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Abstract

The aim of this thesis was to assess the diffusive properties of functionalised and
unfunctionalised nanomaterials in a variety of different media. The main goal was to gain
an insight into the fundamental mechanisms underpinning nanoparticle diffusion and how
the surface properties of nanoparticles alter their net movement through different
environments. Initially a library of polymer-functionalised silica nanoparticles were
synthesised and characterised. The polymers chosen were; poly(ethylene glycol) (PEG),

poly(2-oxazolines) (POZ) and poly(n-isopropyl acrylamide) (PNIPAM).

Firstly, the diffusion of different sized gold nanoparticles was assessed in concentrations
of Pluronic F-127, in order to determine how the solution properties affected diffusion. It
was found that as the solution undergoes a transition in response to environmental stimuli,
there is an increase in diffusion coefficient; however the area they move in becomes more

confined (assessed using a bespoke python script written for use with NTA).

PNIPAM- and PNPOZ-silica nanoparticles were assessed for their aggregation and
diffusion using DLS, NTA, and SANS. It was found that the position of a nitrogen atom in
the amide group, present in both polymers, plays a key role in governing how the particles
aggregate in solution, which in turn affects how they diffuse through solvents of varying

polarities.

POZ-silica nanoparticles were assessed for mucus penetration against a positive control
of PEGylated nanoparticles. It was found that POZ-silica was effective at enhancing
nanoparticle mucus penetration, and the hydrophilicity of these polymers plays a key role
in determining the degree of permeation (with methylated POZ significantly more diffusive

than propylated POZ).

These finding provide valuable insight into some of the molecular mechanisms governing

nanopatrticle diffusion and how surface chemistry governs these effects.
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Chapter 1

Introduction:

Functionalised nanomaterials and principles of

diffusion

1.1 Introduction

Over the past few decades there has been an increase in research into functionalised
nanomaterials. Due to their small size and large surface area, they carry unique physical
and chemical properties not present in larger bulk materials.® These quantum-like
properties are dependent on size, morphology, and elemental composition of the material.
By altering these parameters, it is possible to tune and engineer nanoparticles to have
specific properties designed for bespoke applications. Nanoparticles can have unique
magnetic,” optical,® and surface properties* making them ideal for use in a wide range of
industries and scientific disciplines including drug delivery,®> diagnostics,® cosmetics,’

environmental sciences,® energy applications,® and manufacturing industries,'® amongst

others.

Nanoparticles are defined by the European Union as “A natural, incidental or
manufactured material containing particles, in an unbound state, as an aggregate, or as
an agglomerate where, for 50 % or more of the particles in the number size distribution,
one or more external dimensions is in the size range 1 nm - 100 nm.”™* The nanoscale,
defined in Fig 1.1, exists between 1 and 100 nm and ranges from the size of a glucose

molecule (~1 nm) up to a virus (~100 nm).



L L L L L

Area of interest

Fig 1.1 The nanoscale in perspective, with a size-bar showing the area of interest in this

project

Under recent legislation (Regulation (EC) no 1223/2009, 2013), all nanomaterials used for
cosmetic and pharmaceutical applications need to be fully characterised for size. Despite
this, there are many properties of nanoparticles which are not considered during their
design, manufacture and regulation, such as their interactions with the local environment

and how they behave in different systems.

With the increased interest in nanomaterials in the scientific community, especially those
which have been further modified with small molecules or polymers, there is an increased
importance to understand how their surface properties affect their behaviour in different
environments, particularly with regards to their diffusion. This is especially true for
nanoparticles used in drug delivery applications, when considering how they will cross

biological barriers such as mucus.

Diffusion is one of the most important transport phenomena in nature, and is relevant to all
fields of science from the atomic level out into the wider universe. Diffusion was first
described in the 1830’s by Thomas Graham,*” who noted that gasses of different densities
diffused through each other and remained as a mixture rather than separating out. Later in

1855, Adolf Fick studied diffusion by measuring the movement of gas through a



permeable membrane, and founded the Fick equations governing diffusion, known as
Fick’s laws."® This is where the classic definition of diffusion arises; the net movement of

particles/molecules from a region of high concentration to a region of low concentration.

An expansion on Fick’s principles of diffusion was described by Albert Einstein during
work on his PhD thesis looking at the kinetic mobility or “random walk” of particles in
solution.”* The same connection was made independently by Marian Smoluchowski in
1906." It was found that Brownian motion (a process where particles/molecules travel by
continuous bombardment from the media they are suspended in)*® was the mechanism by
which diffusion was occurring, explaining Ficks observations. By taking the diffusion
principles described by Einstein and Smoluchowski and combining them with Stokes law
of fluid dynamics (which measures the friction on a particle in a continuous environment),
it is possible to calculate the diffusion coefficient for a spherical particle in a given

medium. This is known as the Stokes-Einstein equation (Equation 1.1)."’

_ kpT

= Equation 1.1,
3nnd

where Dc is the diffusion coefficient, kp is the Boltzmann constant, T is the absolute
temperature (in Kelvin), n is the viscosity of the system, and d is the particle radius. The
Stokes-Einstein equation is highly important in the field of nanoscience, as it provides a
direct method for determining particle size based on their diffusion coefficient. As already
discussed, the size of nanoparticles can govern their quantum-like properties and is also

required for regulatory reasons, highlighting the importance of this equation.

Although the primary use of the Stokes-Einstein equation in current technologies is for
particle sizing, it can still be used to measure the diffusion coefficient of particles in a

viscous environment.



1.2 Stokes-Einstein equation

The Stokes-Einstein equation combines Stokes law, describing the frictional force exerted
on a spherical object in a continuous viscous environment, and the Einstein-
Smoluchowski relation on the kinetic mobility of particles undergoing Brownian motion. By
combining these two relationships it is possible to calculate the diffusion coefficient of a
particle, based on its movement in a non-turbulent liquid of known viscosity. How this

equation is constructed will briefly be discussed in this section.
1.2.1 Stokes law

George Stokes, a pioneer of fluid dynamics, identified that it was possible to determine
information on the frictional or drag force, exerted on a spherical object in a fluid of sheer

viscosity, moving under a continuous velocity, defined by Equation 1.2.2
F = 3mndv Equation 1.2,

where F is the frictional force, n is the sheer viscosity, d is the particle diameter, and v is
the velocity.”® This equation, one of the Navier-Stokes equations describing fluid
mechanics, assumes a small Reynolds number (a dimensionless number which helps
predict similar flow patterns in different fluid flow situations) and as such can only be used

under these conditions.*®

Reynolds number is the ratio of the inertial forces to the viscous forces in a solution, and
gquantifies how a solution will flow by determining the solutions specific flow conditions,
such as laminar or turbulent flow. At low Reynolds numbers, the viscous forces are
dominant, resulting in laminar flow (which is required for Stokes law), and a continuous,
smooth fluid motion is achieved. At high Reynolds numbers, the inertial forces are

dominant, resulting in turbulent flow.*°

Looking at Equation 2, the frictional force (F) can be determined assuming the viscosity
and particle diameter are known. The frictional force expressed by this equation refers to

the force at the interface between particle and the fluid (known as the solvation shell).
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From the frictional force, the friction coefficient can be determined using Equation 1.3,

where f is the friction coefficient.?
F =vf Equation 1.3

It is the relationship between the friction and friction coefficient which allows Stokes law

which Einstein theorised could be used to define rotational diffusion.?
1.2.2 Einstein-Smoluchowski relation

During their work on Brownian motion, both Albert Einstein and Marian Smoluchowski
derived independently a relationship between the diffusion coefficient of a particle and its

movement caused by Brownian motion (described by Equation 1.4).***°

Dc = ukgT Equation 1.4,

where Dc is the diffusion coefficient, u is the ratio of the particle’s drift velocity to an
applied force, kg is the Boltzmann constant, and T is the absolute temperature (in Kelvin).

Einstein theorised that the diffusion coefficient could be linked to the friction coefficient by

equation 1.5.
— ksT .
Dc = of Equation 1.5
Giving (Equation 1.6)
Dc = k"% Equation 1.6

By using Stokes law (Equation 1.2) to calculate F; the Stokes-Einstein equation is
generated (Equation 1.1), allowing for a calculation of a diffusion coefficient for different

sized particles.
1.2.5 The Stokes-Einstein equation and its relevance to nanoscience

Besides determining the diffusion coefficient, the Stokes-Einstein equation has another
very important use in the field of nanoparticle science. By rearranging the equation, it is

possible to determine a particle size (Equation 1.7).


http://en.wikipedia.org/wiki/Marian_Smoluchowski

Rh = ~2%.

= Equation 1.7
é6nnD

By using techniques which can determine the diffusion coefficient independently of the
Stokes-Einstein equation (such as particle tracking technologies, NMR, and scattering
techniques), it is possible to rearrange the Stokes-Einstein equation to generate a patrticle
size. With the advancement of technology this process is becoming more accurate,
provided the particles are suspended in a solution with a well-known and constant
viscosity, such as water. Techniques such as dynamic light scattering (DLS),# particle
tracking (e.g. Nanoparticle Tracking Analysis, NTA),% and Nuclear Magnetic Resonance
(NMR)?* can be used to determine particle size, making it easily accessible for many labs.
This rearranged equation is arguably the most common use of the Stokes-Einstein

eguation, and demonstrates the importance of its use in modern nanoscience.
1.2.4 Limitations of the Stokes-Einstein equation

Although the Stokes-Einstein equation is widely used, it has some limitations. Several
authors have noted that there are deviations between the experimentally determined
diffusion coefficient and those predicted using this equation.?>?’ These can be related to
the several factors, including; size of the particle/solute, dynamics of the solvent, and

shape of the particle.”®

Stokes law makes several assumptions of the system being tested (mainly: laminar flow,
spherical particles with smooth surfaces, homogenous material, and non-interacting
particles). Therefore deviations from this norm can cause variations in the resulting
diffusion coefficient. The equation also assumes constant, hon-changing sheer viscosity,
therefore non-Newtonian fluids can lead to unexpected results.”® Despite this, attempts
have been made to correct for these changes. A study by Achuthan et al,*® proposes a
modified Stokes-Einstein equation which takes into account the effective viscosity of the
solvent, and also deviations from non-spherical particles. This revised equation has been

shown to effectively model the diffusion coefficients of proteins and aggregates in



solutions of varying viscosities. However, this equation adds more components, making

calculations more challenging and potentially more ambiguous.

In addition to viscosity, the particle size can also alter the calculated diffusion coefficient.
If the particle size is too large (or has a non-spherical morphology) then there is reduced
Brownian motion exhorted on the particle (causing very little movement), and also the risk
of inappropriate flow conditions. This means the diffusion coefficient of larger particles

cannot necessarily be easily predicted by the equation.

In addition, if the solute (particle) size is significantly smaller (more than 5 times smaller)
than the radius of gyration (Rg) of the solvent molecules, or any macromolecules
dissolved in the suspension, then the equation is not valid.** The general principle is that
where the polymers interact in a solution, the viscosity between the fibres will be smaller.
Therefore, if the polymer Rg is higher than the Rh of the particle, then they can potentially
move in between the mesh fibres of the polymer, where they will be exposed to a different
microenvironment than particles larger than the Rg, and will appear to diffuse quicker than
predicted. However, if the particles are larger than the polymer's Rg they will be
subjected to movement around the polymer chains as they will not fit in the gaps.
Therefore they will be subjected to the viscosity of the polymer solution, meaning they will

conform to the Stokes-Einstein equation.*

Despite its limitations, the Stokes-Einstein equation remains relatively accurate in

determining the diffusion coefficient for particles in certain environments, and has been

33-35

used widely in the literature. However, given the above, the results need to be

analysed with the limitations in mind and not treated as absolute, a factor commonly
36-39

overlooked. Other limitations of this equation has been observed by several authors,

and are assumed to be due to viscosity, temperature and particle size.



1.2.5 Techniques

There are several key techniques which can be used to measure nanopatrticle diffusion.

These will briefly be discussed, highlighting their strengths and limitations.
1.2.5.1 Franz diffusion cells

Franz diffusion cells are commonly used in the pharmaceutical industry to measure the
net movement of small molecules,”® proteins/peptides,* or particles** through a
physiological barrier such as the skin,”® ocular tissue,** or mucosa.* Use of a Franz
diffusion cell makes it possible to measure the permeability and flux of a molecule through
a barrier, which can then be used to estimate bioavailability and calculate the dosage of a

drug molecule, in addition to predicting whether it can be delivered by that specific route.

Franz diffusion cells are most commonly used in the development of topical and
transdermal formulations and assessing in vitro permeation through the skin.*® An image

showing the basic set-up of a Franz diffusion cell can be found in Fig 1.2.

Danor eompariment

+

+ Sampling port

Clamp

Circulating water jacket =
+ Magnetic stirring bar

*

Receptor compartment

Fig 1.2 The set-up of a Franz-diffusion cell, taken from Karpanen et al.*’

Simply, a solution containing the drug, protein, or particle to be studied is placed in the
donor compartment, and left to diffuse through the barrier (in this case skin). By taking
samples at given time-points and measuring the concentration of molecules/particles in
the receptor compartment, it is possible to determine the rate of permeation, lag-time of

8



the molecule, and when it has reached a steady-state. From this it is possible to calculate

the flux and diffusion coefficient of the molecules.

Although a very widely used technique in the pharmaceutical industry and academia with
numerous publications, the biggest problem with Franz diffusion cells is time. In order to
run an effective experiment, samples should ideally be taken over a minimum of 24 hours,
which can result in long experiments, especially when measuring numerous different
samples. In addition, following collection samples need to be measured to determine the
concentration permeating through the tissue. As such, techniques such as HPLC, UV/vis
or fluorescence spectroscopy are used. This requires the use of a calibration curve, and

adds further time extensions to data analysis.
1.2.5.2 Particle tracking techniques

Particle tracking technologies, such as Nanoparticle Tracking Analysis (NTA), Multiple-
Particle Tracking (MPT), and Single Particle Tracking (SPT), allow a diffusion coefficient
to be measured by analysing the movement of individual particles in a specific

environment.

By tracking individual particles, undergoing random Brownian motion from frame to frame,
the average spatial displacement of the particles per unit time can be calculated, and this
displacement can be related to the hydrodynamic diameter of the particles through the
Stokes-Einstein equation (Equation 1.1). Although translational Brownian motion is a
three-dimensional process, it is possible to use a one, two, or three dimensional diffusion
coefficient to determine a particles hydrodynamic diameter as described by Equation

1.8:

4 _ 4kgTt

xy)? ¥ 3mnd

Equation 1.8

It should be noted that there is no assumption of 2-dimensional movement of particles. All

particles are assumed to be moving freely in all 3 dimensions while the measurement is



sampling the projection of each x, y and z component of that movement onto the xy

observation plane.

NTA and MPT provide information on particles both in and out of the nanoscale, up to
sizes of 2000 nm. However, generally the technology works best at smaller sizes, and
optimum conditions are between 20 and 1000 nm, depending on refractive index of the
particle and solvent, and system set-up.”® Because of this, particle tracking techniques
are well refined for the study of nanopatrticle diffusion, and can show the effects caused by
the quantum properties of nanoparticles on diffusion. One major limitation however is
hard-drive space. As high-resolution videos need to be recorded, a single 60 s video is
around 0.5 GB, therefore a whole sizing experiment (including repeats etc) can generate
up to 10 GB of data. This number increases for more complex experiments, which require

a larger number of replicates.

Although the use of NTA as a technique to measure diffusion has received less attention
compared to MPT (with very few papers reported in the literature), it is possible to
measure diffusion directly based on the Brownian motion of the particles,” in a similar
manner to MPT. The primary difference between MPT and NTA is the fact that NTA is a
closed system, whereas MPT involves the use of independent techniques and equipment

to determine diffusion coefficients.

Single particle tracking is a similar technique to those already mentioned, however
focuses more on tracking particles through biological systems, such as cells.*® Again, it
identifies particle movement through a three dimensional environment, and tracks the
particles undergoing Brownian motion over a given time period. From this, a mean
squared displacement is calculated, followed by a diffusion coefficient. This technology is
commonly used in imaging studies to investigate diseases such as cancer.”® By tracking
particles in a biological system, it is possible to determine protein interactions, and has
been used to evaluate cell surface receptor interactions,> DNA monitoring,>® and vesicle

movements.>* Despite its wide use, SPT does carry some limitations compared to NTA
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and MPT. It provides less information on the diffusion of particle through liquids and
focuses more on the tracking of individual particles in a complex system such as cells,
meaning it is hard to measure whether functionalization of particles alters the diffusion and
assign quantitative data. These values can be determined using the other two

techniques.

Despite the strengths and weaknesses of each technique, particle tracking is becoming
increasingly used in the literature, primarily for particle sizing; however it holds great

potential in the evaluation of diffusion through a multitude of different systems.
1.2.5.3 Diffusion-ordered spectroscopy

Diffusion-ordered spectroscopy (DOSY) is a nuclear magnetic resonance (NMR)
technique used to measure the diffusion of molecules in a given environment. In a DOSY
experiment a series of pulse-field gradients of different strengths are applied to a sample,
producing a series of spin-echo spectra. By using a gradient, it is possible to specifically
label individual molecules in their environment. By application of a second gradient (i.e.
from a second pulse), it is possible to measure the diffusion time and ultimately a diffusion
coefficient for that molecule based on how it moves. Application of different gradient

t% In

strengths allows for a more accurate determination of the diffusion coefficien
addition to determining a diffusion coefficient, there are reports on using DOSY to
determine other properties about a molecule, such as molecular weight (with use of
external calibration curves and normalised diffusion coefficients),”® particle size (by
rearranging the Stokes-Einstein equation),® and structure assessment/particle

interactions (by assessing how diffusion coefficients change in the presence of different

species in the mixture).>’

Regarding nanoparticle diffusion, DOSY has been extensively studied to examine the
diffusion coefficient of particles in numerous sample environments, and of multiple
different make-ups,*® including polymer functionalised nanoparticles.®® This helps provide

insight into how the particles are behaving on a molecular basis (generating information
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on their shape, structure, and interactions). It is therefore useful in several fields, such as
catalysis where nanomaterials are becoming of increased interest due to an enhanced

surface area.’>®

Although DOSY is a highly accurate technique for measuring diffusion and will allow for
easy determination of any contaminants in the sample (i.e. starting materials), its major
limitation is cost. NMR experiments can be expensive to perform, limiting their
accessibility. They can also be very lengthy, depending on the number of samples and
temperatures being measured at, and require specialist expertise for both running the

experiment and analysing the data.

With the advancement in technology over the past several decades, the ability to measure
nanoparticle diffusion at higher resolutions and more accurately makes it possible to
further probe the interactions between particle and environment, and also makes it
possible to develop systems with a manipulated diffusion coefficient, making them more

efficient for their application.

1.3 Why use nanoparticles?

As already described, nanopatrticles are very small, and therefore have a large surface
area and can exhibit quantum-like properties (dependent on the size and elemental
composition of the material). As such, they carry significant advantages over larger bulk-
materials. There are many examples in the literature of different nanomaterial
formulations including metallic nanoparticles,®” organic nanoparticles,”® and silica
nanoparticles.® By further functionalising these particles with small molecules,
biomolecules or polymers, it is possible to further expand upon their physicochemical
properties whilst still maintaining all the advantages of using a nanomaterial. Thus,
combining specific moieties to a particle surface allows for numerous applications such as

targeted drug delivery,® or controlled/triggered drug release.®®®’
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1.3.1 Effect of nanoparticle core

Due to their small size, nanoparticles offer several advantages over larger particles of
similar compositions, and are currently being used in various formulations available on the
market in a variety of industries. Table 1.1 provides some examples on the use of

nanoparticles in consumer products, their composition and reason for use.

Table 1.1 Nanoparticles found in different consumer products, and why they are used.

Nanoparticle Application Reason for use Reference
Copper L
. Deodorant Odour elimination
nanoparticles 68

Block the sun’s rays
Titanium dioxide and i
_ ‘ Sun-cream through reflectuon, and 69
zinc oxide leave no noticeable

residue on the skin
Transformation and

. Environmental ificati
Iron nanoparticles L deto_><|f|cat|on 2 0
remediation environmental
contaminants
Silver nanoparticles Clothing Antimicrobial activities n
Electronic High luminescence
displays and efficiency, tuneable
Quantum dots ; piay o y 2
light emitting colour spectrum, and
technologies very energy efficient
. . Small, highly
Liposomes/polymeric : . 73
. Drug delivery penetrating, and low
nanoparticles o
toxicity

These are just some of the applications nanoparticles are currently being used in;
however there are numerous other applications presented in the literature. Despite their
versatility across numerous industries, one of their biggest applications is in the

pharmaceutical industry, mainly as drug delivery systems.
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1.3.2 Nanoparticles in the pharmaceutical industry

There are many examples in the literature of different applications of core-nanoparticles
made from different composites. Some of the most widely studied nanoparticles will be

discussed here.
1.3.2.1 Gold nanoparticles

Gold nanoparticles (AuNPs) have been in use since ancient Roman times, where they
were used in the manufacture of stained-glass windows. Due to their rapid and facile
synthesis,” ease of functionalisation allowing for a large array of surface moieties,” and

wide range of morphologies (such as spheres, rods, stars, and rings)’®’’

they are very
attractive for biological and pharmaceutical applications, especially in bioimaging and drug

delivery.

There are numerous reports on the optical properties of gold nanoparticles with various
morphologies. These optical properties stem from a surface-plasmon resonance effect, a
phenomenon which is size dependent.”® Smaller particles (<20 nm) appear red in colour,
however as the particles get larger, their colour changes to purple, blue, and (in larger
sizes) exist in the near-IR region. This is because when light interacts with the electrons
on the surface of the particles, it causes them to oscillate. For larger particles, there is a
denser cloud of electrons around the particle, causing them to oscillate at a different
frequency, thus emit light at a lower wavelength, and so appear different in colour.”
These changes are clearly detectible using UV-Vis spectroscopy, giving a clear sharp

absorbance peak.®*%!

By changing the morphology and surface chemistries of the
particles, it is possible to tune their optical properties making them ideal for bespoke

applications in the bio-imaging field, phototherapy and other novel applications.®

The optical properties of gold nanoparticles combined with their ease in synthesis, large
array of surface functionalities, and good biocompatibility make them of particular interest

to the pharmaceutical industry, especially in the field of diagnostics.®
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1.3.2.2 Silica nanoparticles

Silica nanoparticles (SNPs) are another popular system. Their interest to the
pharmaceutical industry stems from the fact that they can be synthesised to contain pores
on their surface. These so-called mesoporous SNPs can allow for easy loading of a small
molecule, and controlled release by using environmentally-sensitive polymers.®* As with
gold nanoparticles, they can be easily synthesised using cost-effective methods, and can
be readily functionalised with a variety of surface moieties, allowing for further

modifications.

Traditionally SNP’s are made from SiO, in the presence of a rod-like structure or
surfactant, allowing for the formation of pores.®®> The strong silica-oxygen bonds make the
particles very stable in harsh environments, such as the stomach or endosomes. Despite
this, their biocompatibility is disputed by several factors, including; size, method of
synthesis, and surface functionality, and there is much debate in the literature concerning
their toxicity.®® In general, these particles appear to be safe at low concentrations, thus
making them an ideal model particle to study. SNP’s will be covered in more detail in

Chapter 2.
1.3.2.3 Quantum dots

Quantum dots (QDs) are semiconductor devices, which exhibit bright fluorescence (and
narrow fluorescence emission bands), very long Stokes shifts, good resistance to
photobleaching, and tuneable emissions at a single excitation wavelength.?” Traditionally,
QDs are composed of a semiconductor core (usually CdSe) surrounded by a shell
composed of another semiconductor (such as ZnS). By controlling the size, shape, and/or
chemical composition of the core and shell, it is possible to tune the emission wavelength

over a wider range than the individual semiconductors themselves.®®

Typically, QDs exist in sizes <10 nm as larger particles start to emit light outside the

visible range. Although their size is not necessarily a problem in some applications, it
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limits their application as potential fluorophores and in electronic devices. It is possible to
functionalise them with various surface ligands®” or polymers® allowing them to be used
as fluorophores for cell labelling, and in vivo imaging.*® Indeed, they have been referred

to as the next-generation of fluorophore.

QDs have applications in several industries. They have an emerging interest in the
electronics industry for applications in technologies such as quantum computing,®* and
light emitting devices (such as televisions, mobile phones, and monitors).®* However, one
of their most widely reported applications is in the field of biology, as next-generation

fluorophores.

Due to their sub 10 nm size and wide versatility of their surface chemistry, QDs can be
functionalised to interact with specific targets, allowing DNA, RNA, and protein
conjugation for use in bioimaging;* there are examples in the literature of QDs used for
both in vitro and in vivo labelling.”* Despite their popularity, a question does remain over
their cytotoxicity and there is much debate in the literature over this subject.”>*® This
unknown cytotoxicity is the major draw-back of QDs, and despite attempts to minimise
their toxic nature® in vivo applications of QDs are very limited. As such their main

application lies in in vitro cell labelling, and as encapsulated fluorophores.
1.3.2.4 Magnetic nanoparticles

Magnetic nanoparticles (MNPs) are nanoparticles which can be manipulated by
application of a magnetic field. There are several reported synthetic techniques used in
the literature, including; the co-precipitation of metal salts composed of the magnetic
elements (iron, cobalt, or nickel), the thermal decomposition of organometallic
compounds, or using reverse-micelles in a microemulsion.*® Different routes of synthesis
produce particles with different compositions, which allow them to have a wide-range of
properties suitable for multiple applications, including cancer treatment (using a technique

called magnetic hyperthermia, where a magnetic field is applied to magnetic nanopatrticles
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in vivo, which produces heat and kills local cancer cells),”® targeted drug delivery®™, MRI

contrast agents'®, bioimaging'®*, and energy storage*®

Due to their magnetic nature, MNP’s have been broadly investigated for targeted drug
delivery. By encapsulating the particles in a shell allowing for sustained circulation, it is
possible to target these so called “smart nanoparticles” to a specific area of the body by
applying a magnetic field to said area.'®® In addition to targeted delivery, there are studies
exploring the application of MNP’s in thermotherapy. When exposed to an alternating
magnetic field, MNP’s generate heat due to oscillations in the magnetic elements which
make-up the core. By taking advantage of the enhanced permeability and retention effect
(EPR), which is the localisation and bioaccumulation of nanoparticles in tumour tissue, it is
possible to localise nanoparticles in tumour tissue, and produce a localised increase in

temperature, which causes the cells to die.'®

Although a highly promising therapy, there are concerns over the safely and removal of
MNP’s from the body after treatment is complete. As with other nanomaterials, MNP
toxicity is centred on several key parameters, namely; composition, size, surface
chemistry, and physical properties (charge, solubility etc.). The disadvantage MNP’s have
over other nanoparticle formulations is that, by definition, they have to be made up of
magnetic elements, which can lead to leaching of free metal ions causing a large increase
in reactive oxygen species leading to systemic toxicity.*® In addition to this risk, there is a
large volume of evidence suggesting MNP’s will accumulate in the body and not be
removed, thus extending the risk of toxicity.’® As such, MNP’s need to be extensively
modified making them more biocompatible which could have detrimental effects to their

magnetic properties, rendering them less effective.

In addition to targeted drug delivery and thermal therapy, MNP’s have also been used as
MRI contrast agents. Superparamagnetic iron oxide nanoparticles have been investigated
in this regard, as they can increase the signal intensity detected by MRI by shortening the

longitudinal and transverse relaxation of nearby protons.’®” Given their tuneable magnetic
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properties, and versatile surface chemistries, MNP’s carry significant advantages over
other MRI contrast agents,'® and indeed some formulations are available on the market,

such as Feridex IV, Sinerem, and Ferumoxsil.**°

1.3.2.5 Polymersomes, liposomes, and micelles

From a biological and pharmaceutical perspective, one of the most interesting
nanoparticle types are polymersomes, liposomes, and micelles. Indeed current
nanoparticle formulations available on the market (Doxil)'*° it into this category. Although
all three are either monolayered or bilayered vesicles, there are some key differences

between them.

Polymersomes are artificial vesicles composed of synthetic block-polymers. Traditionally
they are hollow, allowing for the easy encapsulation of a drug."™* These block polymers
are composed of a hydrophobic core, surrounded by hydrophilic blocks (or vice versa),
and assemble in solution to form bilayered particles, Due to their synthetic nature,
polymersomes are highly versatile in nature and can be designed to show specific
properties, allowing for a more controllable release. Although they can be tailored much
more readily to specific applications, the down-side is that the potential for polymersomes

to be cytotoxic is greater due to their synthetic origin.

Liposomes are particles made-up of lipids or surfactants which comprise a polar head
group and a non-polar body. In solution, a liposome will exist as a bilayer, similar to a
polymersome. The difference is that they are from natural origin rather than synthetic and
are comprised of lipid bilayers which self-assemble to form vesicles. In contrast to
polymersomes, they are less toxic in nature, exhibit good biocompatibility and offer a long
circulation time. However, they have a high start-up cost, are poorly soluble in water, and

can exhibit leakage of materials which have been loaded inside the particle.™?

Micelles are different in that they are monolayered in nature, and can be comprised of

either polymers (such as surfactants) or lipids. Because of this, they are generally much
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smaller in size and can therefore penetrate into tissues and cells via more passive
mechanisms than their larger counterparts and exhibit good vascular permeability.*** Due
to their smaller size, they have a much larger surface area, and therefore allow for a
greater degree of drug-loading. However, they are relatively unstable in suspension, and
will readily leak encapsulated molecules with ease, leading to unwanted premature

release.'*

For drug delivery applications, micelles and micelle-type nanoparticles are one of the most
heavily studied due to good biocompatibility, easy and cost effective production, and ease
of loading. Polymers and lipids are also used in combination to make these formulations,
which will further enhance their stability and biocompatibility. This combination can be
used to minimise the disadvantages of using polymersomes and liposomes.'*® There are

118 and

many types of polymer used in such cases such as poly(ethylene glycol),
poly(lactic-co-glycolic acid).'*’ These nanoparticles are most promising as drug carriers,

and are being widely studied for such applications.
1.3.2.6 Virus-like particles

Virus-like particles (VLPs) are empty (non-pathogenic) virus particles, which have been
engineered to remove any genetic information, inhibiting their ability to replicate and
reproduce. VLPs are produced by transducing prokaryotic or eukaryotic cells with viral
DNA or plasmids, in order to create the protein coat, or envelope.

The main application for VLPs is in the production of vaccines, as they provide safer

alternatives to attenuated viruses (due to their inability to replicate).'®

Two good
examples are the hepatitis B vaccine, and human papilloma virus vaccine,** and there
are many others in development or undergoing clinical trials.*?

Although the bulk of the literature looks at the vaccine potential of VLPs, there are

1

examples of VLPs being studied as drug delivery vehicles.”® As they can be mass

produced at cost-effective prices, alongside good biocompatibility, they are very attractive
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to pharmaceutical companies as delivery vectors.’*?? As they are protein-structures, it is
also possible to modify the surface amino acids, allowing for more facile control over the

particle, and its drug release parameters, making them potentially a very robust particle.

1.3.3 Surface modifications

Nanoparticle surface coatings are primarily used to maintain the stability of the particle
itself and limit aggregation. In addition, by using specific pharmaceutically-relevant

molecules, it is possible to: target the particle to specific proteins,*?®

target specific
cells/bacteria,'** or increase the bioactivity of drug complexes and alter bio-distribution.**
With the addition of these surface madifications there is the potential for altered diffusion.
This is due to factors such as size, shape, hydrophobicity, and charge changing the
interactions between the particle and the surrounding environment. This makes surface

modifications a very promising strategy for manipulating the diffusion coefficient of

nanoparticles.
1.3.3.1 Polymer coatings

In addition to their core chemistry, it is common practice to functionalise nanoparticles with
polymers in order to improve their colloidal stability. In addition, it is possible to further
expand their application, by manipulating the particles physico-chemical properties. By
combining these with the novel properties of the core nanopatrticle itself, it is possible to
create diverse systems suitable for multiple applications. Table 1.2 provides some

examples of polymer functionalised nanomaterials, with their reported applications.
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Table 1.2 Core-shell composition and applications to the pharmaceutical industry of

polymer functionalised nanomaterials

Polymer Core Application Reference
. . . AntI-VII’aL 126
Poly(vinyl pyrrolidone) Silver specifically HIV
Increases rate of
Poly(ethylene glycol) Polystyrene diffusion through 127
mucus
Drug delivery, low
Poloxamer Polystyrene phagocytic 128
uptake
High affinity for
. hepatocytes,
Poly(vinyl : Polystyrene targeted 129
benzyllactonamide)
hepatocyte
delivery
Increased uptake
of particles in
r:;'gg:refgé) Polymersome endothelial cells 130
y of the blood brain
barrier
Hemaglutinating
Dextran Polymersome and targeted oral 131
delivery
Chitosan Liposome Insulin delivery 132
poly(N- Superparamagneti Enhanced MRI e
isopropylacrylamide) ¢ Iron Oxide imaging
poly(2-methyl-2- Delivery of non- 134
oxazoline) Polymersome viral DNA.
Longer blood
pOIy;Zyd;f;ﬁgyl_L_ Liposome circulation time 135
parag than PEG
N-(2- Intracellular dru
hydroxypropyl)methac Polymersome . g 196
: delivery
rylamide
poly(vinyl alcohol) Polymersome Oral delivery of 187

anticancer drugs
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From Table 1.2, it is clear that the potential application of polymer-functionalised
nanoparticles is vast and diverse. As such, there is continuing research into this area,
using several different grafting techniques; grafting from, grafting too, and during

synthesis.**®

The “grafting from” approach is where polymers are synthesised off the surface of
nanoparticles using living radical polymerisation reactions. This method allows the
nanoparticles to be functionalised in a controlled manner, using techniques such as atom
transfer radical polymerisation (ATRP) or reversible addition-fragmentation chain transfer
(RAFT)." For this to be successful however, the nanoparticles need to carry a specific
surface moiety. This varies depending on the type of reaction; e.g. a RAFT agent for
RAFT polymerisation (such as trithiocarbonates, or dithiocarbamates), or a halide ion in
ATRP reactions. By controlling the mass of monomer units, and the choice of
catalyst/initiator, it is possible to generate polymers with a well-defined molecular mass
and low polydispersity (a measure of how heterogeneous a polymer/particle size is). This
is highly advantageous for polymer-nanoparticle composites as it ensures even coverage
on all nanoparticles in the suspension, each with a well-defined, monomodal polymer
distribution functionalised onto its surface. This technique also allows nanopatrticles of a
different elemental make-up to be functionalised without the risk of adverse reactions.
Indeed, there are numerous examples of different core nanoparticles functionalised using
the “grafting from” approach, such as CdSe nanocrystals functionalised with polystyrene,

140

poly(methacrylate) and poly(butyl acetate),” silica nanoparticles functionalised with

1 142

polystyrene,*** and cellulose nanocrystals functionalised with poly(e-caprolactone).

Although this technique is very useful for functionalising nanoparticles with a well-defined
structure and even coverage of polymer, it does carry some drawbacks; it can only be
used to generate polymers of low molecular weight, it requires specific reaction conditions

which could affect the core nanoparticle itself, and it requires very specific surface
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moieties in order for the monomer to initially bind to the particle surface, which must be

taken into consideration during the synthesis of the particle itself.**®

The “grafting too” approach on the other hand, allows polymers to be added onto the
surface, rather than grown off the surface. This technique involves polymers with specific
end-group functionalities to be attached covalently to specific surface moieties of the
nanoparticles. As such, there is much more versatility compared to the “grafting from”
approach, meaning core particle synthesis can be more varied. It also allows attachment

of commercially available polymers, eliminating the polymerisation step.**

Again, this
technique does not discriminate against the composition of the core, however does
require the polymer to be synthesised separately before grafting, and thus can take longer

(unless a commercially available polymer is used). In addition, when using commercially

available polymers, this process can be more costly than the “grafting from” approach.

There are numerous examples in the literature of polymer coated nanoparticles using the

“‘grafting too” approach, including; silica nanoparticles functionalised with

145146 gold nanoparticles functionalised with poly(2- vinylpyridine),**” and

poly(oxazolines),
superparamagnetic iron oxide nanoparticles functionalised with PEG.**® Due to the more
versatile nature and ability to use commercially available polymers, the “grafting to”

approach appears more popular in the literature, as more varied chemistries available.

Another popular form of synthesising polymer functionalised nanomaterials is to add the
polymer into the reaction mixture during nanoparticle synthesis, or used to drive the
synthesis itself. This method provides a more rapid synthesis, and can be more cost-
effective as all the reagents and starting materials are used in the first instance and there
are no subsequent synthetic steps. However, it can lead to more polydisperse
nanoparticles, as there is little chance of an even coverage on each nanoparticle. In
addition, depending on the size of the polymer, they can be harder to purify to obtain a
pure sample. There are fewer examples of this technique in the literature, as its

limitations out-weigh the benefits of a one-pot reaction.'*
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As discussed here, there are numerous applications and synthetic strategies in the design
of polymer functionalised nanoparticles. Not only do the polymers act as stabilising
agents to the colloidal dispersion, making them less prone to aggregation, but they also
enhance their applications; making the particles more versatile in nature, adding to their

unique properties.
1.3.3.2 Protein/antibody functionalised nanoparticles

In addition to polymer functionalised nanoparticles, there are examples in the literature of
nanoparticles functionalised with proteins or antibodies. Indeed, a commercially available
protein-bound nanoparticle formulation is already on the market for treatment of breast,

lung and pancreatic cancer (Abraxane).****>!

Due to their charged surfaces in conjunction with large surface area, unfunctionalised
nanoparticles exhibit strong interactions with proteins in vivo and is a major concern

2 This can be overcome with further

regarding their safety as drug delivery vectors.™
maodification, using small molecules/polymers. However, it is also possible to covalently
bind proteins or antibodies to the surface of nanoparticles. By doing so, it is possible to
enhance the colloidal stability of the particles (where the proteins act in a similar structural
manor to polymers, as already discussed), and also enhance their biocompatibility due to
the biological origin of proteins. In addition (certainly in the case of antibodies), it is
possible to target the nanoparticle to specific cell types and tissues by taking advantage of
protein-receptor interactions on the cell surface. This is a popular strategy for use in
combination with magnetic nanoparticles which can induce hyperthermia conditions when
exposed to a magnetic field. By functionalising the nanoparticles with proteins which have
an affinity to cancer cells, and applying a magnetic field, the nanoparticles will cause the

cancer cells to die, leaving healthy cells alive.****°

In addition to protein functionalised nanoparticles, examples of antibody functionalised

156,157

nanoparticles can be found in the literature. Given that antibodies bind to specific

epitopes, they can be used to target specific cells, and are often used in fluorescent

24



imaging techniques. Based on this, some researchers’® have grafted antibodies to
nanoparticles to achieve more potent targeted drug delivery systems. Antibody based
treatments are becoming more common as pharmaceutical agents and are available as
marketed therapeutic drugs, for example Herceptin. It has been shown that by
functionalising silica nanoparticles with Herceptin, the drug has greater specificity and can
be readily internalised into cells via endocytosis. This is due to the enhanced surface
area of the nanoparticles and high degree of antibody binding on the surface. This is not
the only example of using antibody functionalised nanoparticles for enhanced therapeutic
effects. Other examples include; antibody functionalised superparamagnetic

nanoparticles for enhanced MRI visualisation of specific targets,**°

antibody functionalised
calcium phosphate nanoparticles as intracellular targeting for gene delivery,**® and
antibody functionalised gold nanoparticles for drug detection via fingerprint analysis in

forensic investigations.*®* This method also has potential in the visualisation of cancerous

tissues both in vitro and in vivo.'®?

Although protein and antibody functionalised nanoparticles show potential in the field of
drug delivery, they do contain some inherent weaknesses. Due to the complex nature of
proteins, and their highly conserved structure, binding molecules to them could initiate
conformational changes, thus rendering them inactive. The chemistry involved (such as
high/low temperatures, solvents and harsh chemicals), could also affect the protein
structure, rendering it ineffective. In addition, it is possible that this conformational change
could invoke an immune-response from the body, making the treatment ineffective and

potentially causing adverse reactions for the patient.

Despite these weaknesses, protein and antibody functionalised nanoparticles show good

potential, especially in cancer research and gene delivery.'®
1.3.3.3 Small molecule functionalised nanoparticles

Another method of nanoparticle functionalisation is the attachment of small molecules. By

functionalising nanopatrticles with small molecules, such as sugar residues, amino acids or
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drug molecules, it is possible to alter their surface chemistry and allow them to interact

with specific cellular targets, such as membrane protein receptors.

One of the most common small-molecule functionalities grafted to nanoparticles is
fluorophores. By fluorescently labelling a nanoparticle it is possible to monitor their transit
in biological tissues either in vitro or in vivo.'® This allows information to be generated on
specific tissue interactions of the nanoparticles, or if they are localising in specific
organelles or tissues. It also allows for the detection of particles in more complex
systems, making it possible to assess their interactions with the surrounding environment,
such as in diffusion studies across mucus barriers, or across the cornea.”*'® The
limitation to this however, is that the fluorophores can quench at a faster rate than normal

due to their large surface area and small point of detection.

As an alternative to fluorophores, it is possible to label nanoparticles with a radioactive
tag. This makes it possible to track nanoparticles in a living system, whereas in vivo
fluorescent imaging requires the organism to be dead as the fluorescent emission will not
penetrate out of the organism. Radioactive isotopes can either be included in the
synthesis of the particle itself, or used as labels, functionalising the surface allowing for
detection.’®® This technique is regularly used to assess the EPR effect of nanoparticles,
and measure their localisation in the body and tumour cells.**"*%® Although this technique
is very useful for tracking and mapping the locations of nanoparticles in real-time in an in
vivo system, it is very expensive, can be dangerous due to the radioactive nature of the
samples, and requires specific handling and safety assessments. Therefore it is rarely

used for in vitro imaging.

In addition to labelling moieties, such as radio labelled and fluorescent probes, there are
also reports of nanoparticles functionalised with biomolecules, such as amino acids,**
nucleic acids,'” and sugar residues.’”* The addition of biomolecules to the surface of a
nanoparticle will not only enhance its biocompatibility, but also allow it to interact with

specific cellular targets, allowing for a targeted delivery mechanism on the nanoparticle.
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The attachment of small molecules to a nanoparticle surface allows for many different
features, especially in bioimaging and tracking technologies. Small molecule
functionalisations are often used in combination with polymer or protein additions, making
it possible to track the movements of these particles, or enhance their potential to interact

with specific cell types.
1.3.3.4 Stimuli-responsive nanoparticles

Nanoparticles with stimuli-responsive polymers, such as poly(N-isopropyl acrylamide)
(PNIPAM), or poly(acrylic acid) (PAA), allow for novel surface properties of a nanopatrticle
which gives them unique properties not expressed by other functionalised nanoparticles.
These so-called “smart” nanoparticles, are being extensively studied, in part for controlled
release studies, controlled biodegradation, wound-healing, environmental remediation,

and energy storage.'"

PNIPAM is a commonly used temperature responsive polymer (TRP). As PNIPAM
undergoes coil-globule phase transition, it is an ideal surface modifier for porous silica
nanoparticles, as (below the lower critical solution temperature (LCST) of 32 °C) it allows
the pores to open up and release their contents.*”®* By using targeted cooling techniques,
it is possible to initiate the release of a drug molecule this way. Several authors have
found that it is possible to reach a level of controlled uptake and release of a drug using

this technique. For example, You et al'’

reported that fluorescein uptake was retarded
when PNIPAM was in its globule conformation, however when in its coil conformation
(below the LCST), the molecules are free to diffuse out through the pores of the silica and
through the polymer. It was found that around 80% of the fluorescein was released over
48 hours at 25 °C, as opposed to <20% release at 38 °C. This is useful in terms of
loading (as drug molecules can be readily trapped inside the particles by a change in
temperature), however, in terms of systemic release, as the LCST exists below

physiological temperature, the release mechanisms need to be further enhanced.

However for use as a local subcutaneous release, this could be of great interest, as the
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local temperature of the skin can be decreased easily without the addition of long-term

adverse effects.

By combining the coil to globule phase transition of PNIPAM to the surface of porous
nanoparticles, it is possible to trap molecules inside. This is because the polymer (in its
hydrophobic globule state) will block the pores in the particle, thus not allowing molecules
to escape. However, below the LCST in its coil conformation, molecules are free to diffuse

out the pores, and into the external environment. This is depicted in Fig 1.3.*"
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Fig 1.3 Porous silica nanoparticles functionalised with PNIPAM can undergo phase
transition allowing the globular hydrophobic form of PNIPAM (above the LCST) to block the
pores, thus not allowing release of any encapsulated molecules. Below the LCST (in its

hydrophilic coil conformation), PNIPAM allows molecules to be readily released from the pores'”

However, this in itself can cause problems in some areas, for example drug delivery.
With an LCST 32 °C, the polymer will undergo phase transition prematurely in a
physiological system, where the temperature is 37 °C. Therefore using PNIPAM in this
respect will be of little use, as no drugs can be released systemically. However by
combining this polymer with other polymers (for example pH responsive polymers such as
poly(acrylic acid)), it is possible to overcome this obstacle and obtain a dual-responsive,

switchable nanoparticle that can effectively release a drug compound*”.

Although silica functionalised-PNIPAM nanoparticles show some limitations with regards

to drug delivery, there are methods to overcome this. Baeza et al'’® reported on the use
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of  poly(ethyleneimine)-b-poly(N-isopropylacrylamide) grafted to porous silica
nanoparticles which contain magnetic iron core. By loading drug molecules into the
hydrophilic PNIPAM shell, and a protein into the silica pores, it was found that upon
heating by an alternating magnetic field, these two components would release separately,
where the drug molecule being released instantly as the PNIPAM undergoes phase
transition followed by a slow release of the protein. This illustrates that multiple drugs can
be released from a single nanoparticle composite, and that release can be remotely
controlled by use of an alternating magnetic field. However, the severe limitation of this
study remains that the LCST of PNIPAM is around 32 °C, where physiological
temperature is 37 °C. Therefore the polymer will undergo phase transition before it can
reach its target, so the components will release prematurely, a fact overlooked by the
authors in this study. Despite this, the particle designed in this study offers potential in the
field of drug delivery, as it shows the remote controlled release of two compounds from

one patrticle.

Another useful TRP grafted to silica nanoparticles was described by Sun et al,*’" who
created a biocompatible zwitterionic sulphobetaine copolymer, functionalised onto the
surface of a silica nanoparticle. Poly(2-dimethylamino)ethyl methacrylate (PDMAEMA)
was initially grown off the surface of the silica nanoparticles by RAFT polymerisation,
followed by further functionalisation of the tertiary amine groups in the polymer by 3-
dimethyl(methacryloyloxyethyllammonium  propanesulphonate (DMAPS). Upon
functionalisation with the DMAPS, no phase transition was seen and the particle size
remained constant at temperatures between 25 and 65 °C. However, when the particles
were in an ionic solution of either 0.1 or 0.2 M NaCl, the particles underwent phase
transition between these two temperatures. The zwitterionic DMAPS enhances the
particles biocompatibility, and indeed they exhibited little toxicity in the MTT assay,

whereas the PDMAEMA defines the particles temperature-responsive nature.
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To test drug release behaviour, the particles were loaded with rhodamine B. The release
kinetics greatly improved at temperatures above 45 °C, at pH 7, 0.2 M NaCl. However
release was severely impaired at 30 °C under the same conditions. With the LCST of the
system being 45 °C, this explains the release profile demonstrated, making the particles
potentially suitable for thermal therapy. Therefore, due to the presence of ions, these
particles will undergo a phase-transition in physiological systems, whilst remaining stable

in pure water; making them ideal vehicles for drug delivery.

A further study with PDMAEMA grafted onto SiO, nanoparticles examined the phase
transition using two variables; temperature and pH.'”® As PDMAEMA is both temperature
and pH responsive, it offers potential for drug delivery, despite its high LCST (>45 °C).
Although no release studies were performed in this specific study, the lack of toxicity of
reducible PDMAEMA'"® means that this polymer is attracting a lot of attention in terms of

drug delivery.

1.4 Biological barriers and how to overcome them

As nanopatrticles are so small, they can cross membranes and barriers designed to stop
foreign objects entering systemic circulation, and causing harm to the body.
Encapsulated poorly water soluble drugs may benefit from this, as they could be
administered orally whilst reducing their typically poor bioavailability.  Therefore
understanding how nanopatrticles diffuse through biological barriers is of key importance,

in order to maximise effectiveness of the encapsulated drug.

As nanoparticles can act as either drug carriers or as drugs themselves (with the drug
conjugated to the particle surface), understanding how they diffuse through biological
barriers, such as mucus membranes, and whether the rate of diffusion can be

manipulated to speed up diffusion, is gaining interest in the literature.*®
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1.4.1 Mucosal barriers

In the body there are numerous barriers a drug or nanoparticle will need to cross in order
to reach its therapeutic target. Mucosal membranes are one such example and coat parts
of the body exposed to the harsh external environment, such as the lung airways, nasal
cavity, and gastro-intestinal tract. Mucosal barriers consist of five distinct layers; a layer of

mucus, the mucosa, the submucosa, and the muscularis externia and serosa.
1.4.1.1 Mucus

Mucus is a complex mixture of glycoproteins, salts, lipids and cellular debris which form a
hydrogel protecting mucosal cells from the harsh external environment. Apart from water

(which makes up 95-99.5% of mucus)'®

the primary components are mucin proteins,
heavily glycosylated proteins which are secreted by goblet cells located in the epithelium.
According to HUGO (the Human Gene Nomenclature Committee), there are currently 21
known mucin genes in the human genome,®* of which there are two distinct types; the

secretory mucins, and adherent mucins; both of which are between 0.5 and 20 MDa in

size.

Secretory mucins have two distinct regions; a central block containing tandem repeats of
serine, threonine, and proline residues which are heavily modified by glycosylation, and
two cysteine rich domains at the N and C termini, respectively. These cysteine-rich
domains allow the protein to cross-link with other mucins by the formation of disulphide-
bridges, creating a mesh-like structure.’® Typically, each oligosaccharide unit contains 8-
10 sugar residues, of which the main constituents are galactose, fructose, N-
acetylglucosamine, N-acetylgalactosamine and sialic acid.'® These are bound to the
amino acid backbone by O-linked glycosylation. Adherent mucins differ in that they
contain a hydrophobic terminus, allowing it to anchor into the cell membrane.'® They are
smaller than secretory mucins and are secreted by foveolar cells rather than goblet cells,

and is around 100-200 pum thick.*®
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Both the adherent and secretory mucins form a gel which lines surface epithelial cells
exposed to the external environment, such as the Gl tract, airways, vagina, and ocular
tissue. This gel traps foreign bodies and molecules, preventing them from reaching the
underlying cells thus causing damage. This is a significant barrier to overcome in terms of
drug delivery, as it prevents lipophilic compounds from entering systemic circulation. In
addition, large particles (>300 nm) cannot penetrate through the mucin fibres and will
become trapped.’®®* However, there are examples of mucoadhesive systems which have
been specifically engineered to allow sustained release over a period of time for the
treatment of certain forms of cancer, fungal infections, anti-inflammatory drugs and

ulcers.®®” However, the limitation to these kinds of formulation is mucus clearance.

Mucus clearance is where the mucus layer is stripped away, and replaced with a fresh
one, allowing removal of any trapped compounds. The rate of clearance depends on the
location. For example, the intestinal mucosa is estimated to be replaced every 47—
270 min,'® whereas in ocular tissue it is between 15-20 h."® This adds another barrier,
as the rate of mucus clearance needs to be considered as to allow the formulation

sufficient time to achieve its therapeutic effect.

In addition to protective roles, mucus also serves to lubricate certain tissues, allowing
easy passage of food and other compounds to their destination. This is especially

important in tissues such as the oesophagus and airways.
1.4.1.2 Mucosa

Underneath the mucus layer, lies the mucosa. The mucosa consists of a layer of epithelial
cells, the lamina propria ( a loose layer of connective tissue which keeps the epithelium

rigid and in place), and the muscularis mucosae (a thin layer of smooth muscle).**°

The mucosa epithelia also contains specific cells allowing the normal function of the organ
in which it is located. For example, the gastric mucosa contains parietal cells which

control the pH balance of the stomach and secretes HCI and chief cells which secrete
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digestive enzymes such as pepsin and gastrin.'**

The intestinal epithelia on the other
hand, contains a large number of enterocytes, which enhance the absorption of
nutrients.’®® In addition to changes in cell type, the general histology of the epithelia also

changes depending on location. The stomach contains gastric pits, whereas the small

intestine contains villi and microvilli which enhance absorption.

Underlying the epithelia is the lamina propria. The lamina propria is a layer of loose
connective tissue, comprised mainly of fibroblasts, fibrocytes, and endothelial cells. It also
contains capillaries and lymphatic tissue, providing the epithelial cells with a blood
supply.’®® The lamina propria contains a large number of cells from the immune system,
including B-cells, T-cells, and dendritic cells.*** As the mucosa protects the body from the
external environment, the immune cells are needed to remove any pathogens that cross
the mucus and epithelial cells, before they reach systemic circulation. Indeed, the

mucosa contains many lymph nodes such as the Payer’s patch in the small intestine.'®®

The final layer of the mucosa is the muscularis mucosae, a thin layer of smooth muscle

which allows the tissue to contract and move depending on its biological function.
1.4.1.3 Submucosa, muscularis externia and serosa

The submucosa is a dense layer of connective tissue which contains larger blood and
lymph vessels and also nervous tissue.’®® The submucosa of the stomach and intestine
contains the submucosal plexus, one of the major sets of neurons in the enteric nervous
system and controls digestion. The primary role of the submucosa is to connect the
mucosa to the muscularis externa, and provide a blood and lymphatic supply to the

mucosa.

Depending on the location in the body, the muscularis externa is made of either smooth or
skeletal muscle. The tissue has two layers of muscle and controls movement of the
tissue, such as peristalsis. The final layer is the serosa, which is a final layer of

connective tissue, containing more blood vessels, lymphatics, and nervous tissue. 197
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1.4.2 Other physiological barriers to drug delivery

As already discussed, the primary role of the mucosa is to protect parts of the body
exposed to the external environment. However there are other physiological barriers
which are designed to protect specific organs, such as the brain, the immune system, and
also metabolic pathways which will breakdown molecules making them safe to remove

from the body before a physiological effect can be achieved.
1.4.2.1 The blood-brain barrier

The blood-brain barrier (BBB), a complex network of highly selectively permeable
capillaries, protects the brain from damage by molecules and pathogens. The endothelial
cells which make up the walls of the capillaries are held together by very strong tight-
junctions, which restricts the movement of molecules, particles and bacteria so as not to

cause adverse effects to the brain.*®®

In addition to the tight junctions, the capillary
network also contains several specific cell types, including pericytes (contractile cells
which wrap around the capillaries and aid in the regulation of the permeability of the
BBB),'*® astrocytes (brain-specific cells which control homeostasis, aid in repair, and
control extracellular ion balance and help maintain biochemical processes in and around
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the endothelial cells),”™ and microglial cells (brain specific macrophages, maintaining the

immune system and removing pathogens passing through the BBB).?*

There are several key properties for a molecule to cross the BBB, namely size, charge,
hydrogen-bonding potential and lipophilicity. Apart from biomolecules essential for normal
cell growth and control (amino acids, proteins, carbohydrates etc.), only small lipophilic
compounds less than 500 Da can cross the BBB.** This is a major limiting factor in the
development of a pharmaceutical agent for delivery to the brain, and one that must be
considered for the treatment of brain-specific diseases. Drug delivery to the brain is of
increasing concern due to age-related diseases and neurodegenerative diseases such as

Alzheimer’s disease.
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1.4.2.2 Immune system

Another biological barrier which needs to be considered in the development of
pharmaceutical formulations is the immune system. The immune system protects

organisms from damage by microbes, viruses, and toxic agents.

The immune system consists of highly specialised cells which can provide rapid defence
(the innate immune system), or long-term protection (adaptive immune system) from
pathogens and other harmful compounds, especially those of biological origin. Cells of
the innate immune system (such as macrophages, dendritic cells, and natural killer cells)
provide immediate response to a pathogen or potentially toxic compound, removing them

before they can cause harm to the body.?®

Immunogenicity mainly affects drugs of a biological origin, such as proteins, or antibodies.
This is because the protein is recognised as foreign by the immune system, and therefore
attacked to be removed from the body. Over the past few decades, there has been an
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increase in the number of biotherapeutics on the market (such as Herceptin)
of biological origin, and can therefore generate an immune response. Due to the power of
the immune system, this can lead to complete removal of the drug before it can achieve

its therapeutic effect and can be a big hurdle to overcome, due to the adaptive nature of

the immune system.?*
1.4.3 Ways of overcoming physiological barriers

Given the wide variety of defence mechanisms in humans and other organisms against
foreign bodies, there is a great deal of interest in developing formulations that can bypass

these barriers.
1.4.3.1 Pro-drugs, precursors and analogues

Prodrugs are compounds which can be administered to a patient in an inactive form and
become active upon enzyme or chemical activation. Reasons for using prodrugs are

multiple; enhanced absorption through the Gl tract or other membranes, reduce the
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adverse effects caused by the active compound, provide greater chemical stability thus
improving the efficacy of the drug, penetration across the BBB or protection against rapid

metabolism allowing the drug to have a longer systemic circulation.*®

A prodrug is made by attaching a small molecule (designed to improve bioavailability,
stability, etc.) to an active drug via a biodegradable link, such as an ester bond. This will
allow enzymes to attack this bond, releasing the small molecule and creating the active
drug. Itis also possible to attach a targeting molecule to a prodrug, allowing the prodrug
to interact with specific cellular targets in specific organs, where they can become the
active drug. This strategy is especially useful in chemotherapeutics, as drugs can be
targeted to cancer cells where they can be metabolised and become active, destroying

the cancer cells avoiding adverse effects to healthy cells.?°"2%®

There are numerous examples of FDA/OECD approved prodrugs on the market, for
example Capecitabine, used in the treatment of some cancers. The active drug, 5-
fluorouracil, is modified to the prodrug Capecitabine, to modulate the adverse effects
caused by the potent anti-metabolite drug, and enhance oral absorption. Upon ingestion it
is converted to 5'-deoxy-5-fluorouridine in the liver by enzymatic action from two enzymes;
carboxylesterase and cytidine deaminase. This is then further metabolised into the active
compound by thymidine phosphorylase and/or uridine phosphorylase, both of which are
enzymes overly expressed in cancerous tissue.”® The addition of small molecules to 5-
fluorouracil thus provides enhanced oral bioavailability (improving patient compliance),

and also controls the action of the drug.

Precursor biomolecules are small molecules which are converted to different molecules
through metabolic pathways. For example, amino acids are used in the body as precursor
molecules to various bioactive compounds such as glutathione (a detoxifying molecule),
nitric oxide (a cell signalling molecule), porphyrins (used in the synthesis of haemoglobin),
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and GABA (neurotransmitter). As they have good biocompatibility, precursor

biomolecules can be used as drugs, especially in the case of neurological orders, for
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example L-dopa (the precursor for dopamine). The dopamine molecule itself cannot cross
the BBB, whereas its precursor (L-dopa) can, allowing it to be converted into dopamine in

the brain.?** This strategy is used in the treatment of Parkinson’s disease.

An analogue is a compound which is structurally similar to an active biomolecule, which
either exhibits a pharmaceutical effect itself, or becomes metabolised into an active form.
Analogues have the same mechanism of action as the biocompound, however, they can
have either diminished or enhanced effects depending on their potency, for example
codeine. Codeine is an analogue of morphine, and follows the same metabolic pathway,
however at a reduced potency. In addition, a small amount of codeine is metabolised into
morphine in the liver by the cytochrome P450 CYP2D6.?> Codeine mimics morphine,
allowing it to be used as a potent pain medication, and also helps to reduce the side-
effects associated with morphine. Further, codeine can be delivered by the oral route,
due to enhanced absorption through the Gl tract, whereas morphine needs to be delivered

intravenously as it cannot cross the mucosa into systemic circulation.

The use of prodrugs, analogues and precursors are strategies to avoid the bodies defence
mechanisms, however they can still be prone to premature degradation and reduced
efficacy, and a strong understanding of their mechanism of action needs to be understood

in order to make an effective formulation.
1.4.3.2 PEGylation

Poly(ethylene glycol) (PEG) is a polyether compound synthesised by the ring-opening
polymerisation of ethylene oxide. It is non-toxic, hon-immunogenic, non-antigenic, and
highly soluble in water making it suitable for use in pharmaceutical applications. By
functionalising molecules, proteins/peptides, or drug delivery vehicles with PEG
(PEGylation), it is possible to enhance solubility, increase circulation time in the blood
stream, enhance stability, decrease enzymatic degradation, and avoid detection by the
immune system.?*® There are numerous examples of PEGylated formulations which have

gained regulatory approval in the EU and USA, such as; Pegaptanib (used for age-related
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muscular degeneration),”** Certolizumab Pegol (used in the treatment of Chrone’s
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disease),” and Pegylated interferon alfa-2a (used in chronic Hepatitis B patients).

Despite its wide range of applications in the pharmaceutical industry; PEG has some
significant drawbacks. These include lack of biodegradation, in vivo fate of PEG, and
bioaccumulation in vacuoles for small molecular-weight polymers.?!” Despite this, PEG is

actively used in formulations, and extensively studied in the literature.

There are several reported ways in which PEG can avoid the bodies defence
mechanisms. The development of mucus-penetrating nanoparticles, (particles
functionalised with PEG) provides a vehicle for drugs to be delivered by the oral route.
This is especially useful for the delivery of hydrophobic drugs which need to be given via
subcutaneous or intravenous injection.?*® By modifying the surface of nanoparticles with
polymers, such as PEG, it is possible to reduce the surface properties of that patrticle,
minimising the mucoadhesive interactions between the particle and the mucus
environment due to its uncharged, hydrophilic nature. By doing so, it is possible to
enhance the penetration of larger particles (larger than the mesh-size of mucin, ~300 nm).
Particles up to 500 nm have been reported to show enhanced mucus penetration through
PEGylation.'®*#821%  This has paved the way in the development of other mucus

penetrating particles, nanoparticles functionalised with other polymers including poly(vinyl
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alcohol),”" and poly(2-oxazolines).

Another application of PEG is using its so-called “stealth” properties. By functionalising
peptides or proteins with PEG, it is possible to reduce their non-specific binding to cells of
the immune system, thus avoiding an immune response raised against them.?! In
addition, PEG will help stabilise the system, and allow a longer circulation time. The
stealth properties of PEG are very popular in the literature, and there are numerous

examples of PEGylated proteins,?** nanoparticles,”* and viruses.”**

The pharmaceutical usefulness of PEG cannot be overlooked, and it is one of the most

studied polymers for applications in drug delivery and dosage formulation. Due to its
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unique abilities, it is being increasingly used in formulations, and they are readily used to

evade the bodies defence mechanisms.
1. 4.3.3 Nanoparticles

Nanoparticles, due to their sub-micron size, can penetrate through barriers more readily
than larger particles. As discussed previously, PEGylated nanoparticles are mucus
penetrating, allowing them to diffuse rapidly across a mucin network. Although the
addition of PEG does play an important role in this phenomenon, the particles size also
plays a significant role. Smaller nanoparticles were more diffusive than larger ones,**
and indeed, particles larger than 500 nm were found not to penetrate at all, clearly

showing the size does matter.

In addition to their mucus penetrating effects, nanoparticles have also been utilised for
delivery across the BBB. There are many studies in this area, as drug delivery to the
brain is a major challenge to the pharmaceutical industry. As such, nanocarriers are
being designed and engineered with specific surface properties allowing them to
permeate across the BBB. Again, this process appears to be size dependent, and it has

been found that particles >70 nm will not cross the BBB.**

As with drug permeability across the BBB, the composition and surface properties of the
nanoparticle will dictate its ability to permeate into the brain. Neutral, uncharged species
more readily cross the BBB and allow delivery into the brain. For example, PEG nanogels
have been developed to deliver of oligonucleotides into the brain.?® Given that

oligonucleotides are promising candidates for gene?*’ and cancer®®

therapy and they do
not naturally cross the BBB, this is a promising therapy.?®® This is but one example of
nanoparticles which have been engineered to allow for delivery of molecules through the

BBB, overcoming the body’s defences.

In addition to the BBB, another strong physical barrier to drug delivery is the skin and

indeed, the skin is one of the major routes of drug delivery either by subcutaneous
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injection or the use of dermal patches/hydrogels.?®

The subject of nanoparticle
permeation across the skin is highly debated in the literature, and indeed remains
inconclusive. Generally it is understood that nanoparticles will permeate across the skin,
dependent on several key parameters, namely; size, charge, hydrophilicity, isoelectric
point, how the particles are being administered, exposure times, location of the skin (i.e.

thickness) etc.?! Due to all these confounding factors, it is hard to accurately assess the

degree of nanopatrticle penetration.

Despite this, nanoparticles are being developed for transdermal drug delivery, specifically
those targeted to specific layers of the skin. For example, solid-lipid nanoparticles
delivering encapsulated vitamin A to the upper layers of the skin,* delivery of highly
lipophilic drugs encapsulated in biodegradable poly(caprolactone) nanoparticles,?*? and
nanoemulsions containing paclitaxel for use in the treatment of psoriasis (an auto-immune
disease which leaves patchy, itchy rashes on the skin).?** An area of specific interest is
the use of silver nanopatrticles for use as anti-fungal and anti-microbial formulations in skin
lesions.?** Indeed, silver nanoparticles have also been shown to aid in wound healing,**®

giving rise to new applications for silver nanoparticles with regards to dermal treatment.

As already discussed, one of the major advantages of using nanopatrticles is the ability to
functionalise them with small molecules or polymers, further expanding their
characteristics and enabling more varied applications. Based on the advantages PEG
has to the pharmaceutical industry, there are multiple examples in the literature of
PEGylated nanoparticles as drug delivery vectors. In addition to the enhanced diffusion of
nanoparticles through a mucus gel, PEG also helps nanoparticles avoid the immune

236237 and prolong circulation time of the functionalised nanoparticle.?*® In addition,

system,
PEG (along with poly(lactic-co-glycolic acid) (PLGA)), are regularly used in the synthesis
of polymeric nanoparticles, due to their good biocompatibility, good circulation times, and

reduced toxicity, and further modified with targeting molecules allowing for targeted drug

delivery.”®
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As well as PEGylated nanoparticles, there are also examples of nanoparticles
functionalised to form a pro-drug.?*®** By taking advantage of the high surface-area of
nanoparticles, along with their small size (allowing them to enter cells more readily than
larger molecules), and wide versatility in chemistry, the use of nanoparticles as either
carriers of prodrugs, or surface-modified with prodrugs is very interesting. Functionalising
or incorporating a prodrug into a nanoparticle system allows for a more controlled

delivery/release, and also provides stability to the drug complex itself.***

1.5 Nanoparticle diffusion

In the pharmaceutical industry, measuring the diffusion of a compound across different
barriers is of fundamental importance as it allows the permeability of drug formulations to
be assessed. There are humerous reports in the literature on the use of Franz-diffusion

® nanoparticles*® and

cells to measure the diffusion of small molecules,?** polymers,®*
peptides*! across different tissue types including skin,?* ocular tissue,** buccal mucosa,*

and the bladder.*®

However, with the advancement of nanotechnology, there is a need to understand the
diffusive properties of nanomaterials through different biological systems, such as mucus
gels and blood. Due to continuous environmental exposure to nanomaterials, their
biological fate needs to be studied, which includes their route of exposure. Given that
environmental nanoparticles are likely to be either inhaled, or ingested, their diffusion is
the first barrier they need to overcome.”’ Therefore, from a safety stand point,
understanding the diffusive properties of nanoparticles, and how size, shape, and surface

modification affect these properties is of fundamental importance.

In addition to the risk-factors associated with exposure to engineered nanoparticles along
with their increasing popularity of as drug delivery systems, the need to understand how
particles are interacting and diffusing in physiological systems is becoming increasingly

important, and an area which is generally lacking in the literature.
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To date, nanoparticle diffusion through several different mucosal tissues has been studied

8 8

as a potential for drug delivery, namely; cervicovaginal mucus,”*® intestinal mucus,*
249 - 145 ; ; ; " - 250

sputum,=* gastric mucus,” and mucus from chronic rhinosinusitis patients.”> Due to the

complex nature of the physicochemical characteristics of nanoparticles and that of

biological systems, nanoparticle diffusion for pharmaceutical applications is exceedingly

complex and much is still to be learned.

Nanoparticle diffusion is also highly important in other areas of science, not just the
pharmaceutical industry. In the physical sciences, nanoparticle diffusion is important in
providing insights into how the particles are behaving in different solutions and systems,
and indeed provides the ground-work in the development of nanoparticle formulations for
use in drug delivery. As diffusion is caused by particles undergoing Brownian motion,
understanding this process can be of importance in diverse fields, such as printing,®*
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agrochemicals,?*? and energy storage.”>

This chapter has highlighted the process of nanoparticle diffusion, different techniques
used to measure diffusion, and why nanoparticles are important in different industries,
particularly the pharmaceutical industry, and how this relates to diffusion. To conclude,
understanding diffusion processes and the diffusion coefficients of different nanomaterials,
and different functionalities in a variety of different media is of fundamental importance in
generating the next-generation medicines, storage devices and many other state-of-the-

art technologies.

1.6 Aims and objectives

Previous work in this area has shown that nanoparticle modification via PEGylation
significantly enhanced particle diffusion through a range of mucosal tissues; however the
mechanisms of mucus penetration, and how the properties of the particle/polymer corona
can affect this permeation, have not been studied in depth. It is thought that the surface

charge/t-potential plays an important role in permeation but the work in this thesis shows
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that other factors also need to be considered.”®* Given that the physicochemical
properties of mucosa vary, depending on factors such as diet, geography, and disease
states, the physicochemical properties of the environment around the particles also needs

to be studied.

The aim of this thesis was to design, synthesise and characterise a series of
functionalised nanomaterials, and assess how their diffusion can be manipulated in a
variety of different media, primarily focused on the development of novel nanomaterials for
enhanced transmucosal delivery by the oral route. By using diverse analytical tools, such
as scattering techniques, NMR, microscopy, and patrticle tracking analysis, it was possible
to further assess how the structure and functionality of these particles related to their
diffusion, based on surface chemistry/composition of the particle, or solution properties of

the surrounding media.
To meet this overall aim, the following objectives were met:

e Develop the nanoparticle tracking methodology.

e Synthesise and characterise a library of polymer-functionalised silica
nanoparticles.

e Study the diffusion of inert gold nanoparticles in a solution of biocompatible
polymers (Pluronics F-127) in order to gain insights into how nanoparticles behave
in a complex mixture of polymer networks, and micelles.

e Study the effects of temperature on the diffusion of temperature-responsive silica
nanoparticles in a range of organic solvents with different polarities.

o Finally, study the diffusion of mucus penetrating nanoparticles in mucin
dispersions and asses their permeation through a gastric mucosa, using PEG as a

standard.
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