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Abstract

In the present work, an insight into the impact of confinement
imposed by application-relevant poly(ethylene glycol) (PEG) hy-
drogel matrices on the dynamics of passive and active colloids was
presented. By thoroughly characterizing the internal structure of
the hydrogels at the nano and microscale, and by the precise tai-
loring of the porosities of the developed hydrogels, we established
a connection between the microgel dynamics (measured through
particle tracking) and the 3D geometrical confinement imposed
by the porous matrices. To do this, PEG hydrogels with a high
degree of transparency, tunable pore sizes, and volume fractions
achieved through freeze-drying, were employed. Our findings re-
vealed that the hydrogel networks’ porosity is defined by elon-
gated channels with asymmetric sections, where the average size
decreases from approximately 7 to about 2 particle diameters.
The size distribution becomes narrower with an increase in PEG
content in the pre-reaction mixture. As the confinement inten-
sifies, the microgel dynamics undergo a slowdown and transition
from diffusive to sub-diffusive behavior. The observed reduction
in diffusivity aligns with models of diffusion in cylindrical pores
and can be ascribed to hydrodynamic and steric effects, along
with geometric constriction.



Furthermore, the motility of B. subtilis under different degrees
of confinement induced by transparent porous hydrogels was in-
vestigated linking the bacteria’s dynamic behavior at short times
to specific the hydrogel’s porosity and characteristic structural
features. Mean squared displacements (MSDs) reveal a transi-
tion from the run-and-tumble dynamics of unconfined B. sub-
tilis to progressively sub-diffusive motion with increasing confine-
ment. The bacteria’s dynamic behavior at short times is linked to
specific parameters characterizing the hydrogel porosity. Conse-
quently, the median instantaneous velocity of bacteria decreases
and exhibits a narrower distribution, while the reorientation rate
increases and reaches a plateau. By analyzing single trajecto-
ries, we demonstrate that the average dynamic behavior results
from complex displacements, encompassing active, diffusive, and
sub-diffusive segments. In instances of small to moderate con-
finements, the number of active segments decreases, while the
diffusive and sub-diffusive segments increase. The interplay of
sub-diffusion, diffusion, and active motion along the same trajec-
tory is characterized as a hopping and trapping motion. In this
scenario, hopping events correspond to displacements with an
instantaneous velocity surpassing the corresponding mean value
along a trajectory. In contrast to previous observations, the es-
cape from local trapping in B. subtilis occurs not only through
active runs but also via diffusion. Notably, the contribution of
diffusion to escape is maximized at intermediate levels of con-
finement. Over sufficiently extended durations, transport coeffi-
cients, as estimated from experimental MSDs under various de-
grees of confinement, can be predicted using a recently proposed
hopping and trapping model. Lastly, a quantitative relationship
that correlates the median velocity of bacteria under confinement
with that of unconfined bacteria, using the characteristic confine-



ment length of the hydrogel matrix, was proposed.

The present work offers an intriguing aspect is the unusual de-
pendence of the effective diffusion coefficient on the pore volume
fraction, indicating the presence of interactions between micro-
gels and the hydrogel matrix. New insights into bacterial motility
within complex media that simulate natural environments were
reported, holding relevance for critical issues such as biological
retention, water purification, biofilm formation, membrane per-
meation, and bacteria separation. These results underscore the
significance of a thorough characterization of the 3D geometry of
porous networks in comprehending transport properties within
intricate, random porous media.






List of abbreviations

Acronyms

PEG Poly(ethylene glycol)

PEGDA Poly(ethylene glycol) diacrylate
DMP 2’,5’-Dimethylacetophenone
pNIPAM  Poly(N-isopropylacrylamide)

MBA N,N’-Methylenebis(acrylamide)

APS Ammonium persulfate

RhB Rhodamine B

EwWC Equilibrium water content

HD Hydration degree

FWI Free water index

BW1 Bound water index

Cw Free water mass per mass of polymer
Chw Bound water mass per mass of polymer
DSC Differential scanning calorimetry
SAXS Small angle x-ray scattering

SEM Scanning electron microscopy
LSCM Laser scanning confocal microscopy
MSD Mean Square Displacement

TSA Tryptic Soy Agar
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TSB

Greek letters

2 D e

Tryptic Soy Broth

Normalized confinement length
Pore volume fraction

Pore area fraction

Average mesh size

Average reorientation rate
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Chapter 1

Introduction



2 Introduction

1.1 Motivations and aims

Some of the most interesting phenomena, from physics to biol-
ogy, and technological applications from medicine to environmen-
tal science, are associated with the diffusion properties of micro-
metric objects in heterogeneous three-dimensional matrices. For
example, porous matrices are involved in the microfiltration of
undesired particulates to preserve instruments or vehicles; addi-
tionally, the recovery of valuable colloidal material from waste
byproducts is of primary importance in industrial manufactur-
ing. Moreover, the prediction of diffusion behavior of bio-colloids,
such as viruses or bacteria, through soil or tissues has reached a
huge interest in environmental, geological, and medical science.
All of these cases raise the key role of the porous matrix. In
particular, in all these systems the diffusion or active transport
typically observed in bulk is inevitably affected by the confine-
ment imposed by the porous structure and the particle-matrix
interactions. A detailed knowledge of these effects is a key fea-
ture in giving complete insights into a wide range of biological,
chemical, and physical processes that involve hindered transport
Recent approaches to elucidate the effect of confinement on the
transport properties of passive colloids involved quasi-2D confin-
ing networks [1H3]. Two different regimes of motion were ob-
served under 2D confinement: the usual bulk diffusion and a
state in which particles expose sub-diffusive motion as a result
of the confinement within the holes present in the matrix. Fur-
ther studies of colloidal transport within ordered 3D structures
highlighted the linear decrease of diffusivity with the increase of
confinement length and with the decrease of the available free
volume fraction [4-6]. Besides passive colloids, another subject
of great interest whose dynamics have been extensively studied
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in unconfined conditions is micro-swimmers. This class of ac-
tive microscopic objects with the ability to move in a fluid en-
vironment represents the majority of motile bacteria. As is well
known, bacteria are ubiquitous in micro-environments like ani-
mal or plant tissue, soil, and water. Due to this they play a
crucial role in various environments and have a significant im-
pact on fields like health, agriculture, environmental science, and
industrial activities. Bacterial motility is an essential aspect of
their behavior, enabling them to move, interact, and spread in
extremely complex micro-environments. This mobility is often
achieved through specific propelling mechanisms, with the most
common being flagellum-based motion. The number of flagella
and their distribution on the bacterial cell, along with the bacte-
rial morphology (e.g., coccus, bacillus, vibrio), determine various
motility modes and behaviors. One of the most common modes
for micro-swimmers is the so-called run-and-tumble motility that
is characterized by straight-line running, resulting from the syn-
ergistic rotation of bundled flagella, and rapid reorientations in
which bacteria unbundle the flagella allowing a change of direc-
tion. Recent studies have shown the impact that the surround-
ing environment has on bacterial motility with surfaces in the
vicinity of swimming bacteria leading to transient accumulation
or confinement imposed by microfluidic chips inducing a strong
variation of the run-time duration [7}8].

Despite the numerous interesting findings, microfluidic experi-
ments are not well representative of the porous natural media
and are still far from natural conditions where the majority of
the transport phenomena of colloids occur. With the exception
of model systems with extremely regular porosity, the simultane-
ous investigation of the dynamics of colloids or micro-swimmers
and the detailed study of the morphology of the confining net-
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work is difficult to achieve. This is principally because, while the
application-relevant porous matrices are opaque, the study of the
dynamics is usually performed through optical methods, such as
microscopy coupled with particle tracking, or correlation tech-
niques like fluorescence correlation spectroscopy. The opacity,
principally due to the difference in the refraction index between
the porous network and the filler fluid, often limits the clear track-
ing of colloidal probes. Different strategies are adopted to reduce
the reflection or refraction of the light allowing the particle track-
ing of the probes but with the consequent loss of structural and
morphological information of the 3D matrix environment.

The present thesis work is focused on the development of new
poly (ethylene glycol)-based hydrogels with tunable micrometric
porous structure and high transparency degree and the simultane-
ous investigation of the local morphology and the transport prop-
erties of soft colloidal particles and biological micro-swimmers
such as bacteria. Thanks to its biocompatibility, poly(ethylene
glycol) (PEG) is the most diffuse polyether in terms of commer-
cial volumes and biomedical applications [9-12]; it can be eas-
ily implemented in the preparation of hydrogels with a broad
spectrum of physical and chemical properties. In this thesis
work, transparent PEG hydrogels were synthesized by photopoly-
merization of the di-acrylate macromonomer, and the desired
porosity on the micron scale was induced by freeze-drying treat-
ment. In order to link the 3D geometrical confinement of the
porous structure to the resulting dynamics of colloids and micro-
swimmers, a detailed characterization of the internal structure
of the hydrogels was coupled to the simultaneous single-particle
tracking of the objects. The effect of the confinement imposed
by this new class of hydrogels was first explored for thermo-
responsive microgels of pNIPAM. Then, thanks to the high bio-
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compatibility of the developed gels, the motility behavior of Bacil-
lus subtilis bacteria was investigated in different confining condi-
tions.

Transparent hydrogel matrices with tunable micron-scale porosi-
ties allowed the synergic detailed morphological characterization
and the particle tracking technique, giving a better understand-
ing of the confinement effects associated with disordered porous
matrices, both on passive colloids and bacteria.
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1.2 Gels

Gels are defined by the Union of Pure and Applied Chemistry
(IUPAC), as a "nonfluid colloidal network or polymer network
that is expanded throughout its whole volume by a fluid” [13]; in
general, gels are systems made of at least two constituents where
one of these is the macro-molecule (or colloid) that constitutes
the three-dimensional (3D) network by covalent or noncovalent
bondings arranged in the medium of other constituents (fluids).
Thanks to their capacity to absorb a significant amount of solvent
(up to a thousand times the polymer mass itself), gels are de-
scribed as semisolid systems characterized by physical properties
in between those of solid and liquid as a result of the polymeric
chains (or colloidal) network filled by fluid. Polymeric gels have
reached a huge interest over the past decades due to their appli-
cations in biomedicine and pharmacy, as composites for sensors
and electronic devices, in food product development, and in agri-
culture. Polymeric gels reached a high degree of customization,
depending on the constituent polymers, the nature and quantity
of cross-linking, etc., which resulted in the strong diversification
and the precise tuning of their physico-chemical properties, al-
lowing their introduction in the most varied fields of application.
Numerous are their application as porous soft-material for gel-
electrophoresis, size exclusion chromatography, and as polymeric
scaffolds for cell culture; Nevertheless, their application as natural-
like matrices for three-dimensional (3D) confinement has not yet
been studied in detail. Colloidal particle diffusion in 3D matri-
ces is relevant to many fields of science, however, observing both
diffusing systems and the detailed 3D structure of porous envi-
ronments is nowadays still challenging due to media opacity.
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1.2.1 Gelation theories

Gelation theories describe the process of formation of the net-
work that provides solid-like properties to the gels. The devel-
opment of gelation theories through statistical approaches led to
the introduction of three models: the Flory-Stockmayer model
[14], the percolation model [15], and the Cluster-Cluster Aggre-
gation (CCA) model [16]. According to the Flory-Stockmayer
model, gelation occurs when multifunctional molecules form co-
valent bonds with each other, resulting in a network structure.
The model considers the possible formation of covalent bonds be-
tween monomers as a random event with an associated probabil-
ity p. If this probability is small, the system exists in a sol phase,
consisting of polymer chains with finite size (monomers, dimers,
trimers, etc.). However, if the probability p exceeds a critical
threshold value (p,.), a single chain with an infinite spatial exten-
sion, denoted as an "infinite network”, is formed. This situation
corresponds to the gel phase. The accuracy of this model in de-
scribing polymer network gels is limited by the complete absence
of solvent, equal reactivity of all the functional groups involved
in the reactions, the fact that only intermolecular reactions are
allowed, absence of steric hindrance, and the omission of excluded
volume effects by assuming that monomers are point-like objects.
This theory predicts the gelation point and the degree of per-
centage conversion of the monomer into the polymeric network
taking into account the reagents limiting the polymerization re-
action. Due to the steric hindrance, which prevents functional
groups involved from being equally reactive, the effective conver-
sion degree required to reach the critical gelation point is higher
than that expected by the Flory-Stockmayer Theory.

The percolation model described by Zallen and Stauffer consid-
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ers the presence of the solvent and the self and cross interaction
between the solvent molecules (A) and monomers (B). Through
this, four interactions between particles can be defined:

e W, = Solvent-solvent interactions
e W,p = Solvent-polymer interactions

e Wgg = Monomer-monomer van der Waals interactions, with
a weight represented by p

e [ = Bonding energy between monomers, with a weight rep-
resented by 1-p

In this model, the gel phase is defined as the phase where a non-
zero finite fraction of monomers is bonded together via chemical
bonds to form a macroscopic molecule. This indicates the pres-
ence of a connected network structure within the system. In order
to determine the gelation threshold, the pair monomers involved
in the chemical bond must be nearest neighbours and their rela-
tive interaction energy must be equal to -E. Consistent with this
approach, this model can be applied to reactive polymers made
of M monomers.

The Cluster-Cluster Aggregation Model describes how gels form
in colloidal systems. It suggests that, after the primary nucleation
of small clusters or particles, they come together and stick, grad-
ually forming larger clusters. These clusters continue to grow by
incorporating more particles. Eventually, the clusters intercon-
nect, creating a network that spans the system. This percolation
transition marks the gelation point, where the system transforms
into a gel. The interconnected clusters form a three-dimensional
scaffold that traps the solvent or dispersing medium, resulting
in the formation of a gel. This gel network exhibits both solid-
like behaviour (elasticity) and liquid-like behaviour (flow under
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stress), giving gels their characteristic properties.

The polymeric network structure obtained by the model can be
topologically described through three characteristic parameters:
the polymer volume fraction, the molecular weight of the poly-
mer chain between two neighbouring crosslinking points, and the
mesh size (¢). The polymer volume fraction in the swollen state
represents the fraction of the total volume of the gel occupied by
the polymer in its swollen state. This parameter quantifies the
amount of fluid absorbed and can be determined by equilibrium
swelling experiments. The molecular weight of the polymer chain
between two neighboring cross-linking points reflects the length
or size of the polymer segment that is tethered between two cross-
linking sites. The corresponding mesh size or correlation length
defines the spatial arrangement of the polymer network, reflecting
the average distance between adjacent cross-linking points in the
gel network. It determines the size of the "pores” or "meshes”
within the gel, affecting its permeability, swelling behavior, and
responsiveness to external stimuli.
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1.2.2 Classification and types of gels

Gels can be classified in various ways based on different crite-
ria. Based on the nature of the cross-linking as physical and
chemical gels; based on the polymeric network composition as
a homopolymer, copolymer, and interpenetrated; based on the
media in which the polymeric network is dispersed as xerogel,
organogel, and hydrogel; based on the single polymeric network
size as macrogels, microgels, and nanogels.

Physical and Chemical gels

Physical gels are unique materials constituted of polymeric three-
dimensional networks resulting from the non-covalent interactions
between the macromolecular chains. These non-covalent interac-
tions include hydrophobic interactions, electrostatic interactions,
Van der Waals forces, and hydrogen bonds. The relatively weak
nature of these non-covalent interactions, with energies typically
ranging from 1 to 120 kJ/mol, plays a key role in the dynamic
behavior of these gels with cross-links that can be reversibly bro-
ken and reformed, changing their state between solid and liquid
under influence of environmental factors. Almost all physical gels
are thermoreversible; when the temperature is increased beyond
a specific threshold, the supramolecular structure of the gel be-
gins to melt due to the weakening or breaking of the non-covalent
interaction, and the individual polymer molecules disperse back
into the surrounding solvent, returning to a more fluid state. This
transition is reversible, decreasing the temperature below the
threshold value the gel structure can reform as the non-covalent
interactions are reconstituted.

On the other hand, chemical gels are formed by cross-linked poly-
mer networks through covalent bonds. These covalent bonds
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are strong and permanent, with biding energies typically rang-
ing from 200 to 650 kJ/mol. Unlike physical gels, chemical gels
do not exhibit thermoreversibility; once the covalent bonds are
formed, they are not easily broken and reformed. The densely
interconnected network resulting from the cross-linking reaction
gives chemical gels interesting physicochemical properties. In the
last decades, chemical gels have gained increasing interest within
biomedical sciences and across various scientific disciplines; driven
by the growing need for application-relevant soft materials, sev-
eral methods for the preparation of chemical gels have been devel-
oped. Here are some common methods used to obtain chemical
gels:

e Chemical cross-linking involves the establishment of cova-
lent linkages between polymer chains through chemical re-
actions of functional groups.

e Radical polymerization is a technique where low-molecular-
weight monomers, in the presence of a cross-linking agent,
undergo rapid polymerization through the formation of rad-
ical species.

e Condensation typically involves reactions between hydroxyl
or amine groups and carboxylic acids or their derivatives,
leading to the formation of amide bonds in the cross-links.

e Grafting involves the polymerization of a monomer onto the
backbone of a preformed polymer.

Each of these methods offers unique advantages and may be cho-
sen based on the specific requirements of the desired gel and
the compatibility of the method with the intended application.
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Chemical gels are essential in various industries, including ma-
terials science, pharmaceuticals, and biotechnology, where their
covalent and highly structured nature is advantageous.

Chemical cross-linking

Physical crosslinking

/\_ Polymeric chain == == Physical interaction Covalent interaction

Figure 1.1: Schematic illustration of physical and chemical cross-linking in
gels.

Homopolymer, Copolymer, Interpenetrating Polymer Net-
work

Gels can be classified according to the nature of the structural
units involved in the building of the supramolecular network. Ho-
mopolymer gels are formed by a polymeric network derived from a
single species of monomers or macromonomers, which is the only
structural unit that constitutes the 3D structure. Copolymer
networks are formed by two or more different species arranged in
various configurations along the polymeric chain. The monomers
in the polymeric networks can be arranged in a random, block, or
alternating configuration. The different arrangement leads to dif-
ferent properties in the resulting gel, depending on the sequence
of monomers and the distribution of their species. Interpenetrat-
ing Polymer Networks (IPN) are a class of gels constituted by two
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independent cross-linked polymeric networks three-dimensionally
combined to form a unique gel matrix. This dual-network struc-
ture results in unique properties and enhanced performance.
The choice of gel type depends on the desired properties and the
specific requirements of the intended application.

Interpenetrated

H | twork  Copol twork
omopolymer networ opolymer networ| polymer network

_N\_" \_MonomerunitA _~~ “_~ \_Monomer unit B

Figure 1.2: Schematic illustration of homopolymeric, copolymeric, and in-
terpenetrated gel networks.

Xerogels/Cryogels/Aerogels, Organogels, Hydrogels

Gels can be classified on the nature of the fluid or the liquid
phase that constitutes the media where the polymeric network
is swollen. The primary categories of gels are xerogels, cryogels,
aerogels, organogels, and hydrogels . Xerogels, cryogels, and
aerogels present a self-standing polymeric structure completely
expanded in a gas phase and can be differentiated by the drying
method. Xerogels are prepared by the direct evaporation of the
solvent in air-drying, with the increase of the temperature or de-
crease of the pressure. As a result of this process, xerogels have
tiny pore sizes (1-10 nm), and usually less porosity (5-50%) than
cryogels and aerogels . Cryogels are indeed characterized by
their preparation through a process involving freezing and subse-
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quent sublimation of solvent within the gel network [19]. Changes
in the amount of solvent, structural component, cross-linking
amount, and cooling rate play a key role in the distribution of
pore sizes and the morphological and structural properties of the
resulting gel. One critical step in the aerogel production process
is the supercritical drying necessary for the controlled removal of
the solvent; unlike conventional drying methods, a supercritical
fluid is used in this process, typically carbon dioxide, to remove
the solvent from the gel. Supercritical fluids, with their gas-like
properties, allow complete penetration of the polymeric network
and replacement of the solvent without causing it to collapse.
Then, the supercritical fluid is gradually evaporated, leaving a
solid material with a highly porous structure. In the preparation
of aerogels, the polymeric structure is kept unaltered during the
solvent removal leading to a highly porous and low-density mate-
rial with high specific surface area, superior thermal insulation,
and ultra-low sound transmission [20]. Different from xerogels,
cryogels, and aerogels, hydrogels and organogels are characterized
by a supramolecular polymeric structure dispersed in a liquid me-
dia. Based on the nature of the media gels are categorized into
hydrogels, where the continuous phase is water, or organogels
where the media may contain any type of organic solvent or oil.

Macrogels, microgels, and nanogels

Based on the size of the polymer network, gels can be classified
into three classes: macrogels, microgels, and nanogels. Gels with
a single supramolecular polymeric network greater than 1 um
are defined as macrogels, whereas polymer networks of submicron
sizes (from 100 nm to 1 gm) are known as microgels. On the other
hand, gels with network sizes smaller than 100 nm are defined as
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Organogel Hydrogel Xero/Cryo/Aerogels

Organic liquid phase Aqueous liquid phase Gas phase

Figure 1.3: Schematic illustration of homopolymeric, copolymeric, and in-
terpenetrated gel networks.

nanogels . The concentration, and consequently the distance
between the polymer molecules, play a fundamental role in the
formation of the polymer network at different length scales. In
dilute solutions, the greater distance between polymer molecules
promotes intramolecular cross-linking instead of intermolecular
cross-linking. Intramolecular cross-linking occurs within a sin-
gle polymer chain when reactive functional groups or chemical
bonds within the chain link together, thus creating the three-
dimensional structures of a single microgel, or nano gel if the par-
ticle size is above or below 100 nm respectively. Under high poly-
mer concentration conditions, the polymer molecules are closer
together and therefore intermolecular cross-linking is promoted,
leading to the formation of a larger three-dimensional network
of a typical bulk macrogel. Macrogels were already described in
the previous sections. Microgels are micron-sized colloidal par-
ticles formed by a polymer network with unique properties and
interesting applications in many fields of science, including phar-
macy and biotechnology. Microgels are often referred to as hy-
drophilic cross-linked latex which absorbs significant amounts of



16 Introduction

water and possesses a responsive behavior under specific stimuli
and changes in environmental conditions, such as temperature,
ionic strength, light, and pH. Microgels offer several advantages
over other carrier systems such as the precise control of particle
size and shapes, greater colloidal stability, improved responsive
behavior, and a high degree of functional customization. These
abilities make microgels an excellent and versatile system for im-
proved drug delivery with minimized potential side effects. Due
to this several approaches have been developed for the prepara-
tion of microgels and the customization of their properties. They
include photolithographic and micro-molding methods [22,[23],
microfluidics [24], free radical heterogeneous polymerization in
dispersion, precipitation, inverse (mini)emulsion, and inverse mi-
croemulsion [25].
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1.3 Colloids

Colloids are objects typically ranging from nanometer to microm-
eter sizes (traditionally defined as between 1 nm and 10 um),
including a variety of particles such as engineered nanomateri-
als, viruses, bacteria, fine powders, proteins, and finely textured
soil particles like clay. Nowadays we know that colloidal sus-
pensions are extremely widespread in human life, among which
milk is the most popular. Some colloidal systems, such as ”ex-
tremely finely divided gold in a fluid” [26], had been known for
over a century, however, the systematic investigation of these
species began in 1861 through the publications of Thomas Gra-
ham; he identified as colloids those species that were unable to
diffuse across a membrane. The size of these dissolved species
was simply larger than the pore size of the membrane under in-
vestigation. The term ”colloidal material” refers to suspensions
or dispersions rather than solutions because the material is ”sus-
pended” or "dispersed” in the liquid phase. A first distinction of
colloidal systems can be made based on the intrinsic properties
of colloidal species: rigid particles, extremely flexible particles
(also called macromolecules), and supra-molecular systems like
viruses. Clearly, this classification does not have precise param-
eters; a polymeric dispersion can fall into the first or the second
category depending on whether the solvent has poor affinity with
the polymer, leading to its collapse and consequent formation of
a stiff globule, or vice versa has good affinity, resulting in swelling
and softening of the polymeric network. The conventional defi-
nition of colloids has historically relied on their size, but discrep-
ancies in size classifications are evident in the literature, varying
based on the properties of the systems under consideration. Es-
tablishing a precise boundary between colloids and molecules, or
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larger particles, has been a source of contention, particularly in
the biological sciences [27]. Consequently, a more pragmatic ap-
proach involves defining colloids by their properties that impact
transport behavior; Despite larger particles, colloids demonstrate
increased rates of diffusive flux, such as Brownian motion, and
heightened reactivity owing to larger surface areas. They are
also more strongly influenced by short-range surface forces. On
the other hand, colloids follow more deterministic trajectories
than smaller molecules, and their interaction forces, based on the
same fundamental principles governing atom-atom and molecule-
molecule pairings, can be larger and decay more gradually over
distances than those of smaller molecules [28§].
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1.3.1 Passive colloids: Brownian Motion

The colloids identified by Graham are solutions of ”large molecules”
that exhibit Brownian motions, irregular motions generated by
random collisions between solvent molecules with colloidal par-
ticles, consequently, colloidal particles are similar to Brownian
particles. The experimental work of Jean Perrin [29] confirmed
the seminal work of Albert Einstein and Paul Langevin [30] re-
sulting in the formulation of the relationship between the mean
square displacement of Brownian particles and their diffusion co-
efficient:

(Ar?) = 2dDr (1.1)

where the mean squared displacement describes the average
square