particle 

dynamics, providing also the first mathematical description of the sedimentation process with 

the Stokes's velocity law, the mathematical formulation for the terminal sedimentation velocity 

of small spherical particles in a fluid medium. The diffusion and sedimentation processes 

regulate the motion and transport of particles in the solution until the sedimentation and 

diffusion forces come into a dynamic equilibrium. The sedimentation – diffusion equilibrium 

was mathematically described by Mason and Weaver in 1924, and that model is still applied 

when predicting the concentration profile of particles in solution. All of the theoretical models 

presented have been developed for particles at the micrometre scale, but they are usually 

directly translated to characterise the dynamics of nanoparticles, without considering the non-

negligible presence of other dominant forces at the nanoscale (e.g. electrostatic and Van der 

Waals forces).  

Chapter 2 also presents the state of the art about the current understanding of interactions 

between bacteria and surfaces. It is well-known that once a bacterium approaches a surface it 

can potentially form a biofilm combining with other surrounding bacteria. However, the 

preliminary interaction between a bacterium and a surface and the early stage of the biofilm 

formation lack a detailed and empirical characterisation. This chapter also presents a brief 

introduction to the potential relationship between intracellular organelles dynamics and 
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interactions and cell physiology, identifying the need for a real-time, non-invasive imaging 

technique able to detect and quantify the changes of the dynamics. 

Chapter 3 is the materials and methods section. A detailed overview of all the relevant materials 

and experimental/mathematical methods used in this research is presented. Particular care is 

taken to describe the optical tracking technique used to detect label-free particles and cells in 

real-time. The technique is based on generating caustic signatures of the particles in solution. 

The optical signature generated is orders of magnitude bigger than the real particle under test, 

allowing its detection in a common optical inverted microscope. 

The results and the related discussion are presented in Chapter 4. The choice of merging the 

two sections is related to the progressive nature of this experimental research and reflects the 

research path followed during the years of investigation. The empirical and theoretical findings 

of each experimental research carried out laid the foundation for the subsequent one, paving 

the way for a new investigation. First, the ability of the optical technique for visualising either 

metallic or organic nanoparticles was assessed, to understand the potential as well as the 

limitation of the optical set-up based on caustics. Subsequently, the dynamics of gold 

nanoparticles dispersed in solutions with different ionic contents was characterised to evaluate 

the influence of inter-particles forces on two-dimensional diffusion dynamics. The results 

obtained demonstrated the role of Van der Waals and electrostatic forces in regulating the 

dynamics of nanoparticles as well as confirming the failure of the classical Stokes-Einstein 

equation to predict the two-dimensional diffusion dynamics of nanoparticles below a critical 

size and concentration, suggesting the dependence of the diffusion process on the concentration 

of particles in solution. The analysis was then translated to the three-dimensional domain, 

characterising the sedimentation-diffusion equilibrium of nanoparticles in simple and 

biological media to investigate the factors affecting the settling dynamics of nanoparticles and 

the predictive ability of the theoretical Mason – Weaver model. The empirical observations 
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recognised size, colloidal stability and solution temperature as the main factors affecting the 

settling dynamics and the failure of the classical Mason – Weaver model in describing the 

concentration profile of nanoparticles over time. On the other hand, the modified version of the 

classical Mason – Weaver model, developed following speculation about the relation between 

the concentration of nanoparticles and their dynamics, has been proven to be more accurate in 

predicting the settling dynamics of nanoparticles. The next section of this chapter presents one 

of the practical implications of these findings, showing the limitation of the combined 

asymmetric flow field-flow fractionation (AF4) and dynamic light scattering (DLS) on sizing 

solutions with low concentrations of particles. The subsequent two sections of this chapter 

describe the characterisation of the dynamics of biological organisms at the micro/nano scale. 

The efficiency of antimicrobial surfaces has been evaluated by observing the interaction of 

Escherichia coli bacteria with untreated glass control surfaces and surfaces treated with 

benzalkonium chloride. The analysis of the dynamics of the bacteria and the interaction with 

the surfaces allowed the early label-free assessment of bacteria viability as well as the ability 

to start a biofilm. In addition, the monitoring of the motion of intracellular organelles in human 

mesenchymal stem cells in real – time allowed basic cell functioning to be resolved, paving the 

way for a range of future applications. Chapter 4 is concluded with a general discussion section 

followed by a future work section. These two sections are aimed to provide an overall 

discussion of the experimental results obtained, highlighting the connections between separate 

investigations along with the current and future implications.  

The main findings and conclusions of the thesis are summarized in Chapter 5. 
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1.1. Aim and objectives  

Aim: 

Investigate the dynamics of a range of particles and organisms at the micro and nano scale in 

real-time exploiting the optical phenomenon of caustics.  

Objectives: 

• Determine the capability of the optical set-up based on caustics to generate detectable 

caustic signatures from particles (metallic/organic) and organisms 

(bacteria/intracellular organelles). 

• Quantify the influence of interparticle forces on the diffusion dynamics of 

nanoparticles by dispersing gold nanoparticles in solutions with a different ionic 

content. 

• Characterise the settling dynamics of gold nanoparticles in deionised water and cell 

culture media at different temperature.  

• Investigate the relationship between the dynamics exhibited by bacteria when 

interacting with a surface and their ability to start a biofilm by characterising the 

mechanism of attachment of Escherichia coli bacteria to control and antimicrobial 

surfaces. 

• Investigate the potential of the optical set-up based on caustics coupled with digital 

image correlation to characterise the dynamics internal to the cytoplasm. 
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CHAPTER 2 

2. Theoretical background 

2.1. The dynamics of inorganic nanoparticles in solution 

2.1.1.  The diffusion and sedimentation processes 

Nanoparticles dispersed in solution tend to diffuse, sediment, and aggregate as a function of 

intrinsic properties (size, mass, surface charge, etc.) and as a function of systemic properties 

(viscosity, temperature, etc.). The diffusion process is caused by the continuous collision 

between particles and the molecules of the medium, resulting in a three-dimensional random 

motion of the particles in solution (Fig. 1).  

 

Figure 1: A typical trajectory (in black) of a nanoparticle experiencing Brownian motion along with the 

projections of the 3D trajectory onto the xy (in red) and yz (in blue) planes [7]. 

This type of random diffusion, also called Brownian motion, reported for both inorganic 

particles and biological entities (such as non-motile bacteria, intracellular organelles and 

viruses) [7-10], was first observed by the botanist Robert Brown in 1827, investigating the 

random motion of pollen grains in water [11]. After approximately 80 years, Albert Einstein 

provided a physical explanation of this phenomenon and laid the foundation for a rigorous 
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mathematics model linking the microscopic with the macroscopic world, providing the 

mathematical formulation for the diffusion constant D [12]:  

𝐷 =
𝐾𝑏𝑇

6𝜋𝜂𝑟
        𝑆𝑡𝑜𝑘𝑒𝑠 − 𝐸𝑖𝑛𝑠𝑡𝑒𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛                                                                                 (1) 

Where 𝐾𝑏 is the Boltzmann constant, 𝑇 and 𝜂 are the temperature and the viscosity of the 

medium respectively and 𝑟 is the radius of the particle. 

Equation 1 is widely accepted and used to predict the diffusion of particles even at the 

nanoscale and it is the basis of popular particle sizing techniques like Nanosight (NTA) and 

Dynamic Light Scattering (DLS). 

However, a recent study disputed the reliability of equation 1 in describing the diffusion 

coefficient of nanoparticles and evaluated experimentally the diffusion coefficient from the 

Mean Square Displacement (MSD), a measure of the deviation of the position of a particle with 

respect to a reference position over time [13]: 

𝑀𝑆𝐷 =
1

𝑁 − 𝑛
∑( 𝑟𝑖+𝑛 − 𝑟𝑖)

2

𝑁−𝑛

𝑖=1

             𝑛 = 1,…… ,𝑁 − 1                                                        (2)  

Equation 2 describes the average particle square displacement for all possible time lags in a 

particle trajectory. N is the total number of frames for that trajectory, 𝑟 is the position of the 

particle and n is the number of time intervals. By measuring MSD, it is possible to determine 

the nature of the motion of the particles. For Brownian motion, in the absence of a directed or 

restricted diffusion, the relation between the MSD and the diffusion coefficient is linear and 

given by: 

𝑀𝑆𝐷 = 2𝑑𝐷𝑡                                                                                                                                          (3) 

Where d is the number of dimensions in which the diffusion occurs, D is the diffusion 

coefficient and t is the time. In the case of directed diffusion, or diffusion with flow, the relation 
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between the MSD and the diffusion coefficient is quadratic with respect to time (t) and average 

velocity of the flow (V) [14]: 

𝑀𝑆𝐷 = 2𝑑𝐷𝑡 + 𝑉2𝑡2                                                                                                                           (4) 

Exploiting equation (3), several studies demonstrated that the classical Stoke-Einstein equation 

is not reliable in predicting the diffusion of nanoparticles in simple fluids and proposed a 

fractional version of equation (1), where the diffusion exhibits a fractional dependence on 

viscosity [15, 16]: 

𝐷 ∝ 𝜂−𝑡                                                                                                                                                    (5)                                                                                                                                                                                     

Where 𝜂 is the viscosity of the medium and 𝑡 is a constant with a value between 0 and 1, found 

by experiment. 

Also relevant is the study conducted by Coglitore et al., who demonstrated not only the 

unreliability of equation 1 to predict the diffusion coefficient in simple fluids for nanoparticles 

below 150 nm in diameter and at a concentration below 109 particles ml-1, but also that diffusion 

is independent on the density and size of nanoparticles [5].  

The other process regulating the motion of nanoparticles through liquid solutions is the 

sedimentation process. Gravitational sedimentation becomes relevant for dense particles (such 

as metallic particles) with a diameter larger than 10 nm, causing the particles to sediment down 

and settle [17]. The sedimentation process was first mathematically described by Stokes, who 

related the sedimentation velocity of nanoparticles to the properties of the nanomaterial and 

solution in use [18]: 

𝑉𝑠 =
𝑔(𝜌𝑁𝑀−𝜌𝑀)𝑑

2

18𝜂
        𝑆𝑡𝑜𝑘𝑒𝑠′ 𝐿𝑎𝑤                                                                                             (6) 
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Where 𝑔 is the acceleration of gravity, 𝜌𝑁𝑀 and 𝜌𝑀 are the mass densities of the particle and 

of the solution respectively, 𝑑 is the diameter of the particle and 𝜂 is the viscosity of the 

solution. 

It should be noticed that equations 1 and 6 do not take into account the influence on the 

dynamics of nanoparticles of inter-particles forces dominant at the nanoscale, such as Van der 

Waals and electrostatic interactions, and the majority of the studies in the literature take into 

account only the physical parameters identified by the equation 1 and 6, ignoring the potential 

influence of any electrochemical interaction. However, inter-particle forces have been already 

reported to directly influence a range of phenomena including surface adhesion, friction, and 

colloid stability [19, 20]. The empirical characterisation of the diffusion dynamics of gold 

nanoparticles in NaCl solutions proposed in this thesis aimed to investigate the role that 

interaction forces play at the nanoscale, where their effect is stronger due to the high surface 

area to volume ratio of the particles and can potentially lead to deviations from the expected 

behaviour. A clear understanding of the influence of interaction forces on the dynamics of 

nanoparticles is particularly relevant for characterising the dynamics of nanoparticles in 

complex media containing a non-negligible ionic content in their formulation, such as cell 

culture media, with potential direct implications in toxicological and pharmaceutical 

investigations involving nanoparticles interacting with cells.  

2.1.2. The sedimentation – diffusion equilibrium 

The diffusion and sedimentation processes act concurrently to regulate the motion and transport 

of particles dispersed in solution. Because of diffusion, particles tend to move from zone of 

high concentration of particles to a zone of low concentration of particles, randomly but 

uniformly distributing over the entire available volume of the fluid. At the same time, 

gravitational sedimentation promotes a flux of particles towards the bottom of the solution. In 

a confined solution, the influence of both forces results in a concentration gradient of particles 
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from the bottom to the top of the solution. The concentration gradient promotes an overall 

upwards diffusion flux for particles in a zone of high concentration of particles (i.e. close to 

the bottom of the solution), opposite to their sedimentation flux. When the diffusion flux equals 

the sedimentation flux, a so-called sedimentation–diffusion equilibrium is achieved (Fig. 2).  

 

Figure 2: Schematics of the three phases of sedimentation-diffusion equilibrium for nanoparticles in solution: (a) 

once injected in solution nanoparticle dynamics is mainly regulated by diffusion forces. Nanoparticles are 

dispersed over the entire available volume; (b) nanoparticles are randomly but homogeneously dispersed in 

solution. Gravity tends to direct particles to the bottom of the solution; (c) sedimentation–diffusion equilibrium is 

attained. The rate of transport of nanoparticles in any one direction due to sedimentation equals the rate of 

transport in the opposite direction due to diffusion.  

The most common theoretical model used to describe the concentration profile of nanoparticles 

in solution is the well-known Mason–Weaver equation, which combines the sedimentation and 

diffusion processes to predict the concentration of a solute at a certain depth in a solution [21]: 

𝜕𝑛(𝑧, 𝑡)

𝜕𝑡
= 𝐷

𝜕2𝑛(𝑧, 𝑡)

𝜕𝑧2
− 𝑉

𝜕𝑛(𝑧, 𝑡)

𝜕𝑧
         𝑀𝑎𝑠𝑜𝑛–𝑊𝑒𝑎𝑣𝑒𝑟 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛                                    (7) 

where n (z, t) is the normalized concentration of nanoparticles, D is the diffusion coefficient 

evaluated with equation (1) and V is the sedimentation velocity evaluated with equation (6). 

Being based on the Stokes-Einstein and on the Stokes equations, the Mason-Weaver model is 

subject to the same limitations as its constitutive equations, assuming the absence of 

interactions between nanoparticles and that their motion is only governed by random Brownian 
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forces and a directional gravitational force [22]. Hence, this thesis aimed to evaluate the settling 

dynamics exhibited by nanoparticles in solution and the potential deviations from the current 

standard theoretical models in simple and biological media. This finding has direct implications 

in all the investigations where the precise amount of material delivered to a surface is needed 

to develop a dose-response assessment [23]. For instance, the standard experimental practice 

to investigate the interaction between nanoparticles and cells consists of culturing a 2D 

adherent monolayer of cells and evaluating the response of the cell when exposed to a certain 

concentration of nanoparticles. However, investigators use the initial administered 

concentration of nanoparticles in the cell medium as a basis to determine dose-response 

relationships without taking into account that the concentration at the cellular level could differ 

from the initial administered one [24, 25].  

2.2. The DLVO theory 

The DLVO theory (named after Boris Derjaguin and Lev Landau, Evert Verwey and Theodoor 

Overbeek) describes particle interactions by combining electrostatic potential due to repulsive 

electrostatic double layer, and attractive Van der Waals interactions [26]. van der Waals force 

promotes coagulation, while the electrostatic double-layer force stabilizes the suspension. The 

DLVO curve has a non-monotonic behaviour and interaction between two particles can be 

described by a weak attraction at large distances, an electrostatic repulsion at intermediate 

distances, and a strong attraction at short distances. As the distance between two particles 

increases, the interaction energy (potential) approaches zero (Fig. 3). On the other hand, as the 

particles start to approach each other, the attractive forces increase, and the total interaction 

energy becomes attractive. The interaction between particles at the secondary minimum (large 

distances) is weak, and adhesion is reversible. When particles approach closer proximity, the 

potential energy barrier prevents irreversible adhesion, thus leading to stabilization due to 

electrostatic force. Hence, the primary maximum acts as an activation barrier that must be 
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exceeded for irreversible aggregation to occur. As two particles come closer, they must collide 

with sufficient energy to overcome the energy barrier. The height of the barrier defines the 

stability of a given colloidal system and depends mostly on the electrostatic repulsion energy 

acting between particles [27]. 

 

Figure 3: Interaction potential acting between two particles as a function of the distance according to the DLVO theory. 

2.3. Single particles tracking methods 

Single-particle tracking techniques have become fundamental to locate particles and track their 

trajectory over time, providing quantitative and empirical information about their dynamics, 

allowing challenging theoretical models and evaluating potential deviations from expected 

behaviours. Single-particle tracking methods are extensively used in a range of applications 

such as physics, engineering, material science, and biology. In a typical single-particle tracking 

measurement, the object of interest is imaged over time and its motion is recorded in a time 

series to generate a trajectory. From the analysis of the trajectory produced, it is possible to 

extract quantitative information about the diffusion and sedimentation processes of the object, 

adsorption−desorption dynamics, interactions with the environment, etc. [28]. Given the small 

size of the particles and molecules of interest, fluorescence microscopy is the most commonly 
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used single-particle tracking technique, thanks to its high resolving power and ability to 

increase the signal generated by particles and molecules at the nanoscale. In fluorescence 

microscopy imaging, non-intrinsically fluorescent particles and organisms are conjugated to an 

organic fluorescent label. The fluorescent label can be a fluorescent protein, a fluorescent dye, 

or a quantum dot and considerations of which type of label to use are influenced by a number 

of factors, particularly the delivery of the label to the target protein/particle, and the 

photophysical properties of the probe [29]. Once labelled, particles are then imaged in a 

fluorescence microscope and their position is recorded by a camera over time [30]. However, 

the exposure to the excitation light can alter the molecular structure of the fluorescent label, 

causing the destruction of the fluorescent label and the loss of the optical signal 

(photobleaching), limiting the imaging capability of this technique to short periods of time [31]. 

Moreover, the destruction or alteration of the fluorescent label can lead to the release of toxic 

substances in the surrounding medium (phototoxicity) [32]. Fluorescent tagging has been also 

reported to interfere with native protein behaviour and, or function [33]. Finally, little is known 

about the influence of the fluorescent label on the dynamics of the particles labelled. Hence, 

there is a need for imaging techniques with high spatiotemporal resolution yet low propensity 

for photobleaching and phototoxicity to non-invasively characterise the dynamics of target 

particles and organisms. 

Several optical techniques have been developed in recent years to overcome the limitations of 

fluorescence microscopy for the real-time investigation of the dynamics of nano and micro 

particles and organisms in solutions. Amongst others, digital holographic microscopy has been 

proven to be able to track gold nanoparticles as small as 100 nm in diameter [34]. In a typical 

in-line digital holographic microscope, a collimated laser illuminates the sample, and an 

objective collects the scattered and transmitted light that is focussed by a tube lens into a digital 

camera which records the resulting interference pattern, or hologram [35]. The recorded 
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hologram is then analysed over-time to extract quantitative information about the motion of 

the particle. Digital holographic microscopy has been used to visualise and track the dynamics 

of a variety of metallic particles and organisms but both the maximum resolution achievable 

(100 nm in diameter) and the light source used limit the applications of the technique.  

2.4. Real time optical tracking of label free nanoparticles with caustics 

The use of a coherent source of light to generate an optical signature from a particle at the 

nanoscale in solution was pursued also by Patterson and Whelan exploiting the optical 

phenomenon of caustics [36]. Caustic curves are generated by the refraction or reflection of 

light at curved surfaces. This phenomenon was first observed by Hamilton in the early XIX 

century, who described the formation of caustic curves when light rays are reflected from 

curved surfaces [37]. The same phenomenon is seen in transmission of light rays through 

objects that have curved surfaces. The effect of the curvature is to cause the reflected/refracted 

envelope of light rays to concentrate in some regions in space and to be absent from others. 

These optical features are formed in three dimensions and can be observed as bright lines when 

imaged on a plane perpendicular to the incident light [36]. Caustics can be observed in everyday 

situation, such as when light is reflected by the curved surface at the bottom of a cup of tea or 

when light is refracted by the surface waves of a body of water (Fig. 4).  
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Figure 4: a) Caustics generated by the reflection of the light by the curved surface of a cup of tea and b) schematics of the 
caustic curves generation when an incident light is reflected by a circular surface. 

Caustics have been used in engineering both in reflection and transmission mode [38 - 39] to 

evaluate the stress distributions associated with the tips of propagating cracks, contact between 

components and other stress raisers. Stresses alter the optical properties of a solid both through 

the effects of compression/expansion and through changes in the refractive index. When a flat 

surface is illuminated by a parallel incident light beam, the stressed areas induce deflections of 

the incident light beams, causing the light distribution to be no longer uniform because of the 

generation of caustic signatures [39]. The caustic curves generated are larger than the real local 

deformation of the material caused by the stresses of interest, allowing for the recognition of 

the shape of the localized deformation of the object and to evaluate the stress singularity 

causing the deformation. It has been shown that the formation of sharp caustics is enhanced by 

the use of a coherent illuminating light [40]. The source of light used by Patterson and Whelan 

to generate caustic curves of nanoparticles was a common halogen lamp and the coherence of 

the illuminating light was increased by closing down the condenser aperture to its minimum (1 

mm in diameter) and by putting a green interference filter in the light path. The microscope 



27 
 

was also adjusted for Köhler illumination, to provide the sample with homogeneous 

illumination and to generate images at the highest obtainable resolution [36]. Using this optical 

set-up they were able to generate caustics curves from the particles in solution and to visualise 

spherical metallic nanoparticles as small as 10 nm in diameter in a common optical microscope 

[41]. The caustic signature generated by a particle consists of a central bright spot surrounded 

by concentric and much fainter diffraction rings (Fig. 5).  
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Figure 5: Nominally 20-nm-diameter gold particles and 50-nm-diameter fluorescent particles viewed in the 

microscope with the aperture diaphragm open (top); under fluorescent conditions with the gray level extended 

(middle); and with the aperture-diaphragm closed to its minimum with the gray level extended (bottom). The 

arrows show the position of 50-nm-diameter particles identified using the fluorescent image [41]. 

The caustic optical signatures are several orders of magnitude larger than the particles under 

test, allowing for the imaging and tracking of the particles over time and the discrimination 

between single particles and clusters. Coglitore et al by tracking the caustics optical signature 

of gold and polystyrene spherical gold nanoparticles in simple fluids, demonstrated that below 

a critical concentration of 109 particles ml-1 and a critical diameter of 150 nm the diffusion 
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coefficient of particles in simple fluids falls orders of magnitude below the Stokes-Einstein 

prediction and it is better represented by the fractional Stokes-Einstein relation. In these 

experimental conditions, the diffusion coefficient was found to be constant with particle size 

and independent of the material, but dependent on fluid viscosity [5]. 

In this study, the imaging capability of the optical method based on caustics has been enhanced 

to monitor the dynamics and interactions of a range of nanoparticles and biological organisms. 

The results obtained demonstrate that the caustic signatures allow real-time and non-invasive 

quantification of the dynamics of particles, bacteria and intracellular organelles at the 

micro/nano scale over an extended timescale, representing a powerful alternative to more 

traditional imaging techniques in a variety of investigations such as: nanotoxicology; drug 

delivery; intracellular motility/trafficking; antimicrobial efficacy, etc. 

2.5. Bacteria dynamics and interaction with surfaces  

Bacteria are prokaryote, single-cell organisms with an average size between 0.2 μm and 5 μm 

in diameter, depending on their structure and shape. The main internal components found in all 

bacterial cells are the nucleoid and the ribosomes. The nucleoid is a nucleus-like structure 

without a nuclear membrane where the bacterial genomic DNA is condensed and functionally 

organised. The ribosomes are made from complexes of RNAs and proteins and serve as the site 

for protein synthesis in the cell. The ribosome reads the sequence of the messenger RNA 

(mRNA) and, using the genetic code, translates the sequence of RNA bases into a sequence of 

amino acids. The nucleoid and ribosomes are located in the cytoplasm, a gel-like substance 

made up of water, proteins, lipids, nucleic acids, and inorganic salts, enclosed within the cell 

membrane. The membrane of Gram – negative bacteria (as the Escherichia coli subject of this 

study) consists of three layers: the cytoplasmic membrane, the peptidoglycan cell wall, and the 

outer membrane [42]. During bacteria growth and at the start of the division process, the genetic 

material is split into consecutive compartments divided by the so-called Z-ring, which serves 
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as a scaffold to recruit the FtsZ division proteins, and possibly generates force to constrict the 

cell (Fig. 6) [43]. 

 

Figure 6: Schematics of a typical Escherichia coli bacterial cell at the start of the division process. 

When dispersed in a solution, bacterial cells are transported to the underlying solid surface 

either by physical forces or by an intrinsic locomotion ability. Motile bacteria use structures, 

such as flagella, to approach the surface, guided by chemotactic, aerotactic, or phototactic 

responses. Motility promotes both initial interactions with the surface and movement along it. 

On the other hand, non-motile bacterial cells, are delivered to the surface by diffusion - 

sedimentation processes and by gravitational forces or by the flow of the fluid in which they 

are suspended [44]. Once a bacterium has approached the surface, the initial attachment is 

regulated by: attractive and repulsive forces, mainly Van der Waals and electrostatic 

interactions; the properties of the surface such as texture, roughness, and hydrophobicity; and, 

the properties of the solution such as pH and temperature [45]. However, attached bacteria can 

detach from the surface and re-join the planktonic state in a process called reversible adhesion, 

as a result of hydrodynamic forces, repulsive forces, or in response to nutrient availability [46]. 

If the environmental conditions are favourable, a bacterium attaches permanently to the surface 

and starts to secret extracellular polymeric substances (EPS), establishing a permanent bond 

with the surface (known as irreversible adhesion) and favouring the attachment of additional 
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bacteria to start a biofilm [47]. The transition from the individual planktonic state (single 

bacteria cell floating in solution) to a biofilm enhances the tolerability of bacteria to antibiotics 

and their growth, even in adverse conditions [48]. Bacterial biofilms can easily form on medical 

devices and human tissues, leading to chronic and life-threatening infections and account for 

up to 80% of nosocomial infections in the US [49]. Moreover, antibiotic resistance is widely 

considered to be a potential trigger for the next global pandemic [50]. For these reasons, 

strategies have been developed over the last decades to prevent bacterial biofilm formation on 

surfaces, with the development of a range of so-called antimicrobial surfaces and coatings. 

These surfaces are designed to either kill bacteria on contact or close proximity (biocidal 

surfaces) or to prevent irreversible attachment (adhesion resistance surfaces). However, the 

preliminary bacteria–surface interaction and the subsequent early-stage biofilm formation 

processes have not yet been clearly characterised, and a detailed understanding of the 

mechanism regulating these processes is needed to develop effective antimicrobial strategies 

and to support their translation to in-vivo and real-life scenarios. The investigation performed 

in this thesis aimed to characterise the mechanism of attachment of bacteria to surfaces and the 

ability to form biofilms to support the investigation and development of antimicrobial surfaces 

and coatings. 
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2.6. Intracellular organelles dynamics 

A cell consists of two major regions, the cytoplasm and the nucleus. The nucleus is surrounded 

by a nuclear envelope and contains DNA in the form of chromosomes. The cytoplasm is a fluid 

matrix surrounding the nucleus and bound to the outer membrane of the cell. Organelles are 

structures ranging from approximately 100 nm to 1 µm in size within the cytoplasm, carrying 

out functions necessary to maintain homeostasis in the cell. They are involved in many 

processes, such as energy production, building proteins and secretions, and destroying toxins. 

Organelles identifiable in human cells in the cytoplasm surrounding the nucleus are [51]:  

• Ribosomes: consisting of two subunits made of RNA and protein, these organelles are 

responsible to synthesize a variety of proteins that are essential to the survival of the 

cell. They can be found floating freely in the cell’s cytoplasm or embedded within the 

endoplasmic reticulum. 

• Endoplasmic reticulum: a membranous organelle that shares part of its membrane with 

that of the nucleus. Some portions of the endoplasmic reticulum, known as the rough 

endoplasmic reticulum, are studded with ribosomes and are involved with protein 

manufacture. The rest of the organelle is referred to as the smooth endoplasmic 

reticulum and serves to produce vital lipids. 

• Mitochondria: oval-shaped organelles found in most eukaryotic cells. They are the site 

of cellular respiration and serve to transform molecules such as glucose into an energy 

molecule known as ATP (adenosine triphosphate). ATP fuels cellular processes by 

breaking its high-energy chemical bonds. 

• Peroxisomes: membrane-bound organelles containing oxidative enzymes. They are 

mainly responsible in the lipid metabolism process and in the conversion of reactive 

oxygen species (as hydrogen peroxide).  
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• Endosomes: heterogeneous collection of organelles that function in the sorting and 

delivery of internalized material from the cell surface and the transport of materials 

from the Golgi to the lysosome. 

• Lysosomes: spherical membrane-bound organelle containing hydrolytic enzymes to 

break down / hydrolyse macromolecules, old cell parts, and microorganisms. 

• Golgi apparatus: composed of folded membranes, it is responsible for transporting, 

modifying, and packaging proteins and lipids. 

The interaction between different organelles and their specific dynamics have been also 

reported to be pivotal to the regulation of several cellular processes. For instance, the 

interaction between lipid droplets and lysosomes is critical for the metabolism of cellular 

energy with dysfunction being correlated with various metabolic and lysosomal storage 

diseases [52]. Lysosomes have also been reported to interact with mitochondria to regulate 

mitochondrial calcium dynamics [53] and their spatial distribution is influenced by the 

availability of nutrients [54]. Peroxisomes have been reported to interact actively with 

mitochondria to regulate the fission (one mitochondria divide or segregate into two separate 

mitochondrial organelles) and fusion (two separate mitochondria fuse together to form a large 

one) processes [55]. The endoplasmic reticulum (a vast organelle that has a central role in 

protein biogenesis, and lipid and ion homeostasis) performs its functions by forming physical 

contacts with all other membranous organelles through membrane contact sites [56]. Moreover, 

Guo et al. hypothesised that the random fluctuation exhibited by intracellular organelles in the 

cytoplasmatic fluid contributes to the spatial distribution of key cellular components, such as 

ribosomes and proteasomes, to facilitate the efficient translation and degradation of proteins 

and the removal of enzyme products from their site of synthesis in metabolic reactions 

(avoiding local concentration effects) [57].  
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Hence, it is reasonable to assume that the activity internal to the cytoplasm consists of a 

complex system of interdependent interactions regulating cellular functions, and that a clear 

understanding of the forces and mechanisms influencing those interactions is needed to relate 

intracellular processes to cell physiology in healthy and diseased states. The investigation 

performed in this thesis aimed to establish the ability of the optical set-up based on caustics 

coupled with digital image correlation analysis to characterise the motion internal to the 

cytoplasm, in an effort to provide a non-invasive imaging tool to support future investigations 

exploring the relationship between the dynamics of intracellular organelles and cellular 

processes. 
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CHAPTER 3 

3. Materials and Methods 

3.1. Materials  

3.1.1. Gold nanoparticles 

Spherical, negatively charged, citrate-capped gold nanoparticles (solution pH 7.7) were 

purchased from BBI Solutions (Crumlin, UK), with a nominal diameter of 20 nm, 40 nm, 50 

nm, 60 nm, 80 nm, 100 nm and 150 nm. Spherical, positively charged, branched 

polyethylenimine-capped gold nanoparticles (solution pH 7) were purchased from 

nanoComposix (San Diego, US), with a nominal diameter of 100 nm. Depending on the 

experimental requirements, the as-supplied concentrations were reduced by adding the 

concentrate to ultrapure-deionised 0.2 µm membrane filtered water to obtain constant working 

concentrations ranging from 108 to 1011 particles ml-1.  

3.1.2. Bovine Serum Albumin nanoparticles  

Bovine serum albumin (BSA, purity > 96%) was commercially supplied by Sigma Aldrich 

(Saint Louis, USA). BSA nanoparticles were synthesised following a modified desolvation 

process [58]. Briefly 100 mg of BSA was dissolved in 10 ml of ultrapure water. Then, 8.0 ml 

of ethanol was added dropwise into the BSA solution while magnetically stirring (600 rpm) at 

room temperature. Subsequently, the as-prepared BSA nanoparticles were cross-linked with 

5% glutaraldehyde for 24 h. The particles were centrifuged at 8,000 rpm for 10 mins at 25 °C 

and washed with ultrapure water. The dynamic light scattering measurements confirmed the 

presence of monodispersed BSA nanoparticles in solution with a diameter of 45 nm ± 1.5 nm. 

3.1.3. Organisms 

Bacterial imaging was performed with Escherichia coli ATCC 10536 strain, a non-motile 

bacterial strain used for antimicrobial investigations.  
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Intracellular dynamics were investigated using human mesenchymal stem cells purchased from 

Lonza systems (CH). 

3.1.4. Base media  

Ultrapure-deionised 0.2 µm membrane filtered water was provided by a purifier system 

(Purelab Option-Q, Elga Veolia) at 12MΩ/cm. 

Salt solutions with ionic strengths ranging from 0 to 50 mM were realised by mixing Sodium 

Chloride (NaCl, Sigma Aldrich, US) to ultrapure-deionised water as appropriate. 

Phosphate buffered saline (1X PBS, PH 7.4) and Luria-Bertani (LB) broth solutions were 

commercially supplied by Sigma Aldrich (US).  

Cell culture media used in this thesis consisted of DMEM with low concentration of glucose 

(1 g L-1) commercially supplied by Sigma Aldrich (US), supplemented with 10% FBS (Gibco, 

US), 2% penicillin-streptomycin (AppliChem, US), 1% L-glutamine (200 mM solution, Gibco, 

US).  

3.2. Methods 

3.2.1. Optical Setup 

Caustic signatures of the particles, bacteria, and intracellular organelles investigated in this 

work were generated in a standard inverted optical microscope (Axio Observer.Z1 m, Carl 

Zeiss, DE) used in transmission mode and mounted on antivibration feet (VIBe, Newport, US) 

to isolate the sample from the environment. Some simple adjustments were made to the original 

setup of the microscope to increase the coherence of the illuminating light following the 

methods described by Patterson and Whelan [36]. In brief, the microscope was adjusted for 

Köhler illumination and equipped with a 100W halogen lamp, a condenser lens-assembly, and 

a green interference filter (Olympus, JP, centred on 550 nm, 45 nm bandwidth). The condenser 

aperture was closed down to its minimum (1 mm in diameter) so that the sample was 
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illuminated by a coherent and focused ray of light. Images and videos were acquired using a 

CCD monochrome camera (AxioCam ICm1, Carl Zeiss, DE) coupled to the camera port on the 

microscope. A stage-top incubation system (Incubator PM S1, Heating Insert P S1, Temp and 

CO2 module S1, Carl Zeiss, DE) was used to control the temperature during the experiments.  

3.2.2. The influence of interparticle forces on the diffusion dynamics 

To evaluate the influence of interparticle force on the diffusion dynamics, gold nanoparticles 

were dispersed in solutions with ionic strengths ranging from 0 to 50 mM as appropriate to 

obtain particle concentrations of approximately 108 particles ml-1. A mixer (Vortex-Genie 2 

G560E, Scientific Industries Inc., US) was employed to obtain a uniform particle distribution. 

Four independent solutions were prepared for each NaCl molarity and 60 µl of solution of 

nanoparticles was used in a deep cavity (250 ± 10 μm in depth) in sterile microscopy slides 

(Eisco Labs, US). For each salt solution at least six particles were tracked so that the diffusion 

data presented are average values with standard deviations. The temperature of the solution of 

nanoparticles was kept constant during the microscopy analysis at a value of 23 °C. The X-Y 

spatial coordinates of the nanoparticles at each time step were evaluated using the imageJ 

plugin Trackmate. Amongst the various particle-linking algorithms available, Trackmate 

allows for the tracking of particles using an algorithm based on the linear assignment problem 

mathematical framework. Given a set of detected particles throughout a time-lapse image 

sequence, the algorithm first links the detected particles between consecutive frames, and then 

links the track segments generated in the first step to simultaneously close gaps and capture 

particle merge and split events. The framework is independent of problem dimensionality (2D 

or 3D) as well as of the type of particle motion (Brownian motion and directed motion, among 

others). It is also independent of the physical nature of the particle (single molecule, molecular 

assembly, organelle and others) [59]. The experimental value for the diffusion coefficient of 

each particle was calculated from its Mean Square Displacement as described in equation 3.  
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3.2.3. Settling dynamics of nanoparticles  

 The settling dynamics of nanoparticles in solution was investigated by dispersing gold 

nanoparticles in ultrapure-deionised 0.2 µm membrane filtered water or sterile cell culture 

media to obtain a working concentration of approximately 108 particles ml-1. The concentration 

profiles of the nanoparticles in solution were evaluated using 60 μl of nanoparticle solution in 

a 250 μm ± 10 μm deep cavity in a microscopy slide and acquiring z-stacks from the bottom to 

the top of the solution. The distance between consecutive images was set equal to 4 μm for a 

total acquisition length of 250 μm ± 10 μm. The value of 4 μm between consecutive 

acquisitions was chosen to avoid multiple counting of the same particles (caustic signatures 

extend for less than 1 µm in length along the z direction [41]). The number of particles in each 

image was counted using the software ImageJ and integrated from the mid-depth (125 μm ± 

10 μm from the bottom) to the top (250 μm ± 10 μm from the bottom) of the solution to obtain 

the total number of nanoparticles not settled at each time step. The depth of 125 μm was chosen 

because experimental observations demonstrated that particles formed a sediment that 

extended over the bottom half of the solution. Nanoparticles in the bottom-half and in the top-

half of the solution have been described, for the sake of simplicity, as settled and not-settled 

respectively, because the term “settle” is commonly used in the scientific community to 

identify particles forming a sediment. The full concentration profile is not provided because, 

as the concentration of the nanoparticles forming a sediment increases, the caustics in the 

bottom half of the solution overlap, making measurements in that section less precise and 

unreliable. Four solutions were prepared separately for each sedimentation test so that the 

results presented are average values with standard deviations. Each test was started 5 minutes 

after the injection of nanoparticles into the solution, to guarantee consistency between 

experiments and to allow nanoparticles to distribute throughout the medium uniformly but 
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randomly. The concentration of nanoparticles not settled has been normalised using the 

following min-max normalisation method so that the data presented are in the range 0 – 1:  

𝑧𝑖 =
𝑥𝑖 −min (𝑥)

max(𝑥) − min(𝑥)
                                                                                                                        (8) 

Where zi is the ith normalised value in the dataset, xi is the ith original value in the dataset, min(x) 

is the minimum value in the dataset, and max(x) is the maximum value in the dataset. 

The settling time of each nanoparticle solution was established by evaluating the time at which 

the gradient of concentration of nanoparticles not settled over time was less than 5%. The 

UltraViolet-Visible spectra shown in figures 22b and 23b were acquired in an ultraviolet-

visible (UV-Vis) spectrophotometer (U-2900, Hitachi, JP) using 3 ml of the solution of 

nanoparticles in a 45 mm deep glass cuvette. 

3.2.4. Asymmetric flow field-flow fractionation 

Asymmetric flow field-flow fractionation (AF4) is a technique used to separate particles of 

different sizes in suspension by the application of a cross-flow perpendicular to the direction 

of a longitudinal suspension flow through a thin ribbon-like separation channel. The high-

dimensional aspect ratio of the separation channel causes the longitudinal suspension flow to 

develop a parabolic profile, with a flow velocity that increases from a minimum value at the 

channel walls to a maximum value at the centre of the channel. The perpendicularly applied 

cross-flow forces a particle in suspension towards the bottom wall of the channel. A 

counteracting diffusive force arises due to the concentration gradient formed and drives the 

particles back towards the centre of the channel [60]. Once the equilibrium between the cross-

flow force and the diffusion force is achieved, particles in suspension reside at a certain distance 

from the accumulation wall depending on their diffusion coefficient and size. Smaller particles 

equilibrate higher up in the channel and experience a faster longitudinal flow, causing them to 

elute, or be removed before larger ones, thus allowing separation [61]. The size-separated 
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suspension of particles can be then characterised and analysed by coupling AF4 to online sizing 

and concentration techniques, like dynamic light scattering (DLS) and ultraviolet-visible 

spectrophotometry (UV-Vis), allowing the evaluation of the size distribution of the particles in 

suspension according to their mass and concentration [62]. A typical fractogram generated by 

an AF4 coupled with online DLS and UV-Vis detectors for a single elution peak is presented 

in figure 7.  

 

Figure 7: A schematic fractogram generated by an AF4-DLS-UV system for a single elution peak. The fractogram 

can be divided into three zones according to the absorbance exhibited by the suspension of particles during the 

elution process. Zones 1 and 3 are associated with low particle concentration while zone 2 is associated with high 

particle concentrations. It can be noted that in the zone associated with low concentration of particles the DLS 

data exhibit an apparent and progressive increase. 

The fractogram contains quantitative information about the suspension eluted by the AF4, 

providing the hydrodynamic diameter of the particles recorded by DLS and the absorbance 

recorded by the UV-Vis spectrophotometer (directly linked to the concentration of particles in 
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suspension [63]) as a function of the elution time. The Gaussian distribution of the absorbance 

as a function of the elution time provides evidence that the concentration of particles in solution 

is lower at the beginning and at the end of the elution process (zone 1 and 3). It can be noted 

that for low concentrations of particles in suspension the DLS detected an apparent and 

progressive increase in the size of the particles in suspension, returning a U-shaped distribution 

for the diameters as a function of the elution time and of the concentration of particles in 

suspension. This phenomenon can be found in a significant number of studies in the literature 

describing the application of asymmetric flow field flow fractionation to separate and 

characterise particles of various sizes and materials [62, 64-68]. It is worth mentioning that the 

DLS evaluates the hydrodynamic diameter of the particles in solution by rearranging the 

Stokes-Einstein equation as:  

𝑑 =
𝐾𝑏𝑇

3𝜋𝜂𝐷
                                                                                                                                                (9) 

Where 𝐷 is the diffusion coefficient evaluated by quantifying the rate of variation of the light 

scattered by the suspension over time [69].   

Asymmetric flow field flow fractionation analysis was performed to investigate the effect of 

the experimental slow diffusion regime exhibited by nanoparticles at low concentration on the 

sizing ability of techniques based on the Stokes-Einstein equation for diffusion. The 

experiments were performed by injecting gold nanoparticles in concentrations ranging from 

109 to 1011 particles ml-1 into an AF2000 Multiflow FFF system (Postnova Analytics, DE) 

equipped with an on-line PN3212 spectrophotometer UV-Visible detector (Postnova Analytics, 

DE) and with a DLS detector (Malvern, UK). The AF4 channel had a 280 mm long separation 

channel, with a 350 μm spacer. A 10 kDa cut-off membrane of regenerated cellulose and a 100 

μl injection loop was used. Phosphate buffer (1 mM, ph 7.4) was used as the carrier. The 

following elution protocol guaranteed the optimal separation and was applied to all suspensions 

tested: 0.5ml min-1 injection flow; 5 min at constant 1.3 ml min-1 focus flow; exponential 
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decrease of the cross flow from 1.5 ml min-1 to 0.1 ml min-1 over 35 minutes; 10 min at 

constant 0.1 ml min-1 cross flow. The UV-Vis spectrophotometer wavelength was set to 525 

nm, corresponding to the maximum of the surface plasmon resonance band for 40 nm and 60 

nm gold nanoparticles [70]. The suspensions of nanoparticles were injected into the separation 

chamber in ascending order of initial working concentration. Between each injection, the 

phosphate buffer was allowed to flow through the entire system for 10 minutes, to remove any 

residual from the previous suspension. 

The reliability of the data provided by the AF4-DLS-UV system was analysed by dividing the 

fractogram into three regions and evaluating the coefficient of variation of the DLS 

measurements for each suspension tested. The three regions of the fractogram were identified 

according to the absorbance detected by the UV-Vis spectrophotometer over the elution time 

in the following manner: 

• Zones 1 and 3: regions of the fractogram where the absorbance of the suspension is 

lower than 30% of the maximum; and, 

• Zone 2: region of the fractogram where the absorbance of the suspension is higher than 

30% of the maximum. 

A disk centrifugal liquid sedimentation (disk-CLS) analysis was also performed on the same 

solutions of nanoparticles in a disk centrifuge DC24000UHR (CPS Instruments, US) using 8 

wt% to 24 wt% sucrose density gradients with a disc speed of 22000 rpm. Each sample 

injection of 100 μl was preceded by a calibration step performed using certified PVC particles 

with a weighted mean size of 237 nm. 
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3.2.5. Bacterial cell culture 

Overnight cultures of Escherichia coli were diluted to McFarland Standard 0.5 in Luria-Bertani 

(LB) broth or phosphate-buffered saline solution (PBS) as appropriate to obtain a working 

concentration of approximately 108 CFU/mL. Bacteria were diluted in pure PBS or in solution 

of 10% LB in PBS, to reduce the noise generated by the medium nutrients and to limit their 

growth and ability to proliferate, thus allowing for longer monitoring of the interaction between 

single bacterium and the target surface, and the subsequent formation of the biofilm. Solutions 

of bacteria were analysed using 60 µl of solution in a deep cavity (250 ± 10 μm in depth) in 

sterile microscopy slides. To validate the label-free caustic signature associated with bacteria 

in solution and adhered to the surface, fluorescence images were acquired with the same optical 

set-up using a fluorescent light source. Escherichia coli bacteria were stained with the 

fluorescent dyes SYTO9 and PI from the LIVE/DEAD BacLight kit (Invitrogen, US), a well-

known fluorescence kit used to assess the viability of bacteria in solution [71]. The kit consists 

of two components: 

• Component A: SYTO 9 dye, 1.67 mM / Propidium iodide, 1.67 mM, 300 µL solution 

in DMSO 

• Component B: SYTO 9 dye, 1.67 mM / Propidium iodide, 18.3 mM, 300 µL solution 

in DMSO   

Bacteria were stained to confirm the ability of the caustic technique to generate optical 

signatures for all of the bacteria present in the field of view. Bacteria were stained according 

to manufacturer protocols by combining the same volume of the two components and by adding 

3µl of the components’ mixture for each mL of the bacterial suspension. The stained solutions 

were then incubated at room temperature in the dark for 15 minutes. The efficiency of 

benzalkonium chloride (BKC) as antimicrobial agent and its effect on the bacterial-surface 

interaction was tested by spreading a 0.1% solution of BKC in ultrapure-deionised water on 
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same glass surfaces. Then solutions of bacteria were exposed to the surfaces treated with BKC 

after 3 h, to allow for the complete evaporation of the BKC solution and for the deposition of 

the BKC film. 

The dynamics of the bacteria and their interactions with the surfaces were evaluated by 

analysing the imaging data acquired with the ImageJ plugin Trackmate [59]. 

3.2.6. Cell culture and intracellular organelles imaging  

Human Mesenchymal Stem Cells (hMSC) were seeded on sterile 16-well culture plate (Grace 

Bio-Labs, US) at a concentration of approximately 16000 cells/well and left overnight in the 

incubator to allow full attachment and spreading. Cell cultures were maintained in 5% CO2, 

95% air, and at 37 °C in the cell incubator and then transferred to the microscope incubator 

during the microscopy analysis to maintain a constant temperature of 37 °C during the 

experiments. The dynamics of the optical pattern generated by intracellular organelles were 

investigated by imaging the zone surrounding the nucleus of human mesenchymal stem cells. 

Attention was focused on the zone surrounding the nucleus because intracellular organelles 

have been extensively reported to be located in this zone. As a further confirmation, images of 

3T3 cells were acquired in caustic and fluorescent mode by switching from the caustic mode 

to the fluorescence mode and using a different light source. The 3T3 cell culture was provided 

ready to use by the Toxicology Unit of the Joint Research Centre (JRC) of the European Union. 

3T3 cells were stained using the fluorescent dye LysoTracker deep red (Thermo Fisher 

Scientific, US), commonly used for labelling and tracking acidic organelles in live cells. Cells 

were stained according to manufacturer protocol by diluting Lysotracker dye stoke solution in 

the cell culture media to obtain the working concentration of 70 nM. When cells have reached 

the desired confluence, the original medium was replaced with the dye-containing medium. 

Then cell cultures were incubated for 1h at 5% CO2, 95% air, and at 37 °C in the cell incubator 
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Finally, the dye-containing medium was replaced with fresh medium and the cells were 

monitored under the microscope. 

Figure 8 confirms that intracellular organelles tend to accumulate in the zone surrounding the 

nucleus.  

 

Figure 8: 3T3 cell imaged with an inverted optical microscope in caustics mode (left) and fluorescence mode 

(right). Scale bars are 10 µm. 

 

Cells were monitored for approximately 5 min recording real-time video at 20 fps. During the 

imaging, cell cultures were maintained at a constant temperature of 37 °C in the microscope 

incubator. 

External stress was induced in the cell by injecting Ethanol at time t = 150 s into the cell 

solution to achieve a total concentration of 1% in volume.  

The digital image correlation (DIC) package Istra-4D (Dantec Dynamics GmbH,  DK) was 

used to quantify the dynamical re-arrangement of the intracellular organelles pattern over time. 

The Istra-4D software overlays a grid of square facets on the reference image (Fig. 9). The user 

selects the facet size and the distance between the two adjacent facet centres depending on the 

pattern to be analysed. The software utilises a second-order shape function to map each 
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reference image facet to its displaced location in the next image and the coefficients of the 

shape function are determined by minimising the sum-squared difference between the intensity 

patterns of the two images [72]. In this study, the differences between the pattern exhibited by 

adjacent images of intracellular organelles were determined by defining the preceding image 

in the stack as the reference image whilst correlating each image. 

 

Figure 9: Typical photograph of the area (dimension 29.7 µm x 29.7 µm) outside the nucleus of a stem cell analysed in this 
study. A grid of squared facets (red lines) is superimposed to the original image by the software Istra-4D. Each facet consists 
of a region of the sample exhibiting a unique pattern and can be distinguished from the others facets and tracked over time. 
The DIC software performs the calculation of the displacement for the entire analysed surface analysing the changes in the 
location of facets in consecutive images. 
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CHAPTER 4 

4. Results and discussions  

4.1. Caustics optical signatures of nanoparticles, bacteria and intracellular  

organelles 

Preliminary experiments were performed on gold and bovine serum albumin nanoparticles 

dispersed in ultrapure deionised water. The typical optical signatures generated by 

nanoparticles illuminated with the optical setup are shown in figure 10. The caustics signature 

consists of a central bright spot surrounded by concentric and much fainter diffraction rings 

and is of the order of magnitude of microns, allowing for direct observation even if the size of 

the particle is below the diffraction limit and for tracking of a motion of the nanoparticle in 

real-time without any requirement for fluorescent labelling.  

 

Figure 10: Photograph of a caustic in deionised water generated by: (a) 50 nm gold nanoparticle; (b) 45 nm 

BSA nanoparticle. 

The imaging capability of the optical setup used in this study was also tested for Escherichia 

coli bacteria. Figure 11 shows a comparison between the typical optical signature generated 

using the caustics mode and the brightfield mode for an Escherichia coli bacteria adhered to 

the surface. Depending on the specific strain, the growth state and the availability of nutrients, 
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an Escherichia coli bacterium exhibits a variable length, approximately in the range of 1 µm – 

10 µm [73], hence it is possible to visualize them even in brightfield mode. However, the 

caustic mode provides a better definition of the macroscale structure of the bacteria and allows 

the main structural components, namely the membrane, the nucleoids, and the Z-rings to be 

recognised more easily than in brightfield mode.  

 

Figure 11: Photograph of the optical signature generated by an Escherichia coli bacteria taken with the optical 

inverted microscope used in this work set-up for: a) caustics mode; b) brightfield mode. 

To confirm the ability of the caustic technique to generate optical signatures for all of the 

bacteria present in the field of view, consecutives images of the same region of the sample were 

collected by switching from the caustic mode to the fluorescence mode. Figure 12 shows no 

significant differences between the two imaging techniques for visualising the concentration 

of bacteria at a surface. However, the caustics mode allows for a greater depth of field, which 

permits bacteria to be visualised further from the surface of interest and to monitor how they 

approach the surface. 
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Figure 12: Comparison between the same bacteria population imaged with an inverted optical microscope in 

caustics mode (top) and fluorescence mode (bottom). There are no significant differences between the two imaging 

techniques. However, the caustics mode allows for a greater depth of field, which permits bacteria to be visualised 

further from the surface of interest (highlighted by the black arrows) and to monitor how they approach the 

surface. The three bacteria not at the surface have been captured when aligned perpendicularly to the surface 

during their random diffusion, resulting in an almost spherical optical signature. 
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The caustic optical setup was also demonstrated to be able to generate diffraction patterns from 

intracellular organelles in human mesenchymal stem cells (Fig. 13).  

 

Figure 13: Typical photograph of a) optical signatures generated by a population of human mesenchymal stem cells imaged 
with the optical inverted microscope used in this work set-up for caustics mode and b) magnification of the area (dimension 
29.7 µm x 29.7 µm) outside the nucleus analysed in this study.  

The arrangement and variety of intracellular organelles in the cytoplasm does not allow for a 

single – particle tracking analysis. However, the optical signature generated by intracellular 

organelles resembles the optical signature produced by the cross-section of continuous fibre 

reinforced-composite materials, where digital image correlation has proven to be successful in 

characterising fibre dynamics, orientation as well as damage propagation [72, 74].  
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4.2. The influence of inter-particle forces on diffusion at the nanoscale 

The influence of Van der Waals and electrostatic interaction was evaluated by investigating the 

diffusion coefficient exhibited by gold nanoparticles in presence of sodium chloride (NaCl) 

ions in solution. The maximum concentration of NaCl in solution was evaluated by testing the 

aggregation of the nanoparticles in solution by performing an ultraviolet and visible (UV-Vis) 

absorption spectroscopy analysis. High concentrations of NaCl are known to promote the 

aggregation kinetics of nanoparticles in solution because of the reduction of the electrostatic 

repulsion acting between particles [75]. However, the UV-Vis spectroscopy analysis confirmed 

that the majority of nanoparticles in solution were monodispersed for concentration of NaCl 

up to 50 mM, hence this value was chosen as the maximum salt concentration for the single 

nanoparticle tracking analysis (Fig. 14).  

 

Figure 14: Absorption spectra of 50 nm gold nanoparticles (concentration 5 x 108 particles ml-1) dispersed in 

NaCl solutions ranging from 0 to 100 mM. 
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This result is in-line with others reported in the literature for the same nanoparticles and salt 

species [76]. Moreover, the tracking method based on caustics can distinguish between single 

particles and clusters, allowing the tracking of only monodispersed particles in solution [36]. 

The values for the diffusion coefficient of 50 nm gold nanoparticles dispersed in NaCl solutions 

ranging from 0 to 50 mM are shown in Figure 15a.  

 

Figure 15: (a) Experimental diffusion coefficients for 50 nm diameter gold nanoparticles as a function of NaCl solution molarity 
fitted by Hill function (red continuous line); (b) Detail of the diffusion coefficient for 50 nm gold nanoparticle dispersed in 
solutions ranging from 3 mM to 10 mM of NaCl fitted by a square root function (blue dotted line). 

There are no significant differences in the value of diffusion coefficient up to a salt 

concentration of 3 mM, suggesting that the ionic strength of the solution and the number of 

ions electrically bound to the nanoparticles’ surface are not enough to influence the particle 

dynamics. The diffusion values exhibited by these solutions (approximately 5x10-13 m2 s-1) are 

in good agreement with the values found by Coglitore et al. for the diffusion of gold 

nanoparticles in deionised water [5]. At higher levels of NaCl concentrations there is an 

increase in the particle diffusion, which tends to the saturation value of 10-12 m2 s-1. The overall 
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trend of the diffusion coefficient as a function of the molarity of the solution can be effectively 

described by fitting the experimental data obtained with the Hill function, which has been 

widely used to describe experimental phenomena when the relationship between two sets of 

variables seems saturable and nonlinear [77]. In the experimental scenario, this dependence of 

the diffusion dynamics of the nanoparticles on the ionic content of the solution can be explained 

by considering the interaction between the surface of the nanoparticle and the free ions in 

solution. NaCl molecules dissociate in water into its respective cations and anions: 

NaCl 
                       
→        Na+ + Cl−  

When the negatively charged nanoparticles are dispersed in the NaCl solution, Na+ ions start 

to surround the spherical surface of the particles, and the number of ions electrically bound to 

the surface will increase as a function of the molarity of the solution. The density of ions 

surrounding each particle controls directly the magnitude of the electrostatic interactions 

through variations in the Debye length, which is a measure of the electrical double layer 

thickness [78]. According to the DLVO theory, the dominant forces acting at the nanoscale 

between particles are the electrostatic forces and the Van der Waals forces [79]. These two 

forces are independent and opposite in action, i.e. electrostatic forces repel and Van der Waals 

forces attract particles, therefore they can be superimposed to obtain a good approximation of 

the net interaction force between two particles [80]. However, as the particle size and the 

distance between particles decreases, the non-additivity of the forces acting on the 

nanoparticles emerges. In other words, it becomes impossible to decompose the net interaction 

of forces acting between particles into separate additive contributions in order to understand 

the influence of each force independently from the others [81]. Hence, in this study, it was 

decided to investigate the changes in diffusion observed as a result of the action of Van der 

Walls and electrostatic forces together. At a low ionic strength, the Debye length is large 

because of the small concentration of counter ions surrounding the particle and the electrostatic 
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repulsion forces are dominant relative to Van der Waals attraction forces. A higher ionic 

strength causes a more effective shielding of the original charge of the particle and a reduction 

of the Debye length, leading to a decrease in the electrostatic repulsion forces. Hence, the net 

interaction force between particles becomes slightly attractive, because of the constant 

contribution of the Van der Waals forces which are insensitive to the ionic strength. Moreover, 

the resultant net attractive force causes the nanoparticles to be closer to each other, leading to 

an increased magnitude of the Van de Waals forces acting between particles, since they are 

distance dependent. The results demonstrate that these concurrent effects (reduction of 

electrostatic repulsion and increase of Van der Waals attraction) contribute actively to the 

nanoparticle diffusion process before aggregation occurs at higher salt molarity and that there 

is a direct correlation between the variation of the diffusion coefficient of the gold nanoparticles 

and the variation of the Debye length. Figure 15b shows the detail of the increase in the 

diffusion coefficient exhibited by the 50 nm gold nanoparticles dispersed in solutions with 

concentrations between 3 mM to 10 mM NaCl. It can be seen that the increased rate of the 

diffusion of the nanoparticles in this molarity range follows a square root trend, which is exactly 

the inverse of the trend in Debye length as illustrated in figure 16. 
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Figure 16: Debye length trend as a function of NaCl solution molarity calculated from its theoretical equation [75]. 

For concentrations between 0 and 10 mM NaCl, there is a significant reduction in the Debye 

length and hence electrostatic repulsion, leading to a noticeable increase in their diffusion 

through the medium. A further increase in the salt concentration (10 mM to 50 mM NaCl) 

causes an increasingly smaller reduction in the Debye length and the electrostatic repulsion 

forces, therefore the diffusion of the nanoparticles saturates and tends to a maximum value of 

approximately 10-12 m2 s-1.  

The diffusion dynamics of 20 nm and 80 nm diameter gold nanoparticles dispersed in NaCl 

solutions was also evaluated and compared with the diffusion behaviour exhibited by the 50 

nm diameter gold nanoparticles in figure 17. 
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Figure 17: Experimental diffusion coefficients for 20 nm, 50 nm and 80 nm diameter gold nanoparticles as 

function of NaCl solution molarity. 

Both the 20 nm, 50 nm and 80 nm diameter nanoparticles exhibit comparable initial (between 

0 and 3 mM of NaCl) and final (between 10 and 50 mM of NaCl) diffusion coefficients, 

demonstrating that, under these test conditions, the diffusion of the nanoparticles was found to 

be independent of particle size. This result is consistent with the experiments performed by 

Coglitore et al. on gold and polystyrene nanoparticles at low concentrations in a simple fluid 

[5]. Moreover, this size-independence can be also related to the nature of the forces acting on 

the nanoparticles. Van der Waals and electrostatic forces both scale linearly with the particle 

radius, suggesting that an increase or decrease of particle size causes a comparable change to 

both these competing forces [82].  
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4.3. Settling dynamics of nanoparticles in simple and biological fluids 

4.3.1. Effect of size on the settling dynamics of nanoparticles 

The analysis of the dynamics of nanoparticles in solution was moved to the three-dimensional 

domain by investigating the settling dynamics of gold nanoparticles in solution. Figure 18 

shows the effect of nanoparticle size on the concentration of nanoparticles settled and the 

relative time needed to reach equilibrium between the sedimentation and diffusion processes.  

 

Figure 18: Experimental settling time (black squares and left axis) and percentage of nanoparticles settled at the 

equilibrium (red circles and right axis) as a function of nanoparticle diameter. 

Larger particles tend to reach the equilibrium faster with a higher concentration of particles 

transported to the bottom of the solution, but all the particles tested exhibited a non-negligible 

deviation between the administered dose and the target dose at the equilibrium. Consider, for 

example, the smallest size tested, approximately 50% of the 60 nm nanoparticles in solution 

settled and migrated towards the bottom of the solution, meaning that the target dose was at 
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least 1.5x the initial administered dose. The reliability of the classical Mason–Weaver equation 

in describing the concentration profile of the nanoparticles in solution over time was assessed 

by plotting the concentration of not-settled nanoparticles together with the Mason-Weaver 

predictions (Fig. 19).  

 

Figure 19: Measured concentration (symbols) of not-settled negatively-charged gold nanoparticles as a 

function of time in water at 23°C together with predictions (lines) from the Mason–Weaver model. 

As expected, the Mason–Weaver equation, with the Stokes-Einstein diffusion coefficient and 

Stokes sedimentation velocity, is not able to accurately predict the experimental results. The 

theoretical upward diffusion flux, which opposes the downward sedimentation flux of 

nanoparticles, is higher than the experimental one, leading to an overestimation of the 

concentration of the nanoparticles not settled once equilibrium is attained. The main factor 

affecting the diffusion flux in the Mason–Weaver equation is the diffusion coefficient 

evaluated using the Stokes – Einstein equation, already proven to overestimate the diffusion 

coefficient for nanoparticles in simple fluid at our experimental concentration [5]. Another 
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limitation of the model is the assumption that the sedimentation velocity and diffusion 

coefficient exhibited by the particles in solution is constant with time, without taking into 

account that the concentration gradient formed once equilibrium is achieved can directly affect 

the sedimentation and diffusion behaviour of the nanoparticles. Ganguly and Chakraborty [83] 

demonstrated that the sedimentation velocity decreases as a function of the concentration 

because of the increased magnitude of the hydrodynamic interactions between particles. Kourki 

and Famili [84] observed the same decreasing trend of sedimentation velocity when 

investigating the sedimentation of silica nanoparticles. Coglitore et al. [5] explained the low 

values of diffusion coefficient obtained from experiments by considering that, at low 

concentrations, nanoparticle motion is almost entirely controlled by the diffusive regime of the 

fluid molecules and the particle-particle interaction can be neglected. An extensive number of 

studies have demonstrated that the diffusion of fluid molecules, such as water, does not satisfy 

the assumptions underlying the Stokes – Einstein relationship and is better described by a 

fractional relationship [15, 85]. On the other hand, Koening et al. [86] reported a higher 

diffusion coefficient (of the same order of magnitude as the Stokes – Einstein prediction) using 

the same nanoparticles and solution but with a higher particle concentration. Holmberg et al. 

found using a dynamic light scattering technique that the diffusion coefficient of titanium 

dioxide nanoparticles is dependent on the mass concentration of particles in solution [6]. 

Considering this evidence, it is reasonable to conclude that the concentration of nanoparticles 

directly affects their diffusion and sedimentation behaviour through particle-particle 

interactions. In this test scenario, at the beginning of the experiment, nanoparticles are 

homogeneously monodispersed at low concentrations, so that particle-particle interactions are 

negligible and do not affect the sedimentation velocity while the diffusion coefficient is smaller 

than the theoretical one and mainly regulated by the fluid molecules. Once a concentration 

gradient forms in the solution, particle interactions start to influence the dynamics of the 
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nanoparticles above the settling zone, leading to a decrease in sedimentation velocity and an 

increase in the diffusion coefficient. Another factor to take into account is the viscosity of the 

medium which can potentially influence both the diffusion and sedimentation behaviour of 

nanoparticles. However, experimental and theoretical observations have demonstrated that the 

presence of nanoparticles at low concentrations does not significantly affect the viscosity of 

the fluid [5].  

A modified Mason–Weaver theoretical model has been developed to overcome the limitations 

of the classical Mason–Weaver equation, taking into account the experimental evidence and 

physical hypotheses discussed above. The distinctive feature of the model proposed in this 

study is the dependence of the diffusion coefficient on the local concentration of the 

nanoparticles: 

𝜕𝑛(𝑧, 𝑡)

𝜕𝑡
=
𝜕

𝜕𝑧
(𝐷(𝑛(𝑧, 𝑡))

𝜕𝑛(𝑧, 𝑡)

𝜕𝑧
) − 𝑉

𝜕𝑛(𝑧, 𝑡)

𝜕𝑧
                                                                                      (10) 

where D(n) is the diffusion coefficient as a function of the normalised local concentration of 

the nanoparticles n: 

𝐷(𝑛) = 𝐷𝑒𝑥𝑝 +
(𝐷𝑆𝑡𝐸𝑖𝑛 − 𝐷𝑒𝑥𝑝)𝑛

𝑘

𝑛50
𝑘 + 𝑛𝑘

                                                                                                               (11) 

where Dexp = 5 x 10-13 m2 s-1 is the experimental value of the diffusion coefficient measured at 

a low concentration of nanoparticles in solution at 23°C and DStEin is the diffusion coefficient 

according to Stokes – Einstein equation [12]. The transition between the diffusion coefficient 

at low concentrations and the value from the Stokes – Einstein relationship is regulated by the 

experimental fitting parameters n50 = 1.5 and k = 30, representing the normalised nanoparticle 

relative concentration at which the transition happens and the slope of the transition 

respectively. The modified version of the Mason – Weaver equation is used in this thesis to 

theoretically predict only the settling dynamics of nanoparticles in solutions at 23°C because 
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of the lack of data concerning the experimental diffusion coefficient exhibited by nanoparticles 

in solution at higher temperatures. 

The appendix contains all the details about the derivation of equation 10 from equation 7 

assuming the diffusion coefficient is a function of the local concentration of the particles.  

The modified version of the model is able to predict the experimental data more accurately than 

the classical Mason–Weaver model and can be used to simulate the settling dynamics and 

estimate the nanoparticle concentration over time (Fig. 20).  

 

Figure 20: Measured concentration (symbols) of not-settled negatively-charged gold nanoparticles as a function 

of time in water at 23°C together with predictions (lines) from the proposed modified Mason–Weaver model. 

The comparison between the accuracy of the classical and modified Mason-Weaver model 

demonstrates that the ability of the two models in predicting experimental data diverges as the 

size of the particles decreases (Fig. 21).  
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Figure 21: Difference between the concentration of not-settled nanoparticles at equilibrium as measured 

experimentally and calculated with the original and modified version of the Mason – Weaver equation. 

For the 60 nm nanoparticles, the Mason – Weaver classical model overestimates the 

concentration of the nanoparticles not settled by about 30% with respect to the experimental 

data, while the modified version of the model has an error of less than 5% in predicting the 

same quantity.  On the other hand, at the maximum particle size tested, the performance of the 

two models is comparable. This evidence further supports the hypothesis about the role of the 

diffusion of nanoparticles in driving their settling dynamics. As the size of nanoparticles 

increases, the experimental diffusion coefficient has been found to be progressively better 

approximated by the Stokes-Einstein equation even at low concentrations [5]. Moreover, as the 

size of the nanoparticles increases, the sedimentation dynamics becomes the dominant factor 

regulating the overall dynamics, making the contribution from diffusion negligible. 
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4.3.2. The role of colloidal stability on the settling dynamics of    

nanoparticles  

The effect of temperature on the settling dynamics was evaluated by testing 100 nm diameter 

negatively-charged gold nanoparticles in water at 23 °C and at the biologically-relevant 

temperature of 37 °C (Fig. 22a).  

 

Figure 22: (a) Concentration of not-settled negatively-charged 100 nm diameter gold nanoparticles in water at 

23°C (black squares) and 37°C (red rhombus) over time together with predictions (lines) from the proposed 

modified Mason–Weaver model, and inset (b) UV-Visible absorption spectra of nanoparticle solutions at the 

beginning of the experiment (blue line) and after 240 minutes for solutions kept at 23°C (black line) and at 37°C 

(red line). 

The results obtained demonstrate that at 37 °C the sedimentation velocity increased and that 

the solution reached the sedimentation–diffusion equilibrium 30 minutes before the same 

solution at 23°C. The higher temperature directly influences the aggregation kinetics of gold 

nanoparticles, enhancing their aggregation rate in solution [87]. Colloidal stability has been 

reported as one of the primary factors affecting the sedimentation–diffusion equilibrium of the 
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nanoparticles [88]. The UV-Visible spectra of the solutions kept at constant temperatures of 

23°C and 37°C confirmed the increase in the aggregation and sedimentation rate of 

nanoparticles in solution with temperature (Fig. 22b). At higher temperatures aggregates of 

particles form at an increased rate and sediment faster than monodispersed nanoparticles in 

solution due to their larger mass. The nanoparticle solution kept at 37 °C exhibited a more 

evident depletion of the primary absorbance peak and a higher secondary absorbance peak 

when compared with the same solution kept at 23°C. The depletion of the primary absorbance 

peak has been extensively reported as an indication of the reduced number of monodispersed 

nanoparticles in solution [89-90]. The depletion is caused by the particles and agglomerates 

precipitating to the bottom of the solution, outside of the scanning range of the 

spectrophotometer laser. The secondary absorption peak is likely to have been generated by 

clusters of nanoparticles formed in the solution and not yet part of the sediment. At the early 

stage of the aggregation process, nanoparticles have been reported to aggregate and assemble 

into specific structures, like dimers, trimers tetramers, etc. [87]. Hence, these early-stage 

aggregation structures are likely to scatter light at longer wavelengths until they become part 

of the sediment at the bottom of the solution. Gold nanoparticles with ill-defined spherical 

geometry (like rods and stars) have been reported to exhibit their main absorption peak at 

wavelengths comparable with the wavelengths of our secondary absorption peak [91-92].  

The comparison between the sedimentation–diffusion behaviour of oppositely charged 100 nm 

gold nanoparticles in water at 23°C is shown in figure 23.  
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Figure 23: (a) Concentration of not-settled negatively charged (black squares) and positively-charged (red 

circles) 100 nm diameter gold nanoparticles in water at 23°C together with predictions (lines) from the proposed 

modified Mason–Weaver model, and inset (b) UV-Visible absorption spectra of positively-charged nanoparticle 

solutions at the beginning of the experiment (black line) and after 240 minutes for solutions kept at 23°C (red 

line). 

There is no apparent difference between the sedimentation rate exhibited by these two types of 

nanoparticles; but positively charged nanoparticles exhibit a higher concentration of not settled 

particles with respect to their negatively charged counterparts at equilibrium. This behaviour 

can be explained by considering the colloidal stability of the positively charged nanoparticles 

solution used in this investigation. The UV-Visible analysis (Fig. 23b) confirmed the presence 

of fewer aggregates in solution at 23°C after 4h when compared to the solution of negatively 

charged nanoparticles kept at the same temperature for the same time (i.e. no secondary 

absorption peak at longer wavelengths). Hence, more monodispersed particles are free to 

diffuse back into the solution from the sediment leading to a higher concentration of not settled 

nanoparticles at equilibrium. 
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4.3.3. The settling dynamics of nanoparticles in biological solution 

To characterise nanoparticle behaviour in biologically-relevant solutions, the dynamics of 

sedimentation–diffusion equilibrium has been investigated by dispersing 100 nm diameter 

negatively-charged gold nanoparticles in Dulbecco's Modified Eagle Medium (DMEM) with 

10% Fetal Bovine Serum (FBS). This solution was chosen because it is commonly used to 

support the growth of a range of mammalian cells and to understand the concentration of 

nanoparticles delivered at the cellular level.  

Figure 24 shows the absence of significant deviations between the settling dynamics of 

nanoparticles in DMEM with 10%FBS and in water at 23°C and 37°C. This outcome can be 

explained considering the main factors affecting the settling behaviour of nanoparticles, 

namely the inter-particle interactions, the colloidal stability, and the viscosity. A protein corona 

formed on the surface of the particles dispersed in the biological medium prevented 

nanoparticle aggregation that would otherwise be induced by the high content of salts in 

solution and the temperature [76]. The zeta potentials of the particles in the two solutions are 

similar [93-94], meaning that the electrostatic interactions have comparable magnitudes and 

result in no observable differences in the sedimentation profile. Finally, the dynamic viscosity 

of DMEM with 10%FBS has been reported to be only 5% higher than the dynamic viscosity 

of pure water [95], which is not enough to have a significant impact on nanoparticle kinetics 

[5]. 
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Figure 24: (a) Concentration of not-settled negatively-charged 100 nm diameter gold nanoparticles in water 

(black squares) and in DMEM+10%FBS (red circle) as functions of time at 23°C together with predictions (lines) 

from the proposed modified Mason–Weaver model and (b) concentration of the same nanoparticles dispersed in 

the same solutions at 37°C. 
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4.4. Limitations of nanoparticles size characterization by Asymmetric Flow Field‑Flow 

Fractionation coupled with online Dynamic Light Scattering 

 The dependence of the diffusion process on the local concentration of the particles in solution 

has a direct implication when exploring the limitations of the Asymmetric flow field-flow 

fractionation technique coupled with online UV-visible spectrophotometer (UV-Vis) and 

dynamic light scattering (DLS) for characterising gold nanoparticles of a known size of 40 nm 

at a different initial working concentration. The DLS size measurements of the solution of 

nanoparticles eluted by the AF4 as a function of the elution time along with the relative 

coefficients of variation at the various stages of the elution process are shown in figure 25. At 

the higher initial concentration of 1011 particles ml-1, the AF4-DLS-UV system provides an 

accurate sizing of the nanoparticles in suspension returning an average diameter close to the 

nominal one with low coefficients of variation throughout all the zones identified in the 

absorbance distribution curves. The apparent size increase at the beginning and at the end of 

the absorbance curve start to appear for an initial working concentration of 1010 particles ml -1 

and becomes progressively more evident as the initial working concentration of the particles in 

suspension is decreased. At the lowest concentration tested of 109 particles ml -1, the DLS 

returns a noticeable U-shaped distribution for the diameters as a function of the elution time 

and detects an increase in the size of the particles of at least 50% with respect with to the 

nominal size of the particles, even in the region associated with the maximum concentration of 

particles passing through the size detector, i.e. zone 2.  
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Figure 25: Detected diameters of 40 nm gold nanoparticles (data points and left axis) in suspension at different 

concentrations as a function of the elution time and coefficient of variation (columns and right axis) for the three 

absorbance zones identified based on results from AF4-DLS-UV system. 

The dependence of the coefficient of variation on the concentration of particles provides further 

confirmation of the sizing inaccuracy of the AF4-DLS-UV system, both for suspensions at low 

initial concentrations and for suspensions at the beginning and end of the elution process. The 

coefficient of variation quantifies the variability of a set of data by evaluating the level of 

dispersion of a given set of measurements around the mean. A high coefficient of variation 

indicates low reliability and stability of the measurements [96]. In this test scenario, the high 

coefficients of variation exhibited particularly at the beginning and end of the elution process 

by suspensions with particle concentrations up to 1010 particles ml-1 provides evidence of the 

failure of the AF4-DLS-UV system to yield an accurate size characterisation for the population 

of particles in suspension. Similar results can be observed analysing the measurements 

provided by the AF4-DLS-UV system for the suspensions of 60 nm gold nanoparticles 

investigated (Fig. 26). Again, the suspension at the lowest initial concentration of 109 particles 
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ml -1 exhibits a more obvious U-shaped distribution for the diameters and the highest 

coefficient of variation in all the regions of absorbance. For suspensions in this concentration 

range, the average diameter detected by the DLS is at least 35% higher than the nominal 

diameter of nanoparticles in suspension.  

 

Figure 26: Detected diameters of 60 nm gold nanoparticles (data points and left axis) in suspension at different 

concentrations as a function of the elution time and coefficient of variation (columns and right axis) for the three 

absorbance zones identified based on results from AF4-DLS-UV system. 

The concentration–dependence of the sizing ability of the AF4-DLS-UV system demonstrated 

in this study provides further support to the diffusion dynamics-concentration relationship 

found in these investigations and by others in the literature [5-6]. At the beginning and at the 

end of the elution process, the concentration of particles in suspension was progressively lower, 

thus the nanoparticles were likely to exhibit a progressively slower diffusion behaviour 

transitioning from the Stokes - Einstein diffusion regime to the experimental slow diffusion 

regime exhibited by nanoparticles at low concentration [5]. The DLS (being based on the 
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Stokes-Einstein equation) misinterprets the progressive decrease of the diffusion coefficient as 

a result of a progressive increase in the size of nanoparticles in suspension, returning a U-

shaped curve for the diameter as a function of the concentration of particles. The phenomenon 

is further promoted by decreasing the initial concentration of the nanoparticles injected into the 

system. This hypothesis has been confirmed by the Disk Centrifugal Liquid Sedimentation 

(disk-CLS) analysis performed on the same suspension of nanoparticles. In a disk-CLS 

analysis, the diffusion behaviour of nanoparticles is not taken into account and the Stokes 

diameter of particles in suspension is derived from the Stokes sedimentation law. In brief, the 

disc-CLS consists of a rotating disc filled with a liquid density gradient. The gradient typically 

consists of a water–sucrose solution of varying sucrose concentrations. The suspension of 

particles is injected in the centre of the disc. If the density of the particles exceeds the density 

of the gradient, then the rotational motion of the disk causes the particles to move through the 

liquid density gradient toward the edge of the disc, where their transit is detected by a 

photodetector. Depending on their size and density, particles reach the detector at different 

times. The relationship between the particle’s Stokes diameter and the time for the particle to 

reach the detector is given by the Stokes equation [97]. 

 Figure 27 shows that this analysis provided more consistent results between suspensions at 

different concentrations of particles, demonstrating the negligible influence of the 

concentration of particles on the sizing ability of the disk-CLS both for 40 nm and 60 nm 

suspensions, thus demonstrating the theoretical limitations of a DLS-based analysis. 
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Figure 27: Disk-CLS particle size distributions for the (a) 40 nm and (b) 60 nm suspensions of gold nanoparticles 

at different concentrations. The absorbance values have been normalised dividing the original values by the 

relative scale factors shown inset. 
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4.5. Bacteria dynamics and interactions with surfaces 

The mechanisms of bacterial adhesion and biofilm formation have been investigated by 

characterising the dynamics of bacteria interacting with a surface.  Standard glass controls and 

proven anti-microbial benzalkonium chloride (BKC) surfaces were used to investigate the 

range of bacteria-surface interactions. Once a bacterium approaches a surface, the preliminary 

interaction is mainly regulated by electrostatic and hydrodynamic interactions. In this 

experimental scenario, both the bacteria and glass carry a negative surface charge. The outer 

membrane of Escherichia coli is negatively charged due to the dissociation of carboxyl and 

phosphate groups in the peptidoglycan and lipopolysaccharides of cell walls [98], while glass 

is known to acquire a negative charge in contact with aqueous solutions, mainly because of the 

dissociation of the silanol groups [99]:  

SiOH
                       
→       SIO− + H+ 

The resultant repulsive electrostatic force generated by the interaction between the bacteria and 

the surface contrasts with the initial attachment and compels the bacteria to randomly diffuse 

above the surface (Fig. 28a). However, because of the other forces involved (such as Van der 

Waals attractive forces and gravitational forces), bacteria can overcome the electrostatic 

repulsion and attach to the surface. Depending on the surface area of the membrane attached 

to the surface and the resulting dynamics of the bacteria, it is possible to distinguish two types 

of attachment: rotary attachment, when just one extremity of the bacterium adheres to the 

surface and the bacterium exhibits a rotatory motion around the attached pole (Fig. 28b); and 

lateral attachment, when the bacterium adheres to the surface for a portion of its length and the 

bacterium exhibits a translation or sliding (Fig. 28c).  
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Figure 28: Tracks (yellow lines) of the three sections (purple circles) of bacteria experiencing: a) random 

diffusion above the surface; b) rotary attachment; c) lateral attachment. The dynamics of the three bacteria has 

been monitored for approximately 20s. The length of the scale bars is 5 μm. 

The same interaction dynamics was observed in bacteria dispersed both in LB and PBS (Fig. 

S1-S4 in the electronic supplementary material). These types of attachment have been recently 

investigated experimentally using brightfield microscopy by Agladze et al, in an effort to 

characterise the reversible and irreversible attachment of Escherichia coli bacteria. The authors 

concluded that lateral attachment is irreversible and that bacteria experiencing this specific 

http://datacat.liverpool.ac.uk/1506/
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adhesion do not exhibit any movement [100]. However, the results demonstrate that the initial 

attachment is reversible even when it is lateral. Depending on the forces acting on the bacteria, 

the type of attachment can change from rotary to lateral and vice versa (Fig. S5-S10 in the 

electronic supplementary material). Hence, because of the variety of forces and interactions 

involved, the distinction between irreversible and reversible attachment should be made not on 

the basis of the surface area adhered but by considering the timescale of the interaction [101]. 

In this study, it was observed that even bacteria laterally attached to the surface were not 

stationary and were not simply adhered statically to the surface but exhibited a sliding 

movement along the surface. At this stage, bacteria are reported to start secreting extracellular 

polymeric substances (EPS) [47]. The EPS layer, along with the attractive Van der Waal forces 

and membrane pili, strengthened the adhesion and expanded the surface around a bacterium 

which was influenced by its presence, and acted as a nutrient trap facilitating the attachment of 

other bacteria. After as little as 2 hours, two or more bacteria aligned and interacted with each 

other, marking the starting point of the formation of a two-dimensional colony or the first stage 

of a biofilm. Bacteria aligned in a semi-ordered way, trying to minimise the space separating 

them and increasing the contact surface between them (Fig. 29).  

http://datacat.liverpool.ac.uk/1506/
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Figure 29: Escherichia coli bacteria gathering together to start biofilms. 

After 24h, the concentration of bacteria and the size of the biofilm colonies increased 

proportionally to the amount of nutrients in solution (Fig. 30).  
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was noticeable that even when a three-dimensional colony developed, it was still possible to 

recognise the dynamics of the system (Fig. S11-13 in the electronic supplementary material). 

Figure 30: Population of Escherichia coli bacteria dispersed in a) PBS and b) 10% LB in PBS exposed to a 

glass surface for 24h. 

http://datacat.liverpool.ac.uk/1506/
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In fact, even at this stage of the formation of the biofilm, the bacteria were not static but 

continued to dynamically interact with the surface and each other. In contrast, bacteria entering 

into contact with the glass surface coated with BKC just adhered statically to the surface, 

resulting in the absence of any noticeable dynamics over time. (Fig. 31).  

 

Figure 31: Tracks (yellow lines) of the three sections (purple circles) of a bacterium statically attached to the 

BKC surface. The dynamics of the bacterium has been monitored for approximately 20s. The length of the scale 

bars is 5 μm. 

BKC is a cationic surfactant well-known for its antimicrobial properties [102]. Once deposited, 

it confers a positive net charge to the surface, attracting the negative charge of bacteria and 

causing them to suddenly become statically adhered once delivered to the surface (Fig S14-

S16 in the electronic supplementary material). Moreover, BKC is able to denature proteins and 

disrupt the cytoplasmic membrane of bacteria, causing their death [103]. The disruption of the 

membrane was demonstrated by the fluorescence analysis conducted staining bacteria with 

Trypan blue, a dye able to penetrate cells with disrupted membranes [104]. As shown in Figure 

32, bacteria exposed to BKC surface are permeable to trypan blue, meaning that their 

membrane integrity is compromised as a result of the exposure to the antimicrobial agent.  

http://datacat.liverpool.ac.uk/1506/
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Figure 32: Bacteria stained with trypan blue and statically attached to a BKC surface imaged with an inverted 

optical microscope in caustics mode (top) and fluorescence mode (bottom). 

Moreover, the optical signatures generated by several non-viable bacteria were different from 

the ones produced by healthy bacteria adhered to the surface and were not aligned with the 

surface, probably as a result of the degradation of the membrane (Fig. 33).  
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Figure 33: a) Population of dead Escherichia coli bacteria dispersed in PBS and exposed to a glass surface 

treated with BKC for 1h and b) detail of one bacterium not aligned with the surface. 

Even in this case, no noticeable differences can be seen between the behaviour of bacteria in 

PBS and LB. However, BKC is particularly efficient at degrading the type of nutrients in the 

specific LB formulation used in this study, which increased the noise in the images (Fig. 34).  
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Figure 34: Population of dead Escherichia coli bacteria dispersed in a solution of 10% LB in PBS and exposed 

to a glass surface treated with BKC for 1h. BKC degrades the nutrients in solution, increasing the noise in the 

image. However, it is still possible to recognise dead bacteria statically adhered to the surface (highlighted by 

white arrows). 

The images acquired after 24h of bacteria exposure to surface treated with BKC further 

demonstrated the effectiveness of the antimicrobial compound at killing the bacteria on contact. 

Figure 35 shows no growth of the population of bacteria dispersed in PBS and exposed to 

surface treated with BKC and an absence of the formation of a biofilm.  
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Figure 35: Population of dead Escherichia coli bacteria dispersed in a PBS and exposed to a glass surface treated 

with BKC for 24h. 
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4.6. Intracellular organelles dynamics and re-arrangement 

The ability of the imaging techniques based on caustics coupled with DIC analysis to 

characterise the dynamics of the optical pattern generated by intracellular organelles was tested 

by recording video of the area surrounding the nucleus of human mesenchymal stem cells over 

a period of approximately 5 min. During the recording, the state of the cells was perturbed by 

the introduction of ethanol into the cell solution. Figures 36 and 37 show the displacement map 

obtained by tracking the facets over time and the relative velocity vector map respectively.  

 

 

 

 

 

Figure 36: Displacement map of the facets associated with the intracellular organelles of a cell before (t = T1) and after 

(t = T2) the injection of ethanol in solution.  
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Figure 37: Velocity map of the facets associated with the intracellular organelles of a cell before (t = T1) and 

after (t = T2) the injection of ethanol in solution. 

During the first phase of the recording (t = T1), i.e. when cells were not subjected to any 

external stress, the cytoplasmatic dynamics exhibited an overall random pattern. However, 

after the ethanol injection in the solution (t = T2), the overall dynamics of the cytoplasm 

transitioned from random to oriented (from left to right for the specific cell monitored). 

Intracellular organelles dispersed in the cytoplasmatic fluid have been reported to experience 
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random motion [10, 105-106], and these random fluctuations contribute to the spatial 

distribution of key cellular components, such as ribosomes and proteasomes, to facilitate the 

efficient translation and degradation of proteins and the removal of enzyme products from their 

site of synthesis in metabolic reactions (avoiding local concentration effects). The random 

motion internal to the cytoplasm is believed to be caused primarily by a passive thermally-

induced diffusive Brownian process, but a recent work proposed by Guo et al. provided 

evidence that it is a result of active ATP-dependent processes, thus arising from the overall 

cellular activity [54]. ATP-dependent random fluctuating motion has also been observed in 

prokaryotic cells and yeast [107-108]. These results support this speculation, because the 

presence of ethanol in solution caused a noticeable change in the cytoplasmatic dynamics from 

random to directed towards a specific direction. Ethanol has been extensively reported to be 

toxic to cells [109-110] and has been proven to affect cellular processes even at low 

concentration [111-112]. Moreover, ethanol has been reported to trigger apoptotic cell death 

[113-114]. Cells exposed to ethanol exhibited the classical features of apoptosis process, 

namely the change of morphology, the decrease in volume and eventually the detachment from 

the surface (data not shown) [115]. Hence, it is reasonable to assume that the ensemble forces 

from overall cellular activity are likely to influence the overall motion within the cytoplasm 

and that a clear characterisation of intracellular dynamics could thus be a critical readout of the 

state of the cell. This preliminary finding demonstrates the potential of the optical and tracking 

methods used in this study to quantify cytoplasmatic dynamics in real-time and non-invasively, 

paving the way for future investigations of the relationship between the dynamics of 

intracellular organelles and cellular activity. 
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4.7.   Discussion 

The dynamics of metallic and organic particles at the nanoscale is typically investigated either 

with fluorescence microscopy or with indirect measurements (e.g. with dynamic light 

scattering analysis), because of the limited spatial resolution achievable by common light 

microscopy systems. However, the techniques currently in use are not suitable to perform real-

time, non-invasive and direct analyses for an extended timescale. Because of these limitations, 

the dynamics of particles at the nanoscale is still poorly characterised experimentally and 

predicted theoretically with mathematical models developed for particles bigger in size 

dispersed in simple fluids. The optical set-up used in this research project is not subjected to 

the limitations of conventional light and fluorescence microscopy, allowing for the non-

invasive monitoring and quantification of the dynamics of particles at the nanoscale in real-

time for an extended timescale.  

The investigations conducted on the dynamics of nanoparticles aimed to provide a clearer 

characterisation of the two and three – dimensional motion and transport of nanoparticles in 

solution and the forces influencing such dynamics. Concerning the 2-dimensional diffusion 

process of nanoparticles, the contribution of electrochemical interaction forces is typically not 

taken into account when considering the dynamics of nanoparticles in solution, despite this 

kind of interactions have been reported to be dominant at the nanoscale and to regulate a range 

of processes including surface adhesion, friction, and colloid stability [19-20]. The analysis of 

the diffusion process of gold nanoparticles dispersed in solutions with different ionic contents 

confirmed the influence of interaction forces on the dynamics of nanoparticles. All the particles 

tested exhibited an increase in the experimental diffusion coefficient as a function of the 

molarity of the solution, transitioning from the slow diffusion regime for nanoparticles in a 

simple fluid at low concentration (already reported in the literature [5]), to a faster diffusion 

regime of the order of magnitude of the one predicted by the Stokes-Einstein equation.  
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In the same way, the three-dimensional dynamics of nanoparticles and the associated settling 

dynamics is usually neglected, despite knowing the concentration profile of nanoparticles is a 

critical parameter in pharmacological and toxicological applications, when investigating the 

interaction of particles and cells. A decade ago, Wittmaack highlighted that the main 

shortcoming of contemporary nanotoxicological studies is the assumption that nanoparticle 

toxicity can be investigated by applying techniques developed for the risk assessment of 

hazardous chemical substances, dissolved or dispersed in molecular form. However, insoluble 

nanoparticles suspended in liquid media are subjected to gravitational and diffusion forces and 

cannot be assumed to be uniformly distributed in the suspension [116]. Few years later, Krug 

re-interpreted this concept by evidencing the need for the precise quantification of an 

appropriate dose and concentration of nanomaterials interacting with cells [23]. However, the 

majority of the in-vitro nanotoxicological and nano pharmacological investigations are still 

conducted assuming the paradigm of the uniform distribution of the nanoparticles in solution. 

The three-dimensional dynamics of nanoparticles was found to contrast with the current 

assumption of negligibility of the settling dynamics of nanoparticles when subjected to 

Brownian as well as gravitational forces. In fact, the settling analysis performed on gold 

nanoparticles demonstrated that for particles with a diameter bigger than 60 nm, the assumption 

that the initial administered concentration equals the target concentration is misleading and can 

result in a potential under-overestimation of the results obtained. All the particles tested below 

100 nm in diameter reached the sedimentation-diffusion equilibrium in as little as 1 h, with the 

concentration of particles sedimented down at least 1.5x the initial administered concentration. 

The settling dynamics was found to be dependent on the size, colloidal stability, and local 

concentration of particles, thus further confirming the role of interaction forces acting between 

particles to regulate their dynamics.  
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The asymmetric flow field-flow fractionation coupled with online dynamic light scattering 

analysis further supported the dependence of the diffusion dynamics of nanoparticles on their 

concentration in solution. The U-shaped distribution for the diameters detected by the DLS as 

a function of the elution time and of the concentration of particles in suspension is a 

phenomenon that can be found in a significant number of studies in the literature describing 

the application of asymmetric flow field flow fractionation to separate and characterise 

particles of various sizes and materials [64-68]; however, a clear understanding of the factors 

regulating its appearance is still missing. The results obtained demonstrate that this 

phenomenon is enhanced for solution of particles at low concentration, as a consequence of the 

unexpected slow diffusion dynamics exhibited by nanoparticles at low concentration. Dynamic 

light scattering does not consider possible deviation from the classical Stokes-Einstein 

diffusive regime [64], thus it misinterprets the slower diffusion behaviour of nanoparticles as 

a result of the presence of bigger particles in solution, detecting a size increase of at least the 

50% with respect to the nominal diameter in solutions of 40 nm diameter nanoparticles at 

concentration of 109 particles ml-1.  

The ability of the optical set-up based on caustics to perform real-time, non-invasive, and long-

term imaging investigations also provided the potential for the quantitative analysis of the 

mechanism of attachment of bacteria on surfaces and the subsequent formation of a biofilm. 

Typically, investigations of bacteria biofilms and their viability are conducted using 

fluorescence microscopy, so they are subjected to the same limitations discussed for metallic 

nanoparticles. Moreover, little is known about the dynamics of the initial attachment of a 

bacterium to a surface and its ability to form biofilms. Several techniques are available and 

routinely used to evaluate the presence of already formed and developed biofilms, but little is 

known about the preliminary stage of biofilm formation [117]. The imaging analysis of 

Escherichia coli aimed to characterise the mechanism of attachment of bacteria to control and 
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antimicrobial surfaces, to evaluate the efficiency of antimicrobial surfaces on killing bacteria 

and preventing biofilms formation. The results obtained provide evidence for the relationship 

between the dynamics of the bacteria when interacting with a surface and their viability or 

ability to form a biofilm. Once in contact with the antimicrobial surface, the bacteria died as a 

result of the exposure to the antimicrobial agent and statically adhere to the surface. On the 

other hand, bacteria adhered to control surfaces exhibited rotary or laterally dynamics, and 

probably started to secret EPS to favour other bacteria attachment to form a biofilm as 

described in the literature [47]. The 24h analysis confirmed the presence of biofilm 

communities in the bacteria population not exposed to BKC, consisting of a layer of bacteria 

attached to the surface and aligned in a semi-ordered way.  

The capability of the imaging technique used in this study was further investigated for 

eukaryotic cells, aiming to understand the potential of the optical set-up based on caustics 

coupled with digital image correlation on characterising the dynamics internal to the cytoplasm. 

As for bacteria and metallic nanoparticles, there is a lack of non-invasive techniques enabling 

the real-time monitoring of the dynamics of cellular organelles and components. Given the 

crowded nature of the intracellular environment, the targeted tracking of specific components 

or organisms tracking is impractical, unless using fluorescence microscopy [52]. Moreover, the 

dynamic organization of the organelle networks mediates the direct material exchange between 

different compartments and enables them to adapt to internal and external stimuli in serving 

critical cellular functions [118]. Hence analysing the motion and re-arrangement of the entire 

intracellular environment can potentially provide information about the cellular activity. 

Coupling the optical set-up based on caustics with digital image correlation analysis allowed 

the characterisation of the motion of the entire optical pattern generated by intracellular 

organelles of human mesenchymal stem cells over time without the need for fluorescence 

labelling. The digital image correlation analysis was proven to be able to detect the transition 
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from Brownian to oriented motion of the optical signature generated by intracellular organelles 

when exposed to ethanol. The Brownian motion of intracellular organelles has already been 

described in the literature, but the transition to an oriented motion as a result of a chemical 

stimulus external to the cell could potentially reveal the role of the dynamics of intracellular 

organelles as an indicator of cellular processes.    

4.8.   Future works 

4.8.1. Nanoparticles interaction with cells 

Conventional drug delivery systems present a number of critical issues associated with the 

sensitive toxicity, poor specificity, and drug resistance induction, which decrease the 

therapeutic efficiency of the drug systems. Nanocarrier-based delivery platforms typically 

consist of colloidal nanoparticles conjugated with therapeutic active drugs. These 

nanostructured prototypes have enabled effective delivery of active drugs to diseased tissues. 

The use of nanocarriers in drug delivery applications aims to treat a disease effectively 

minimising side effects. However, a clear characterisation and quantification of the interaction 

of nanoparticles with cells in real-time is needed to optimise nanoparticle delivery mechanisms 

to cells and support the translation of such applications to in-vivo environments. The optical 

set-up based on caustics represents a promising technique to perform real-time and non-

invasive monitoring of the nanoparticles - cells interactions over time. A preliminary 

investigation conducted during this PhD demonstrated the possibility to distinguish between 

various cell types and the nanoparticles in solution due to the different optical signatures 

generated, allowing for the direct monitoring and potentially the characterisation of such 

interactions (Fig. 37). 
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Figure 38: 100 nm gold nanoparticles interacting with: (a) stem cell; (b) fibroblasts. Cells are out of focus to 

allow the correct formation of the caustics of the particles. 
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4.8.2. Bacteria and Virus tracking 

The successful monitoring and characterisation of Escherichia coli bacteria interaction with 

surfaces paves the way for a number of investigations involving others strains of bacteria and 

different antimicrobial surfaces. In this study, the attention was focused on Escherichia coli 

bacteria because they are typically used as a reference strain to model bacteria behaviour. 

Preliminary investigations conducted with the optical set-up used in this thesis on 

Pseudomonas aeruginosa bacteria suggested that even this kind of bacteria exhibit a dynamics 

similar to Escherichia coli when interacting with surfaces (Fig. 38).  

 

Figure 39: Tracks (red lines) of the three sections (purple circles) of P. aeruginosa bacteria experiencing: a) 

rotary attachment; b) lateral attachment; c) dead. The dynamics of the three bacteria has been monitored for 

approximately 20s. The length of the scale bars is 5 μm. 
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Pseudomonas aeruginosa is a Gram-negative, rod-shaped, asporogenous, and monoflagellated 

bacterium, known for causing serious infections in immunocompromised patients with cancer 

and patients suffering from severe burns and cystic fibrosis [119]. However, Escherichia coli 

and Pseudomonas aeruginosa cells have similar morphology, and thus are likely to exhibit a 

similar dynamics when interacting with surfaces. An extension of the findings reported in this 

thesis would be the characterisation of the dynamics of bacteria with different morphologies, 

for instance cocci (spherical geometry) or spirochaete (spiral geometry). Moreover, given the 

ability of the optical set-up used to visualise particles at the nanoscale, a potential future 

investigation could involve the monitoring and the characterisation of the dynamics of virus 

particles. Viruses are parasites consisting of genetic material encapsulated in a protein 

membrane with a size typically in the range of 20–200 nm in diameter [120]. Viruses are 

commonly imaged with fluorescence microscopy, but preliminary imaging tests conducted on 

T4 and MS2 bacteriophages demonstrated the possibility to generate optical signatures 

detectable with the optical set-up based on caustics (Fig. 39). This ability allows the label-free 

monitoring of the motion of viruses and their interaction with cells, potentially providing 

information to model their transport in biological systems and to enhance the understanding of 

the penetration mechanism into bacteria and human cells.  
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Figure 40: Photograph of the caustics generated by a) MS2 phage and b) T4 phage. 

 

4.8.3. Characterisation of the intracellular organelles dynamics  

The analysis on the dynamics of intracellular organelles demonstrated the possibility to 

characterise the motion internal to the cytoplasm of human cells. It has been speculated that 

the cytoplasmatic dynamics could be linked with cellular processes, hence a detailed 

characterisation of the factors influencing such dynamics could potentially be used as an early 

indicator of the state of a cell when subjected to external stimuli (e.g. during the 

mechanotransduction process) or when undergoing specific internal processes (e.g. during 

cellular differentiation or duplication).   
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CHAPTER 5 

5. Conclusion 

In this thesis the dynamics of nanoparticles and biological organisms at the micro and nano 

scale have been characterised in a common inverted optical microscope exploiting the optical 

phenomenon of caustics. This research has addressed the need for a real-time, non-invasive 

direct observation and quantification of the dynamics of particles as well as biological 

organisms at the micro and nano scale. The dynamics of nanoparticles in solution has already 

been demonstrated to be one of the primary factors influencing a range of phenomena, such as 

cellular uptake and toxicity, but an empirical characterisation of the mechanisms regulating 

their motion and transport through liquid had not been presented. The two-dimensional 

investigation of the diffusion dynamics of gold nanoparticles in salt solutions provides 

evidence of the influence of electrostatic and Van der Waals forces on the diffusion of gold 

nanoparticles. The effect of these two forces was found to be dominant with respect to other 

factors, such as particle size, which was found to be negligible within the tested range and 

concentration of nanoparticles. These findings highlight the complexity of the diffusion process 

and have potential implications, for example, for understanding and predicting the behaviour 

of nanoparticles dispersed in biological media which typically contain NaCl in solution. On the 

other hand, the three-dimensional investigation of the settling dynamics of nanoparticles 

demonstrated the factors influencing the concentration profile of nanoparticles in solution at 

the sedimentation-diffusion equilibrium and the limitations of the current theoretical model. 

The experimental results demonstrated that nanoparticle size, colloidal stability and solution 

temperature drive the sedimentation-diffusion equilibrium of nanoparticles in solution and that, 

for particles larger than 60 nm in diameter, the target dose differs significantly from the 

administered dose in both water and cell culture medium. This evidence should be taken into 

account when performing in vitro studies using adherent 2D cultures, where the actual 



96 
 

concentration of nanoparticles interacting with cells is needed to characterise and evaluate the 

cellular response. Moreover, the classical Mason – Weaver model was modified following the 

speculation about the dependence of the diffusion coefficient on the local concentration of 

nanoparticle in solution. The new version of the model shows good agreement with 

experimental data and is able to accurately describe the settling dynamics and concentration 

profile of nanoparticles in solution, making it a promising tool for the design of in vitro 

experiments and the study of concentration-response relationships.  

The ability of our optical setup to generate optical signatures from protein particles, allowed 

also for the design of imaging experiments on organisms. The mechanisms of attachment of 

Escherichia coli bacteria have been investigated against control glass surfaces and glass with 

an antimicrobial coating. The results demonstrated that the viability of bacteria and their ability 

to start biofilms can be investigated by evaluating their dynamics and their interactions with 

the surface. Healthy bacteria adhered to the glass control surface and exhibited a detectable 

lateral or rotary motion.  Hence, observation of these behaviours allows for the early 

recognition of the occurrence of a potential biofilm. On the other hand, dead bacteria adhered 

statically to the surfaces treated with BKC, as a result of the attractive electrostatic force and 

of the degradation of their external membrane. These findings not only provide new empirical 

insights into bacteria-surface interactions in real-time, but also have potential implications in 

investigations of the early formation of a biofilm or of the efficiency of an antimicrobial 

coating. 

Finally, the imaging analysis performed on human mesenchymal stem cells demonstrated the 

potential of our optical technique to generate image data containing information about the 

dynamics internal to the cytoplasm. The data acquired was analysed with digital image 

correlation and demonstrated a detectable change in the dynamics of intracellular organelles 
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from random to oriented when the cells were exposed to ethanol. The dynamics of intracellular 

organelles has been suggested to be directly linked with the cellular process and thus 

monitoring and quantifying intracellular interactions and re-arrangement could be critical to 

evaluate cellular physiology and functions. Hence, the caustics optical technique coupled with 

digital image correlation represents a promising tool for future investigations exploring the 

dynamics internal to the cells.  
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6. APPENDIX 

6.1. Derivation of the modified Stokes-Einstein equation 

Following the assumption that the diffusion coefficient, D is not constant but depends on the 

local concentration of the nanoparticles and thus also on the position z and time t, the Mason-

Weaver convection-diffusion differential equation in the form of (7) is not correct and needs 

to be derived supposing a function of the form D(n(z,t)). We can start with Fick’s second law: 

𝜕𝑛(𝑧, 𝑡)

𝜕𝑡
= −

𝜕𝐽(𝑧, 𝑡)

𝜕𝑧
                                                                                                                          (12) 

where 𝐽(𝑧, 𝑡) is the flux of nanoparticles. In our scenario: 

𝐽(𝑧, 𝑡) = 𝐽𝐷(𝑧, 𝑡) + 𝐽𝑆(𝑧, 𝑡)                                                                                                                (13) 

where 𝐽𝐷(𝑧, 𝑡) is the diffusion flux defined by Fick’s first law: 

𝐽𝐷(𝑧, 𝑡) = −𝐷(𝑛(𝑧, 𝑡))
𝜕𝑛(𝑧, 𝑡)

𝜕𝑧
                                                                                                      (14) 

and 𝐽𝑆(𝑧, 𝑡) is the sedimentation flux expressed as: 

𝐽𝑆(𝑧, 𝑡) = 𝑉𝑛(𝑧, 𝑡)                                                                                                                               (15) 

Combining (12) to (15) we get the Mason-Weaver equation with a non-constant diffusion 

coefficient, D: 

𝜕𝑛(𝑧, 𝑡)

𝜕𝑡
=
𝜕

𝜕𝑧
(𝐷(𝑛(𝑧, 𝑡))

𝜕𝑛(𝑧, 𝑡)

𝜕𝑧
) − 𝑉

𝜕𝑛(𝑧, 𝑡)

𝜕𝑧
                                                                       (16) 

To solve it, the z coordinate was first transformed to a non-dimensional form: 

𝑧′ =
𝑧

𝐿
                                                                                                                                                     (17) 

Then equation (16) was solved using the Euler explicit method where the derivatives were 

approximated by finite differences. The space and time domains were uniformly partitioned in 

a mesh. The space step was L/100 so the non-dimensional z = 0.01 and the time step t = 0.4s 
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was chosen to maintain a stable solution of the equation over time.  

The points 𝑛(𝑧𝑗
′, 𝑡𝑢) = 𝑛𝑗

𝑢 represent the numerical approximation of the concentration at the 

space point 𝑧𝑗
′ and time point 𝑡𝑢. The equation (16) after the approximation by finite differences 

becomes: 

𝑛𝑗
𝑢+1 − 𝑛𝑗

𝑢

∆𝑡
=
𝐷(𝑛𝑗+1

𝑢 )(𝑛𝑗+1
𝑢 − 𝑛𝑗

𝑢) − 𝐷(𝑛𝑗
𝑢)(𝑛𝑗

𝑢 − 𝑛𝑗−1
𝑢 )

𝐿2∆𝑧2
−
𝑉(𝑛𝑗+1

𝑢 − 𝑛𝑗
𝑢)

𝐿∆𝑧
                         (18) 

Using this relation and knowing the values of the concentration at time u, we can obtain the 

concentration at time u+1 (computational stencil shown in Fig. 40a): 

𝑛𝑗
𝑢+1 = 𝑛𝑗

𝑢 + ∆𝑡 ( 
𝐷(𝑛𝑗+1

𝑢 )(𝑛𝑗+1
𝑢 − 𝑛𝑗

𝑢) − 𝐷(𝑛𝑗
𝑢)(𝑛𝑗

𝑢 − 𝑛𝑗−1
𝑢 )

𝐿2∆𝑧2
−
𝑉(𝑛𝑗+1

𝑢 − 𝑛𝑗
𝑢)

𝐿∆𝑧
 )           (19) 

To calculate the nanoparticle concentration at the boundaries, we apply the boundary condition 

that there is no particle flux across the top and the bottom of the solution. By combining 

equations (12) and (13) the Mason-Weaver equation is obtained as function of the nanoparticle 

fluxes: 

𝜕𝑛(𝑧, 𝑡)

𝜕𝑡
= −

𝜕

𝜕𝑧
(𝐽𝐷(𝑧, 𝑡) + 𝐽𝑆(𝑧, 𝑡))                                                                                               (20) 

The derivatives in this equation (20) can be approximated by finite differences: 

𝑛𝑗
𝑢+1 − 𝑛𝑗

𝑢

∆𝑡
= −

1

𝐿

𝐽𝐷
′′ − 𝐽𝐷

′

∆𝑧
−
1

𝐿

𝐽𝑆
′′ − 𝐽𝑆

′

∆𝑧
                                                                                            (21) 

where 𝐽𝐷
′′ and 𝐽𝑆

′′are the diffusion and sedimentation fluxes between 𝑛𝑗
𝑢and 𝑛𝑗+1

𝑢 , and 𝐽𝐷
′  and 

𝐽𝑆
′  are the diffusion and sedimentation fluxes between 𝑛𝑗−1

𝑢 and 𝑛𝑗
𝑢. 

At the top boundary, z = L (j = 100), these four fluxes, depicted also in the computational stencil 

(Fig. 40b), are as follows:  

𝐽𝐷
′′

= 0, 𝐽𝐷
′
= −

𝐷(𝑛100
𝑢 )

𝐿

(𝑛100
𝑢 − 𝑛99

𝑢 )

∆𝑧
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𝐽𝑆
′′

= 0, 𝐽𝑆
′
= 𝑉𝑛100

𝑢  

Consequently, the equation (11) at the top boundary takes the form: 

𝑛100
𝑢+1 = 𝑛100

𝑢 + ∆𝑡 (−
𝐷(𝑛100

𝑢 )

𝐿2
(𝑛100
𝑢 − 𝑛99

𝑢 )

∆𝑧2
+
𝑉

𝐿

𝑛100
𝑢

∆𝑧
)                                                            (22) 

Similarly, at the bottom boundary, z = 0 (j = 0), and the four fluxes 𝐽𝐷
′′, 𝐽𝑆

′′, 𝐽𝐷
′ , and 𝐽𝑆

′  (Fig. 40c) 

are as follows:  

𝐽𝐷
′′

= −
𝐷(𝑛1

𝑢)

𝐿

(𝑛1
𝑢 − 𝑛0

𝑢)

∆𝑧
, 𝐽𝐷

′
= 0 

𝐽𝑆
′′

= 𝑉𝑛1
𝑢, 𝐽𝑆

′
= 0 

Consequently, the equation (11) at the bottom boundary becomes: 

𝑛0
𝑢+1 = 𝑛0

𝑢 + ∆𝑡 (
𝐷(𝑛1

𝑢)

𝐿2
(𝑛1
𝑢 − 𝑛0

𝑢)

∆𝑧2
−
𝑉

𝐿

𝑛1
𝑢

∆𝑧
)                                                                              (23) 

The diffusion coefficient D(n) as a function of the normalised local concentration of the 

nanoparticles n can be expressed as: 

𝐷(𝑛) = 𝐷𝑒𝑥𝑝 +
(𝐷𝑆𝑡𝐸𝑖𝑛 − 𝐷𝑒𝑥𝑝)𝑛

𝑘

𝑛50
𝑘 + 𝑛𝑘

                                                                                                (24) 

 

The modified version of the Mason – Weaver equation is used in this paper to theoretically 

predict only the settling dynamics of nanoparticles in solutions at 23°C because of the lack of 

data concerning the experimental diffusion coefficient exhibited by nanoparticles in solution 

at higher temperatures. 
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Figure 41: Computational stencils of the explicit Euler forward method (a) at the top (b) and at the bottom (c) 

with depicted fluxes. 
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