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Abstract

Mucosal surfaces are the entry points of pathogens into the animal body and act as the pri-
mary sites of defence against infections. It is a network made of the mucin glycoprotein
molecules. Experiments show that viruses called bacteriophages, that reside in the mucus layer,
undergo subdiffusive motion within mucus. According to the Bacteriophage Adherence to Mu-
cus (BAM) model, this subdiffusion is due to the adherence between the Hoc proteins on the
phage capsid and the glycans on the mucin network. Confirming this hypothesis are experimen-
tal results obtained using a non-adherent phage, which are found to be diffusive within mucus.
However, the details of the interaction between the phage and glycans are unknown. The aim of
our research is to explain the motion of phages within mucus and their interaction with mucus
networks using Brownian dynamics simulations of associative polymers.

We model the polymers as coarse-grained bead-spring chains that have associative groups
(stickers) on them. The phages are modelled as dendrimers, and the mucus layer is a network
of linear polymers. Three types of stickers are implemented in the system, which permit only
network formation and dendrimer-linear chain interactions to occur. The stickers on these poly-
mers are modelled using the Soddemann-Duenweg-Kremer (SDK) potential, the well depth of
which can be varied to change the interaction strength between stickers. The Brownian Dynam-
ics code developed in this research is capable of simulating any number of polymers of arbitrary
architecture in solutions of semidilute concentration with hydrodynamic interactions.

In the first part of the research, semidilute solutions of linear chain polymers were studied
with dendrimers diffusing through them. Though their architectures are different, dendrimers
and linear chains followed the same scaling laws for the radius of gyration and diffusivity as
functions of concentration. Dynamics of dendrimers larger than the correlation length of the
solution exhibited some qualitative similarities with that of nanoparticles in semidilute polymer
solutions. However, they do not follow the scaling law for the diffusivity of nanoparticles as a
function of their size relative to the solution correlation length. Therefore, a new scaling law
for dendrimer diffusivity in semidilute polymer solutions has been proposed.

Next, the static and dynamics of sticky and non-sticky dendrimers in associative polymer net-

works were analysed. The properties of non-sticky dendrimers in the network did not differ from
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Abstract

those in a semidilute solution of linear polymers with no network forming stickers. However,
sticky dendrimers showed some characteristic features due to their adherence to the network.
Analysis of the radius of gyration and internal dendrimer bead densities reveals that the size
of sticky dendrimers increases initially as the concentration of linear chains increases due to
binding to the network, while decreasing with further increase in concentration due to screen-
ing of excluded volume interactions. It was also observed that the mesh size distribution of the
background network is influenced by the presence of dendrimers.

From the mean squared displacement plots, it is clear that sticky dendrimers become subd-
iffusive even when their size is smaller than the mesh size, with a non-Gaussian probability
distribution of displacements. The terminal diffusivity of dendrimers follows theories devel-
oped for nanoparticles in similar environments. The diffusion exponents of dendrimers are also
compared with those of bacteriophages diffusing in mucosal layers (Barr ef al., 2015). Our
simulations, in which sticky dendrimers mimic the behaviour of the phages, show quantitative
agreement with the experimentally observed diffusion exponents for the phages with an appro-

priate choice of simulation parameters.
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Chapter 1
Introduction

The animal body harbours diverse species of microbes, whose population outnumbers the total
number of cells per individual by an order of magnitude (Savage, 1977). The entry points
of these microbes are the respiratory, gastrointestinal and reproductive tracts. The first line of
defence of the body against harmful pathogens is the mucus, which acts as a selective barrier
to large particles (Bustos ef al., 2023). Structurally, mucus is a hydrogel made of mucin gly-
coprotein molecules and has viscoelastic properties (shown in Figure 1.1(a)). It is permeable
to small molecules and microbes and hosts a diverse population of microbes, including viruses.
The most abundant are bacteriophages or phages, which are viruses that infect bacteria. The
phage virus is, in fact, a defence mechanism of the body against the invasion of pathogenic
bacteria. They are a so-called “good virus”! A schematic representation of the mucin network
and a bacteriophage is shown in Figure 1.1(b).

The phages are highly specific to certain strains of bacteria and are capable of infecting almost
all organisms. One of the well-studied strains is the T4 bacteriophage that infects the E.coli
bacteria. The T4 phage infects the E.coli bacteria in the mucosal layer. The longer the phage
stays in the mucus layer, the higher the chances of it encountering the bacteria and infecting it.
A recent study by Barr et al. (2013a) observed the effect of T4 phages in mucus on E.coli
population reduction. They found that the the main reason for the reduction is the adherence
of phages to glycans present on the mucus network. A special class of proteins called the
highly antigenic outer capsid (Hoc) protein present on the phage capsid is responsible for the
adherence of the phage to the glycans of the mucus network. A mutated strain of T4 phage,
called T4Ahoc, which lacked the Hoc protein, resulted in a reduced adherence of the phage
to the mucus network and led to an increased population of E.coli. This study suggests the
increased residence time of phages in the mucus layer due to the adhesion is desirable as a good

defence mechanism against pathogenic bacteria.
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Figure 1.1: (a) Schematic representation of mucin network made of mucin glycoprotein molecules. Im-
age reproduced from Yang et al. (2012), for illustration purposes only, under fair use for research. (b)
Structure of bacteriophage. Image reproduced from Jabrane et al. (2010), for illustration purposes only,
under fair use for research.

Barr et al. (2015) further quantified the motion of T4 and T4Ahoc phages in mucus using particle
tracking experiments. They found that the T4 phage exhibited a subdiffusive motion in mucus,
while the T4Ahoc phage showed a diffusive motion. The Bacteriophage Adherence to Mucus
(BAM) model of immunity proposed by Barr et al. (2015) suggests that phages enter the outer
mucus layers, encounter larger mesh sizes due to the initial low mucin concentration, and as
they move towards the epithelial layer, the mesh size decreases due to increasing concentration,
slowing them down. The adherent phages bind to the glycans present on mucin glycoprotein
using Hoc proteins on its capsid. This adherence causes them to be subdiffusive at critical mucin
concentrations.

A model system that is close to the phage-mucus system is the diffusion of nanoparticles in
polymer solutions and networks, which have been studied extensively in the literature. Diffusion
of nanoparticles in unentangled (Poling-Skutvik et al., 2015) and concentrated (Guo et al.,
2012) polymer solutions show a scaling behaviour of the diffusion coefficient with the particle
diameter and polymer concentration (through the polymer chain correlation length). These
observations have been explained by the theoretical frameworks for nanoparticle diffusion in
complex media (Holyst et al., 2009; Cai et al., 2011; Dell and Schweizer, 2014; Cai et al.,
2015). Recent simulations using a range of model systems have validated these theories as
well (Zhou and Chen, 2009; Chen et al., 2017; Kumar et al., 2019; Cho et al., 2020; Sorichetti
etal.,2021).
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1.1 Research objective

While the BAM model suggests that the subdiffusion of bacteriophages in mucus is due to its
adherence to glycans present on the mucus network, there is no mathematical model of the
underlying physics that explains the subdiffusive behaviour. While there are scaling theories
for the diffusion coefficient of nanoparticles in polymer solutions and networks, there is no
detailed study of the sub-diffusivity aspects, particularly the lowering of intermediate diffusion
exponents and the role of adhesion and mesh size of the network.

A proper understanding of these mechanisms will enable researchers to effectively employ
phages in various applications. Hence, there is a need for a comprehensive study of this system,
which incorporates the interaction between phages and mucus network as well as the viscoelas-

tic nature of the mucus layer.

1.2 Model hypothesis and methodology

We propose to model the phage as a dendrimer and the mucus network as a network of associa-
tive polymers. A dendrimer is a branched polymer with a well-defined architecture. By tuning
the architecture of the dendrimer, we hope to throw light on a gamut of diffusive behaviours
from a flexible polymer to rigid spherical nanoparticles. The dendrimer and associative poly-
mer network are both modelled as a collection of beads connected by springs. The addition
of stickers to the outermost beads on the arms of the dendrimers lets us study the influence of
nanoparticle adhesion to the polymer network.

We intend to use a coarse-grained Brownian Dynamics Simulation (BDS) technique to study the
diffusive motion of dendrimers in semidilute solutions and networks of associative polymers.
BDS is a technique that simulates the motion of particles in a fluid by solving the Langevin
equation in which the inertia of the particles is neglected, and the collective motion of the
solvent molecules is captured by a stochastic term determined by the fluctuation-dissipation

theorem.

1.3 Thesis outline

The chapter-wise breakup of this thesis is as follows: Chapter 2 gives an overview of the ex-
perimental results and theories developed for analysing the dynamics of mesoscopic bodies in
a viscoelastic medium, details of the proposed model and the various systems investigated in
this thesis. Chapter 3 gives the details of the simulation technique and the various interactions
included in the model. In Chapter 4, the different stages of code development and validation

studies conducted at each stage is explained. Chapter 5 contains the results of the study on the
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universal behaviour of a non-sticky dendrimer in a semidilute solution of linear polymers. The
static and dynamic properties of dendrimers in a polymer network are provided in Chapters 6
and 7 respectively. This includes simulations of both sticky and non-sticky dendrimers. We
have also compared our simulations with experimental results of bacteriophages in mucus in

Chapter 7. Chapter 8 contains some concluding remarks and future works.



Chapter 2

Subdiffusion of mesoscopic bodies in

viscoelastic medium

2.1 Bacteriophages in mucus

2.1.1 The mucus

The animal body provides a habitat for a diverse and abundant microbiome, with the mucus
layer being the major entry point of these microbes to host bodies. It is basically a biological
hydrogel that is present in the inner lining of soft organs and tracts, such as the reproductive,
respiratory, and gastrointestinal tracts. The building blocks of the mucus network are the mucin
glycoprotein molecules. A schematic diagram of the mucin network is shown in Figure 1.1(a).
These are macromolecules with each weighing about 10°—10° Da and are responsible for the
viscoelastic properties of the mucus layer. It has a proteinaceous backbone (also called the
apomucin core) which consists of repeated sequences of proline, threonine, and serine (PTS)
domains of variable lengths interspersed by the cysteine-rich regions at the amino and carboxy
terminals (Wagner et al., 2018). The bottle brush-like structure of mucin is due to the O-
glycosylation of the hydroxyl groups on threonine and serine (Barr ef al., 2013b; Bustos et al.,
2023; McShane et al., 2021). Several of these variable, branched glycans extend outward (up
to 5 nm) from the backbone to the surrounding environment of the mucin molecule. Mucin
glycans are rich in sialic acid and sulfate which gives it a negative charge. The cysteine-rich
zones on mucin molecules join via disulfide bonds to form the mucin network as shown in
Figure 1.1(a). Therefore, it is an extensive three-dimensional network of mucin strands (Barr,
2017). There is a constant outward movement of the mucus network from the underlying goblet
cells, where it is produced, towards the lumen. This results in a gradient of mesh sizes within

the network.
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2.1.2 Microbes in the mucus

The mucus layer hosts an extensive and genetically diverse species of microbes, including
transient species, host-specific commensals, potential pathogens, and symbiotic organisms
(Schwiertz, 2016; Altves et al., 2020; Bik, 2009; Barr et al., 2013b). The transport of these
microbes and other molecules through mucus is through size and interaction filtration, thus
making it a selectively permeable barrier (Bustos ef al., 2023). Viruses are the most abundant
among them (Edwards and Rohwer, 2005) and are capable of infecting almost all organisms.
The most prevalent type of virus are the bacterial viruses, also called bacteriophages or phages.
As the name suggests, they infect and replicate within bacteria. Its high specificity to certain
strains of bacteria along with its abundance within mucus suggests that phages are effective
antimicrobials within mucus. The basic structural forms of bacteriophages include the polyhe-
dral head (usually icosahedral) and the filamentous phage (Sanz-Gaitero et al., 2021). The T4
bacteriophage infects the Escherichia coli bacteria by the lytic life cycle (Leiman et al., 2003).
Its head or capsid is decorated with the Hoc protein, along with other proteins (Rao and Black,
2010) as shown in Figure 1.1(b). Each of the Hoc proteins has three immunoglobulin-like (Ig-
like) domains and one non-Ig domain in it (Sathaliyawala et al., 2010).

The presence and abundance of T4 phage in a range of mucosal surfaces were investigated by
Barr et al. (2013a). Using epifluorescence microscopy, the phage-to-bacteria (PBR) ratio within
mucus was found to be 4.4-fold higher than in its surroundings. In vitro studies also showed that
upon treatment of the mucus-producing cells with T4 phage and E. coli, the number of bacterial
cells and the death of underlying cells due to bacterial infection reduced compared to that in
the non-mucus producing cells. Further, this was shown to be due to the adherence of the T4
phage to the mucin glycoprotein molecules which in turn provides immunity against bacterial
infections. It was also confirmed through their experiments that the Ig-like domains found
in the Hoc proteins on phage capsid mediated the adherence mechanism between the phage
and mucus. Ig-like domains are known to play a significant role in recognition and adhesion
processes (Fraser et al., 2007). The homologs of these domains found in the T4 Hoc protein
were found to be structurally similar to a sugar-binding domain in plants which has specific
carbohydrate-binding properties. The T4 phage with Hoc also showed preferential binding to

O-linked glycan residues which are present on mucin glycoproteins.

2.1.3 T4 - mucus interaction

In order to better understand the dynamics of the T4 phage in vivo, Barr et al. (2015) developed
a microfluidic device using poly-dimethylsiloxane. The chip has a microfluidic channel with a

glass microscope slide. The channel and its in and out ports help maintain a constant fluid flow.
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Thus, the chip imitates in vivo conditions with a constant flow across its surface. The human
lung epithelial cells (mucus-producing) were allowed to grow in the channel for seven days.
The interaction between bacteria, phage and mucus was studied using E. coli bacteria, T4 phage
(mucus adherent) and T4Ahoc. T4Ahoc is a normal infective phage devoid of the Hoc protein
on its capsid. It, therefore, cannot adhere to the mucus. The phage media with T4, T4Ahoc
and no phage was supplied to the chips with epithelial cells for 24 hours. It was then perfused
with no-phage media to remove free phages from the mucosal layer. E. coli bacteria were then
introduced into the chip through the input port. Both bacteria and phages were allowed to
grow and replicate. It was observed that T4 and T4Ahoc infected bacteria; however, there was
a significant decrease in the bacterial population in the chip with T4 phage compared to that
in the T4Ahoc and no phage chips. This suggests that the adherence interaction between the
T4 phage and mucus, along with the turnover dynamics of mucus layer is responsible for the

increased antibacterial activity and phage abundance within mucus.

2.1.4 Diffusion of phages in mucus
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Figure 2.1: Experimental results showing the decrease in diffusion coefficient (a) and subdiffusion expo-
nent (b) of bacteriophage in mucus. Image reproduced from Barr et al. (2015), for illustration purposes
only, under fair use for research.

The nature of the motion of phages within mucus was investigated by Barr et al. (2015) by ob-
serving the diffusion of T4 and T4Ahoc in a range of physiologically significant mucin concen-
trations using high-speed multiple particle tracking. Fluorescently tagged phages in mucin so-
lution were observed in concave slides under the microscope, and their trajectories were tracked
manually by recording their diffusion for a span of a few seconds. The ensemble-averaged mean

squared displacement of both phages was calculated using the relation given below:
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MSD(r) = K1 2.1

where K is the effective diffusion constant and « is the diffusion exponent. It was observed
that the effective diffusion constant for both phages decreased with increasing mucin concentra-
tion. At 0% mucin, T4 and T4Ahoc had comparable values of K. But T4 showed a significant
decrease in K compared to T4Ahoc, especially at 0.6% and 1% mucin. This means that T4
exhibited slower diffusion at these concentrations. At 4% mucin, the two phages had similar
diffusion constants (refer to Figure 2.1(a)).

The diffusion exponent @ was extracted from the slopes of the line of best fit to the MSD data.
T4Ahoc showed a diffusive behaviour till 2% mucin after which the value of @ became less than
1 (@ = 0.89 £ 0.02). On the other hand, T4 has a diffusive behaviour like that of T4Ahoc at 0%
mucin, which then becomes subdiffusive with an increase in mucin concentration. « decreased
to a value of 0.89 + 0.02 at 0.6% mucin and @ = 0.82 + 0.01 at 1% mucin. At 4% mucin, both

T4 and T4Ahoc have comparable diffusion exponents.

2.1.5 BAM model
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Figure 2.2: Bacteriophage Adherence to Mucus model predicts the binding interaction between phage
and mucus. Image reproduced from Barr et al. (2013a), for illustration purposes only, under fair use for

research.

Based on their experiments, which confirm the adherence of phages to glycans resulting in
their subdiffusion and the subsequent protection of underlying cells from infection, Barr et al.

(2015) proposed the Bacteriophage Adherence to Mucus Surface (BAM) model of immunity
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(Figure 2.2). According to this model, mucus is produced continuously by the epithelium,
which expands outward towards the lumen. Phages, found abundantly in the mucus layers,
enter mucus and encounter larger mesh sizes due to the initial low mucin concentration due to
which both phages (T4 and T4Ahoc) have similar diffusive properties. As they move towards
the epithelial layer, the mesh size decreases as concentration increases, slowing them down
(diffusivity decreases). The adherent phages bind to the glycans present on mucin glycoprotein
using Hoc proteins on its capsid. The glycan-Hoc interaction is avidity-based and the Hoc
protein binds weakly to multiple glycans. This adherence causes them to be subdiffusive at
critical mucin concentrations. As they move toward the epithelial layer, they get trapped due
to smaller mesh sizes. However, due to the constant mucin network expansion, phages re-
enter the subdiffusive region. The weak binding interaction gives adherent phage enough time
to thoroughly search the mucus layer. This leads to a higher number of bacterial encounters.
The progenies released from the lysis of host cells enter the subdiffusive zone. Hence there
is always a higher chance of phage-host encounter in the subdiffusive region. This was not
observed in the case of T4Ahoc phage due to the absence of the adherence mechanism. With
increasing mucin concentration, the mesh size of the mucin network decreases and becomes
comparable to phage size. At 4%, the mucin network effectively traps both the phages resulting
in subdiffusive motion. This phenomenon is usually observed in viscoelastic fluids like mucus.

Due to the turnover dynamics of mucus, phage and bacteria are sloughed away into the lumen.

2.2 Nanoparticle diffusion

We now review results from the synthetic systems of nanoparticles in polymer matrices which
is the closest to the physiologically significant system discussed above. Due to its applications
in several fields, the diffusion of nanoparticles (NPs) in crowded environments has been stud-
ied extensively. A proper understanding of its interactions with the surroundings is essential
for understanding processes like the transport of cargos through the cytoplasm and network
of microtubules and actin filaments, diffusion of viruses in the extracellular matrix and bio-
logical processes like protein folding (Babayekhorasani et al., 2016; Safi Samghabadi et al.,
2022; Smith et al., 2021; Kumari et al., 2020; Kozer et al., 2007; Zhang et al., 2024). Poly-
mer matrices, both semidilute solution and networks, serve as a model system to mimic the
viscoelastic, heterogeneous and dynamic environments encountered in biological and industrial
contexts, offering a controlled platform to investigate nanoparticle behaviour. The semidilute
polymer solution is a regime that lies between dilute and concentrated solutions, characterised
by overlapping polymer chains but without the formation of a dense, entangled network as in

concentrated solutions. The interplay between nanoparticle size, surface chemistry, polymer ar-
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chitecture and matrix dynamics plays a crucial role in determining the diffusion characteristics
of the nanoparticle (Ge, 2023, 2024).

The diffusivity of probe particles in simple viscous fluids is given by the Stokes-Einstein (SE)
equation, which relates the diffusion coefficient of the particle to the viscous drag it experiences.
In a complex fluid, like a polymer solution or network, the viscoelastic effects of the fluid are
accounted for by the generalised Stokes-Einstein (GSE) equation (Mason and Weitz, 1995;
Squires and Mason, 2010). However, the underlying assumption that the fluid is a continuum
breaks down when the size of the particle is comparable to the characteristic length scales in
the solution like the radius of gyration of the background chains, or the correlation length of
the solution. As a result, the SE and GSE equations fail to describe the dynamics of such tracer
particles (Ye et al., 1998; Mackay et al., 2003; Tuteja et al., 2007; Maldonado-Camargo and
Rinaldi, 2016; Grabowski and Mukhopadhyay, 2014).

It has been observed experimentally that the mobility of nanoparticles decreases with increas-
ing concentration of polymers (Cheng et al., 2002; Omari et al., 2009; Kohli and Mukhopad-
hyay, 2012; Poling-Skutvik et al., 2015; Yang et al., 2020; Slim et al., 2020; Smith et al.,
2021). Anomalous diffusion (subdiffusive) regimes were observed in the mean squared dis-
placement versus time plots (Babayekhorasani et al., 2016; Grabowski and Mukhopadhyay,
2014; Smith et al., 2021) and the probability distribution functions of displacement was of-
ten non-Gaussian (Slim et al., 2020; Smith et al., 2021). Additionally, the terminal diffusivity
showed either stretched exponential (Cheng et al., 2002; Kohli and Mukhopadhyay, 2012) or
power law (Poling-Skutvik et al., 2015; Safi Samghabadi et al., 2022) dependence on the ra-
tio between its size and the correlation length of the solution. Recent advances in chemistry
and biotechnology have led to the development of nanoparticles of desired size and shape.
Some of the commonly used nanoparticles in experiments include gold nanoparticles (Kohli
and Mukhopadhyay, 2012; Kohli et al., 2013; Moncure et al., 2022), polystyrene nanoparti-
cles (Schuster et al., 2013; Rodriguez-Sudrez et al., 2020; Slim et al., 2020), nanorods (Molaei
et al., 2018; Poling-Skutvik et al., 2018; Gratz and Tschope, 2019) and silica nanoparticles (You
and Yu, 2019; Yang et al., 2020). Similarly, the development of various types of polymer ma-
trices with tunable stereochemistry, architecture and interactions along with the advancement
of experimental techniques in scattering and microscopy has led to an explosion of research in
this field.

The dynamics of nanoparticles in polymers have also been investigated using molecular sim-
ulations. Nanoparticles are usually modelled as a single rigid particle with a smooth sur-
face (Sorichetti et al., 2021; Chen et al., 2017) or as a cluster of similar beads (Wang et al.,
2021; Karim et al., 2016). For the polymer matrix, the popular coarse-grained bead-spring

10
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chain models are used which accounts for the covalent backbone of a polymer as well as the
weak inter-chain interactions.

To elucidate the observed characteristics of nanoparticle diffusion, analytical frameworks have
been proposed, which can be broadly categorized into two classes: those addressing nanoparti-

cles in semidilute polymer solutions and those examining nanoparticles in polymer networks.

2.2.1 Nanoparticle motion in semidilute polymer solutions

Over the years, various theoretical models have been developed to describe nanoparticle dy-
namics in semidilute polymer solutions. Starting from the initial studies that proposed a
stretched exponential dependence of the reduced diffusion coefficient on solution concentration
(Langevin and Rondelez, 1978; Cukier, 1984; Altenberger and Tirrell, 1984), efforts have been
made to include a range of probe sizes, dynamics of the background chains and the coupling
between the dynamics of nanoparticle and polymer chains. Two major recent theories explain
the mobility of nanoparticles in semidilute polymer solutions: the Holyst model (Holyst et al.,
2009; Kalwarczyk et al., 2015) and the coupling theory (Cai et al., 2011). The former predicts
a stretched exponential dependence of the nanoparticle terminal diffusivity on the ratio between
an effective nanoparticle size to the correlation length (¢) of the semidilute solution (defined

subsequently in equation 3.10) given by

o =oler( )|
where R? = R;? + R\, with Ry being the hydrodynamic radius of the polymer and R is the
radius of the nanoparticle. y(y > 0) and a(a > 0) are system-dependent parameters and are
reported in terms of an effective excess diffusion energy, AE, = y (Reg/£)”, compared to that in
pure solvent.

The coupling theory (Cai et al., 2011) proposes a power law dependence for the terminal dif-
fusivity, scaling as dyp/&72, where dyp is the diameter of the nanoparticle. The coupling theory
also attempts to explain the observed subdiffusion of nanoparticles and predicts a constant ex-

ponent of 0.5 at intermediate times. Further details of these models are discussed in Chapter 5.

2.2.2 Nanoparticle motion in polymer networks

Similar to nanoparticle motion in polymer solutions, two major analytical theories predict the
dynamics of nanoparticles within permanently crosslinked polymer networks. Both highlight
the importance of the confinement parameter, C = dyp/&, where £ is the mesh size of the net-

work which is equivalent to the correlation length in semidilute solutions. The first theory (Cai

11
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et al., 2015) describes the diffusion of non-sticky hard spheres, predicting that nanoparticles

larger than the mesh size experience ballistic motion initially, followed by subdiffusion and

eventual trapping in polymer cages. At longer timescales, mobility arises through a hopping

mechanism, governed by thermal fluctuations of the network strands, with the diffusivity scal-

ing as

exp(—C?)
C

where 7, is the Rouse relaxation time of a network strand a, defined as a, ~ bN ;/ 2, b is the

Dhop = (£2/75) (2.3)

Kuhn length and N, is the number of monomers between two adjacent crosslinks.
The second framework incorporates the attractive interactions between nanoparticles and the
network, proposing a critical confinement parameter, C., beyond which hopping dominates

nanoparticle mobility. The diffusivity in this regime is expressed as

Dx ~ Ay /7y, (2.4)

where A, represents the mean jump length and 7, is the mean hopping time. Despite differences
in their predictions, both theories provide a comprehensive understanding of nanoparticle dy-
namics, validated through simulation studies (Sorichetti et al., 2021). Further details of these
models are discussed in Chapter 7.

Due to the significance of tracer transport in various fields, numerous simulation studies have
been conducted to understand the effect of matrix parameters on solute diffusion. Early models
represented the network as an array of fixed obstacles (Netz and Dorfmiiller, 1997), while recent
ones have incorporated aspects such as network connectivity, flexibility (Kumar e? al., 2019),
disorder and polydispersity (Sorichetti et al., 2021) in their models. Most of these models
place crosslinks at the vertices of a regular lattice (Lu and Hu, 2021) or connect them via
springs (Zhou and Chen, 2009), thereby neglecting the effect of strands connecting crosslinks,
like entanglement and strand dynamics. Moreover, real hydrogels are polydisperse systems
with disorder. Recent simulation studies have accounted for these factors and compared them
with theoretical predictions (Kamerlin and Elvingson, 2016; Cho et al., 2020; Sorichetti et al.,
2021).

2.2.3 Polymer topology and stiffness

A key factor affecting nanoparticle dynamics is the topology of the background polymers. Stud-
ies have explored the impact of non-concatenated ring polymers versus linear chains as the
polymer matrix. Based on the scaling predictions by Cai et al. (2011) for nanoparticles in

linear polymer matrices, a theory was developed for ring polymer melts according to which,
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the behaviour of nanoparticles larger than the characteristic length scales in ring polymer melts
demonstrate qualitative agreement with that in linear polymers (Ge et al., 2017). They exhibit
subdiffusion at intermediate times, with the subdiffusion exponent larger than that observed in
linear chains. The fact that the mobility of nanoparticles is less hindered in ring polymers due
to the absence of an entangled network is reflected in their terminal diffusivities. Another com-
putational study observed that nanoparticle dynamics in semidilute solutions of linear chains
are comparable to those in ring polymer solutions (Chen et al., 2021). The stiffness of the back-
ground polymers is also a significant factor influencing nanoparticle dynamics. Chain stiffness
is typically implemented by adding a bending potential between adjacent bonds on a chain.
Both in a semidilute solution (Chen et al., 2019) and a network (Xu et al., 2021; Kumar et al.,
2019), semiflexibility increases the polymer relaxation time, which leads to a stronger subdif-
fusion of the nanoparticle due to trapping. The terminal diffusivity deviates from the expected

scaling laws for flexible chains (Chen ef al., 2021; Kumar et al., 2019).

2.2.4 Topology of nanoparticles

Over the years, researchers have also explored varying nanoparticle topologies, ranging from
tethered nanoparticles (also referred to as hairy colloids) to nanorods, each exhibiting distinct
diffusion dynamics. For tethered nanoparticles in polymer melts, the dynamics are governed pri-
marily by the number and length of tethered or grafted chains. This system has been analysed
based on scaling theory (Ge and Rubinstein, 2019), and computational studies (Ge et al., 2020)
have validated this model. According to Ge et al. (2020), three distinct regimes exist: Regime
I in which the terminal diffusion of loosely tethered particles is governed by the nanoparticle
and there exists no hydrodynamic coupling between the tethered chains. Regime II, where
chain-dominated diffusion arises as the tethered chain friction exceeds the nanoparticle fric-
tion. However, there is no hydrodynamic coupling between the tethered chains. Regime III is
characterised by a non-draining layer around the nanoparticle due to hydrodynamic coupling be-
tween tethered chain segments, and diffusion is dominated by these chains. Notably, simulations
have also identified the presence of two subdiffusive regimes in the MSD of loosely tethered
nanoparticles in the tail-dominated regimes: the first is similar to that of the bare nanoparticle
dynamics, and the second one is due to the participation of the particle in the dynamics of the
tethered chains. Experimentally, Poling-Skutvik ef al. (2019) used X-ray photon correlation
spectroscopy to measure the diffusivity of polystyrene grafted silica nanoparticles in semidilute
solutions of polystyrene, finding that normalized diffusivity data for various grafted nanoparti-
cles could be collapsed onto a master curve when scaled by the ratio of free to grafted polymer
molecular weights. Additionally, both simulations and experiments have examined the impact

of shape anisotropy of the probe particle on its diffusivity, which includes nanorods in entan-
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gled and unentangled polymer melts (Wang et al., 2021; Choi et al., 2015) and filamentous viral

particles in polymer solutions (Smith et al., 2021).

2.2.5 Attractive nanoparticles

In the studies discussed thus far, the nanoparticle interactions with the polymer matrix were
predominantly repulsive. There has been increasing interest over the past few years in nanopar-
ticles that have attractive interactions with polymers, referred to as sticky nanoparticles (Carroll
et al., 2018; Yamamoto et al., 2018; Bailey et al., 2019). A theoretical framework developed
by Yamamoto et al. (2018) suggests that the attraction between the nanoparticle and matrix
polymers causes the latter to be adsorbed onto the nanoparticle surface. The mechanism of
movement depends on the relative size of the nanoparticle to the size of the matrix polymers.
Specifically, "core-shell" diffusion occurs when the nanoparticle and the adsorbed shell of poly-
mers diffuse as a single entity and its size is more than the matrix polymers. A "vehicular”
diffusion occurs when the nanoparticle (NP) uses the adsorption layer as a carrier for its move-
ment and is expected when the matrix polymers are larger than the nanoparticles. The latter
process is dependent on the desorption time. This theory has been evaluated in the case of small
attractive octa(aminophenyl) polyhedral oligomeric silsesquioxane (OAPS) NPs (Carroll et al.,
2018; Bailey et al., 2019). Recent simulations also highlight the role of the strength of the NP-
polymer interaction on the dynamics of NPs in a network. The higher the interaction strength,
the slower the mobility and stronger the subdiffusion of NPs (Kumar et al., 2019). It should be
noted that the Lennard-Jones potential has frequently been used to model nanoparticle-polymer
attraction in computational studies. Both the analytical theories (Cai ef al., 2015; Dell and
Schweizer, 2014) discussed above for the terminal diffusivity of nanoparticles in polymer net-

work have been validated for repulsive and attractive nanoparticles by Sorichetti et al. (2021).

2.3 Research gap

In the experiments of phage diffusion in the mucus layer, it is observed that both T4 and T4Ahoc
phages become subdiffusive at higher concentrations with similar diffusion exponents, owing to
the fact that their size is greater than the mesh size. This holds even in the case of nanoparticles
in polymer matrices with sizes larger than the characteristic length scales of the system. Exist-
ing theories for nanoparticle diffusion in polymer solutions and gels suggest that this observed
subdiffusion is due to the trapping of nanoparticles within the polymer matrix at intermediate
times. Similarly, the diffusion coefficient of phages decreases with increasing mucin concentra-
tion, a trend also seen in nanoparticles within polymer solutions and networks. While the BAM

model, which is a phenomenological model, proposes that the subdiffusion of T4 bacteriophages
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at low mucin concentrations is due to its adherence to glycans present on the mucus network,
the strength of interaction between the Hoc protein on phage capsid and the glycans remain
unclear. Additionally, the role of the mesh size of the mucus network and the exact mechanism
by which phages tune their motion to increase their residence time in the bacteria-rich region
is still unknown. A proper understanding of these mechanisms will enable researchers to effec-
tively employ phages in various applications. Hence, there is a need for a comprehensive study
of this system which incorporates the interaction between phages and mucus network as well as
the viscoelastic nature of the mucus layer.

Theoretical and computational studies have investigated systems of nanoparticles that have both
repulsive and weakly attractive interactions with polymer networks. Specifically, parameters
such as nanoparticle size, surrounding polymer chain lengths, and nanoparticle "stickiness"
have been extensively analysed (Yamamoto et al., 2018). However, to our knowledge, most
research on soft colloids, including tethered nanoparticles and star polymers, has been limited
to the dynamics of these bodies in polymer melts of linear chains, with theoretical models and
simulations providing insights into the mechanisms underlying observed behaviours. There-
fore, it is crucial to analyse soft colloids in crosslinked polymer networks of linear polymers.
Furthermore, the system of sticky soft colloids remains an open area yet to be explored. Among
soft colloids, dendrimers represent a significant category, with star polymers forming the sim-
plest dendrimeric structure. However, the mobility of dendrimers with repulsive and attractive
interactions within semidilute solutions and crosslinked networks of linear polymers is not well
understood. Key aspects such as the influence of dendrimer architecture, the concentration of
the background polymer matrix and interaction strength between the dendrimer and the sur-
rounding matrix are least studied. Apart from this, developing models of phages necessitates
the inclusion of specific attractive interaction sites on the probe particle that interact with the

surrounding network.

2.4 Proposed model

The model employed in this research uses associative linear polymers to simulate the mucus
network and branched polymers (called dendrimers) to simulate phages. Associative polymers
are those that have attractive groups (also called stickers) on them. The mucus layer is modelled
as a network of linear polymers as illustrated in Figure 2.3. The network formation is achieved
by the association of some stickers (red beads) on the linear polymers similar to the Cysteine-
rich domains on the mucin glycoprotein molecule. Our choice of associative polymer network
to model the mucus layer is based on work done previously in the group (Santra et al., 2021;

Robe et al., 2024) where we observed signatures of gelation at interaction strengths of the order
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Figure 2.3: The schematic shows our proposed model for phages in the mucus network. The coloured
beads are the stickers. Left (Image reproduced from Barr ef al. (2015), for illustration purpose only,

under fair use for research.)

of 10kgT and concentrations of the order of the overlap concentration. Parameters like the
concentration, chain length and mesh size of the network can also be easily controlled. The
phages are represented as dendrimers or branched polymers. These are macromolecules, that
have a central core bead with arms extending outwards. The stickers at the ends of the dendrimer
arms (green beads) interact with certain stickers (blue beads) on the linear chains which are
similar to the Hoc-glycan interaction between phage and mucus. The structure of dendrimers
can be varied from being ‘floppy’ to globular by tuning a few parameters, thus enabling us to
model soft colloids as well as nanoparticles. Another advantage of using dendrimers to model
phages is that the number of interaction points (stickers) on their outer surface can easily be
controlled by changing their structure-related parameters. Also, since the monomer beads on
the dendrimers are considered point particles just like those on the background linear chains,
the near-field hydrodynamics can be neglected unlike in the case of hard spheres.

A multi-species Brownian dynamics simulation algorithm has been developed for this purpose
that can simulate polymers with arbitrary architectures and sticky interactions. To model the
network formation and adherence between phage and mucus glycans, we consider three types

of stickers in the system as shown in the inset of Figure 2.3:

1. Type A: These are the network-forming stickers (represented as red beads) and are present
only on the linear chains. They are allowed to stick to each other and are similar to

crosslinkers in experiments.

2. Type B: This type of sticker is interspersed between type A stickers on the linear chain (the
blue beads in Figure 2.3) and represents the glycans on the mucus network. Therefore,

they stick to the stickers on the dendrimers.
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3. Type C: Representing the Hoc proteins on the phage capsid, type C stickers are present
at the ends of the arms of dendrimers (green beads on the dendrimer in the schematic).

They stick to type B stickers on the linear chains

The adherence between the phage and glycans is modelled using the association between stick-
ers B and C. Therefore, we only allow A-A and B-C interactions in the system, while all the
other interactions are prevented (Figure 2.3). By varying the concentration of the background
linear polymers, interaction strength and number of stickers and dendrimer architecture, we aim
to investigate the dynamics of phages under different mucin concentrations.

Discussed in the next section are the set of systems analysed in this research in the order in

which they are reported in the upcoming chapters.

2.5 Heirarchy of problems

The system of a sticky dendrimer in a network of associative linear polymers has several com-
plex interactions. Therefore, it is essential to break it down into a series of systems with in-
creasing complexity. The static and dynamic properties of each of these systems were analysed
and the results are reported in the subsequent chapters of this thesis. The systems considered

are as follows:

1. A non-sticky dendrimer in a semidilute solution of linear polymers: The simplest system
to examine is that of a dendrimer in a semidilute solution of linear homopolymers (Fig-
ure 2.4(a)). Recent studies have increasingly focused on the dynamics of nanoparticles,
typically modelled as hard spheres, in semidilute polymer solutions with well-established
analytical theories for these probe particles validated both experimentally and using sim-
ulations. A thorough analysis of how dendrimers, often referred to as soft colloids, of
low generations behave in semidilute solutions has not been carried out so far. Chapter 5
focuses on the static and dynamic properties of this system and compares it with that of a

nanoparticle.

2. A non-sticky dendrimer in a network of linear polymers: The T4Ahoc phage in the ex-
periments performed by Barr et al. (2015) is a non-adherent version of the T4 phage. In
order to study its dynamics, it is essential to simulate a non-sticky dendrimer in a network
of linear polymers. This means only the type A stickers are present on the linear chains
which are responsible for the formation of a network (Figure 2.4(b)). Stickers of types B
and C are absent. Chapters 6 and 7 discuss the static and dynamic properties of such a
system, respectively, as a function of sticker strength, the distance between stickers and

the concentration of linear chains.
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Figure 2.4: Schematic representation of dendrimers in a solution of linear chains (a), non-sticky dendrimers in a
network (b) and sticky dendrimer in a polymer network (c). The red beads are the network-forming stickers and
the blue beads on the linear chains stick to the green beads on the ends of the dendrimer. The black and brown

beads are backbone monomers.
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2.6  Rheology of associative polymers

3. Sticky dendrimers in a network of linear polymers: According to the BAM model, the
T4 phage in the animal body becomes subdiffusive due to its adherence to the mucus
network. Hence, the next system to probe is that of a sticky dendrimer in a polymer
network. In addition to the network forming stickers, there are stickers of type B (on the
linear chain) and C (on the dendrimer) that only interact with each other (Figure 2.4(c)).
Chapters 6 and 7 discuss the static and dynamic properties of this system as a function
of sticker strength, the distance between stickers and the concentration of linear chains.

Comparison with experiments of T4 phage is also carried out.

The properties of each of these systems are calculated and compared with analytical theories
and experimental results available in the literature for similar systems of nanoparticles, high-
generation dendrimers and polymer-tethered nanoparticles in semidilute polymer solutions and

networks.

2.6 Rheology of associative polymers

The system of phages in the mucus layer is modelled using polymers with attractive groups
on them, hence are called associative polymers (APs). Also referred to as sticky polymers,
these are macromolecules capable of forming reversible physical bonds due to the presence of
attractive groups (or stickers) (Rubinstein and Dobrynin, 1997; Rubinstein and Colby, 2003;
Winnik and Yekta, 1997). These groups might be hydrophobic side groups, charged groups or
functional monomeric units. The properties of associative polymers can be tuned by varying
the number, strength and location of the attractive groups on them. Due to their tunable vis-
coelastic properties and stimuli-responsiveness, APs are used in a wide range of applications
like adhesives, surfactants, rheology modifiers, coatings, absorbents and even in pharmaceuti-
cal delivery systems (Glass et al., 1991; Rossow and Seiffert, 2015; Pancharoen, 2009; Layre
et al., 2009; Cadix et al., 2015; Kostansek, 2006). Based on the arrangement of stickers along
its backbone, associative polymers can be classified into telechelic APs, comb APs and types
of copolymers. Sticker associations in APs are of two types: intra-chain association and inter-
chain association. Intra-chain associations are observed in dilute solutions in which stickers on
the same chain form bonds leading to the formation of loops and micelles. Inter-chain asso-
ciations are usually found at higher concentrations and play a vital role in network formation
(Rubinstein and Dobrynin, 1997). An example of an associative polymer is an ethylene oxide-
urethane copolymer that has alternating sequences of hydrophobic and hydrophilic groups. At
low concentrations, micelle formation takes place with hydrophobic groups forming the core
and the hydrophilic groups forming the corona. As concentration increases, micelles join to

form clusters and subsequently, a gel is formed.
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Recent advances in the field of simulations of associative polymers have significantly enhanced
the understanding of their complex behaviour. Computational approaches have progressed with
the incorporation of multi-scale methods to capture both short-range molecular interactions and
large-scale material behaviour. Molecular dynamics (MD) and Brownian dynamics (BD) sim-
ulations have been particularly useful in studying the phase behaviour, gelation and network
formation kinetics, enabling the prediction of macroscopic properties like viscosity and elastic-
ity in associative polymeric networks (Jiang et al., 2021; Castillo-Tejas et al., 2016, 2017; Xia
and Olvera de la Cruz, 2024; Santra et al., 2019, 2021; Robe et al., 2024).

2.7 Structure and Properties of Dendrimers

(@) (b) (c)

Figure 2.5: (a) Various parameters related to dendrimer structure. (b) Structure of a star polymer (g = 0)
with functionality three (f = 3) and two spacer beads (s = 2). (c) A generation one (g = 1) dendrimer
with functionality four (f = 4), order of dendra equal to three (m = 3) and no spacer beads (s = 0)

Our research utilises dendrimers to model bacteriophages. These are hyperbranched macro-
molecules that possess unique and exciting properties due to their architecture. These are
monodisperse molecules built by adding short chains containing multifunctional groups on
ends, starting from the central core (La Ferla, 1997). This unique class of polymers has a
wide range of applications as their properties, mainly viscosity and diffusivity, differ from lin-
ear chains with similar molecular weights. They are used as rheology modifiers, additives and
nanoscale building blocks apart from being employed as drug delivery vehicles and chemical
catalysts (Nikzamir et al., 2021; Najafi et al., 2021; Bober et al., 2022; Jaisingh and Nebhani,
2024). The structure of dendrimers is primarily characterised by their generation number (g),
functionality (f) of the core, number of monomers between branching points (s) and order of

dendra (). An example of a symmetric first-generation dendrimer with a trifunctional core
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and order of dendra two is shown in Figure 2.5(a). The simplest case of a generation zero den-
drimer is a star polymer with a core and f linear chains attached to it (given in Figure 2.5(b)).
The terminal groups of each arm are a potential branching point to which short linear chains
can be attached, which will then constitute the next generation. Similarly, successive higher
generations are constructed from previous generations. Thus, we can consider each generation
to be a concentric shell about the core. A dendrimer is symmetric if each dendra ends in the
same generation and all branches within a shell have the same length. Figure 2.5(c) shows a
functionality four dendrimer without any spacer beads and order of dendra three.

The polymer scaling theory has been proven to work well in the case of linear chains, predicting
the existence of a universal exponent for polymer size. Similar attempts have been made in the
case of branched polymers like dendrimers, the macroscopic properties of which are dependent
on factors like solvent quality and the presence of hydrodynamic interactions. The effect of
these on dendrimer static and dynamic properties has been studied extensively both theoreti-
cally and experimentally. The initial theoretical investigation of dendrimers was conducted by
de Gennes and Hervet based on the mean-field theory (de Gennes and Hervet, 1983). Sub-
sequently, the Flory method was employed by Boris and Rubinstein to analyse the properties
of dendrimers (Boris and Rubinstein, 1996; Ganazzoli ef al., 2000). La Ferla in his work ex-
tended the Rouse and Zimm approximations for these branched systems (La Ferla, 1997; Cai
and Chen, 1997; Chen and Cai, 1999). The role of solvent quality in determining the structure
of dendrimer molecules was studied by Sheng et al. (2002) and Timoshenko et al. (2002) us-
ing Monte Carlo simulations and using Brownian Dynamics simulations (Bosko and Prakash,
2008, 2011).

2.7.1 Effect of solvent quality on dendrimer size

Molecular Dynamics simulations by Murat and Grest were the earliest work done to investigate
the effect of solvent quality on dendrimer size (Murat and Grest, 1996). They found that the
radius of gyration of dendrimers scaled as R, ~ N' in athermal, theta and poor solvents,
where N is the number of monomers per dendrimer molecule. Later, the effect of three-body
interactions was incorporated into the Flory theory for dendrimers and a scaling law was derived
for its radius of gyration in terms of the parameters g, s and N, in the good solvent conditions
Sheng et al. (2002):

R, ~ N'(g + 1*s*° (2.5)

These exponents were validated using off-lattice Monte Carlo simulations. However, they failed
to obtain the scaling law for 6 solvent conditions due to the definition of € point similar to

that of linear chains. Giupponi and Buzza, using Monte Carlo simulations later showed that
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the dendrimer segments do not behave ideally at 6 point due to the presence of three-body
interactions (Giupponi and Buzza, 2004). They assumed that the theta point coincides with
the zero of the second virial coefficient and the two-body interactions vanish like in the case of
linear chains, but the three-body interactions remain significant, leading to non-ideal behaviour.

Thus they put forward the scaling law for branched polymers at theta point:

RY ~ N'4(g + 1)!/*s' (2.6)

Similar other attempts were made to study the structure of dendrimers in various solvent condi-
tions (Lyulin et al., 2004b; Ktos and Sommer, 2009; Kroger et al., 2010; Bosko and Prakash,
2008, 2011; Ktos and Sommer, 2013). It is clear from the expressions for R, in different solvent
conditions that the topological parameters g and s play a significant role in determining the size
of branched polymers. The accurate method for studying the scaling of the radius of gyration
is by changing g, s and N. However, when g is fixed, equations 2.5 and 2.6 reduce to the
scaling laws for the radius of gyration of linear chains. For example, by varying s, Ry ~ N°/3
and R, ~ N'/* are obtained for athermal and theta solvents respectively at a fixed generation
number (Bosko and Prakash, 2011; Giupponi and Buzza, 2004). This is because, in the case of
a large number of spacers, dendrimer arms are expected to exhibit the same scaling behaviour
as that of linear chains in similar solvent conditions.

The size of symmetric dendrimers in theta state with fixed values of s and m was exactly calcu-
lated by La Ferla (1997). The analytical expression for the mean squared radius of gyration of

freely jointed symmetric dendrimers with s = 1 and m = f — 1 is given below:

<R2>_bzf[cz(fhm—fh—f—m)+C(2f+fh—fhm—h+m2h)—f+m]
o (fe—f+m—12(m—1)

2.7

where ¢ = m" and h = g + 1. by is the length of a spring given by b; = 3%.

Some of these theories have been validated for dendrimers in our simulations in Chapter 4. Due
to their unique structure, tunable size and functionalities, dendrimers have been explored as
carriers for targeted drug delivery, templates for synthesizing metal nanoparticles and in gene
therapy. However, the movement of such tracers in complex environments has not been studied
extensively. Rather most research focuses on the usage of nanoparticles as probe particles and
several theories have been developed in this context, which are discussed below.

While the primary objective of this thesis is to compare the dynamics of bacteriophages in
mucus with those of dendrimers within a polymer network, we have also analysed our results in
the context of established theories for nanoparticles in similar environments. This comparison

is achieved by varying dendrimer parameters, with our findings presented in Chapters 5 and 6.
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The following chapter details the simulation algorithm, various interactions incorporated into

our simulations and the properties evaluated in the subsequent chapters.

23






Chapter 3
Simulation details

In this chapter, the details of the governing equations, the various interactions included between

polymer segments and the expressions for the various properties calculated are discussed.

3.1 Governing BD equations

Polymers in this study were modelled using the coarse-grained bead-spring chain model, with
N, beads connected by N, — 1 springs (Bird et al., 1987a). The simulated semidilute solution
contains N linear chain molecules with N} beads and N¢ dendrimers with N¢ beads, immersed
in an incompressible Newtonian fluid. This system is contained in a cubic, periodic simulation
box of length L and volume V, where V = L3. The total monomer concentration in a simulation
box is given by ¢ = N/V, where N is the total number of monomers in the box given by N =
(NE X NE)+ (N x NP). The Ito stochastic differential equation, which is the governing equation
in Brownian dynamics simulations, provides the bead position vectors r, (u = 1,2,..,N) as a

function of time. The Euler integration algorithm form of this equation is given below:

N N
£ (r + AD = 1,(0) + Azt D Dy (B + B + % D B AW, 3.1)
v=1 v=l
Here the length and time non-dimensionalization factors are [y = VkzT/H and Ay = (/4H,
respectively, where kg is the Boltzmann constant, T is temperature, H is the spring constant, and
{ = 61n,a is the Stokes friction coeflicient of a spherical bead with radius a and 7, is the solvent
viscosity. In equation 3.1, D, is the diffusion tensor, defined as D,,, = 6,,6 + Q,,, where 6,,, is
the Kronecker delta, 6 is the unit tensor, and €, is the hydrodynamic interaction tensor. B,,, is
a non-dimensional tensor whose evaluation requires the decomposition of the diffusion tensor
and AW, is a non-dimensional Wiener process with mean zero and variance Az. If D and B are

block matrices consisting of N X N blocks each having dimensions of 3 X 3, with the (u, v)-th
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block of D containing the components of the diffusion tensor D, and the corresponding block
of 8 being B,,, the decomposition rule for obtaining 8 is then given by 8- 8" = D.

The spring force exerted on individual beads is represented by F;. We have used finitely exten-
sible nonlinear elastic (FENE) springs and the spring potential is given by,

U Loz (1 - ) (3.2)
FENE = — 7 N1 — — .

2 0}
where Q) is the dimensionless maximum stretchable length of a single spring, and k3T is used

to non-dimensionalize energy.

LJ, WCA, and SDK Potentials
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Figure 3.1: A comparison between the LJ, WCA and SDK potentials with well depth, € = 2, o = 1 and
cut off radius, r. = 1.82 for SDK.

The force due to the excluded volume interactions between bead pairs is denoted by FSPX and
is calculated using the Soddemann-Diinweg-Kremer (SDK) potential (Soddemann et al., 2001),
Uspk, given below (plotted in Figure 3.1):

12 6
4[(2) _(Z) o1 -6 r<2¢
r r 4
_ 1 2
Uspk = —e[cos (a(i) +p) - 1] ; 2o <r<r. (3.3)
2 o
0; r>r,

Here, € is the well depth of the potential which controls the interaction strength between bead
pairs and the non-dimensional distance o is fixed as 1 in this study. The repulsive part of
this potential is modelled by a truncated Lennard-Jones (LJ) potential and the attractive part
is modelled using a cosine function. The constants @ and S are determined from boundary

conditions, Uspg = 0 at r = r, and Uspg = —€ at r = 2!/5¢ which is the minima of the potential.
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3.2 Sticker parameters

The cut-off radius r. was taken to be 1.82¢, following the discussion in work by Santra et al.
(2019). The advantage of using the SDK potential is that by varying a single parameter €, a
range of solvent qualities can be studied and it affects the attractive part of the potential without
altering the repulsive force. Also, the short-ranged attractive tail of this potential smoothly
approaches zero, unlike the LJ potential. At € = 0, the SDK potential reduces to the purely
repulsive Weeks-Chandler-Anderson (WCA) potential. A comparison between the L], WCA
and SDK potentials is shown in Figure 3.1. Note that in this study, € = O for all the repulsive
interactions (athermal conditions) and € > O for attractive (between stickers) interactions.
We use the regularized Rotne-Prager-Yamakawa (RPY) tensor to compute hydrodynamic inter-
actions (HI),

Q,, =Q(r,) (3.4)

where r,, = r, — r, and the function Q is

Qr) = Q6 + 0 (3.5)
r
with )
* 2 *
Mh—(1+—7rhz) for r>2+/nh*
Q = 4 9r 3 r
r
1 - — for r <2+nh*
32 n\n Vr
and )
* 2 *
ﬁh—(l——ﬂhz) for r>2+/nh*
Q, = 34 r 3 r
r
— for r <2+nh*
32 h Vr

The hydrodynamic interaction parameter 4* gives the dimensionless bead radius in the bead-
spring model and is defined as h* = a/(VrkzT/H). The Brownian Dynamics (BD) simulation
code used in this work is based on the GPU-accelerated Python package named HOOMD-Blue,
developed at Michigan University (Anderson et al., 2020) for the study of colloidal suspen-
sions. It has been modified recently to study the dynamics of associative polymer solutions
(Robe et al., 2024) and branched polymer architecture (Mariya et al., 2024) along the lines
of an earlier in-house BD code based on the Molecular Modelling ToolKit (Jain et al., 2012,
2015; Santra et al., 2021). The decomposition of the diffusion tensor, which is computationally
demanding, has been efficiently implemented recently using the Positive Split Ewald algorithm
(PSE) (Fiore et al., 2017), which is available as a plugin to HOOMD-Blue.

3.2 Sticker parameters

There are three important interaction parameters related to each sticker in the simulation:
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e Sticker strength: The strength of interaction between two stickers is determined by the
well depth (€) of the SDK potential. A higher well depth implies a stronger sticker as

shown in Figure 3.2.

e Sticker functionality: The maximum number of stickers to which a reference sticker can
adhere is referred to as its functionality. In this study, the functionality of all stickers is

set to one.

e Sticker species: As mentioned in the model description, there are 3 types of stickers in our
simulations. The stickers that interact, i.e. A-A and B-C types, have a finite well depth for
the SDK potential, ey and €, respectively. The homopolymer beads and non-interacting

stickers repel each other, hence the well depth of the potential, €, = 0.

Different well depths of SDK potential
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Figure 3.2: A comparison between the well depth of SDK potential for various stickers. €y, is the well
depth for all the EV interactions, A-B, A-C, B-B and C-C sticker interactions. €y and ¢, are for A-A and
B-C interactions respectively.

The process of binding and unbinding of stickers is determined using a simple Monte Carlo
(MC) process. This is applicable only in the case of sticker pairs A-A and B-C. When two un-
stuck stickers are within the cutoff radius, the energy change (AE) due to a potential association
is calculated. If a pseudo-random number, drawn between 0 and 1 from a uniform distribution,
is less than the Boltzmann factor exp(—AE/kgT), the stickers are allowed to bind. Bond break-
age is also attempted similarly in the update sweep. If at least one of the 2 stickers within the
cutoff radius is stuck already, new bond formation is not attempted. The MC and BD steps are
carried out alternately, and care has been taken to maintain detailed balance. This algorithm is

similar to that developed by Robe et al. (2024).
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3.3 Definition of static and dynamic properties

Using the multi-species Brownian Dynamics algorithm developed, we calculated several prop-
erties related to the linear chains and dendrimers. The expressions for the static and dynamic

properties studied are described below.

3.3 Definition of static and dynamic properties
Radius of gyration and correlation length

The radius of gyration of dendrimers and linear chains in the solution is calculated using the

expression

RS ¢
Ry = 30, Ri=Rew)) s Ny € (N, M) (3.6)

i=1

where Rcy is the centre of mass of the molecule given by
Rom == ) R (3.7)

We introduce a quantity y, which is the ratio of the radius of gyration of dendrimer (RCg‘O) to that
of the linear chain (R}gco) in the background, both in the dilute limit, given by y = (Rgo /RL,CO).
The overlap concentration, c¢*, of a polymer solution is defined in terms of the radius of gyration
of the polymer in the dilute limit, given by ¢* = (Ny/(4/3)7R3)). In this study, the solution
contains polymers of two architectures. Therefore, ¢* can be estimated separately for each of

them (c}; for dendrimers and cj, for linear chains) given by:

N

¢ = (3.8)
2 (Rey
3700

Cre = 4 Rlc 5 ( . )
gﬂ.( gO)

Another important length scale in the solution is the correlation length (¢). It is defined in terms
of the radius of gyration in the dilute limit, the overlap concentration of linear chains, and the

total monomer concentration in the solution (Colby and Rubinstein, 2003),

e\
&= R;O(C—*) (3.10)

Ic

where v is the Flory exponent, assumed here to be equal to 0.588. Note that the total monomer

concentration ¢, includes monomers of both species in the system.
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Relative shape anisotropy and the universal ratio Ugp

This work aims to compare the dynamics of dendrimers to nanoparticles, and therefore, it is
essential to understand the influence of dendrimer parameters on their shape and compactness.
Two important measures that can be used to probe these are the relative shape anisotropy (k%)
and the dimensionless ratio Ugp.

The relative shape anisotropy, one of the shape functions, has been used to understand the asym-
metry in the shape of polymer molecules. It is defined in terms of the eigenvalues, A3, A3, /lg, of

the gyration tensor G given by

1 N N
G= szryvrﬂv (.11)

pu=1 v=1

Here A7, 43, A5 are arranged in ascending order. The relative shape anisotropy «* is defined
as (Theodorou and Suter, 1985; Bishop and Michels, 1986; Kumari et al., 2020):

(L)
K¥=1-3 [—] (3.12)
I

where I} = Aj+ A5+ 45 and [, = 545+ 545 + 745 k> = O for a spherically symmetric molecule
while it is equal to one for a rod-shaped molecule.

Urp, which is a measure of the hard sphere-like behaviour of molecules, is given by

Uerr = R, 4DR, (3.13)

RD= BT = .
where Ry is the hydrodynamic radius of the molecule related to its long time diffusivity, D, by
Ry = 437?. For a polymer chain, Ugp is approximately 1.4 (Kroger et al., 2000; Sunthar and

Prakash, 2006; Pan et al., 2014) while for a hard sphere, it is 0.77 (Guinier et al., 1955).

Intra-molecular bead density

The internal bead density, obtained from the arrangement of beads about the centre of mass of
the molecule, leads to an understanding of its internal structure. It is calculated by counting
the number of beads along the major axis of the gyration tensor in intervals of fixed length and
binning them. This requires all polymer configurations in the simulation ensemble to be aligned
along their respective major axes. The linear bead number density obtained is given by:

ny(x + Ax) — np(x)

Ax (3.14)

p(r) =

where 1,(x) is the number of beads of a molecule within a distance x along the major axis, and

Ax is the length of the fixed interval.
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3.3 Definition of static and dynamic properties

Mean squared displacement and diffusivity

The mean squared displacement of the centre of mass of the polymer molecules in solution is

calculated using the following expression
MSD(A?) = ([Rem(f + Af) — Rem(D)) = 6 D 1* (3.15)

where Rey(#) and Rey(f + Af) are the position vectors of the centre of mass of the molecule
at times ¢ and ¢ + At respectively, D is the diffusion coefficient and « is the diffusion exponent.
a = 1 for normal diffusion and the molecule exhibits subdiffusion if @ < 1. The long time
diffusivity, D is estimated from the slope of the mean squared displacement versus time plots at
longer times.

A Regime 1 Regime 2
MSD

>

g d Time

Figure 3.3: Schematic representation of the diffusive nature of dendrimers belonging to different size regimes. ;¢
and 74, defined by eqn (3.16) and eqn (3.17), are the transition time scales to subdiffusive and diffusive behaviour
respectively, for dendrimers with size larger than the solution correlation length (Regime-2). The exponents of

time are indicated in the figure.

Cai et al. (2011) have identified several regimes for nanoparticles in entangled systems based on
their size relative to the solution correlation length and the tube diameter. However, in the study
of dendrimers in semidilute polymer solution, there are only two regimes based on the relative
sizes of the dendrimer and correlation length: Regime-1 in which the dendrimer is smaller than
the solution correlation length (2Rg < &) and Regime-2 in which the dendrimer size is larger
than the correlation length (2R§ > £). Itis important to note that, unlike a nanoparticle that has a
constant size at all polymer concentrations, the size of a dendrimer is a concentration-dependent
quantity.

The dynamics of dendrimers in the two regimes are different due to the influence of the sur-
rounding linear chains as shown schematically in Fig 3.3. Following the arguments proposed

by Cai et al. (2011), the following dynamics are expected in the two regimes:
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1. Regime-1: When the size of the dendrimer is less than the correlation length (ZR‘é < &),
it can diffuse freely through the solution, without being affected by the background linear
chains. The diffusivity of a dendrimer is expected to be that experienced by it in the dilute
limit (D) and exhibit normal diffusion at all time scales with the diffusion exponent,

a = 1. As aresult, the mean squared displacement, MSD = 6 Dy .

2. Regime-2: When the dendrimer is larger than correlation length, (2Rg > £), its dynamics
is influenced by the presence of linear chains. The mean squared displacement shows
three scaling regimes based on the time scale at which it is probed. At short times, the
dendrimer does not experience any hindrance to its motion and therefore, exhibits normal
diffusion. This continues up to a time of the order of the relaxation time of the correlation

blob, 7, given by:

e =n,E kT (3.16)

At times higher than 7, the dendrimer is trapped in cages formed by the linear polymers,
and its motion is expected to become subdiffusive. Its dynamics are coupled to the motion
of the centre of mass of the polymer and the polymer segmental relaxation times. The
mean squared displacement of dendrimers at these intermediate times is given by MSD =
6 D, t*, where @ < 1. The subdiffusive regime extends until ¢ ~ 74, which is equal to the

relaxation time of a chain segment with a size equal to the size of the dendrimer given by:
4
74 = ¢ (2RY/€) (3.17)

Beyond 74, the dendrimer is set free due to the relaxation of linear chains and therefore the
mean squared displacement is given by MSD = 6 Dt. The diffusivity, D, in this regime,

is referred to as the long-time diffusivity of the dendrimer.

Probability distribution function of displacement

Apart from the long-time diffusivity, the probability distribution function of displacement gives
additional insight into the dynamics of the polymer molecules. The probability of a molecule

displacing by a distance Ax in a time At is given by
P(Ax, At) = (6 (Ax — |xem(t + At) — xem(D)1)) (3.18)

where xcp(f) and xcm(f + Af) are the x-components of the centre of mass of the molecule at
times ¢ and ¢ + At, respectively.
In the next chapter, the various steps involved and the validation studies conducted at each stage

of code development are discussed.
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Chapter 4
Code validation

The necessary feature of a Brownian Dynamics algorithm to model phages in mucus networks
is its ability to simulate different ‘species’ of polymers with arbitrary architectures. According
to our model, this includes linear chains and dendrimers that are capable of interacting with
each other to form inter- and intra-chain associations. The development of such an algorithm

involved various stages which are discussed below along with the code validation studies.

4.1 Development of a multi-species code

The code previously used by our group was limited to simulating a single species of linear
chains. Therefore, the first step of code development was to modify the existing code to simulate
a homologous series of linear chains. At each stage, the mean squared displacement (MSD) and
diffusivity from simulations were compared to the analytical values and results of the original
single species code. For simplicity, we consider only two species of polymers in the simulation
box, referred to as species A and species B. It should be noted that the code is set up such that
there can be any number of species, each with any number of molecules.

The simplest system simulated was a single polymer bead (species A) diffusing through a dilute
solution of linear chains (species B), the diffusivity of which can be calculated analytically.
In these simulations, the background linear chains were 25 beads long and at a concentration
of ¢ = 107°¢*, where c* is defined using equation 3.9. Excluded volume and hydrodynamic
interactions were neglected and the diffusivity of the bead was calculated from the MSD vs
time plot (Figure 4.1(a)). The analytical diffusivity in dimensionless units is D,,, = 1/4 (Bird
et al., 1987b) while that obtained from simulations is Dy, = 0.224+0.007. As the next step, the
bead was replaced with a dumbbell, 2 beads connected by a FENE spring. The dimensionless
diffusivity of a dumbbell is given by D,,, = 1/4N = 1/8 (Bird et al., 1987b). The diffusion
coeflicient obtained from simulations was Dy, = 0.1261 + 0.0003 (Figure 4.1(b)).
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In the subsequent study, both species A and B were linear chains of 5 beads connected by FENE
springs. As both the chains are identical, they are expected to have the same size and diffusivity.
Figure 4.1(c) shows the MSD of both species A and B, compared to that of a system of 5-bead
chains simulated using the single species code at overlap concentration (¢ = ¢*). Hydrodynamic
interactions were present (h* = 0.2) and the solvent was in theta conditions. The diffusivities
calculated using the two codes are in agreement. Note that in these simulations, there is just one
chain of species B, and hence the larger error bars on the data for species B. The total number
of chains in the single-species and multi-species systems are the same. In Figure 4.1(d), the
MSD of 5 bead chains in dilute solution in athermal solvent conditions with hydrodynamic

interactions is shown. Both species A and B agree with the single species code results.
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Figure 4.1: Code validations (a) The mean squared displacement of a single monomer bead through a dilute
polymer solution. (b) The mean squared displacement of a dumbbell through a dilute polymer solution. (c) The
mean squared displacement of a linear chain of type B in a semidilute solution of chains of type A under theta
conditions. For simplicity, both the species have five beads each in them. (d) The mean squared displacement of
two types of chains in dilute solution in athermal condition with hydrodynamic interactions. The results for the 2

species code in (c) and (d) are compared to results obtained using the single chain code.
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4.2 Branched polymer architecture

4.2 Branched polymer architecture

The next step after obtaining a multi-species BD algorithm was to implement a branched poly-
mer architecture. Every bead on the dendrimer molecule has a number tag. The central core
bead is labelled zero. To assign bead numbers on a dendrimer, one of its arms is selected
(tagged as arm 0). The beads along that arm are numbered sequentially, with continuous num-
bering within each ‘generation shell’. The bead numbers for subsequent arms are obtained by
adding the bead numbers on the first arm to the product of the number of springs on each arm
(Ny,r) and the arm number. The bead numbering scheme along the dendrimer arms used in this
model is shown in Figure 4.2. For example, in the figure, N, ; = 14. The tag of bead equivalent
to bead 6 on arm 2 is given by 6+ (N, s X arm number) = 6+ (14 x2) = 34. The preliminary sim-
ulation results obtained for dendrimers are compared to existing analytical theories discussed in
Section 2.7.1 for such architectures. The two species code was used for all validations with one
dendrimer type A and one of type B in solution, but both with the same architecture. Therefore,

they are expected to have identical static and dynamic properties.

Arm Q
12 13

Figure 4.2: The figure shows the bead numbering in a generation two dendrimer with one spacer bead and
functionality three.

4.2.1 Theta solvent

The theta solvent conditions can be achieved either by not including the excluded volume inter-
actions (phantom chains) or by choosing well depth of the pairwise potential in such a way that
the attractive forces are balanced by the repulsion between monomer beads. For linear chains,
Santra et al. (2019) has shown that the well depth, espx = 0.45, in the SDK potential gives
theta solvent conditions. Experimental and computational studies in the past have shown that

star polymers have the same theta temperature as that of their linear counterparts (Batoulis and

35



Code validation

Kremer, 1988; Okumoto et al., 1997, 1999; Bosko and Prakash, 2011). It is necessary to check

if €spx = 0.45 produces theta conditions for dendrimers of all generations.
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Figure 4.3: Scaling of the radius of gyration of star polymers with functionality 3 (a) and 4 (b) as a
function of N, r. The empty symbols represent the solution with no excluded volume interactions present
(phantom chains), whereas the filled symbols represent the theta conditions simulated using the SDK
potential at egpx = 0.45. The red dashed line represents equation 4.1 and the black dashed lines represent
scaling law with exponent 1.0.

The simplest dendrimer is a star polymer (g = 0), the number of monomers on which can be
varied by changing the functionality or spacer length. In terms of these parameters, the radius

of gyration of star polymer is as follows:

Bf=2(Nyp+1)+1
2f(Ngy + 1)
In Figure 4.3, the radius of gyration of star polymers with functionality 3 and 4 obtained using

4.1

2
Rg,@ = Ns,f

the 2 species code for branched polymers is compared with the analytical expression given in
equation 4.1. The theta conditions are simulated by not including the excluded volume interac-
tions and using the SDK potential. It is evident from the values of the radius of gyration that
star polymers are larger when SDK potential is used for 6 conditions, which is expected. The
black dashed line represents the scaling law Rzﬁ ~ N* where v = 0.5, where N is the number
of beads per molecule. This confirms that the 8 temperature (€5 px = 0.45) is the same for linear
chains and star polymers in our simulations.

Similarly, in Figure 4.4, the radius of gyration of generation 1 and 2 dendrimers is plotted as a
function of the total number of monomers in the molecule. Since g and m are fixed, N is varied

by changing the spacer length s. Exact analytical expressions are not known for R, as a function
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Figure 4.4: Scaling of the radius of gyration of dendrimers of generation 1 (a) and 2 (b) as a function of
the total number of beads in a molecule in theta solvent conditions. The dashed lines represent scaling
law with exponent 1.0.

of N for higher generation numbers, although the scaling is expected to be the same as that for
linear chains in theta solvent (Bosko and Prakash, 2011).

Clearly, espx = 0.45 is the theta point for dendrimers similar to linear chains. In Figures 4.3
and 4.4, the size of the dendrimer is more when the theta state is obtained using the SDK
potential compared to the case when EV is completely absent. This is because at the theta point
of the SDK potential, the polymer monomer-monomer attraction is balanced by the excluded
volume forces which results in an increase in size of the molecule compared to the completely
collapsed state of phantom molecules. Also, the simulation results show a slight deviation from
the scaling law (black and red dashed lines in Figure 4.4) at lower values of N due to finite chain
effects.

As mentioned in Section 2.7.1, the size of a symmetric dendrimer can be exactly calculated
using the La Ferla expression (equation 2.7). In Figure 4.5, the mean squared radius of den-
drimers is plotted as a function of number of monomers in the molecule for g = 0, 1, 2. We have
considered different functionalities (f = 3,4) and FENE parameter (b = 30,70). Agreement
between the analytical predictions and simulation validates the model implemented in the code.
Figure 4.6 shows agreement between equation 2.7 and simulations when the SDK potential
is used to simulate theta conditions in the solution. The effect of the potential appears in the
prefactor A in the expression R, = AN”. Therefore, we rescaled the simulation results with the
ratio of prefactors, A*, where A* = A,,gv/Aspk-

The dynamic properties of dendrimers in solution are primarily affected by hydrodynamic in-

teractions. In the absence of HI, the drag experienced by a dendrimer molecule is equal to the
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Figure 4.5: Comparison with La ferla expression for R, of dendrimers. In the top panel, the FENE
parameter b = 50, with functionality 3 (a) and 4 (b). In the bottom panel, the functionality is fixed
(f = 3) and the FENE parameter is varied: » = 30 (c) and 70 (d). The dashed lines are the analytical
expression 2.7.
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Figure 4.6: Comparison with La ferla expression for R, of dendrimers with N using SDK potential for 6
solvent condition. The three values of N correspond to g = 0, 1, 2.

sum of drag experienced by the individual beads in it. Therefore, self-diffusivity will scale as
D ~ 1/N (Bird et al., 1987b). From Figure 4.7 it is clear that molecular topology does not
play a role in determining the dynamics in the free-draining case. This is consistent with the

computational results reported by Bosko and Prakash (2008).
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Figure 4.7: Scaling of D of star polymers of different functionalities in the free draining limit. The dashed
line is the scaling law D ~ 1/N.

In the presence of hydrodynamic interactions, diffusivity scales as D ~ N3 for linear chains
in theta solvent (Bird et al., 1987b; Rubinstein and Colby, 2003). The same scaling is expected
for star polymers with increasing arm length, keeping f fixed (Figure 4.8(a)). This is in agree-
ment with Zimm predictions according to which the hydrodynamic radius scales as Ry ~ N3,
However, dendrimers do not exhibit a single power law scaling when ¢ is changed. Simulation
results show that for smaller generation numbers, D ~ N°* (Figure 4.8(b)) (Bosko and Prakash,
2008) which implies that the decrease in dendrimer diffusivity with molecular weight is slower

than that observed in linear chains. The deviation from this scaling at higher generations is prob-
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Figure 4.8: Scaling of D of star polymers (a) and symmetric dendrimers (b) with N with hydrodynamic
interactions (h* = (0.26) in theta solvent conditions. Green symbols are the simulation results of Bosko
etal

ably due to the increased reduction in drag at higher generations (Bosko and Prakash, 2008).
Similar values for the exponent have been reported by other experimental and computational
works (Baille et al., 2003; Rietveld and Bedeaux, 2000; Lyulin et al., 2004a).

4.2.2 Athermal solvent

In a dilute polymer solution, the radius of gyration of linear chains exhibits a power law scal-
ing with molecular weight, with the Flory exponent v = 0.588 for athermal solvent conditions.
Even though a similar scaling law does not exist for dendrimers, it has been shown that with a
fixed g and m, and varying spacer length, dendrimer size obeys the same scaling law (Bosko and
Prakash, 2011). This has been attributed to the fact that with increasing spacer length, the shape
of the dendrimer does not change. Instead, its size increases similar to linear chains as each
segment in the dendrimer is essentially a linear chain of length s. This has been validated using
our model as shown in Figure 4.9. The scaling of the radius of gyration of star polymers (Fig-
ure 4.9(a)), generation 1 and 2 (Figure 4.9(b)) is plotted as a function of a number of monomers
per molecule. The athermal conditions are modelled using the SDK potential with well depth
espx = 0.0 (Santra et al., 2019). As expected, R, ~ N in athermal solvent. Note that the
radius of gyration of a generation 2 dendrimer is smaller than that of a generation 1 dendrimer
with a similar number of beads.

Similar to that in theta solvent conditions, the diffusivity of star polymers obeys a power law

scaling with molecular weight, with an exponent similar to that of linear chains in an athermal
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Figure 4.10: Scaling of the diffusivity with the number of beads in a molecule in athermal solvent. (a)
Star polymers with increasing spacer length. (b) Dendrimers with increasing generation number. The
functionality is three in both the plots. The dashed line is the scaling law with exponent -0.6.
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solvent. Therefore, D ~ N~ where v is the Flory exponent equal to 0.588. However, with
increasing generation number at a fixed f and m, the exponent is smaller than 0.588. It has been
observed that the rate of decrease of D is less compared to that in linear chains due to branching
in dendrimers (Bosko and Prakash, 2011). In Figure 4.10, the diffusivity is plotted as a function
of number of monomer beads per molecule for a star polymer (at fixed f and varying s) and
dendrimers of different generations (at fixed f and m). Our simulation results concur with those
reported by Bosko and Prakash (2011).

4.3 Multi-sticker interactions

The code validation upto this point was carried out using the newly developed two-species
code with two identical species. However, since the ultimate goal of this research is to have a
mixture of linear chains and dendrimers, species 1 in the system was assigned as linear chains
and species 2 as dendrimers. Finally, sticky beads were introduced on both the linear chains

and dendrimers, which was implemented in 2 steps:

1. Formation of network: The type A sticker, which is responsible for forming a network,
was included first. To validate this code, we compared the mean squared displacement
of a dendrimer in solution with that in a network with the well depth ey = 0,1. At
ey = 0, the SDK potential is purely repulsive; therefore, the system is equivalent to a
homopolymer solution. The dendrimer behaves the same in both systems as expected
(shown in Figure 4.11 (a)). The well depth is so small at ey = 1 that the stickers bind
and unbind frequently. The dendrimer diffuses through the network as if no stickers were
present even when the distance between stickers was reduced to less than the correlation

length in the system calculated using equation 3.10 (Figure 4.11 (b)).

2. Interaction between dendrimers and linear chains: Stickers of types B and C, which are
present on the linear chains and dendrimers respectively, interact with a sticker strength
€,. In order to test the implementation of these stickers, we calculated the radius of gyra-
tion and mean squared displacement of sticky dendrimers at lower sticker strengths and
compared it with that of a non-sticky dendrimer in homopolymer solution and network.
The sticky and non-sticky dendrimers had the same values of radius of gyration (Fig-
ure 4.12 (a)) and mean squared displacement at similar concentrations (Figure 4.12 (b)
and (c)), thus validating the code. In the figure, solution refers to ey = 0 and network

means ey = 6.

The algorithm developed for polymers of arbitrary architectures interacting via sticky interac-

tions has thus been validated. This algorithm was used to study three main systems: Non-sticky
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Figure 4.11: The mean squared displacement of dendrimers in a network with sticker strength ey = 0 (a)
and ey = 1 (b). ‘NC’ stands for new code which has stickers of 3 types and ‘Homopoly’ stands for a
homopolymer dendrimer in solution.
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Figure 4.12: (a) The radius of gyration of sticky dendrimer in the network compared to a non-sticky
dendrimer in network and solution. ‘NC’ stands for new code which has stickers of 3 types and ‘HP’
stands for a homopolymer dendrimer in solution. The sticker strength of B-C interaction, €; = 1. The
mean squared displacement of a sticky dendrimer in solution (b) and network (c) compared to that of a
non-sticky dendrimer.
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dendrimer in solution, non-sticky dendrimer in network and sticky dendrimer in network. The
major findings of each of these investigations have been discussed in the following chapters of
this thesis. In the next chapter, the static and dynamic properties of a non-sticky dendrimer in
a semidilute solution of linear polymers obtained using the BD algorithm developed are dis-

cussed.
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Chapter 5

Universal scaling of the diffusivity of
dendrimers in a semidilute solution of

linear polymers

The movement of tracer particles through crowded environments is an area of active research
due to its applications in medicine and nanotechnology (Amblard et al., 1996; Alai et al., 2015;
Salata, 2004; De et al., 2008; Gomez-Solano et al., 2016; Patteson et al., 2015). Most research
till date has focused on employing rigid nanoparticles as the tracer particle (Stark et al., 2015;
Kesharwani et al., 2018; Aghebati-Maleki et al., 2020; Mitchell et al., 2021). However, re-
cent biotechnological advances have enabled the use of dendrimers as drug delivery agents (Liu
and Fréchet, 1999; Gillies and Frechet, 2005). Polymers of varying topology and soft colloids
have also been used in biology where they diffuse in complex environments such as semidi-
lute polymer solutions and networks of polymer chains (Baghbanbashi and Kakkar, 2022; Lee
et al., 2005). The movement of such tracers through crowded media has not been studied ex-
tensively. In this chapter, we use dendrimers as prototypical soft colloids, and examine their
structural and dynamic properties when dissolved in a semidilute unentangled polymer solution
shown schematically in Figure 5.1(a). By systematically varying the dendrimer architecture and
the concentration of the background solution, the similarities and differences with previously
reported behaviour of rigid nanoparticles in a similar environment are studied.

Dendrimers are often referred to as soft colloids as they act like a bridge between the floppy
linear chains and hard spheres (Harreis et al., 2003). The transition from linear chain-like
behaviour to hard spheres is controlled by f, s, g and m (Vlassopoulos, 2004; Likos et al.,
1998). The molecular mass dependency of the self-diffusivity and intrinsic viscosity of low-
generation dendrimers of fixed architecture follows the same power law scaling as for linear

chains in dilute solution (Bosko and Prakash, 2011).
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(b)

Figure 5.1: Dendrimers in a solution of linear chains (a) Schematic representation of dendrimers in a solution
of linear chains. The correlation length of the solution (£) and the size of dendrimer(ZRg) are indicated. (b) A
generation one (g = 1) dendrimer with functionality three (f = 3) and two spacer beads (s = 2). The order of

dendra (m = f — 1) is two (m = 2). Beads belonging to each generation are included in a concentric circle.

Several theories have been developed over the past few years to describe the dynamics of
nanoparticles in semidilute polymer solutions (Ge, 2023). Early theoretical studies of the diffu-
sion of hard spheres in linear polymer solutions proposed a stretched exponential dependence
of the reduced diffusion coefficient of the probe on the concentration of solution (Langevin and
Rondelez, 1978; Cukier, 1984; Altenberger and Tirrell, 1984). This was modified by Phillies
et al. (1989) to include the effect of size of the probe and the molecular weight of the linear
polymers to obtain the generalized scaling relation D/Dy = exp (—bR"M*c"), where D and D,
are the diffusion coefficients of the probe in the polymer solution and in the pure solvent, R is
the size of the probe, M is the molecular weight of the polymer, c is the solution concentration,
with exponents # = 0+0.2, x = 0.8 and y ranging from 0.5 to 1.0. However, these models do not
account for the fluctuations in the mesh size and the size of the probe relative to the correlation
length of the solution. Based on the works by de Gennes (1979) and Tong et al. (1997) which
highlighted these factors, a scaling relation was proposed for probe diffusion through semidilute
polymer solutions D/Dy = exp |- (R/£)°| by Cheng et al. (2002). Here f is 2.2, § is 0.95,
and ¢ is the correlation length of the polymer solution. Even though this theory could explain
several experimental results, the regime with the size of the nanoparticle being comparable to
that of the radius of gyration of the background polymers could not be captured.

Holyst and coworkers (Holyst et al., 2009; Kalwarczyk et al., 2015) introduced an effective size
for the nanoparticle, which is a combination of its radius and the hydrodynamic radius of the

polymers that determines its dynamics in this crossover regime. The scaling law for the long-
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time diffusivity proposed by them is given by equation 2.2. According to this model, the length-
scale of hydrodynamic flow in the solution determines the viscosity experienced by the probe
particle and is equal to R.¢. The Holyst model has been validated by experiments (Kalwarczyk
et al.,2011; Sozanski et al., 2013) and simulations (Chen et al., 2017).

Coupling theory, on the other hand, takes into account the coupling between the probe parti-
cle dynamics and the relaxation of the surrounding polymers (Cai et al., 2011). According to
this theory, probes larger than the correlation length of the solution get trapped in a polymer
cage, thus leading to its subdiffusion at intermediate time scales. At longer times, the parti-
cle is set free as the polymer relaxes, with the diffusion coefficient scaling as dyp/&é2, where
dnp is the diameter of the nanoparticle. Recent experiments on nanoparticle diffusion in a par-
tially hydrolyzed polyacrylamide solution indicate that the long-time diffusivity and short-time
dynamics of particles larger and smaller than the correlation length show agreement with the
predictions of the coupling theory (Poling-Skutvik et al., 2015). However, the diffusion expo-
nents of particles with a size comparable to the characteristic length scale of the solution were
much higher than the predictions of the coupling theory. This discrepancy was resolved in a re-
cent Multi-Particle Collision Dynamics (MPCD) study in which the dynamics of nanoparticles
were found to be coupled to the dynamics of the centre of mass of the polymers, thus giving it
an additional mechanism to move through the polymer solution (Chen etz al., 2018). The diffu-
sion exponents of the nanoparticle and the polymer centre of mass were found to be correlated
even in the absence of many-body hydrodynamic interactions. Coupling theory has also been
supported by simulations (Chen et al., 2018) and experiments (Poling-Skutvik et al., 2015) on
various systems.

The behaviour of dendrimers in a semidilute solution of linear polymers has not been studied
extensively. Experiments have shown that the size of higher generation dendrimers does not
change significantly with concentration (Cheng ef al., 2002) and, therefore, can be considered
as a hard sphere. The dynamics of such dendrimers were shown to follow the Holyst model
in semidilute solutions of linear chain polymers (Cheng et al., 2002; de Kort et al., 2015).
However, the question of whether these theories can be applied to a low generation dendrimer,
whose size is a function of the solution concentration, has not been addressed so far. In the cur-
rent study, we have simulated low generation dendrimers in unentangled semidilute solutions
of linear chain polymers in athermal solvent conditions using Brownian dynamics simulations.
Dendrimer parameters like the generation number, functionality, and number of spacer beads
were varied to understand their effects on the shape and internal bead arrangements of den-
drimers in dilute solutions. We also studied the effect of the concentration of linear chains on
the size and dynamics of dendrimers in semidilute solutions. It should be noted that the focus

of this work is semidilute unentangled polymer solutions in which hydrodynamic interactions
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(HI) are significant. To understand its effect on the dynamics of dendrimers, we have performed
simulations with and without HI. The algorithm used in this work is not appropriate for en-
tangled concentrated systems since entanglements have not been taken into account. In the
concentrated-entangled regime, hydrodynamic interactions are screened and there is no need
to incorporate them in the simulation algorithm. Several studies on nanoparticles in entangled
and concentrated polymer solutions(Cai et al., 2011) and networks(Cai et al., 2015) reported
characteristic features which cannot be derived directly from the results in this work. However,
there is very little literature on the dynamics of these systems, especially for dendrimers, where

HI plays an important role.

5.1 Details of the simulation parameters

(d) (e) ®

Figure 5.2: The various dendrimer architectures simulated in this study. The specific simulation parameters corre-

sponding to the topologies (a) to (f) are given in Table 5.1

To choose the simulation system, we fixed the dendrimer architecture first and calculated the
number of beads (NS) on each dendrimer molecule. The various architectures chosen are given
in Figure 5.2. The radius of gyration of dendrimers was determined by carrying out simulations
in the dilute limit, and the values are reported in Table 5.1. Depending on the choice of the ratio
between the radius of gyration of the dendrimer and linear chain, y, we calculated the radius
of gyration of the linear chain. The number of beads on the linear polymer was then estimated
by running simulations in the dilute limit and reading off the value of Ni¢ from the RY vs Ny
plot (see Figure A.1). The simulation box length, L was chosen to be L > 2R,, where R, is the
end-to-end distance of linear chains in the solution. This ensures that the molecules do not wrap

around themselves. Simulations were carried out keeping the dendrimer concentration fixed and
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5.1  Details of the simulation parameters

Table 5.1: List of dendrimer parameters and linear chain lengths used in each system. g is the
generation number, f is the functionality, s is the number of spacer beads, NS is the number of
beads in a dendrimer molecule, Rgo is the radius of gyration of the dendrimer in the solvent, y
is the ratio between the radius of gyration of dendrimers and linear chains in dilute limit, Ntlf is
the number of beads in the background linear chain, R;CO is the radius of gyration of the linear

chain. Note that dendrimer topologies in (c) and (h) are identical, but have different y.

Fls g | N RY | x| NE| RS

a|3|1]0]| 7 190 | 050 | 19 | 3.90

b|3|2 /0] 10| 240 | 050 | 26 | 4.80

c |3 1|1} 19 | 312 | 046 | 43 | 6.23

d|3 |2 1] 28|38 |046 | 61 | 7.77

e | 31| 2|43 | 434 | 050 | 74 | 8.68

f(4]10 1] 17 | 249 1.0 9 2.49

h |3 ]1|1] 19| 312 1.0 13 | 3.12

adding linear chains to the simulation box to increase the concentration of the solution. Hence,
the resulting solution is always dilute in dendrimer concentration and semidilute in linear chains.
The list of chain lengths, dendrimer parameters, and number of chains in each simulation are
given in Table 5.1. All the dendrimers simulated in this study were symmetric, m = f — 1.

One special case we studied isa f = 4,9 = 1, s = 0 dendrimer. By increasing the number of
arms and reducing the spacer beads, we expect it to be more closely packed compared to the rest
of the dendrimers, and thus behave qualitatively more like a nanoparticle. The concentration of
linear chains was varied from 0.5 to 6¢*. All simulations were carried out in athermal solvent
conditions (¢ = 0) and the hydrodynamic interaction parameter, 4* = 0.2. When hydrodynamic
interactions are not present (the free draining case), h* is set equal to zero, so the RPY tensor
is not invoked and the diffusion tensor simplifies to D,, = ¢,,6. The maximum stretchable
length of each spring, 03 = 50.0, for all simulations. Every independent trajectory had an
equilibration phase of 8 relaxation times followed by a production phase of 10 relaxation times
with non-dimensional time step, At = 107> to 107*. The dynamic properties were calculated

as a function of time in the production phase of individual trajectories. Ensemble averages and
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Figure 5.3: Snapshots from simulation of f = 3,s = 1,g = 1 dendrimer with y = 0.46 at ¢/c], = 1. The blue beads

belong to linear chains and other coloured beads belong to dendrimers.

error estimates were calculated over 700 to 2000 independent trajectories. Figure 5.3 shows a

snapshot of a simulation box containing generation 1 dendrimers and linear chains at ¢/cj, = 1.

5.2 Results and Discussion

5.2.1 Radius of gyration

According to the blob theory for polymers, the radius of gyration of linear chain polymers
reduces with an increase in concentration and follows the scaling law (Daoud et al., 1975; Doi
et al., 1988; Huang et al., 2010):

R{ = Ry, (C—) (5.1

le
On plotting the ratio Ry /Ry of dendrimers and linear chains as a function of the total monomer
concentration, ¢, in solution normalized by the overlap concentration of linear chains, ¢, den-
drimers seem to shrink at a slower rate compared to the linear chains (inset to Figure 5.4(a)).
However, if the normalizing factor for monomer concentration is the overlap concentration for
each species, the normalised radius of gyration of dendrimers of all architectures and linear
chains in the background collapse onto a universal curve as shown in Figure 5.4(a). Thus, the
factor that determines the size of a polymer molecule is the number of monomers it interacts
with in its neighbourhood. In other words, the concentration of monomers relative to its over-
lap concentration if all the monomers in the solution had belonged to its own architecture is
what determines its shape. The fact that the solution has molecules of different architectures is

unimportant.
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Figure 5.4: Radius of gyration of dendrimers in solution and different size regimes (a) Universal behaviour of
radius of gyration of dendrimers and linear chains. The normalized radius of gyration of polymers is plotted as a
function of the ratio of monomer concentration normalized by the respective ¢* of each species. The dendrimer
architecture is included in the order (f, s, g, x) and N,lf is the number of beads on a linear chain. The same coloured
symbols belong to one simulated system. Data from work on pure linear chain solutions by Huang et al. (2010)
(empty triangles) and our simulation data for pure star polymer solutions (orange x-mark) are included. The dashed
line is the scaling law given by equation 5.1. Inset: Normalised radius of gyration of dendrimers and linear chains
in the solution as a function of the ratio of monomer concentration normalized by the overlap concentration of
linear chains, cf.. (b) Size regimes based on relative sizes of polymers and correlation length of the solution.
The dendrimer architecture is included in the order (f,s,g,y). The y-axis is the ratio between the size of the
dendrimer and the radius of gyration of the linear chain in the dilute limit in each simulation system. The dashed

line represents the scaling of & with concentration given by equation 3.10.
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Universal scaling of the diffusivity of dendrimers in a semidilute solution of linear polymers

At lower concentrations, the correlation length of the solution is large compared to the size of
polymers (Regime-1). With an increase in concentration, the size of dendrimers, linear chains,
and the correlation length decreases given by equation 3.10 and 5.1. However, the correlation
length ¢ decreases faster than the diameter of the dendrimer 2Rg and after a certain concentra-
tion, the dendrimers in solution become bigger than correlation length, 2Rg > ¢ (Regime-2).
Thus there is a crossover from Regime-1 to Regime-2 with increasing concentration (see Fig-
ure 5.4(b)).
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Figure 5.5: Relative shape anisotropy and Ugrp of dendrimers. (a) Effect of different architectures on the relative
shape anisotropy of dendrimers in dilute solution as a function of the number of beads in a dendrimer molecule.
The symbols represent dendrimer topology given by the combination f,s,g. (b) Urp of dendrimers in dilute
solution as a function of the number of beads in a dendrimer molecule. The dashed line is the value of Ugp for a

nanoparticle. The symbols represent dendrimer topology given by the combination f, s, g.

5.2.2 Relative shape anisotropy and Ugp

In Figure 5.5(a), the relative shape anisotropy of dendrimers of different architectures in dilute
solution, calculated using equation 3.12, is plotted as a function of the number of beads per
molecule. As the generation number (g) increases at constant f and s, > decreases. The num-
ber of beads inside and on the outer shell of a molecule is more for a dendrimer with higher g.
Due to the excluded volume interactions, the internal beads spread out, and the molecule with
higher g becomes more spherical compared to its lower-generation counterpart. The relative
shape anisotropy of a functionality 4 dendrimer with g = 1 and s = O (Figure 5.2(f)) is much
lower than that of the other architectures. With no spacers, every internal bead in the molecule

is a branching point connected to 4 other beads. This gives it less chance of conformational
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5.2  Results and Discussion

fluctuations and hence behaves more like a compact sphere (Cannon et al., 1991). This is clear
from the distribution of radius of gyration of dendrimers in dilute solution (see Figure A.2).
The number of spacer beads appears not to have a significant effect on the shape of dendrimers.
Along with the relative shape anisotropy, asphericity (B) is also a measure of the shape and com-
pactness of molecules. It shows a similar trend as that of the x> for dendrimers in our simulations
supporting the argument of a spherical and compact structure (see Figure A.3(a)). Interestingly,
x> and B are unaffected by the concentration of the solution as shown in Figure A.3(b) and (c).

In Figure 5.5 (b), the ratio Ugp for dendrimers of different architectures in the dilute limit is
plotted as a function of the number of beads in the molecule. Similar to the behaviour of relative
shape anisotropy, Ugp decreases with increasing g when f and s are fixed. Our simulation
results are in line with the previous experiments (Tande et al., 2001) and simulations (Bosko
and Prakash, 2011) for dendrimers in dilute solution. The f = 4,9 = 1, s = 0 (Figure 5.2(f))
dendrimer has a value of Ugp very close to that of a hard sphere even though the number of
beads in it is almost the same as that of a f = 3,9 = 1,5 = 1 (Figure 5.2(c)) dendrimer. Thus,
by increasing g and f, dendrimers can be seen to transition from ‘fractal-like’ to a ‘nanoparticle-

like’ structure.

5.2.3 Bead density distribution

Figure 5.6(a) shows the linear bead density distribution along the major axis of the radius of the
gyration tensor of linear chains and dendrimers in a dilute solution. Linear chains have a dip
in the density distribution at the centre of the molecule (Kumari et al., 2020) implying that in
an athermal solution, beads near the centre have a higher effective excluded volume repulsion.
The density distributions of dendrimer molecules, on the other hand, are peaked at the centre
of mass. The linear number density is the density of the projected coordinates of the beads
along the major axis. A higher functionality f of a dendrimer leads to the localisation of beads
closer to the core, increasing the linear core density. The other factor responsible for higher
core linear density is the presence of a larger number of beads in the molecule (the projected
coordinates of which are likely to be higher near the core). The other characteristic feature
of the linear number density of dendrimers is the presence of a non-Gaussian shoulder region
midway between the core and periphery. We do not have a simple geometrical explanation for
this behaviour. The linear bead density distribution of f = 3,5 = 1,9 = 1 in theta solvent
conditions shows a Gaussian distribution, with a significantly high core density compared to
that in athermal conditions. This could be due to the folding back of the dendrimer arms to the
core due to the absence of the excluded volume interactions.

The density distribution is different along the 3 axes of the gyration tensor, with the internal

bead distribution being more clearly non-Gaussian along the major axis (see Figure A.4(a)) and
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Figure 5.6: Linear bead density distribution of dendrimers (a) Effect of architecture on the internal bead density
distribution of dendrimers along the major axis in dilute solution. Black triangles represent linear chain with 25
beads and dendrimers are represented using the combination f, s, g. The pink triangle representsa f = 3,5 = 1,9 =
1 dendrimer in theta solvent conditions. The dashed line is a Gaussian fit to this data. (b) Effect of concentration
on the bead density distribution of f = 3,5 = 1,g = 1 dendrimer in a semidilute solution of linear chains with
x = 0.46. The pink triangles represent dendrimer in theta solvent conditions and the dashed line is a Gaussian fit
to this data.

Gaussian-like along the minor axes. The effect of increasing solution concentration on the bead
density distribution along the major axis of generation-1 dendrimer is plotted in Figure 5.6(b).
Due to the excluded volume interactions in an athermal solution, dendrimer molecules tend to
swell, resulting in a lower core density. The shoulder that is present in the density distribution
in the dilute case decreases as the concentration of the background linear chains increases.
As is well known, at higher concentrations, the excluded volume interactions are screened in
the molecule, and the onset of this is revealed in the figure. Thus, the molecule is shrinking,
bringing beads closer to the centre of mass. After 2¢*, the distribution approaches Gaussian,
which corresponds to the theta solvent conditions. It should be noted that all simulation results
reported in this manuscript for theta solvents have been obtained with the well depth set to
€ = 0.45 in the SDK potential.

The bead density distribution in concentric shells of equal volume, referred to as volumetric
bead density, was also calculated (see Figure A.4(b) and (c)). All dendrimer architectures show

a high core density in dilute solutions, which monotonically decreases towards the periphery.
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As the solution concentration increases, the volumetric bead density approaches that in theta

solvent conditions, similar to linear bead density.

5.2.4 Mean squared displacement
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Figure 5.7: Mean squared displacement of dendrimers as a function of time (a) The mean squared displacement
of a dendrimer with f = 3,5 = 1,9 = 0, = 0.5 in a solution of linear chains of concentration 6¢*. The vertical
dashed and dashed-dotted lines are 7¢ and 7,4, respectively. (b) Effect of hydrodynamic interaction on the mean
squared displacement of dendrimers. The same symbol shapes represent identical systems. The concentration is
fixed at 1¢* and f = 3 for all dendrimers. For the star polymer, s = 1, y = 0.5 and for generation one dendrimer,
s=2,x=046.

According to the coupling theory (Cai et al., 2011) for the diffusion of nanoparticles in a poly-
mer solution, the particle dynamics is dependent on its size relative to the solution correlation
length. Nanoparticles in Regime-1 pass smoothly through the polymer mesh, whereas particles
larger than & get locally trapped and become subdiffusive at intermediate time scales, with the
diffusion exponent aN? = 0.5. However, a recent MPCD study (Chen et al., 2018) has shown
that o™? gradually decreases from unity to 0.5, with an increase in solution concentration due
to its coupling to the polymer centre of mass motion. To understand the behaviour of soft den-
drimers in polymer solutions, the mean squared displacement of dendrimers was plotted as a
function of time as shown in Figure 5.7(a). The system in the figure corresponds to Regime-2
(2Rg > &). The dendrimer is observed to be diffusive (! = 1) at times less than T¢. It then
becomes subdiffusive at intermediate times (7 < t < 74) with a® < 1, followed by normal dif-

fusion at long times ( ¢ > 74), similar to the behaviour of a nanoparticle in the polymer solution.
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With increasing concentration, the mean squared displacement of dendrimers decreases and
the subdiffusive regime increases(Figure 5.7(a)). This is because 7, (equation 3.16) decreases
and 74 (equation 3.17) increases with increasing concentration (see Tables A.1, A.2 and A.3).
Therefore, dendrimers remain subdiffusive for a longer span at higher concentrations.

To understand the role of hydrodynamic interactions (HI) in determining the dynamics of den-
drimers, simulations were performed with and without HI. From the mean squared displacement
versus time plots, it is observed that HI promotes the movement of the dendrimers in the so-
lution, thus leading to a higher MSD (Figure 5.7(b)). This is in line with earlier observations
for nanoparticles in polymer solutions(Chen et al., 2017). The architecture of dendrimers also
affects its mean squared displacement because its size increases with generation number, keep-
ing f and s fixed. At a constant concentration, a generation 2 dendrimer will experience more
hindrance to its motion compared to a simple star polymer (g = 0), causing the former to dif-
fuse slower than the latter (see Figure 5.7(b)). However, we can collapse MSD for different

architectures by following a simple scaling relation as shown in Figure 5.7(c).

5.2.5 Diffusion exponent

As mentioned earlier, dendrimers that are larger than the solution correlation length become
subdiffusive at intermediate time scales. We have extracted the diffusion exponents for den-
drimers of different architectures at intermediate times (7 < t < 74). Since this gives the
minimum value of diffusion exponent in the entire trajectory, diffusion exponent at intermediate
times is referred to as am,. This quantity is plotted as a function of the ratio of their diameter to
the correlation length (Figure 5.8(a)). Dendrimers smaller than correlation length (Regime-1)

exhibit diffusion with a4

min

= 1, whereas dendrimers larger than correlation length (Regime-2)
d

min

that the diffusion exponents of all dendrimers collapse onto a universal curve independent of

experience hindrance to its movement and becomes subdiffusive o¢. < 1. It is remarkable
the architecture of dendrimers. The figure also contains the minimum diffusion exponent of
nanoparticles from MPCD simulations carried out by Chen et al. (2018). Dendrimers have a
higher value compared to a hard sphere with the same dyp/¢ value in regime-2, where dyp is the
diameter of the nanoparticle. This may be due to the concentration-dependent size of the den-
drimer, unlike that of a nanoparticle, which is a hard sphere. A dendrimer trapped in a polymer
mesh can move out of it due to its own fluctuation along with fluctuations of the mesh-forming
strands. It is consequently more diffusive compared to a nanoparticle of comparable size. In-
stantaneous diffusion exponents also can be obtained by taking the time derivatives of mean
squared displacement. It was observed that « thus obtained at intermediate times is similar to
that calculated from the time exponent of MSD between 7, and 74. It starts increasing beyond

74 and tends to unity (see Figure A.7).
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Figure 5.8: The minimum diffusion exponents (a) The minimum diffusion exponent of dendrimers of different
architectures is plotted as a function of the ratio of its size to the correlation length in the two regimes. Data
from work by Chen et al. (2018) for a nanoparticle in semidilute polymer solution of linear chains is included.
The dashed lines are a guide to the eye and the vertical line demarcates the two regimes. (b) The minimum
diffusion exponent of f = 3,5 = 2,9 = 1 dendrimers in solutions with and without hydrodynamic interactions
with y = 0.46. (c) The ratio of the minimum diffusion exponents of dendrimers to that of linear chains in its
background as a function of concentration for dendrimers of different architectures. The dashed line is equal to
unity. The symbols represent dendrimers in the solution with topological parameters f, s, g, x,. (d) The ratio of the

minimum diffusion exponents of dendrimers to that of linear chains in solutions with and without hydrodynamic
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interactions. The system considered is the same as that in (b).
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Figure 5.8(b) shows the influence of hydrodynamic interactions on the minimum diffusion ex-
ponents of dendrimers in a solution. The exponent a/dmin = 1 for both cases as dendrimers exhibit
pure diffusion at low concentrations. As concentration increases, the minimum diffusion expo-
nent of dendrimers with HI decreases monotonically, while that without HI levels off. The
diffusion exponent of nanoparticles in semidilute solutions has also been studied using MPCD
simulations. While an earlier study (Chen ef al., 2017) indicated behaviour different from that
observed here, the observations of a more recent study by Chen et al. (2018) are in agreement
with our results. Paradoxically, HI seems to slow down the motion of dendrimers in the in-
termediate times as shown by the decreasing values of the diffusion exponent, while, as seen
earlier, it enhances the long-time diffusivity. This is perhaps due to the backflow caused by HI
that prevents the escape of dendrimers from polymer ‘cages’ at intermediate times. However,
at long times, HI enhances its motion through polymer-mediated motion as shown by the MSD
plots (Figure 5.7(c)). A better insight into the effect of HI at different time scales is obtained
from the velocity field due to HI about the dendrimer molecule (see Figure A.8). At a length
scale comparable to dendrimer size, which corresponds to intermediate times, each monomer on
a dendrimer molecule experiences a force of different magnitude and direction at every instant
in time due to its configuration. This causes the molecule to change shape and move in random
directions, thus slowing its diffusion process. Whereas, when viewed from larger length scales,
which corresponds to ¢t > 74, the dendrimer is like a particle placed at its centre of mass. Its
diffusion is enhanced by the unidirectional flow due to HIL.

We also examined the dynamics of linear polymer chains in the background solution at in-
termediate time scales. Similar to dendrimers, linear chains also enter a subdiffusive regime
at intermediate times, and the minimum diffusion exponents of both species are highly corre-
lated as shown in Figure 5.8(c). This is similar to the observation made by Chen et al. (2018)
for nanoparticles. The correlation has been attributed to the coupling of nanoparticle motion
to the centre of mass of the linear chains in the solution along with the segmental relaxation
time of polymer, which results in the gradual decrease of diffusion exponent from 1 to 0.5 (Fig-
ure 5.8(a)), unlike the predictions of coupling theory (Cai et al., 2011) which predicts a constant
value of 0.5 as the diffusion exponent of nanoparticle. It appears that the correlation is lost for
some of the architectures at higher concentrations, however, the scatter is due to insufficient
statistics. Since the difference across the entire range of concentrations considered is less than
5%, the correlation exists at all concentrations and across all architectures.

The coupling of the motion of dendrimers and linear chains would at first sight be attributable to
the presence of long-range hydrodynamic interactions. However, the strong correlation between

the minimum diffusion exponents of both species exists even in the absence of HI as shown in
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Figure 5.8(d). This confirms that the correlation is due to comparable time scales of relaxation

between the dendrimers and linear chains, and not due to the many-body HI (Chen et al., 2018).
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Figure 5.9: Probability distribution function of displacement for a generation two dendrimer (f = 3,s = 1,y = 0.5)

at concentration ¢ = 6¢* at different times ( at t = 0.47,, 0.6(t¢ + 74) , 2.67¢).

5.2.6 Probability distribution function of displacement

To get a better insight into the characteristic features of dendrimer dynamics, we analyzed its
probability distribution function of displacement at various time intervals (Figure 5.9). The
displacements are normalized by the correlation length as it is the length scale at which the
dendrimer experiences the presence of linear chains. It is clear from the distribution func-
tion that even though dendrimers become subdiffusive at intermediate time scales, they demon-
strate Gaussian probability distributions. On the other hand, many systems of nanoparticles in
complex environments exhibit non-Gaussian distributions (Phillies, 2015; Kumar et al., 2019).
There has been an increasing interest in studying Fickian systems with non-Gaussian probabil-
ity distributions over the past few years (Wang et al., 2012, 2009; Slim et al., 2020; Smith et al.,
2021). In these systems, the observed deviation from Gaussian behaviour has been attributed to
the temporal (Lampo et al., 2017; He et al., 2016) or spatial (Jee et al., 2014; Guan et al., 2014)
heterogeneities in the complex environment leading to a distribution of diffusivities, due to the
shape anisotropy of the tracer (Smith et al., 2021) or due to activated hopping mechanisms (Xue
etal.,2016).

Subdiffusive motion has been explained using two mathematical models: the continuous-time
random walk model (CTRW) (Montroll and Weiss, 1965) and fractional Brownian motion
(FBM) (Mandelbrot and Van Ness, 1968). While the former has a series of trapping and discrete

jumps leading to subdiffusion and non-Gaussian probability distribution functions, the latter is a
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Gaussian process in which successive steps are correlated (non-Markovian). An analysis of the
motion of the centre of mass of the dendrimer molecule confirms the absence of long waiting
times and hopping (shown in Figure A.6). Therefore, it appears from the MSD plots and the
probability distribution of displacements that the subdiffusive yet Gaussian behaviour of den-
drimers mimics fractional Brownian motion rather than continuous time random walk motion.
Similar results were obtained for polymer-grafted nanoparticles in a recent molecular dynamics
study (Chen et al., 2022).

Figure 5.9 shows the probability distribution functions (PDD) for a f = 3,5 = 1,9 = 2 (Fig-
ure 5.2(e)) dendrimer at different time scales at a fixed concentration. When r < 7 and 1 > 74,
dendrimers exhibit normal diffusion and hence the PDD is expected to be Gaussian. However,
in the intermediate time scales when the dendrimer is subdiffusive, they have a Gaussian PDD.
Note that the correlation length, 7, and 74 are concentration and architecture-dependent quan-
tities. The probability distributions remain Gaussian at all concentrations irrespective of the

architecture and the time (see Figure 5.9).

5.2.7 Diffusivity as a function of concentration
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Figure 5.10: Universal behaviour of normalised diffusivity of dendrimers and linear chains as a function of the
ratio of monomer concentration normalized by the respective ¢* of each species. The dendrimer architecture is
included in the order (f, s, g, x) and Ntlf is the number of beads on a linear chain. Symbols in the same colour
belong to the same system, with right triangles representing linear chains. The dashed line is the scaling law given
equation 5.2. Experimental data for generation 8 dendrimers and dextrans from Cheng et al. (2002) is included.
Inset: Normalised diffusivity of dendrimers and linear chains in the solution as a function of the ratio of monomer

concentration normalized by the overlap concentration of linear chains, cj,.
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The diffusivity of linear chains in semidilute polymer solutions is known to follow a universal
scaling law given by (Doi et al., 1988)

v=1

Ic Ic c o
D* =Dg|— (5.2)

*
Clc

To understand the long-time dynamics of the simulated hybrid system, we calculated the long-
time diffusivity of dendrimers and linear chains in the solution. The diffusivity, normalized by
the respective dilute diffusivity, of dendrimers and linear chains decreases with an increase in
concentration as shown in Figure 5.10. Dendrimers of functionality f = 3 and linear chains
in the solution follow the universal scaling law for linear chains when the monomer concentra-
tion (c) is normalized with respect to the overlap concentration of each species. However, the
diffusivity of a f = 4 dendrimer does not follow equation 5.2. Rather, it drops rapidly after
c/cy=1.

There is a remarkable collapse of diffusivity of dendrimers of several architectures in spite of
having different anisotropies. Therefore it would appear that anisotropy does not affect their
dynamics. We have also calculated the distribution of the radius of gyration of dendrimers in a
dilute solution (shown in Figure A.2(a)) and examined the effect of concentration (Figure A.2(b)
and (c)). This was obtained using the RZ from many trajectories at different instances in time
and binning them. The variance of the distribution of Rg gives a measure of the size fluctuations.
The f = 4 dendrimer has a significant decrease in variance compared to the f = 3 dendrimers
in dilute solution. Note that the (f, s,g) = (3,1, 1) dendrimer has a similar number of beads
per molecule to that of the f = 4 dendrimer, and indeed the (f,s,g) = (3,1,2) and (f, s,g9) =
(3,2, 1) dendrimers have a higher number of beads. Yet the f = 4 dendrimer has a smaller
variance of the distribution of R,. This suggests that a decrease in the fluctuations in size
might be a more important factor in determining the difference observed in the behaviour of the
functionality four dendrimer, rather than its anisotropy. The variance in RZ seems to decrease
rapidly with concentration for both the architectures that are displayed in Figure A.2(b) and
(c). Our simulation results are compared with experimental data for a generation 8 dendrimer
and Dextran molecules reported by Cheng et al. (2002). A generation 8 dendrimer is a dense
and compact molecule with fractal dimension ~ 3.1 whereas dextrans are slightly branched
molecules with fractal dimension 2.3 (Cheng et al., 2002). The diffusivities of f = 3 dendrimers
and linear chains in our simulations behave similarly to Dextran molecules while the f = 4
dendrimer behaves more like the generation 8 dendrimer, confirming that the former has a more
compact structure.

While dendrimers are just one example of soft colloids, there are other systems like microgels,
multiarm stars, and hairy colloids that may also be considered as soft colloids. Our search of

the literature seems to suggest that a systematic study of the dependence of diffusivity on the
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concentration of the semidilute solution has not been reported for this variety of soft colloids,
rather the effect of temperature and pH has been well studied. Therefore, we are unable to
compare our results directly with data for a range of these systems. On the other hand, there is
data by Poling-Skutvik et al. (2019) on polymer-grafted nanoparticles (PGNP) or hairy colloids
on the dependency of its diffusivity on concentration. They have observed that the normalised
diffusivity of a variety of PGNP-linear chain systems can be collapsed when represented in
terms of (c/cfc) (Mw,f/Mw,g)_l/g. In our simulations, since, ¢ can also be represented in terms
of ¢}, (for a detailed derivation see Section A.9), the overlap concentration of dendrimers, c},
can be written as ¢ = c;, (alC /ad)3 (N]‘Dj /Nllf)l_3v, where the constants a® and a'° are defined by
at = Rgo /(N{) and @ = ngco /(NE). Using this relation, the diffusivity of all the dendrimer
architectures can be collapsed by plotting the data in Figure 5.10 in terms of cj, (Ng /Ntlf)_o'%.
Note that the exponent of the normalisation factor is different from that reported by Poling-
Skutvik et al. (2019). A comparison of the results displayed in Figure 5.10 for dendrimers with
the data of Poling-Skutvik et al. (2019) for one of their systems, is shown in Figure A.10.

5.2.8 Scaling law for dendrimer diffusivity
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Figure 5.11: (a) Normalised diffusivity for dendrimers of all architectures in the solution of linear chains as a
function of the ratio of its size to the correlation length of the solution. Symbols represent dendrimers with
topological parameters in the order f, s, g, y. The dashed line represents the scaling law derived for dendrimers
(equation 5.3) and the solid line represents the predictions of coupling theory (Cai et al., 2011). (b) Normalized
diffusivity for dendrimers of all architectures along with MPCD (Chen et al., 2018) (red empty triangles) and
experimental data (Kohli and Mukhopadhyay, 2012) (cyan filled triangles) from literature for nanoparticles. The

lines are Mittag-Lefler fits (ML fun) to various systems with parameters m,a and p given in Table 5.2.
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Table 5.2: Values of parameters used in the Mittag-Lefller fits to various data sets in Fig-
ure 5.11(b)

System m a P
f=3 -0.43 | 059 | 0.82
f=4 -0.11 | 0.79 | 1.40

Nanoparticle 0.45 0.78 | 2.00

Dendrimers are soft polymers, the size of which changes with the concentration of the back-
ground solution (Figure 5.4(a)), unlike nanoparticles that have a fixed size. The theories that
govern nanoparticle dynamics in homopolymer solutions are consequently not directly appli-
cable to dendrimers. Combining equation 5.1 and 5.2 for dendrimer radius of gyration and
diffusivity, and equation 3.10 for correlation length, a new scaling law for the dynamics of
dendrimers in semidilute polymer solutions can be derived. The normalized diffusivity of den-
drimers as a function of the ratio of its size to the correlation length of the solution is given by
(for detailed derivation see Section A.10):
4\ 20-1)
B

2130
Figure 5.11(a) shows our simulation data fitted with the scaling law for dendrimer diffusivity

20-1) v
where y = ( ) with g = <.
b

given by equation 5.3. As expected, the normalized long-time diffusivity is equal to 1 in the
dilute limit and a crossover to the semidilute regime happens when the size of the dendrimer is
comparable to the correlation length (2R§ ~ £). Data for functionality 3 dendrimers collapse to
a universal curve when divided by the factor y, which depends on y and 5. However, the f = 4
(Figure 5.2(f)) dendrimer does not follow this power law at sufficiently high concentrations. In
equation 5.3, the exponent 2 (v — 1) = —0.82 when v = 0.588. The —2 power law from coupling
theory for nanoparticles is also displayed for comparison.

In the case of nanoparticles, two competing theories predict different scaling behaviour for
diffusivities: the hydrodynamic model gives a stretched exponential dependence of the normal-
ized long-time diffusivity of nanoparticles on its size relative to the system correlation length,
whereas the coupling theory predicts a power law dependence with an exponent —2. These the-
ories have been well supported by experiments and simulations (Chen ef al., 2017, 2018; Kohli
and Mukhopadhyay, 2012; de Kort et al., 2015; Poling-Skutvik et al., 2015). Since the diffusiv-
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ity is normalized by its dilute value, in both cases, the ratio tends to one at low concentrations. It
is interesting to consider the disparity in scaling predictions with the help of the Mittag-LefHer
(ML) function, which is unique as it becomes a stretched exponential at small values of its argu-
ment x, while it is a power law at large values of x (Mainardi, 2020; Jaishankar and McKinley,

2013). In this study, we are using a modified version of the ML function (E,, (mx”)), given by:

(=m)*x?*
. Py — 5.4
Eap (oma?) = ZF(ak+b) G
where m, p, a and b are arbitrary constants. At small x, equation 5.4 is given by

E,, (-mxP) = i — 5.5
b (=mx’) eXP(r(a+b)) (5.5)

and at large values of x it becomes a power law, with p being the power law exponent:

xfp

E.p(—mxf) = —— 5.6
b (=mx") TGh—a) (5.6)

The diffusivity as a function of the ratio of the size to the correlation length of dendrimers of all
architectures and nanoparticles can be fitted using different values of m, a and p of the Mittag-
Leffler function (details of the code can be found in Section A.11. Since D/D, = 1 in the dilute
regime, b = 1, and the expression is given by:

2Rd p
D/Dy = E, (—m(?‘a’) ) (5.7)

All dendrimers with f = 3 can be fitted using the modified Mittag-Leffler function (equa-
tion 5.7) with a power law exponent p = —0.82 as shown in Figure 5.11(b). The normalized
diffusivity of nanoparticles from MPCD simulations by Chen et al. (2018), which follows the
scaling law from coupling theory, is fitted with a power law exponent of p = —2. Experimental
results for nanoparticles that were thought to have a stretched exponential dependence (Kohli
and Mukhopadhyay, 2012) are also included (cyan triangles) for comparison. Interestingly, both
these data sets can be fitted well with the same Mittag-Leffler function. The f = 4 dendrimers
that do not follow the scaling law for diffusivity of linear polymers (equation 5.2) cannot be fit-
ted with the same power law exponent of f = 3 dendrimers. Fitting this data using equation 5.4
gives p = —1.4, which is between the power law exponents for f = 3 dendrimers and hard
spheres. Hence, there is a transition from the polymer-like behaviour to a hard-sphere due to
the increased functionality, leading to a compact structure. The values of the various parameters

used for fitting in Figure 5.11(b) are given in Table 5.2.

5.3 Conclusions

Through Brownian Dynamics simulations, we have examined a hybrid system of soft den-

drimers in a semidilute solution of linear polymers. Our investigation focused on the effects of
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solution concentration, dendrimer architecture, and hydrodynamic interactions on the static and
dynamic properties of the dendrimers. We compared our findings to those of a rigid sphere in a
semidilute polymer solution. Dendrimers with a mean R, comparable to that of linear chains in
the background were chosen for all simulations.

Our results showed that, unlike hard spheres, the size of dendrimers decreases as the solution
concentration increases and follows the universal scaling law for linear chains represented by
equation 5.1. In the dilute state, the shape functions of dendrimers decreased with increasing
functionality and generation number but remained constant with concentration. Additionally,
the internal bead density of all dendrimers was highest at the core and rapidly decreased towards
the periphery of the molecule in a dilute solution. The higher functionality dendrimer showed a
higher internal bead density compared to its counterpart with similar bead numbers. At higher
concentrations, the bead density distribution approached a Gaussian distribution, similar to that
of a polymer in theta solvent conditions. This is due to the screening of excluded volume
interactions, which allows the overlap of dendrimer branches.

In the study, it was observed that dendrimers exhibit subdiffusion during intermediate times
as they become trapped in cages formed by linear chains. However, the minimum diffusion
exponent for dendrimers was found to be higher than that of their hard sphere counterparts at
higher concentrations. This can be attributed to the additional fluctuation of dendrimers, which
facilitates their motion out of the polymer cages. It was also observed that dendrimers and
linear chains have similar diffusion exponents at all concentrations, regardless of the presence
or absence of hydrodynamic interactions (HI). As time progresses, dendrimers become diffusive
as a result of polymer relaxation. The study also found that HI enhances polymer dynamics at
longer times and increases its mean squared displacement. However, the minimum diffusion
exponents decrease with concentration when HI is present, unlike the free-draining case where
there is no variation.

The long-time diffusivity of dendrimers decreased with increasing solution concentration, simi-
lar to that of the linear chains in the background, and collapsed onto a universal curve. However,
the diffusivity of dendrimers does not follow theoretical predictions for nanoparticle diffusivity
as a function of its size relative to the solution correlation length. From the analysis of the
effect of concentration on dendrimer size and diffusivity, as well as the correlation length of
the solution, we developed a scaling law for dendrimer diffusivity based on the ratio of its size
to solution correlation length. We found that dendrimers with functionality three follow this
scaling law, but more dense dendrimers with higher functionality (f = 4) do not obey it at
higher concentrations. These dendrimers have a power law exponent that falls between that of
f = 3 dendrimers and hard spheres. This shows with increasing functionality, dendrimers shift

from polymer-like to hard sphere-like structures. Moreover, using the Mittag-Leffler function,
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the crossover from the stretched exponential character at low concentrations to the power law
behaviour at higher concentrations has been captured for both our simulation results and data
from the literature for nanoparticles.

In the following chapter, the static properties of sticky and non-sticky dendrimers in a network

of linear associative polymers is discussed.
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Chapter 6

Static properties of a sticky and non-sticky

dendrimer in polymer networks

In this chapter, the static properties of dendrimers in a network are analysed as a function of
the concentration of the background chains and sticker-related parameters. This includes the
evaluation of the radius of gyration and internal bead density distribution of both the sticky and
non-sticky dendrimers as well as the mesh size distribution of the surrounding network.

The confinement parameter, C defined as onp/&, emerges as the key factor governing the mo-
bility of nanoparticles in polymer networks. Its significance has been independently established
through theoretical predictions by Cai ef al. (2015) and Dell and Schweizer (2014), both of
whom demonstrated that terminal diffusivities exhibit a strong dependence on C. For den-
drimers in semidilute polymer solutions, the preceding chapter demonstrated that their subdif-
fusive behaviour arises only when their radius of gyration exceeds the correlation length of the
solution. For a nanoparticle of fixed size, the confinement parameter can be modulated solely
by varying & of the network. However, dendrimers exhibit more complex behaviour, their size
decreases along with & with increasing concentration. Due to its influence on the dynamics,
it is crucial to analyse the size of sticky and non-sticky dendrimers in polymer networks. The
presence of attractive interactions between dendrimers and linear polymer chains is expected
to influence their static properties significantly. Changes in the radius of gyration will also be
reflected in the arrangement of beads within the dendrimer molecule, captured by its internal
bead density distribution.

Beyond the intrinsic properties of dendrimers, the structural characteristics of the polymer net-
work, such as the mesh size, also critically influence dendrimer dynamics. A recent simulation
study on nanoparticles in polymer networks has highlighted distortions in the network mesh due
to the presence of nanoparticles. This is attributed to the interaction between the nanoparticle

and the network. This raises important questions about the extent of such effects in the context
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of dendrimers, particularly with varying interaction strengths. A detailed analysis of the radius
of gyration and the bead density distribution of sticky and non-sticky dendrimers in polymer
networks (as shown in Figure 2.4(b) and (c)) are presented in this chapter. It also examines
the impact of dendrimer-network interactions on the mesh size of the polymer network under

varying concentrations of linear polymers.

6.1 Details of the simulation algorithm

Figure 6.1: Schematic representation of sticky dendrimer in network. The various interaction parameters
are indicated.

The SDK potential is employed to model both the sticker interactions and the repulsion between
non-sticky beads. This is done by varying the well depth of the potential. For purely repulsive
interactions, we set € = 0 and the solvent quality decreases with increasing €. Unlike the
conventional Lennard-Jones (LJ) potential, the SDK potential has a short-ranged attractive tail
that smoothly goes to zero, making it a suitable choice for our simulations.

In this study, we have chosen two dendrimer architectures, a simple star polymer ((f, s,g) =
(3,2,0)) and a generation one dendrimer ((f, s,g) = (4,0, 1)) (refer to Section B.1). The order
of dendra in both cases is given by m = f — 1. The size ratio between the radius of gyration of
dendrimers (Rgo) and linear chains (RL,CO) in dilute limit (y = Rgo /ngco)) was chosen to be 0.3 and
0.5. The length of linear chains was determined using the same methodology used in the pre-

vious chapter on dendrimers in a semidilute solution of linear polymers (given in Section 5.1).
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6.1  Details of the simulation algorithm

The length of the simulation box L > 2R,, where R, is the end-to-end distance of linear chains
in the solution so that molecules do not wrap around themselves. The concentration of the sys-
tem refers to the monomer (or bead) concentration in the simulation box given by ¢ = N/V,
where N is the total number of monomers given by N = (N x N°) + (N¢ x N¢). The dendrimer
concentration is always kept within the dilute limit and more linear chains are added to increase
the overall concentration of the solution. The concentration range considered is from dilute to
6¢*, where c¢* is the overlap concentration defined in terms of the radius of gyration of the linear
chains in the dilute limit (RY,), given by ¢* = Ni¢/ ((4/3)7r (Rg0)3).

The inclusion of stickers also introduces two important length scales (shown in Figure 6.1): Iy
which is the distance between two A-type stickers and /4 which is the distance between two B-
type stickers along the backbone of the linear chain. The details of the methodology to choose
In and [ is given in Section B.2. The C-type stickers are present at the ends of the dendrimer
arms. The distance between stickers on the linear chain is always reported in terms of £*, where
the value of £ at ¢/c* = 1 is referred to as &". For example, Iy/&* = 1 means there is an
A-type sticker at every &* along the linear chain. The parameter space for this study includes
en =0,1,4,6,8,12, ¢ = 0,1,4,8, In/é* = 1,0.5,0.25 and [3/¢* =~ 1,0.5,0.25,0.1. The exact
values of Iy/&* and [4/&" are reported in Table B.2. The interaction between any beads other
than A-A and B-C stickers is purely repulsive and the well-depth of the SDK potential is zero.

The dendrimer is referred to as ‘non-sticky’ when ¢; = 0.

Figure 6.2: A snapshot from simulations of sticky star polymers (f, s, g, x¥)=(3,2,0,0.5) in linear associa-
tive polymers at ¢/c* = 0.5. The white beads in the system are the backbone monomers (non-sticky) and
the coloured beads are stickers of type A (red), type B (blue) and type C (green). Type A stickers interact
with themselves to form a network while types B and C represent the linear chain-dendrimer interaction.

The hydrodynamics interaction parameter is set at 4* = 0.2 and the maximum stretchable length
of the FENE spring Q(z) = 50.0. Each simulation trajectory has an equilibration phase (= 107g)

followed by a production run (=~ 87g), where 7 is the Rouse relaxation time given by 7z =

69



Static properties of a sticky and non-sticky dendrimer in polymer networks

1/ (2 sin’ (ﬂ/ZNEf)) (Bird et al., 1987b). The time step of integration is A = 107 to 107*
in non-dimensional units. Properties were calculated from the ensemble averages of 700 —
3000 independent trajectories. Figure 6.2 shows a snapshot of a simulation box containing star

polymers and linear chains at ¢/c* = 0.5.

6.2 Results and discussion

6.2.1 Radius of gyration

The radius of gyration of dendrimers in a semidilute solution of linear chains was found pre-
viously to follow the scaling law for linear chains (refer to Section 5.2.1). To understand the
effect of sticky interactions on the size of a dendrimer in a polymer network, we calculated the

radius of gyration using the equation 3.6.
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Figure 6.3: (a) Effect of the sticker strength and concentration on the normalised radius of gyration of
dendrimers. The right pointing and up pointing triangles are non-sticky dendrimers in solution and
network respectively. The star and circle are sticky dendrimers with low sticker strengths, while the
diamond, square and left pointing triangles are for higher sticker strengths. (b) Effect of distance between
type B stickers and concentration on sticky dendrimers with ey = 8 and ¢4 = 4. For comparison, data for
homopolymers in semidilute solutions is also included.

Figure 6.3 shows the effect of sticker strength and the distance between type B stickers on linear
chains (/3) on the size of dendrimers in a polymer network. The radius of gyration is normalised
by that in the dilute case (Rgo). For comparison, this ratio for the same dendrimer architecture in
a semidilute solution of linear chains without network forming stickers is also included (black

right pointing triangles denoted as (0,0,0,0)). The size of a non-sticky dendrimer (magenta
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up pointing triangles denoted as (8,0,1,0)) and sticky dendrimers with low sticker strengths
(€4 = 1 and 2) (star and circle symbols respectively) decreases with increasing concentration and
follows the scaling law for homopolymers in a semidilute solution given by equation 5.1 (Daoud
et al., 1975; Doi et al., 1988; Huang et al., 2010).

This implies that the state of the background chains (solution or network) does not affect the
size of the dendrimer, rather the number of beads in its surroundings is what matters. For weak
sticker interactions, which means low values of ¢, the dendrimer binds and unbinds frequently
to the network, which makes it similar to a non-sticky dendrimer. However, as the sticker
strength increases, the dendrimer gets stuck to the network for a longer time. At low concentra-
tions of the linear chains, there are fewer chains and hence fewer type B stickers available for
the dendrimer to stick. Far-apart stickers of type B along with long sticking duration result in
the stretching of dendrimer arms. Therefore, its normalised radius of gyration increases initially
until ¢/c* = 1 resulting in a maxima as shown in Figure 6.3(a) (refer to the diamond, square and
right pointing triangles). Beyond c¢/c* = 1, the chains come closer to each other, thus decreasing
the distance between attachment points for the dendrimer. This, along with conventional Flory
screening due to excluded volume (EV) effects leads to a decrease in dendrimer size. It is worth
noting that there is a collapse of the normalised radius of gyration of sticky dendrimers with
higher values of ¢; with increasing concentration.

In Figure 6.3(b), the effect of decreasing /4 on the normalised size of a sticky dendrimer is plot-
ted as a function of concentration. The values of ey and ¢, are fixed at 8 and 4 respectively. The
decrease in distance between dendrimer stickers on linear chains gives more available points of

attachment to the dendrimer. However, it seems to not affect the dendrimer size.

6.2.2 Internal density distribution

The plot for the radius of gyration for dendrimers has shown that their size increases with
increasing strength of adherence to the network due to a higher binding time. This would mean
a decrease in the internal density near the core of the dendrimer. To test it, we calculated the
internal bead distribution of the dendrimer along its major axis using equation 3.14.

Figure 6.4 shows the distribution of beads for dendrimers of two sticker strengths (¢4 = 4
in (a) and ¢ = 8 in (b)) with (e, IN,lq) = (8,1,1). It is observed that irrespective of the
strength of interaction between the dendrimer and the linear chain, dendrimers have a dense
core. At lower sticker strengths, the bead density remains unaffected by concentration till 1¢* as
shown in Figure 6.4(a). However, at higher sticker strengths in which a maxima in the radius of
gyration was observed, the bead density away from the core of the dendrimer increases till 1¢*
(Figure 6.4(b)). This is consistent with the increase in Rg till 1¢*, beyond which the dendrimer

starts shrinking and the core density increases.
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Figure 6.4: (a) Effect of the concentration on the internal bead density of sticky dendrimers for g = 4
(a) and ¢4 = 8 (b). The system is a functionality three star polymer with (ex, IN,lq) = (8,1, 1). Inset:
Zoomed in version to show the difference in bead densities away from the core.

6.2.3 Distribution of mesh size

The distance between type A stickers, Iy, is an input to the simulation and to a certain extent,
it is a measure of the ‘ideal’ mesh size. A more accurate measure of the mesh size can be
obtained by calculating the mean spatial distance between stickers which is denoted here by
ax. The quantity ay is defined as the mean squared distance between two adjacent stickers of
type A that belong to the same linear chain and are stuck to a sticker on another chain. In other
words, it is the distance between two stuck stickers on a linear chain that form an inter-chain
association. The algorithm used to calculate a, is discussed in Section B.3. An illustration
of sample configurations is given in Figure 6.5. The bead pairs that contribute to mesh size
calculation in (a) are 0-3 and 3-5 in the first chain (red beads) and 6-8 and 8-10 in the second
chain (green beads) while in (b) they are 1-3, 3-5 and 6-10 and 10-11 (colours same as in (a)).
The average over all chains at specific intervals of time during the entire production run gives
an estimate of the actual distribution of mesh size a, in simulation.

The mesh size of the network through which a probe particle diffuses affects the latter’s dy-
namics to a great extent (discussed in Section 2.2.2 and Section 7.1.1) (Cai et al., 2015; Dell
and Schweizer, 2014). However, it is equally crucial to understand the influence of these par-
ticles on the mesh size of the network. Using the methodology mentioned in Section B.3, we
calculated the distribution of mesh sizes in a network with dendrimers. Figure 6.6 presents the

mesh size distribution in the network containing non-sticky dendrimers at two different concen-
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Figure 6.5: Two illustrations of mesh size calculation. Two linear chains with stickers (coloured beads)
are shown. Only the stuck beads that form inter chain associations contribute to mesh size calculation.
(a) In this figure, the eligible bead pairs are 0-3 and 3-5 in the first chain represented using red beads and

6-8 and 8-10 . (b) Here the bead pairs 1-3, 3-5, 6-10 and 10-11 are considered for mesh size calculation
(colours same as in (a)).
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Figure 6.6: Effect of the distance between stickers and concentration on the mesh size distribution of the
network. The system considered is (ex = 8) with a star polymer with functionality three in it. Each figure

has two values of Iy, Iy = 1and 0.5. (a) and (b) correspond to ¢/c* = 0.3 and 6 respectively. The dashed
curve in (b) are Gaussian fits to the data.
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trations (¢/c* = 0.3 in 6.6(a) and c/c* = 6 in 6.6(b)) and each plot includes two values of ly.
For additional cases of Iy, refer to Figure B.4. At lower concentrations, the distribution of mesh
size exhibits bimodality, with the local minima being more pronounced when /y = 1 compared
to the other values. As concentration increases, the distribution trends toward a Gaussian profile
for all values of Iy.

To have a better understanding of the influence of dendrimers on the mesh size, we calculated
the mesh size distribution for a network at similar concentrations, but without dendrimers. Fig-
ure 6.7 shows the distribution for Iy = 1 at ¢/c* = 0.3. In the absence of dendrimers, the
bimodality is absent and the distribution is Gaussian-like with a mean value similar to that of
the network with dendrimers. The two peaks of the distribution are symmetrically spaced about
the mean value of the no-dendrimer case, and the mean mesh size is around twice the diameter
of the dendrimer calculated as 2Rg. The vertical lines on the upper x-axis in Figure 6.7 indicates
that the maximas occur at a,/ 2Rg = 1.7and 2.1, while the mean mesh size is equal to 1.9 times

2Rg. The dashed curve is a Gaussian fit to the data.
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Figure 6.7: Effect of the presence of non-sticky dendrimers on the mesh size distribution for In/&é* =1 at
c/c* = 0.3. The dashed curve is a Gaussian fit to the data and the vertical lines are guide to the eye for
the peaks and minima in the distribution with respect to the size of the dendrimer. An illustration of the

effect of dendrimers on the mesh size is shown on the left.

It is important to note that at low concentrations, the number of dendrimers and linear chains
is comparable. When a dendrimer occupies a ‘cage’ in the mesh, the strands forming the cage

expand due to repulsion from the dendrimer molecule, thus increasing the mesh size as shown

74



6.2 Results and discussion

in the schematic in Figure 6.7. Consequently, if the adjacent cage is empty, it is likely to
be compressed (as illustrated), leading to a higher probability of observing both larger and
smaller meshes than the mean mesh size, thereby generating a bimodal distribution. However,
as concentration increases, there are more stickers (Type A) available in the system, increasing
their probability of binding to form a network with a large number of empty meshes, which
are smaller. This is because the number of dendrimers which remain dilute has not changed.
Therefore, the bimodality is absent at ¢/c* = 6 (Figure 6.6(b)) and the maxima of the distribu-
tion has shifted to the left. This interpretation is further confirmed by simulations in which the
number of dendrimers was increased, keeping the number of linear chains fixed (discussed in
detail in Section B.4). As shown there, the double peaks vanish as the number of dendrimers is
increased while the dynamics of dendrimers are unaffected by the presence of a bimodality in
the distribution.

The presence of a sticky dendrimer also affects the network mesh size distribution, however, it
does not lead to bimodality as shown in Figure 6.8. It should be noted that the distribution is
broader in the presence of a sticky dendrimer relative to the non-sticky dendrimer case. In the
latter, the interaction between the dendrimer and the network is purely repulsive. On the other
hand, a sticky dendrimer, due to its attractive interaction with the network, pulls the network
towards itself, thus leading to finite probabilities of having smaller and larger meshes, indicating
increased pore heterogeneity and a broader network. The sticker strength €; seems to not affect
the distribution. Note that the value of €4 only determines the ease with which the dendrimer

unbinds from the network which is a dynamic quantity.
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Figure 6.8: Effect of sticker strength ¢4 on the mesh size distribution of the network. A range of ¢ is

considered with a fixed value of ey = 8.
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Even though the methodology used is different, double peaks in the pore size distribution,
P(2r), of polydisperse polymer networks with spherical nanoparticles have been observed by
Sorichetti et al. (2021) (shown in Figure 6.9). Here, r is the radius of the largest sphere con-
taining the point without touching the network. The authors have considered repulsive and
attractive nanoparticles referred to as RNPs and ANPs respectively. In both cases, the first peak
is more pronounced and is located at the same r as that of a pure system with no nanoparticles.
The second peak is a smaller one and is roughly located at 2r = onp. Specifically, nanoparticles
with repulsive interactions within the network, were found to broaden the distribution and the
second peak is located at onp + 0, where ¢ is a small shift. This is attributed to a larger effective
diameter of the RNP due to its repulsion which also leads to a deformation of the surrounding
network. On the other hand, the attractive nanoparticles have a sharp peak at onp due to the
‘cavity’ it forms in the network. For smaller ANPs, they also observe a decrease in the mean

mesh size due to the contraction of the network, a consequence of the attractive monomer-NP

interaction.
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Figure 6.9: The pore size distribution of polydisperse polymer networks with spherical nanoparticles.
Systems with attractive nanoparticles (a) and repulsive nanoparticles (b) with varying size. Image repro-
duced from Sorichetti et al. (2021), for illustration purposes only, under fair use for research.

Their observations for systems with RNPs are similar to the non-sticky dendrimers cases re-
garding the presence of double peaks. However, its location and amplitude are different. Also,
we observe a single broad peak in the case of sticky dendrimers. These differences can be due to

the ability of dendrimers to stretch and achieve any configuration and size, unlike nanoparticles.

6.3 Conclusions

The static properties of sticky and non-sticky dendrimers along with the mesh size distribution
have been analysed. We find that the size of non-sticky dendrimers and sticky dendrimers of low

sticker energies remains constant in the dilute regime and it decreases in the semidilute regime
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following the same scaling law as that of linear chains and dendrimers in polymer solutions.
Conversely, sticky dendrimers with high €; expand up to 1¢*, after which they collapse, follow-
ing a master scaling curve. Interestingly, the spacing between stickers on the linear chains did
not affect dendrimer size. Consistent with this observation is the bead density distribution of
sticky dendrimers. The density of beads away from the core increases till 1¢* and later drops
with increasing concentration. Irrespective of the stickiness or concentration, all dendrimers
have a dense core, with density dropping towards the periphery. On analysing the mesh size
distribution of the network, it was observed that the non-sticky dendrimers create ‘cavities’ in
the network, thus leading to a bimodal distribution of mesh sizes, while the sticky interaction
between the dendrimer and the network stretches the meshes leading to a broader distribution.

In the following chapter, the dynamic properties of sticky and non-sticky dendrimers in a net-

work of linear associative polymers are discussed.
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Chapter 7

Diffusion of sticky and non-sticky

dendrimers in polymer networks

Anomalous diffusion of tracer particles in complex media is characterised by deviations from
Brownian motion, where the mean squared displacement (MSD) has a power law dependence
on time, MS D = Dt* where D is the diffusion constant, « is the diffusion exponent with @ # 1
(Metzler and Klafter, 2000). This behaviour can be subdiffusive (¢ < 1) or superdiffusive
(@ > 1), depending on the properties of the medium and the interaction between the medium
and tracer. Subdiffusion has been widely observed in systems like particle transport in the
cytoplasm (Norregaard et al., 2017), diffusion of proteins through the Nuclear Pore Com-
plex (NPC) (Chatterjee and Cherayil, 2011; Ando and Gopinathan, 2017), virus diffusion in
mucus (Barr et al., 2013a, 2015), and nanoparticle diffusion in polymer solutions (Nahali and
Rosa, 2018) and gels (Godec et al., 2014). While much of the existing research focuses on hard-
sphere tracers, the diffusion of soft colloids remains less understood despite their increasing use
in drug delivery and catalysis due to their tunable properties. In this chapter, we investigate the
dynamics of sticky dendrimers in an associative polymer network of linear chains (as shown in
Figure 2.4(b) and (c)), to explore tracer diffusion through a polymer network. Our results are
validated with analytical nanoparticle diffusion theories and experimental systems.

Two major analytical theories have been developed to describe nanoparticle dynamics within
permanently crosslinked polymer networks. While the theory of hopping proposed by Cai
et al. (2015) describes the diffusion of non-sticky hard spheres with a size larger than the net-
work mesh size, the theory by Dell and Schweizer (2014) includes soft nanoparticles with
attractive interactions with the network as well. Unlike in polymeric liquids, the constraint re-
lease mechanism is absent in dry networks or gels, making nanoparticle mobility completely
dependent on the hopping process. Hopping occurs when one of the network strands confining

the nanoparticle slips around it due to thermal fluctuations (Cai et al., 2015). The significance
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of the confinement parameter in determining the dynamics of nanoparticles has been indepen-
dently predicted by Cai et al. (2015) and Dell and Schweizer (2014), although the two theories
offer qualitatively different predictions regarding nanoparticle diffusivity as discussed in Sec-
tion 2.2.2. Apart from diffusivity, several other properties have been studied for nanoparticles,
including the diffusion exponent, the probability distribution function of displacements and ve-
locity autocorrelation functions. However, there is a lack of research on the mobility of soft
colloids in polymer networks (Ge, 2024) with hydrodynamic interactions included. The ter-
minal diffusivity of dendrimers observed in our simulations is systematically compared with
the theoretical frameworks for nanoparticles. Our findings indicate that the theoretical model
proposed by Dell and Schweizer (2014) appears to be more appropriate for dendrimers.

As an attempt to bridge the gap in our understanding of soft colloid behaviour, we simulate
dendrimers in an associative polymer network, with the inclusion of key interactions like the
excluded volume and hydrodynamics interactions. We also aim to determine whether the sole
cause of the observed differences between the behaviour of T4 and T4Ahoc phage is the adher-
ence between T4 capsid and mucus. By varying the linear polymer concentration, dendrimer
architecture and sticker strength, we compare the dynamics of non-sticky dendrimers with es-
tablished nanoparticle theories. The nature of diffusion and diffusivity of dendrimers interacting
with the network is examined by varying the interaction strength, sticker spacing and the con-
centration of linear chains. These findings are then compared with the behaviour of phages.
Note that the algorithm employed in this study does not account for entanglements and, hence
cannot be used to study concentrated entangled systems where hydrodynamic interactions are

screened.

7.1 Results and discussion

The dendrimer architectures and parameters used in this chapter are the same as those discussed

in Section 6.1.

7.1.1 Effect of network-related parameters

As mentioned earlier, there are two main theoretical frameworks that explain diffusion processes
of nanoparticles in crosslinked polymer networks. According to the analytical theory by Cai
et al. (2015) based on scaling theory, probe particles in an unentangled permanently crosslinked
network exhibit ballistic motion at short times, during which the particle does not experience
the influence of the polymer strands. This behaviour continues until a characteristic timescale,
Tpal, after which the particle becomes subdiffusive (with a diffusion exponent of 0.5) due to the

coupling of its motion to the segmental dynamics of the network strands (Cai et al., 2011). At an
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intermediate time, 7,, the probe experiences confinement from the surrounding strands, causing
it to become stationary until a further timescale, 7, (shown in Figure 7.1). The stationary
phase demarcates the trapping of such large particles in polymer cages. Beyond 7, there is
a finite, though very small, probability for the particle to hop between adjacent cages. This
hopping probability increases significantly after a timescale ty,p, at which the mean squared
displacement resulting from hopping becomes comparable to that caused by fluctuations of the

nanoparticle within the confinement cage. Consequently, the nanoparticle becomes diffusive

after Tyop.
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Figure 7.1: The mean squared displacement versus time plot for nanoparticles in network indicating the
important timescales and various regimes. Image reproduced from Cai et al. (2015), for illustration

purpose only, under fair use for research.

The alternative theoretical framework for nanoparticle diffusion in polymer network proposed
by Dell and Schweizer (Dell and Schweizer, 2014) is based on the nonlinear Langevin equa-
tion and polymer reference interaction site model (PRISM) theory (Schweizer and Curro, 1997;
Hall and Schweizer, 2008). Their predictions indicate that the onset of hopping occurs after a
critical value of the confinement parameter, denoted as C,.. Beyond this threshold, the nanopar-
ticle becomes confined within network cages, and hopping is the only process for nanoparticle
mobility.

To investigate the effect of concentration, ey, Iy and a, on dendrimer dynamics, we calculated
the mean squared displacement of a non-sticky dendrimer under varying concentrations, Iy
and ey using equation 3.15. Consistent with the behaviour of homopolymer dendrimers in
semidilute solutions of linear chains, we found that the dendrimer remains diffusive as long as
its size is smaller than the correlation length of the solution (£) (shown in Figure 7.2(a)). The

concentration at which the onset of subdiffusion is observed depends on the size ratio between
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the dendrimers and linear chains. For y = 0.5, this happens beyond 1¢*, the concentration after
which the size of the dendrimer is larger than & (refer to Section B.5). Note that the dendrimer
is smaller than the mesh size a, at all concentrations. This demonstrates that the dendrimer
dynamics remain unchanged regardless of the state of surrounding polymers. Figures 7.2(b)
and (c) demonstrate that variations in ey and Iy have minimal impact on the dynamics of non-
sticky dendrimers at c¢/c* = 1. A similar behaviour is observed in the case of sticky dendrimers

dendrimers as well (shown in Section B.6).
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Figure 7.2: (a) Effect of concentration of linear chains on the mean squared displacement of a non-sticky
dendrimer. The system considered is (en,lq/&*)=(12,1). The straight line is a with slope=1 and the
dashed line has a slope less than one. (b) Effect of the sticker strength of the network-forming stickers.

(c) Effect of the distance between the network forming stickers.

7.1.2 Mean squared displacement of sticky dendrimers

The mobility of a sticky dendrimer in an associative polymer network is governed by the
strength of interactions between dendrimer stickers and the surrounding polymer chains (¢;)
and the distance between the dendrimer interaction stickers (Type B) on the linear chain (/).
Additionally, the concentration of the background chains also affects its dynamics, like in the
case of non-sticky dendrimers.

At a fixed concentration, increasing the sticker strength has a profound impact on the MSD of
the sticky dendrimer as shown in Figure 7.3(a). At short and long times, these dendrimers ex-
hibit normal diffusive motion like nanoparticles and non-sticky dendrimers in a network. How-
ever, subdiffusion kicks in at intermediate times. At low sticker strengths (&), the dendrimer
behaves similarly to a non-sticky dendrimer, with almost no effect on its MSD. This behaviour
parallels trends observed in the radius of gyration, where weak interactions do not significantly
alter dendrimer size (shown in Figure 6.3). As ¢ increases, the number of binding and un-

binding events is fewer and the dendrimer remains attached to the network for longer durations.
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This extended residence time results in a slower diffusion rate. The onset of subdiffusion was
observed even when the size of the dendrimer was smaller than the network correlation length
(which is true at low concentrations) indicating that it is the dendrimer-linear chain interactions
that primarily influence dendrimer dynamics. To understand the effect of the number of stickers,
we varied /4 at a constant €. Reducing /; increases the number of potential binding sites avail-
able to the dendrimer. This leads to a decrease in the MSD, though the effect is less pronounced
compared to changes in sticker strength (shown in Figure 7.3(b)). Further, the effect of back-
ground chain concentration was analysed. As the concentration of background polymer chains
increases, the mean squared displacement (MSD) of sticky dendrimers decreases significantly,
indicating slower diffusion. Interestingly, in contrast to nanoparticles that exhibit a region of
constant MSD due to trapping in polymer cages followed by a hopping mechanism that leads to
diffusion at longer times (Cai et al., 2015), dendrimers—whether sticky or non-sticky—do not
show such long-term confinement at any concentrations or architectures considered in this study.
Both types of dendrimers transition from subdiffusive to diffusive regimes without evidence of
persistent trapping. This behaviour may be due to the flexible architecture of dendrimers, al-
lowing for shape fluctuations that facilitate their escape from polymer cages, unlike the rigid
structure of nanoparticles. The effect of €4 and /3 on sticky dendrimers is similar across different

dendrimer architectures as shown in Section B.9.
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Figure 7.3: (a) Effect of the sticker strength €5 on the MSD of sticky dendrimers. (b) Effect of the distance
between the dendrimer interaction stickers /3. (c) Role of concentration of linear chains on the mean
squared displacement of a sticky dendrimer. The dashed line is a with slope=1.

7.1.3 Probability distribution function of displacement

Probe particles that exhibit subdiffusion are often characterised by non-Gaussian probability
distribution of displacements, as a result of the hopping movement of the tracers and hetero-

genities of the environment (Phillies, 2015; Kumar et al., 2019; Wang et al., 2012; Smith et al.,
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Figure 7.4: (a) Effect of the sticker strength of the network-forming stickers on the PDD. The times at
which PDD is calculated are well into the subdiffusive regime. (b) The probability distribution functions
calculated at different times. (c) Effect of concentration of linear chains on the probability distribution
function of displacement of a sticky dendrimer. The dashed lines in all figures are Gaussian fits. The
system considered in (b) and (c) is (e, &, IN/E¥, 1a/€7)=(8, 8,1, 1).

2021; He et al., 2016; Jee et al., 2014). However, in the case of a homopolymer dendrimer
diffusing in a solution of linear chains, the probability distribution of displacement remained
Gaussian regardless of the time and concentration, even though subdiffusion was observed
(section 5.2.6). This suggests that despite the restricted movement typical of subdiffusion,
the homopolymer dendrimers experience relatively uniform interactions within the polymer
solution. The probability distribution function of displacement of a molecule displaced by a
distance Ax in a time Az is given by equation 3.18. In the case of sticky dendrimers, which also
exhibit subdiffusion, we observe slight deviations from Gaussian distributions particularly at in-
termediate times (shown in Figure 7.4(a)). This deviation becomes more pronounced at higher
sticker strengths (&), where the dendrimer adheres more strongly to the polymer network. At
lower sticker strengths, the distribution remains closer to Gaussian, suggesting that dendrimer
displacement is unaffected by such weak interactions. Initially, at short times, the diffusion of
sticky dendrimers is Gaussian, indicative of free movement. However, as the system transi-
tions to the subdiffusive regime, the distribution shifts towards non-Gaussian behaviour (refer
to Figure 7.4(b)), highlighting the effect of the dendrimer’s binding to the polymer network.
Deviations from Gaussian distribution are also observed at higher concentrations of the poly-
mer network at the intermediate times as shown in Figure 7.4(c). At these concentrations, the
dendrimer experiences a greater degree of confinement, resulting in a higher likelihood of both
smaller and larger displacements compared to what would be expected from a random walk.
The smaller displacements occur when the dendrimer remains adhered to the network, limiting

its movement. On the other hand, when the dendrimer unbinds from the network, it is free to
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move freely for brief periods before getting attached again. This intermittent mobility resem-
bles the continuous-time random walk model, where the particle alternates between periods of

trapping and free movement (Montroll and Weiss, 1965).

7.1.4 Diffusion exponent

In the context of phage diffusion in mucus, the experiments of Barr ef al. (2015) indicate that
the difference between the T4 and T4Ahoc phages is at low concentrations when their sizes are
smaller than the mucus mesh size. The T4 phage is subdiffusive while the T4Ahoc remains
diffusive. However, at higher concentrations, the mesh size of mucin is smaller than the phage
particle, and the diffusion exponents of both phages converge as they get trapped in the mesh. In
semidilute solutions of linear chains, the diffusion dynamics of non-sticky dendrimers exhibited
subdiffusion like those of rigid nanoparticles with a diffusion exponent higher than that of a hard
sphere at similar concentrations. This indicates that dendrimers experience less confinement in
these polymer environments due to their ability to deform and bypass the polymer cages 5.2.5.
On introducing the network forming stickers in the background linear chains to create a net-
work, the diffusive behaviour of non-sticky dendrimers remains largely unchanged. It remains
diffusive at low concentrations with @ = 1, and subdiffusion is observed only when the size of
the dendrimer is greater than the network correlation length irrespective of the values of ey and
In. However, when the dendrimer begins to adhere to the network, it starts exhibiting subdif-
fusion even at lower concentrations. Both sticky and non-sticky dendrimers in our simulations
encounter hindrance due to the cages formed by the polymer network, and the size and lifetime
of these cages are influenced by the concentration of the network-forming linear chains, the
sticker strength (ey), and the spacing between stickers (/y) of type A.

A comparison between the mean squared displacement of sticky and non-sticky dendrimers
of sizes smaller than the mesh size or the correlation length is shown in Figure 7.5(a). It is
evident from this plot that the adhesion of the dendrimer to the network causes it to become
subdiffusive, a phenomenon analogous to the behaviour of phages in mucus. However, the
observed subdiffusion is restricted to intermediate times, with the dendrimers being diffusive at
short and large times. To show the transition clearly, we have plotted the diffusion exponent as
a function of the time of the dendrimer by computing the instantaneous derivative of the MSD

as given below:

_ dlog(MSD(1))

7.1
dlogt .h

The non-sticky dendrimer exhibits diffusive behaviour across all observed timescales, with a =

1 as shown in Figure 7.5(b). Whereas, the diffusion exponent of the sticky dendrimer begins
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Figure 7.5: (a) The mean squared displacement of sticky and non-sticky dendrimers of identical archi-
tectures in polymer network at ¢/c* = 1. (b) The diffusion exponent as a function of time for sticky
and non-sticky dendrimers. The system considered is the same as that in (a). The dashed lines in both
figures show the important timescales involved. The red horizontal line corresponds to @y, for the sticky

dendrimer.
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Figure 7.6: (a) Effect of the sticker strength and concentration on the minimum diffusion exponent of
dendrimers. (b) Effect of distance between stickers and concentration on the minimum diffusion exponent
of dendrimers.
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near unity at short times, transitions to values less than one at intermediate times and eventually
becomes one at long times. The inclusion of stickers introduces four important timescales in
the system that significantly influence the dynamics of sticky dendrimers. These timescales are
related to the characteristic distances and interaction strengths in the system, specifically Iy, /4,

€4 and a, ; and are named as 7, 7;,, Tm and 7, respectively.
1. 7, This represents the relaxation time of a chain segment of length equal to Ix.
2. 71;,: This corresponds to the relaxation time of a chain segment of length /;.

3. mu: The time for which a sticker remains bound to another sticker is referred to as 7\ and
it increases exponentially with sticker strength (Rubinstein and Semenov, 2001; Robe
etal.,2024).

4. 1, This timescale corresponds to the relaxation time of a chain segment with length ay.

The expressions used for the calculation of these timescales are given in Section B.8. The
onset of subdiffusive behaviour in the sticky dendrimer happens around 7;,, which is the time
required for the dendrimer to encounter stickers on the network. Due to the combined effect
of sticking and trapping, the sticky dendrimer remains subdiffusive. To transition back to the
diffusive regime, the dendrimer must either unbind from the network or be released through
the fluctuations in the cage-forming strands. Consequently, this return to the diffusive regime
typically happens approximately after 7, and 7y as shown in Figure 7.5(b).

The diffusion exponent is also calculated using power law fits to the MSD data in the interme-
diate times. This gives the minimum diffusion exponent (a;,) and is indicated using the red
line in Figure 7.5. It systematically decreases with increasing sticker strength €; (shown in Fig-
ure 7.6(a)). Stronger interactions between dendrimers and linear chains lead to longer binding
times, which slows the overall motion of the dendrimer resulting in @, < 1. The minimum
diffusion exponent also decreases with increasing concentration, similar to that in a semidilute
solution.

Similarly, by reducing the distance between stickers on the polymer chains /3, o, decreases
(Figure 7.6(b)). This is because of the increased interaction between the dendrimer and the
network, thus damping its movement through the network. Similar trends have been observed

in dendrimers of different architectures (refer to Section B.9).

7.1.5 Terminal diffusivity

Analytical theories for nanoparticle diffusion through polymer networks propose relations for
the terminal diffusivity in terms of confinement parameter given by equation 2.3 and equa-

tion 2.4. Recently, using MD simulations, Sorichetti ef al. (2021) have demonstrated that both
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these theoretical frameworks hold true in the case of repulsive and weakly attractive nanopar-
ticles in a crosslinked polymer network. Based on equation 2.3 from the hopping theory, they

used the following relation to fit their simulation data for the terminal diffusivity Dy:

Dy = Aexp[- (BC)*]/BC (7.2)

where A and B are fitting parameters, thus validating the hopping theory. By incorporating the
dependencies of the mean jump length A; on the confinement parameter C and considering the

concept of free energy barrier in equation 2.4, they propose that Dy depends on C as follows:

Dy = A’ exp[— (B'C)’) (7.3)

where A’, B’ and ¢ are fitting parameters. Using appropriate choice of the fitting parameters,
Sorichetti et al. (2021) show that their simulations follow the analytical predictions of Dell
and Schweizer (2014) as well. Equation 7.3 seems to be structurally similar to equation 7.2,
however the two are different due to the latter’s dependence on the confinement parameter in
the denominator.

The normalised diffusivity of a number of gel-solute systems has also been studied based on
the free volume and obstruction theories (Amsden, 1998; Masaro and Zhu, 1999; Axpe et al.,
2019). However, these approaches do not account for the effect of the flexibility of the network
polymer chains, which has been recently identified as a crucial factor influencing nanoparticle
dynamics (Kumar et al., 2019; Godec et al., 2014). Therefore, Quesada-Pérez et al. (2021)
proposed a unified model for the relative diffusivity of nanoparticles in flexible, crosslinked

hydrogels, expressed as a function of the parameter 3:
D/Dy = exp(-1.778"") (7.4)

where 8 = ¢ (1 + R, /R,,), ¢ is the volume fraction of polymer solution, R; is the radius of the
solute and R, is the radius of the polymer. A recent simulation study has validated this theory
for solutes of varying sizes in polymer networks with different bond stiffness (Quesada-Pérez
et al., 2022). However, these simulations did not account for hydrodynamic interactions.

In Section 5.2.8, it has been shown that dendrimers, owing to their size fluctuations, do not
follow the scaling law developed for terminal diffusivity of nanoparticles in semidilute polymer
solutions. Instead, they have a different scaling exponent, which changes with increasing func-
tionality. To investigate if the nanoparticle theories in the polymer network applies to floppy
dendrimers, we calculated the terminal diffusivity of sticky and non-sticky dendrimers in the

longtime diffusive regime. The confinement parameter for dendrimers is given below:
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Figure 7.7: The normalised terminal diffusivity of non-sticky and sticky dendrimers as a function of
normalised confinement paramter. The dashed line is equation 7.3
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Following the arguments of Sorichetti ef al. (2021), the normalised diffusivity D/A) is plot-

(7.5)

ted as a function of the normalised confinement parameter (Ce)*, where Co = B/C4. Both
the non-sticky and sticky dendrimers having a range of sticker energies follow equation 2.4 as
shown in Figure 7.7. The values of the various coefficients are given in Table 7.1. These are
different from those reported by Sorichetti et al. (2021) for nanoparticles. There are deviations

from equation 7.3 at lower (C.q)*, which corresponds to small C4. This is expected as the the-

Table 7.1: Values of fitting parameters used in Figure 7.7. Various systems are reported using a

combination of (e, €, IN/E", 14/E7).

System Ay B} 44
(8,0,1,0) 1.01 -0.25 | 2.00
(12,0,1,0) 1.01 -0.25 | 2.00
8,4,1,1) 0.04 0.31 1.00
8,5, 1,1) 0.03 0.27 1.14
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ory is derived for higher confinement parameters. The fitting parameters for the two non-sticky
dendrimer cases considered are the same since they exhibit similar diffusive dynamics at all con-
centrations as discussed in Section 7.1.1. However, sticky dendrimers show decreased mobility
when the sticker strength ¢, is increased, hence they require different fitting parameters. Also,
we have reported the terminal diffusivities of systems only for which we were able to acquire
data in the terminal diffusive regime in the case of sticky dendrimers. Note that dendrimers in

our simulations were not seen to not follow equation 7.2 and equation 7.4.

7.2 Comparison with phage experiments

Using particle tracking experiments, Barr ef al. (2015) observed subdiffusion in T4 phage while
the T4Ahoc remained diffusive when its size was smaller than the surrounding mesh size. The
transition to subdiffusive dynamics for T4Ahoc phage occurs at high concentrations (beyond
2% mucin concentration) as they get trapped in the mesh. Similarly, in our simulations using
dendrimers in semidilute polymer solutions as well as networks, it is observed that non-sticky
dendrimers become subdiffusive when their size is greater than the system correlation length.
The concentration at which this transition happens depends on the ratio between the radius of
gyration of dendrimers and linear chains, defined as y. A higher value of y implies longer linear
chains for a given dendrimer architecture and dendrimers remain smaller than correlation length
till high concentrations. This delays the onset of subdiffusion in non-sticky dendrimers. In order
to compare our results with experiments, we chose y = 0.3 so that the non-sticky dendrimer
becomes subdiffusive around 2c¢*.

The experimental subdiffusion exponent was obtained by fitting a power law across the entire
trajectory, in contrast to the analysis approach used in this study. To align with our analysis,
a re-examination of the experimental data was performed, focusing on the intermediate time
regime to obtain the diffusion exponent. This is particularly helpful as long timescales in some
trajectories displayed noise. Initially, we fitted a best-fit line to the intermediate time data to
obtain the subdiffusion exponent (refer to Figure B.9). The resulting value was found to be
consistent with the mean of the instantaneous diffusion exponents in the intermediate regime
as demonstrated in Figures B.10 and B.11. The subdiffusion exponent thus obtained and the
values reported by Barr ef al. (2015) are plotted in Figure 7.8 for comparison. The original
values of a for T4Ahoc phage agree with the values we obtained through this intermediate time
fit, denoted as T4 Ahoc-processed. However, there are discrepancies in the case of T4 phage,
notably at 2% mucin concentration. It also appears that the diffusion exponent of T4 phage
appears to level off at @ = 0.85 as shown in Figure 7.8. Note that the error bars on the processed

diffusion exponents are large due to the noise in the mean squared displacement data.
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Figure 7.9: (a) Minimum diffusion exponents of sticky and non-sticky dendrimers with a range of sticker

strengths and size ratio y = 0.3. (b) Comparison of the minimum diffusion exponents of sticky and

non-sticky dendrimers (with y = 0.3) and T4 and T4Ahoc phages. The processed data from 7.8 is used

in (b).
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Figure 7.9(a) shows the minimum diffusion exponents of both non-sticky and sticky dendrimers
with different €; and y = 0.3. The overall trend of ay,, with increasing concentration and &4
remains the same as that of y = 0.5 case (shown in Figure 7.6). However, subdiffusion is de-
layed until ¢/c* ~ 2 for the non-sticky dendrimers for y = 0.3. The sticky dendrimers with
€1 = 4 have exactly the same subdiffusion exponents as that of non-sticky dendrimers. With
increasing €4, they become subdiffusive much earlier with the minimum diffusion exponent lev-
eling off at higher concentrations. In Figure 7.9(b), the processed a,;, values for phages and the
simulation results for dendrimers are plotted as functions of mucin concentration (upper x-axis)
and c¢/c* (bottom x-axis) respectively. It is remarkable that the minimum diffusion exponents of
dendrimers with ¢ = 6 and the T4 phage follow a similar trend with increasing concentration
and are in agreement within error bars. Additionally, the non-sticky dendrimers and T4Ahoc
become subdiffusive at similar concentrations. Note that y is a free parameter chosen such that
the non-sticky dendrimer becomes subdiffusive at about 2¢*. Therefore, using our model of
sticky dendrimers in an associative polymer network, we have validated the BAM model which
attributes the subdiffusion of phages at lower mucin concentrations to its adherence to the mucin

network.

7.3 Conclusions

The transport of various types of probe particles through polymer solutions and networks holds
significant interest for biomedical (Siepmann and Siepmann, 2012; Peppas et al., 2000), indus-
trial (Hermans, 1968) and biological applications (Chatterjee and Cherayil, 2011; Tabei et al.,
2013; Goodrich et al., 2018). Some of these particles interact with their surroundings while
others undergo simple Brownian motion. This study used Brownian Dynamics simulations to
examine dendrimers as probe particles within networks of associative polymers, focusing on
how both non-sticky and sticky interactions affect network structure and dendrimer behaviour.
This is achieved by having various types of stickers (type A for network formation, type B and C
for network-dendrimer interactions present on the respective polymer architectures) in the sys-
tem having specific functions. Essential interactions like excluded volume and hydrodynamic
interactions are included. Moreover, we compared our results with experimental observations
of bacteriophage diffusion within mucus.

The mean squared displacement of non-sticky dendrimers exhibits all the characteristic features
of dendrimers in a semidilute polymer solution: dendrimers with a size smaller than network
correlation length remain diffusive at all times while at higher concentrations when its size is
greater than £, a subdiffusive behaviour is observed at intermediate times sandwiched between

short time and terminal diffusive behaviour. The strength and spacing between the network-
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forming stickers seem to not affect the dynamics of non-sticky dendrimers. For sticky den-
drimers, however, the MSD reveals subdiffusive motion even when their size is smaller than &,
with the MSD decreasing with increasing dendrimer-linear chain interaction strength and spac-
ing between stickers of type B on linear chains. This is due to the higher residence time of
sticky dendrimers within the network owing to its attractive interaction with the network. In
this study, we also observed a non-Gaussian probability distribution of displacement of sticky
dendrimers at times when they exhibited subdiffusion which is consistent with that observed in
the case of nanoparticles and flexible viruses. The deviation from Gaussian behaviour increased
with increasing €; and concentration.

Our results show that non-sticky dendrimers and dendrimers with low €3 have similar diffusion
exponents. There is a transition from @ = 1 at low concentrations to @ < 1 in the semidilute
regime. The concentration at which this transition happens depends on the size ratio between
the dendrimer and the linear chain. However, at higher interaction strengths, due to the longer
binding time of the dendrimer to the network, they become more subdiffusive, which is reflected
in the values of the minimum diffusion exponent. Similarly, with the availability of more stick-
ers to the dendrimer, it tends to be more subdiffusive. It is also interesting to note that the
minimum diffusion exponents level off at higher concentrations regardless of their strength of
sticking to the network.

As a final study, we have compared the dynamics of dendrimers in our simulations with that
of bacteriophages within mucus. The experimental data was revisited to extract the minimum
value of the diffusion exponent from each trajectory. The instantaneous derivative of the MSD
obtained from both simulations as well as experiments was calculated to show agreement with
the value obtained from the line of best fit. We suspect that the diffusion exponent of adherent
phages in experiments by Barr et al. (2015) is fluctuating about a mean value at higher concen-
trations. We could establish an agreement between the diffusion exponents of the adherent and
non-adherent phages and the sticky and non-sticky dendrimers in our model. Sticky dendrimers
with an interaction strength of 6kzT have subdiffusion exponents similar to that of T4 phage
in the mucus network, while the non-sticky dendrimer remains diffusive until its size becomes

larger than the correlation length of the polymer network.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

In this thesis, we have investigated the diffusion of the dendrimers in polymer solutions and
networks using Brownian dynamics simulations, by comparing our observations with that of
bacteriophages and nanoparticles in similar environments. We use coarse-grained models of
bead-spring chains for phages and mucus networks. The phage is modelled as a dendrimer
(branched polymer) and the mucus layer is modelled as a network of linear chains, both con-
taining beads connected by FENE springs. The formation of the network and the interaction
between the dendrimer and the network are due to associative groups or stickers on them. The
well-depth of the SDK potential controls the strength of interaction between stickers. The ad-
vantages of our model are as follows: (a) polymers of any architecture and any number can be
simulated. (b) It is possible to include any number of stickers with specific rules of association.
(c) We have included hydrodynamic interactions due to which the dynamics of the polymers
can be studied.

The conclusions of our study are listed below:

1. Non-sticky dendrimers in semidilute polymer solution: We simulated a system of den-
drimers in a semidilute polymer solution of linear chains to compare its properties with

that of linear polymers and nanoparticles.
(a) The radius of gyration was observed to follow the scaling law for linear chains
irrespective of their architecture (Figure 5.4).

(b) Dendrimers with size smaller than correlation length are diffusive at all times, while
that which is larger than correlation length becomes subdiffusive at intermediate

times, followed by a terminal diffusive regime.
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(c) The terminal diffusivity of functionality three dendrimers had a similar behaviour
to the self diffusivity of linear polymers, whereas the functionality four dendrimers
showed deviations (Figure 5.10). The latter is also shown to have a more compact

structure by calculating their shape functions.

(d) The diffusivity of the simulated dendrimers does not follow the scaling predictions
for nanoparticles, instead, we propose a new scaling law for low-generation den-
drimers in a semidilute solution (shown in Figure 5.11). The high-functionality
dendrimer was found to have a scaling exponent between that of a floppy linear

chain and a hard sphere.

From our analysis, it is evident that dendrimers, like linear polymers, show signatures of
screening of excluded volume interactions in semidilute concentrations which results in a
decrease in their size. The viscosity of the solution increases leading to a decrease in the
diffusivity of dendrimers. Also, we have demonstrated that functionality is a key param-
eter that controls the behaviour of dendrimers. This can be used to tune their structure to

map to different microbial systems like filamentous viruses to bacteriophages.

2. Static properties of dendrimers in a polymer network: We computed the radius of gyra-
tion and internal bead density of sticky and non-sticky dendrimers in a network of linear

chains.

(a) The non-sticky dendrimers in the network had the same static properties as that in

the solution, implying that the state of the background polymers is unimportant.

(b) The adherence to the network caused the sticky dendrimers to stretch beyond their
size in a dilute solution. This resulted in a higher probability of finding beads away
from its core. However, with increasing concentration, the normalised radius de-

creases (Figures 6.3 and 6.4).

(c) The mesh size distribution of the network is bimodal in the presence of non-sticky
dendrimers due to its repulsive interaction with the network (Figure 6.7). In the pres-
ence of sticky dendrimers, the bimodality is absent, but the distribution is broader
due to the stretching and squeezing of the network caused by the sticking of den-

drimers (Figure 6.8).

3. Dynamics of dendrimers in a polymer network: The dynamic properties of non-sticky

and sticky dendrimers in network was computed:

(a) Similar to the static properties, the dynamic properties of non-sticky dendrimers in

the network did not differ from those in a solution.
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(b) The probability distribution function of displacement for sticky dendrimers showed

slight deviation from the Gaussian distribution (Figure 7.4).

(c) The sticky dendrimers exhibited subdiffusion even when their size is smaller than
correlation length, with the subdiffusion exponent decreasing with increasing €.

This is true at all concentrations (Figure 7.6).

(d) The terminal diffusivity of both sticky and non-sticky dendrimers was observed to
follow the analytical predictions of Dell and Schweizer (2014) for nanoparticles in

the polymer network (Figure 7.7).

4. Finally, using an associative linear polymer network to model mucus network and sticky
dendrimers for bacteriophages, we have obtained a quantitative match with the experi-

mentally observed diffusion exponents (Figure 7.9), with the following caveats:

(a) No direct match between mucin concentrations reported in experiments by Barr

et al. (2015) and ¢/c* in our simulations was made.

(b) The dendrimer architecture and size ratio between dendrimer and linear chain y are
free parameters, chosen such that the transition of non-sticky dendrimers to subdif-

fusive regime happens at around c/c* = 2.

Within this choice, we find that sticky dendrimers in associative polymer networks effec-

tively capture the dynamics of phages in mucus.

Phages have been used in a range of applications in biotechnology. With the advance of phage
therapy, the need to understand how phages interact with their environment and host is also
increasing. Apart from this, phages have been used vastly as drug delivery agents. The outcome
of this research is expected to be helpful in understanding many complex behaviours observed
in this field.

8.2 Future Work

This work represents a significant advance in understanding the dynamics of dendrimers in
polymer solutions and networks. However, several directions for further exploration remain,
each offering the potential to expand the impact of this research. Below, we outline some ideas
for extending the current model and its applications, emphasizing their relevance to the broader

field of soft matter physics:

1. While this study has successfully analysed critical properties of dendrimer diffusion in

polymer solutions and networks, a few important aspects remain unexplored due to time
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constraints. These include investigating further how sticky dendrimers influence the mesh

size distribution of the polymer network, quantifying the non-Gaussian parameter of the

probability distribution of displacement for sticky dendrimers, and exploring how the

number of stickers on dendrimers affects their dynamics and interactions with the net-

work. Addressing these factors will provide a more comprehensive understanding of

dendrimer behaviour and guide the design of functionalised dendrimers for targeted ap-

plications.

2. Even though our model captures the subdiffusive behaviour of bacteriophages in mucus,

there are several differences between the simulated and biological systems.

(a)

(b)

Bacteriophages such as T4 are rigid, hard-sphere structures, which lack the ability
to stretch, unlike the flexible dendrimers in our model. Incorporating a bending
potential between dendrimer arms and using FENE-Fraenkal springs to mimic rod-
like rigidity (Pincus et al., 2020) could bridge this gap and align the model more

closely with biological realities.

Mucus networks exhibit a broad range of binding energies due to diverse glycan
compositions (Wu et al., 2024; Chin et al., 2022), whereas the current model as-
sumes uniform interaction strengths for dendrimer-linear chain stickers. Introducing
a distribution of binding energies (€4) will enable the model to capture this biochem-

ical heterogeneity, enhancing its applicability to mucus-embedded systems.

3. Beyond T4 phage and mucus, the developed model and algorithm can be extended to

study other systems of growing interest in the field of soft matter:

(a)

(b)

(©

Semiflexible particles and networks: Biological systems often feature semiflexible
structures, such as cytoskeletal networks and filamentous viruses. By incorporating
bending potentials into the current model, we can simulate the transport of semiflex-

ible particles through semiflexible networks under biologically relevant conditions.

Interpenetrating polymer networks (IPN): These systems consist of two or more
interwoven polymer networks without covalent bonds (Banerjee et al., 2010), of-
fering tunable properties for applications such as artificial scaffolds and drug deliv-
ery (Dragan, 2014). Our model can simulate IPNs by treating both polymer species
as network-forming linear chains with distinct properties. This extension would

contribute to the design and optimization of IPNs for biomedical applications.

Microrheology: The use of microscopic probe particles to study the viscoelas-

tic properties of materials like polymer solutions and gels, biological fluids and
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colloidal suspensions has gained importance due to advances in experimental se-
tups (MacKintosh and Schmidt, 1999; Squires and Mason, 2010). A recent ex-
perimental study highlights the importance of the properties of probe particles in
microrheological measurements (Zhu et al., 2023). This system can be simulated
using the multi-species BD algorithm we have developed, using the mean squared
displacement measurements of the probe particles to obtain the complex modulus

of the polymer network.

The directions outlined above provide a robust framework for future research, with the potential

to address critical open questions and extend the applicability of this work to diverse systems.
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Appendix A

A.1 Radius of gyration versus number of beads for various
topologies

In order to determine the dendrimer parameters and length of linear chains in the solution, we
used their respective radius of gyration versus number of beads per molecule plots. In Fig A.1
(a),(b) and (c), the functionality (f) and generation number (g) of the dendrimer is fixed and
number of beads is varied by changing the spacer length (s). Linear chains and dendrimers

follow the scaling law given below:

RS, =d*(Ny) (A.1)
R = a* (N2 (A2)

Here v is the Flory exponent, v = 0.588. This information is used to construct Table 1 in the

main text, for the various systems we have studied.

A.2 Distribution of radius of gyration

Dendrimers are soft colloids and can have shape and size fluctuations based on the forces ex-
perienced by each of its constituent beads. This is evident from the distribution of its radius of
gyration, gl/(RZ). It is calculated by obtaining RZ from many trajectories at different instances
in time and binning them. The variance of the distribution of R‘; gives a measure of the size
fluctuations. It is clear from Fig. A.2(a) that increasing functionality reduces the softness of
dendrimers resulting in lesser fluctuations. The f = 4 dendrimer has a significant decrease in
variance compared to the f = 3 dendrimers, especially the (f, s,g) = (3,1, 1) that has a sim-
ilar number of beads per molecule to that of the f = 4 dendrimer. The fluctuations decrease
at higher concentrations, but the distribution is similar at all concentrations irrespective of the

architecture (shown in Fig. A.2(b)).
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Figure A.1: Radius of gyration versus number of beads per molecule (a) Star polymers with functionality 3. (b)
Generation 1 dendrimer with functionality 3. (c) Generation 2 dendrimer with functionality 3. (d) Linear chains.

The dashed lines are the scaling law given by eqns (A.1) and (A.2)
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A.2  Distribution of radius of gyration
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Figure A.2: Distribution function of the radius of gyration of dendrimers (a) Dendrimers of different architectures
in dilute solution. The dendrimer architecture is included in the order (f, s, g). Note that the x-axis is the normalised
radius of gyration. (b) Effect of concentration on the size fluctuation of (f, s,g,x) = (4,0, 1, 1) dendrimers. (c)

Effect of concentration on the size fluctuation of (f, s, g, x) = (3,1,0,0.5) dendrimers.
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A.3 Asphericity

The asphericity B of a molecule is defined as Theodorou and Suter (1985); Bishop and Michels
(1986); Kumari et al. (2020):

1
2 2 2
B=(X) -5 [ + 3] (A.3)
06 0.4
os5f * o55F —d = K =g = —k K '
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Figure A.3: Effect of architecture and solution concentration on the shape of dendrimers. (a) Asphericity of den-
drimers of different architectures in dilute solution as a function of the number of beads in a dendrimer molecule.
The symbols represent dendrimer topology given by the combination f,s,g. (b) Effect of concentration of the
solution on asphericity of dendrimers. All f = 3 architectures considered have one spacer bead (s = 1). The
dashed lines are the asphericity in the dilute solution given in (a). (c) Effect of concentration of the solution on
relative shape anisotropy of dendrimers. The dashed lines are the ? in the dilute solution given in Fig.6(a) of the

main text.

Molecules with tetrahedral or greater symmetry have B = 0, otherwise B > 0. In Fig. A.3(a), the
asphericity of dendrimers of different architectures in dilute solution, calculated using eqn (A.3),
is plotted as a function of the number of beads per molecule. In a dilute solution, an increase in
generation number decreases B, implying a more spherically symmetric arrangement of beads
within the molecule. The functionality four dendrimer has the lowest B value. A similar trend
is observed in the case of the relative shape anisotropy. The concentration of the solution seems
to not affect the asphericity and shape anisotropy of dendrimer molecules as seen in Fig. A.3(b)
and (c).

A.4 Bead density distribution

The linear bead density distribution along the 3 axes of the gyration tensor of (f, s,g) = (3,1, 1)
dendrimer in dilute solution is shown in Fig. A.4(a). The characteristic features of the distribu-
tion are observed along the major axis while it is Gaussian-like along the minor axes.

An alternative estimate of the internal density can also be obtained by counting the number of

beads within concentric shells of constant thickness Ar starting from the centre of mass of the
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A.5  Mean squared displacement
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Figure A.4: (a) Linear bead density distribution along the 3 axes fora f = 3,5 = 1,g = 1 dendrimer in athermal
solvent condition. (b) Effect of architecture on the volumetric bead densities of dendrimers in dilute solution.
Black triangles represent linear chain with 25 beads and dendrimers are represented using the combination f; s, g.
(c) Effect of concentration on the volumetric bead density distribution of f = 3,5 = 1,g = 1 dendrimer in a
semidilute solution of linear chains with y = 0.46. Pink triangles in both figures represent f = 3,5 = 1,g = 1

dendrimer in theta solvent conditions.

molecule. The volumetric bead density is given by:

ny(r + Ar) — ny(r)
AV

pv(r) = (A.4)

where n,(r) is the number of beads of a molecule in a sphere of radius r, AV is the volume of
a spherical shell of thickness Ar given by gﬂ(r + Ar)} — gﬂr3 . In Fig. A.4(b), the volumetric
bead densities in concentric shells starting from the centre of the molecule have been plotted
for dendrimers in dilute solution. The density is maximum at the centre for all dendrimer
architectures, which drops monotonically towards the periphery of the molecule. It is important
to note that the dendrimers with a higher number of beads have lower core volumetric density.
This might be because of the higher effective repulsion the individual beads near the centre feel,
causing them to occupy regions towards the periphery. The f = 3,5 = 1,9 = 1 molecule in
theta solvent has a significantly higher density at the core due to its collapsed state. In semidilute
solution, the dendrimer volumetric bead density transitions from that in dilute solution to theta
solvent conditions as solution concentration increases (shown in Fig. A.4(c)). This is consistent
with the observations of linear bead density along the major axis and can be attributed to the

onset of screening of EV at higher concentrations.

A.5 Mean squared displacement

The effect of solution concentration on the mean squared displacement of dendrimers is shown

in Fig. A.5(a). Subdiffusion is completely absent at low concentrations because the dendrimer
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Figure A.5: Mean squared displacement of dendrimers as a function of time (a) Effect of solution concentration on
the mean squared displacement of generation one (g = 1) dendrimers with functionality f = 3 and one spacer bead
(s = 1) in a solution of linear chains with 43 beads (NlljC = 43). The size ratio between the dendrimers and linear
chains is 0.46 (y = 0.46). (b) Effect of generation number of dendrimers on its mean squared displacement. The
concentration is 4c* and dendrimer parameters are f = 3,s = 1,y = 0.5. The vertical dashed and dashed-dotted
lines are 7; and 7, for the generation zero dendrimer respectively. (c) Collapse of mean squared displacement of

dendrimers of different architectures considered in (b).

size is much smaller than the solution correlation length. As concentration increases, due to the
interaction between dendrimer molecules and the increased number of linear chains, a subdif-
fusive period exists (7 < t < 7,4) and the mean squared displacement of dendrimers decreases.
Thus, with increased concentration, the dendrimers become less diffusive due to hindered mo-
tion. The values of 7, and 7, changes with concentration as reported in Tables A.1, A.2 and
A.3. Table A.1 contains the values of 7, and Table A.2 contains the values of 7, for all f = 3
dendrimers at all concentrations. Table A.3 contains 7 and 7, for the f = 4,9 = 1 dendrimer.
When the size of the dendrimer is smaller than the correlation length (£¢) of the solution, it ex-
hibits normal diffusion at all time scales and the concept of the time scales 7, and 7, does not
exist.

The size of dendrimers varies with their generation number. Therefore, at a constant concentra-
tion, f and s, a generation 2 dendrimer will experience more hindrance to its motion compared
to a simple star polymer (g = 0), causing the former to diffuse slower than the latter as shown
in Fig. A.5(b). The mean squared displacement of dendrimers is given by MSD = 6 D ¢, where
D is the diffusivity. The Stokes-Einstein relation for a particle of radius R is D = kgT/6mnR.
Therefore, MSD =~ kpTt/nR, and MSD R =~ kpTt/n. Using this simple scaling argument, we
have collapsed MSD data for dendrimers of different generations as shown in Fig. A.5(c).

An examination of the position of the centre of mass of a dendrimer molecule in our simula-

tions as a function of time shows that it does not have long waiting times or hopping motion
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A.5  Mean squared displacement

Table A.1: The time scale 7, (given by eqn 17 in the main text) for the various architectures at

different concentrations.

c/c*
. f55.9)
0.5 1 2 4 6

(0.5,3,1,0) - - 8.4 1.68 1.1
(0.5,3,2,0) - - 14.6 29 1.9
(0.46,3,1,1) - - 335 7.02 4.7
(0.46,3,2,1) - - 65.1 13.62 9.1
(0.5,3,1,2) - - 82.5 17.34 6.96
(1.0,3,1,1) - 18.3 3.96 0.96 0.6

Table A.2: The time scale 7, (defined by eqn 18 in the main text) for the various architectures

at different concentrations.

c/c

. f.5.9)

0.5 | 2 4 6
(0.5,3,1,0) - - 48.9 72.9 93.1
(0.5,3,2,0) - - 92.1 136.3 175.6
(0.46,3,1,1) - - 168 248.6 302.4
(0.46,3,2,1) - - 304.3 480.3 543.3
0.5,3,1,2) - - 556.8 864 1017.6
(1.0,3,1,1) - 245.7 369.6 517.4 676.8
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Table A.3: The time scales 7, and 7, (defined by eqns 17 and 18 in the main text) for the
(/\/’ f’ S, g) = (1, 4, 0, 1) dendrimer.

c/c* T¢ T4

0.5 - -

1.0 9.2 124.8
2.0 1.9 181.4
4.0 0.6 247.6
5.0 0.4 273.6
6.0 0.3 305.2
6.5 0.2 313.9

Figure A.6: 3D plot of the movement of the centre of mass of the dendrimer. It is a (f,s,g,x) = (3,1,1,1)

dendrimer molecule at ¢/c* = 6 in the presence of hydrodynamic interactions.
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A.6  Diffusion exponent as a function of time

(Fig. A.6). Rather the molecule moves in space via smooth random movements even at high

concentrations.
T T,
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Figure A.7: Diffusion exponent of (f,s,qg,x) = (3,1, 1, 1) dendrimer as a function of time (a) The concentration
considered is ¢/c* = 1. Vertical lines represent 7 (dashed) and 7, (dashed-dotted) for ¢/c* = 1. The horizontal
dashed line is the value obtained from mean squared displacement versus time plots and the solid line is unity. (b)

Diffusion exponent for different concentrations.

A.6 Diffusion exponent as a function of time

The subdiffusion exponent can also be obtained by taking instantaneous derivatives in the mean
squared displacement as given below:

_ dlog(MSD(1))

A5
dlogt (A-5)

Fig. A.7(a) shows the diffusion exponents of (f,s,g,x) = (3,1, 1, 1) dendrimer as a function
of time at ¢/c* = 1. It is clear that the dendrimer becomes subdiffusive when 7, < 7 < 7,4
with the value of @ in the subdiffusive regime similar to that obtained from the time exponent
in the mean squared displacement plots. It transitions to a diffusive regime beyond ;. Similar

behaviour is observed for all concentrations as shown in Fig. A.7(b).
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The grid size is equal to the correlation length of the solution. The second column (Fig (b), (d) and (f)) shows the

hydrodynamic interactions. The rows in the panel represent different instances in time. The first column (Fig (a),
(c) and (e)) shows the velocity field about a dendrimer at a length scale of the order of the size of the dendrimer.

velocity field at a length scale much larger than the dendrimer size. The grid size is =~ 50¢.

Figure A.8: The flow field about a (f, s,g



A.7  Velocity field due to hydrodynamic interactions

A.7 Velocity field due to hydrodynamic interactions

As pointed out in the manuscript, the subdiffusive motion of dendrimers is observed at interme-
diate times (7¢ < t < 7,4) which corresponds to the mean squared displacement of the dendrimer
in the range £ < MSD < ZRZ. This suggests that on such time scales, the distance covered by a
dendrimer is of the order of the cage size formed by polymer strands in the solution. To examine
this closely, we have now computed the velocity fields within the solution due to hydrodynamic
interactions as shown in Fig. A.8. This velocity perturbation is obtained by calculating the prod-
uct of the RPY tensor and the force exerted by each monomer at a point. Fig. A.8 (a), (c) and
(e) show the velocity field at lengthscales comparable to dendrimer size at different instances
in time while Fig. A.8 (b), (d) and (f) show the fields at large length scales corresponding to
them. This enables us to see the effect of HI which we have observed in MSD plots. As is clear
in the zoomed-in figures, each monomer on the dendrimer feels forces of different magnitudes
and directions due to its location relative to the backflow. The net effect would be to random-
ize the direction of motion on small length and time scales, leading to slower diffusion. At
longer times, (¢ > 7,), the mean squared displacement of the dendrimer is much larger than its
size. When observed from such large lengthscales, the entire molecule is like a single particle
placed at its centre of mass with the orientation of individual beads being unimportant. The flow
field set up due to HI seems to be in a particular direction and we would expect it to enhance

diffusion. This explains the effect of HI at intermediate and long timescales.

A.8 Probability distribution functions

The distribution of a f = 3, s = 1, g = 1 at different concentrations (Fig. A.9(a)) and dendrimers
of different architectures (Fig. A.9(c)) in the subdiffusive regime were also found to be Gaussian.
Even the special case of a dendrimer with functionality f = 4, which is a denser molecule, does
not exhibit a non-Gaussian behaviour at any of the concentrations in the subdiffusive regime
(shown in Fig. A.9(b)).

A.9 Comparison with diffusivity of other soft colloids

We compared the dynamics of polymer grafted nanoparticles (PGNP), also called hairy col-
loids, in a solution of free polymer from work done by Poling-Skutvik et al. (2019) with our
simulations. According to them, the normalised diffusivity for various PGNP-free polymer sys-
tems can be collapsed if the normalised concentration (c/c*) of free polymers is scaled with the
ratio (Mw,f /Mw,g)_l/g. In our system, the radius of gyration of dendrimers and linear chains in

dilute solution are related by the following equation:
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Figure A.9: Probability distribution function of displacement for dendrimers. (a) Generation one dendrimer (f =
3,5 = 1,y = 1) in a semidilute solution of different concentrations in the subdiffusive regime 7 > ¢t > 74 ( at
t = 0.5(t¢ + 74)). (b) PDD for f = 4 dendrimer (s = 0,9 = 1,y = 1) in the subdiffusive regime at different
concentrations ( at t = 0.5(r¢ + 74)). (c) Functionality three dendrimers of different generations in a semidilute
solution of concentration 6¢* in the subdiffusive regime. The dashed lines in all figures are Gaussian fits to the
data.

R,
== (A.6)
Ry
If B = N /N, then using eqns (A.1) and (A.2),
d
a
X == (A7)
a
The overlap concentration of dendrimers is
d
(4/3) m(RY)
Substituting eqns (A.6) and (A.7) in A.8 gives
* * Ng o alC ’
¢y =cj. (N_;l,c) (E) (A.9)

Using eqn (A.9), we have shown that dendrimer diffusivity for all architectures can be collapsed
if we use c/c}, scaled by (Nl‘f/Ng')_O'76 instead of ¢/c; (Fig.A.10(a)). Fig . A.10(b) shows the
normalised diffusivity as a function of the size of the dendrimer or PGNP (M,, ; = 15000kDa,
M, , = 355 kDa)(Poling-Skutvik et al., 2019) relative to the system correlation length. Clearly,
PGNP does not follow the same scaling behaviour as our simulated dendrimers. Rather they

follow the nanoparticle scaling at intermediate values of 2R/£. PGNP can reduce its size with
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A.10  Scaling law for dendrimer diffusivity
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Figure A.10: Effect of solution concentration and size of tracer on its diffusivity. (a)Normalised diffusivity of
dendrimers as a function scaled ¢/c;,. For comparison, data for linear chains is also included with ¢/c}, in the
x-axis. (b) Normalised diffusivity for dendrimers and PGNPs as a function of its size relative to the solution
correlation length. The dashed line is the proposed scaling law for dendrimers and the solid line is the predictions

of scaling theory.

increasing concentration similar to dendrimers. However, due to the presence of the nanopar-
ticle which occupies almost 25% of the internal space, there is a limit beyond which it cannot
shrink. Therefore, PGNP becomes nanoparticle-like at higher concentrations. Dendrimers re-
duce size with concentration and even start showing screening of excluded volume interactions

as seen in the internal bead distribution plots.

A.10 Scaling law for dendrimer diffusivity

Also, the correlation length (€) of the solution, radius of gyration of dendrimers (Rg) and linear

chains (R};) in semidilute solutions depends on concentration as follows:

1c C g
£=Ry| = (A.10)
Ic
where u = (—v) / Bv —1).
)
R = RY, (Ci) (A.11)
d
where 6 = (1 — 2v) /(2 (3v — 1)).
D¢ = D (Ci) (A.12)
d



where w = (v — 1) / (3v — 1). Dividing eqn (A.11) by eqn (A.10),

2Rg _ 2Rg0 ( c )5( c )—u
& RG \cy) \c

We also have the overlap concentration of linear chains given by:

€T 4/3) (RS}

(A.13)

(A.14)

Taking the ratio of equations (3.8) and (A.14) and substituting the values of y and S give:

ci. = (01B) c;
Therefore,

3 B

*

2Ry _ 25130 ( c )H
d

c

o (2R o\
IF)E)

S

From equation A.12,

Equating equation A.17 and A.18, we get

d W/ (0—w)
D _ (2R
D§ £

w/(6—p)
L) =2(v—1).

where y = (2X(1+3u)

and
0

A.11 The Mittag-Lefller function

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

The in-built MATLAB routine for evaluating the Mittag-Leffler function with two parameters

was used for the fitting the modified Mittag-leffier function through the simulation data. The

code can be found at: https://www.mathworks.com/matlabcentral/fileexchange/

8738-mittag-leffler-function.
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A.12  Diffusivity as a function of radius of gyration
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Figure A.11: Normalised diffusivity as a function of the normalised radius of gyration for different dendrimer

architectures. The dashed line has a slope equal to 4.7.

A.12 Diffusivity as a function of radius of gyration

According to the predictions of the scaling theory Cai et al. (2011), the long-time diffusivity of
a nanoparticle in semidilute polymer solution is given by
kgT
" o

(A.20)

where n.r(7;) = n,(d/€)? is the effective viscosity experienced by a nanoparticle of size d in a
solution with solvent viscosity 77, and correlation length £. On substituting this in eqn (A.20), the
result D, oc 1/d? is obtained as pointed out by the reviewer. The size of a nanoparticle remains
constant at all polymer concentrations. However, this is not true in the case of dendrimers. The
radius of dendrimers decreases with concentration as follows:
s

R = RS, (C—cd) (A21)

where § = (1 — 2v)/(2 (3v — 1)). Therefore,

d
Rg

c (1/6)
R (A.22)
Cq [Rgo]

The diffusivity of most of the dendrimer architectures follows the scaling law for linear chains

as given below:

D =Dt (i) (A.23)
Ca
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where w = (v — 1)/(3v — 1). Substituting eqn (A.22) in eqn (A.23), we have

(w/6)
D¢ (RS
— = [—j] (A.24)
DO RgO

Substituting for v = 0.588 in athermal conditions, w/é = 4.7. Fig A.11 shows the variation of
normalised diffusivity as a function of normalised dendrimer size. All the dendrimer architec-

tures, except the f = 4 dendrimer collapse to a universal curve. This shows that the diffusivity

scales as (R;’)4'7 instead of the —3 scaling of nanoparticles.
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Appendix B

B.1 Parameters related to dendrimers and linear chains

Two dendrimer architectures and y ratios were simulated in this study achieved by varying the
dendrimer parameters and length of linear chains. A list of all these are given in table 5.1 and

the dendrimer architectures are shown in figure B.1.

() (b)

Figure B.1: Dendrimer architectures used in this study (a) A functionality three star polymer with two spacer beads

(f,s,9) = (3,2,0).(b) A generation one dendrimer with functionality four and no spacer beads (f, s,g) = (4,0, 1).

B.2 Procedure for choice of sticker positions

As mentioned in the main text, there are two types of stickers on the linear chains: Type A
which is responsible for the network formation, and Type B which interacts with the stickers on
the dendrimer. The spacing between these stickers is determined based on the ratio Iy/&* and

l4/€*. The stepwise procedure for fixing the bead tags is given below:

1. Find the end-to-end distance (Réco) and radius of gyration (R(lfo) of the linear chain from

dilute simulations.

2. Calculate the correlation length at ¢/c* = 1, named &*.
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Table B.1: List of dendrimer parameters and linear chain lengths used in each system. g is the
generation number, f is the functionality, s is the number of spacer beads, NS is the number of
beads in a dendrimer molecule, Rgo is the radius of gyration of the dendrimer in the solvent, y
is the ratio between the radius of gyration of dendrimers and linear chains in dilute limit, Nllf is
the number of beads in the background linear chain, Rgo is the radius of gyration of the linear

chain.

fls|g Ng Rgo X R Nllf

a|3|2]0)| 10| 240 | 0.50 | 480 | 26

b|3|2/|0]| 10| 240 | 030 | 7.2 65

c| 410|117 |24 | 05 | 498 | 29

3. Find the ratio x = R’ /&*.
4. The number of stickers in the chain is then given by ny, = x + 1.

In general, the first bead of the linear chain is taken to be a sticker of type A and the subsequent
sticker beads are assigned using the procedure mentioned above. Stickers of type B are then
placed at equal intervals between the type A stickers.

Even though the ratios Iy/&* and /" are chosen in the beginning, these are only approximate

values since the beads are discrete quantities. The actual values are reported in table B.2.

B.3 Algorithm for the calculation of mesh size

The algorithm for mesh size calculation is given below:

1. Obtain the association array of stickers from the simulation: It contains the indices of
stickers that are stuck along with the indices of stickers to which it is stuck. The default

entry for any unstuck sticker is -1.
2. Eliminate all the unstuck stickers from the array.
3. Identify the chain to which each sticker belongs.
4. Remove all the stickers that form intra-chain associations (loops).

5. Calculate the distance between all the adjacent stickers on the same chain.
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B.4  Mesh size distribution in the presence of non-sticky dendrimers

Table B.2: Actual and approximate values of Ix/&* and [3/&".

S, g, x approx IN/€" | actual Iy/€" | approxly/&" | actually/&*
a | 3,2,0,0.5 1 1.3 1 1.3
b | 3,2,0,0.5 0.5 0.8 0.5 0.8
c | 3,2,0,0.5 0.25 0.4 0.25 0.4
d | 3,2,0,0.5 0.1 0.3 - -
e | 3,2,0,0.3 2 24 0.5 0.6
f]3,2003 1 1.6 0.5 0.6
g | 4,0,1,0.5 1 1.5 1 0.5
h | 4,0,1,0.5 0.5 0.8 0.5 0.8
i| 4,0,1,05 1 1.5 0.25 0.4

B.4 Mesh size distribution in the presence of non-sticky

dendrimers

The mesh size distribution of non-sticky dendrimers at intermediate concentrations (c/c* =
1,2,4) for ey = 8 and In/&" = (0.5, 1) is shown in figure B.2. The bimodality which is present
at lower concentrations disappears gradually with increasing concentration.

To further understand the role of dendrimers that have repulsive interaction with the network in
determining the latter’s mesh size distribution, we chose ¢/c* = 0.3 in which case the bimodal-
ity is maximum. It has almost the same number of dendrimers and linear chains. We varied the
number of dendrimers keeping the number of linear chains fixed in the simulation box shown in
figure B.3(a). On plotting the mesh size distribution, it has been observed that the distribution
lacks bimodality at lower concentrations of dendrimers. It is most prominent when there are al-
most the same number of dendrimers and linear chains. As the number of dendrimers increases,
the bimodality drops again. When there are fewer dendrimers, they hardly affect the linear
chains. However, when there are enough of them to occupy a significant amount of ‘cages’ in
the network, they expand the cages they occupy while squeezing adjacent empty cages. As their
number is further increased, they fill up all the polymer ‘cages’ due to which repulsion from

adjacent cages cancel each other. It is also important to note that the mean mesh size remains
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constant. This is because the sticker parameters and the number of linear chains remain con-

stant. Figure B.3(b) shows the mean squared displacement of the dendrimers in the same set of

systems. It is clear that the behaviour of the distribution of mesh sizes of the network does not

affect the diffusivity of dendrimers.
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Figure B.3: Effect of varying the number of dendrimers (a) Mesh size distribution of the network with increasing

number of dendrimers while keeping the number of linear chains fixed. (b) The mean squared displacement od the

dendrimers in the systems considered in (a).

We have also observed similar trends of the disappearance of bimodality with increasing con-
centration with different values of /y as shown in figure B.4.
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Figure B.4: Effect of concentration and presence of dendrimers on the mesh size distribution (a) The sticker
strength is ey = 8 and spacing between stickers is Iy/&* = 0.25. The concentration of linear chains in the system

is increased systematically. (b) In this system, ey = 8 and In/&* = 0.5.

B.5 Size of dendrimer relative to characteristic lengthscales

The key factor that determines the nature of diffusion of nanoparticles in a polymer network,
which has been identified by all theories is their size relative to the mesh size of the network.
However, in our simulations, this mesh size could be the correlation length or the distance
between stickers. To analyse this ratio, we have chosen the system of a sticky and non-sticky
star polymer with ey = 8 and Ix/&é" = 1. The sticker strength of dendrimer interaction, € = 8
and /4/&" = 1. This is the system in which the radius of gyration of dendrimer had the highest
value at intermediate concentration. In Figure B.5, we have plotted the ratio between the 2Rg of

the dendrimer to &, a, and Iy.

B.6 Effect of network forming stickers on sticky dendrimers

In Section 7.1.1 in the main text, we have shown that the properties of non-sticky dendrimers
are unaffected by the network-forming sticker related parameters, ey and ly. In this section,
we show that the same holds for a sticky dendrimer as well. Figure B.6 shows that the radius
of gyration and mean squared displacement of dendrimers with ¢ = 4 is not affected by the

decrease in the distance between the network forming stickers /.
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B.7  Probability distribution function of sticky dendrimers

B.7 Probability distribution function of sticky dendrimers

As an extension to our analysis of the probability distribution function of displacement of sticky
dendrimers reported in the main text, we also analysed systems at varying /3 which is shown in
Figure B.7. We have considered the system with the highest sticker energies (ey, €5) = (8, 8). It
is observed that its displacement is not affected by 1; and the dendrimer has the same probability

distribution function of displacement in all cases.
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Figure B.7: Effect of varying the number of dendrimers on the mesh size distribution

B.8 Important timescales related to sticky dendrimers in
network

There are four important timescales that affect the dynamics of sticky dendrimers in polymer
networks, namely 7, 7;,, 7, and 7. The first three are the relaxation times of chains of length

IN, lg and ay given by

RN
=N B.1
Tiy il (B.1)
03
= _—° B.2
Ty kT ( )
3
nsay
o B.3
Tay 1T (B.3)
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The fourth important timescale, Ty is the renormalised bond lifetime Robe et al. (2024). It is
obtained by calculating an autocorrelation function (Cy (Af)) from the association matrix (M>).
The M, matrix gives information about all the interchain associations of type A stickers. The

autocorrelation function is calculated as

Cum (A1) = (M (1) - Ms(t + Ar)) B4

This autocorrelation function is fitted with an single exponential function to obtain the renor-

malised bond lifetime, 7y;. This algorithm is similar to that used by Robe et al. (2024).

B.9 Dynamics of functionality 4 dendrimer
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Figure B.8: Dynamics of functionality four dendrimers. ey = 8 and €4 = 6 for systems considered in all the
figures. (a) Effect of linear chain concentration on the mean squared displacement (b) Effect of /; on the mean
squared displacement. The blue symbols represent a non-sticky dendrimer in a similar environment. (c) Effect of

lq and Iy on diffusion exponent. A non-sticky dendrimer with the same architecture is also included for comparison.

All the results mentioned in the main text are for a functionality three star polymer with two
spacer beads. In order to investigate the effect of dendrimer architecture on its mobility through
a polymer network, we simulated a generation one, functionality four dendrimer without any
spacers. This architecture showed a different behaviour from other lower-generation dendrimers
with a similar number of beads Mariya et al. (2024). All the end beads of dendrimers are stick-
ers, therefore, there are 12 stickers on each dendrimer. The background linear chains have
sticker strength ey = 8 and the dendrimer interacts with the network with a strength ¢ = 6. It
was concluded from the results obtained for star polymer that its stickiness affects the properties
only if ¢ is high enough, based on which these values were chosen. Similar to the star poly-

mers, the mean squared displacement of higher generation dendrimer decreases with increasing
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B.10  Analysis of experimental data for phages

concentration (Figure B.8(a)) and decreasing the spacing between dendrimer interaction stick-
ers on the network (Figure B.8(b)). The diffusion exponents in the intermediate regime were
extracted from the mean squared displacement for a range of systems. Figure B.8(c) shows
that sticky dendrimers are more subdiffusive compared to its non-sticky counterparts, with the
diffusion exponent dropping with increasing concentration. At high concentrations, a,;, seems
to level off. This is true for all systems considered and consistent with that observed in the case

of star polymers.

B.10 Analysis of experimental data for phages

A re-analysis of the experimental data reported by Barr et al. (2015) for T4 and T4Ahoc phages
in varying mucin concentration was performed to extract the minimum diffusion exponent in
the intermediate time regime. For this, the best-fit line for the intermediate time MSD data was
plotted for T4 and T4Ahoc phages as shown in figures B.9(a) and B.9(b).
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Figure B.9: Mean squared displacement of experimental data (a) MSD versus time of T4 phage for varying mucin
concentrations. (b) MSD of T4Ahoc phages. The lines in both plots are lines of best fit to the intermediate time
data.

The slope of these lines gives the subdiffusion exponent. Alternatively, the instantaneous deriva-
tive of the MSD data can be calculated, the mean of which in intermediate times can be com-
pared with the values obtained from the line of best fit. Figures B.10 and B.11 give a com-
parison of these quantities with that reported by Barr et al. (2015), along with the instantaneous
a as a function of time. At almost all concentrations for both T4 and T4Ahoc, the mean of
instantaneous « and that obtained from our analysis agree, however, it differs slightly from that

reported in the original work. This is because the authors used a line of best fit for the entire
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trajectory which at times is noisy too. These processed values of diffusion exponent is used in

figure 17(b) in the main text.
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Figure B.10: Diffusion exponent of T4Ahoc phage as a function of time for mucin varying concentrations: ¢ =
0%,0.2%,0.6%, 1%,2%,4%, in (a)-(f) respectively. The black horizontal line the value reported by Barr et al.
(2015), the red horizontal line is the slope of the best-fit line through intermediate time data and the dashed blue

line is the mean of instantaneous « at intermediate times.
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Figure B.11: Diffusion exponent of T4 phage as a function of time for mucin varying concentrations: ¢ =
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(2015), the red horizontal line is the slope of the best-fit line through intermediate time data and the dashed blue
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