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Abstract

In order to improve the effectiveness of drug treatments and resolve health issues, it is critical
to have a variety of efficient drug delivery systems (DDSs). In recent years, researchers and
academics have been paying increased attention to dendrimers, for their ability to encapsulate
poorly soluble drugs to specific within their hydrophobic structures. With careful design, the
hydrophobic interactions can be improved through secondary interactions, between the drug
and the dendrimer’s internal functionality. The use of dendrimers has been limited by their
high cost and lengthy synthetic process. However, these limitations can be offset using a
related class of polymer known as a hyperbranched polymer (HBP). These possess similar
properties to dendrimers, and can be applied to similar applications, but are less expensive and
easier to synthesise. The aim of this thesis is to explore whether or not HBPs could be used
as viable alternatives to dendrimers for drug delivery. To study this objectively, systems built
up using identical functionality were synthesised. For this work, amido-amine dendrimers and
HBPs were prepared and studied.

The first part of this study focused on the first 3 generations of neutral PAMAM
dendrimers. Initial studies focused on encapsulation properties using Ibuprofen and a lead anti
cancer compound known as F73. The results indicated that the second generation (the G2.5-
OH) was the most effective as it provided the optimum internal environment for
binding/hosting the guest drug. Concentration experiments indicated that significantly less
drug (than expected) could be encapsulated at high dendrimer concentration. Subsequent
dynamic light scattering (DLS) experiments identified that the dendrimer formed large,
aggregated structures with a diameter of 200 nm at concentrations over 1 x 10 M.

The effect of a strong secondary interaction on the level of encapsulation was studied
using free base and Zinc-metallated porphyrins. The findings showed that the zinc-metallated

porphyrin could be encapsulated 100% better than the corresponding free base porphyrin. The



large increase was due to the ability of the Zinc porphyrin to form a strong coordination bond
with the internal amines within the dendrimer.

In the second part of this study, an aromatic hyperbranched polymer (Ar-HBPAMAM-
OH) with the same functional group connectivity as the PAMAM dendrimers was synthesised
and studied. Encapsulation experiments using Ibuprofen, a Zinc metallated porphyrin and F73,
indicated very similar levels of encapsulation to those observed for the dendrimer. The study
also analysed the stability and release properties of the drugs in the dendrimer and HBP, and
both systems again proved to be very similar. The results show that all drugs were stable within
the Ar-HBPAMAM-OH and G2.5-OH PAMAM dendrimer. Additionally, tests on drug
release using both systems showed that Ibuprofen and Zn metallated-porphyrin could be
released relatively slowly over time, indicating relatively strong interactions between the drugs
and the delivery systems. These release results confirm that either of the delivery systems
would make a good host for both drugs. However, the same study on F73 indicated a very fast
release, suggesting that F73 formed very weak interactions with the host delivery systems. As
such, neither delivery system would be an effective drug carriers for F73.

Overall, when comparing HBPs and dendrimers with similar functional group
connectivity, we can conclude that both are equally suitable for use as efficient drug delivery
systems. Therefore, when deciding which system to use, it may come down to factors such as

cost or any therapeutic regulations (that may make it easier/harder for one system to be used).
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Chapter 1

1. Introduction



1.1. Drug delivery system

Drug delivery involves administration of pharmacological compounds to a patient with the aim
of achieving a therapeutic effect.! Technologies for delivering drugs have developed to a point
where they seek to enhance the pharmacokinetic properties of pharmacological compounds,
while limiting unwanted adverse impacts and improving outcomes clinically. Thus, delivery
methods are increasing in significance in pharmaceuticals, with great potential for future
progress in targeting drug deliver, and timed and triggered release of compounds.?

The need has grown for drug delivery systems to develop effectively in line with novel
biopharmaceutical components, allowing these to be easily administered, more bioavailable
and precisely targeted, with reduced toxicity.

This need has led the worldwide market in technology for drug delivery to grow at a faster rate.
The global market for top 10 drug delivery technologies is expected to grow from, with
predicted growth from 2009-2015 being from $43.8 - $81.5 billion, making an 11% compound
yearly growth rate. Research into drug delivery is wide-ranging in scope, including developing
new materials and carrier systems to effectively deliver pharmacological compounds. Drugs
are frequently delivered at a constant or managed rate, or in a targeted way. From the first
development of systems for medical applications, conventional drug administration for
different conditions has come to use a range of dosage channels, including in solution, in
suspension, in a pill, injection, lotion, paste, cream, ointment, suppository, powder and fast-
release capsule, for example. More recently developed systems offer far greater therapeutic
possibilities, and these include systems of oral delivery-controlled release, masked taste,
quickly dispersed dosages, liposomes, site-specific delivery, transdermal patch systems and
aerosol systems. In order to treat chronic illnesses, drug delivery systems are crucial. Systems
for delivering drugs to a specific location through implantation of a device have been developed,

to minimise adverse impacts, and enhance outcomes, at a lower cost of associated health care.
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1.1.1. Issues with drug delivery

Drugs can be defined as chemical compounds administered to prevent, treat and diagnose
illness, through disturbance of biological processes.’ For example, a drug may act upon
transporter proteins or enzymes. Side effects are recorded for every drug, and many show
toxicity at high dosage, and may even be fatal. Further, drugs may not achieve the aims for
which they are administered because of low solubility, being strongly toxic or not being
sufficiently bioavailable.® To provide effective treatments in human and animal medicine,
pharmaceutical firms need to develop drugs which are precise in targeting the intended
treatment area.’

Significant studies have been conducted on the subject of drug delivery mechanisms in the last
twenty years, primarily due to the constraints posed by the stability and solubility
characteristics inherent to various drugs.” To enhance the impact of drugs, it is imperative for
the delivery systems to address these limitations. The research has primarily concentrated on
achieving consistent levels of drugs within the body, minimizing side effects, expanding the
effective range of the drugs, and making advancements in targeting specific tissues or organs.®
The primary goal of a drug delivery system is to enhance effectiveness as much as possible.
This involves transporting and releasing the medication to the specific intended location. The
method of drug delivery can be either active or passive, but its core objective is to minimize
unintended accumulation or impact. The ultimate achievement in drug delivery technology is
a system that can safeguard the medication, release it precisely where needed, and remain
biologically inactive and harmless.® Nevertheless, the current systems have limitations,
including restricted accessibility, elevated dosage requirements, the occurrence of the first-pass
effect syndrome, intolerance, and vulnerability. These systems cannot be depended upon to
produce the intended outcomes consistently and show irregularities in the levels of drugs in the

bloodstream. As a consequence, researchers are now exploring novel delivery methods to
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overcome these constraints.” A pathway of investigation involves tiny delivery systems at the
nanoscale. These systems include liposomes, polymeric micelles, nanogels, nanocapsules,
dendrimers, carbon nanotubes, nanocrystals, and solid lipid nanoparticles. This method of
delivery possesses the potential to transport small-molecule drugs together with therapeutic
large molecules like proteins, peptides, single-strand DNA, and small RNA molecules
(siRNA).!® Moreover, nanomedicines do not display the constraints seen in alternative choices,
such as poor distribution in the body and how they are processed, restricted ability to dissolve,
issues with resistance to multiple drugs, inability to adequately prevent undesired effects, and
the need to determine dosage based on toxicity considerations.'!

Nanocarriers offer several notable benefits. These include improving the stability of drugs,
enhancing the solubility of substances that do not dissolve easily in water, boosting the
distribution and concentration of drugs in the body, releasing their cargo in a controlled manner,
and customizing their surface properties to deliver substances precisely to unhealthy cells and
tissues.'? Additionally, these carriers can react to internal and external cues, releasing
therapeutic payloads at specific times and locations. When developing nanocarriers, it is
essential to consider potential safety issues. These include the materials used to construct the
carriers, their dosage or concentration, their dimensions, morphology, electric charge,
reactivity, and how easily they dissolve.!® It has the potential to decrease the dose-restricting
harmful effects of the medication and facilitate the drug in overcoming drug resistance linked
to cancer therapy. Both passive and active targeting methods can be employed to enhance the

levels of drugs within cancer cells. '3 14

1.1.2. Nanoparticles for drug delivery

Nanoparticles encompass tiny particles that exist on a nanoscale, ranging from a single
nanometer (nm) to several hundred nanometers. The specific size depends on their

application.'® These particles were established more than a decade ago and have become crucial
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in modern medicine due to their favourable properties compared to traditional methods. One
significant area where nanoparticles are proving exceptionally useful is in the field of cancer
treatment.'> This is attributed to their ability to penetrate tissues at a molecular level, allowing
for effective exposure, diagnosis, and treatment of the disease.'® Various types of nanocarrier
drug delivery systems are available, including liposomes, polymeric micelles, dendrimers,
nanospheres, nanocapsules, and nanotubes.'® Some of these are already on the market, while
others are still in the process of development.!”

The commencement of regulated drug discharge is considered the initial phase, as it pioneered
the majority of initial medication conveyance mechanisms using oral and transdermal
approaches. Nevertheless, this approach had constraints, as it was delicate and did not
consistently produce the intended outcome. The inception of nanotechnology dates back more
than a century to Michael Faraday 1857, who created nanoscale gold particles. He utilized these
gold particles to bind with antibodies, aiming at specific strains of bacteria, a technique known
as immune-gold straining. This marked the inception of colloidal gold as a system for

delivering drugs.!”

Magnetic nanoparticle Micelle MNanogel

@ Drug A @ Drug B w Magnetic probe
Figure 1: different nanocarriers in medical application.
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The primary objectives behind creating nanoparticles for delivering drugs involve gaining
command over the size of particles, their surface area, and the controlled release of medically
effective substances. These nanoparticles are designed to reach specific cells, ensuring the right
amount of drug is delivered at an ideal pace and dosage. This ensures that the medication
effectively reaches the affected cells and tissues, achieving the intended outcomes. Although
liposomes and polymer micelles were identified in the 1960s, they were not classified as
nanoparticles until four decades later.!® Liposomes possess characteristics useful for
transportation purposes, including the ability to reach the desired destination, minimal toxicity,
and the capacity to maintain the drugs' intended form. However, they face challenges related
to proper storage and limited effectiveness in encapsulation.!” When exposed to blood
components, water-soluble drugs may leak uncontrollably from liposomes.!® In contrast,
polymeric nanoparticles offer notable advantages over liposomes, such as enhanced stability
for drugs and proteins, along with commendable properties for controlled release.?’ Micelles
represent significant strategies for delivering cytotoxic drugs with low solubility, which are
employed to achieve controlled drug release. They possess the capability to maintain stability
during drug navigation and release processes, yet their stability is compromised in a watery

context.?!

Furthermore, an initial premature drug release can undermine their effectiveness as
a nanocarrier, diminishing their reliability. 2° Moreover, they possess a substantial surface area
despite their compact size, potentially leading to the clumping of particles.?! This could result
in challenges when managing them in both liquid and dry conditions. Additionally, their
dimensions may restrict the amount of drug they can hold and lead to a rapid initial release.?
Further research is required to investigate the constraints of micelles prior to their potential
clinical application or introduction into the medical market as nanoparticles.

Polymers have received the greatest attention in research among the substances employed in

drug delivery mechanisms. Notably, graft, star, and branched polymer setups show
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considerable potential. This is due to their documented reduced toxicity and elevated
effectiveness in transfection.?? Branched polymers have the capability to engage with multiple
ligands simultaneously and present chances for both covalent and non-covalent interactions
with drugs, all thanks to their multifunctional nature.?* The versatility of branched and dendritic
structures also presents novel possibilities for theranostic uses, incorporating both diagnostic
and therapeutic functions.?*

This study examines how effective PAMAM (polyamnioamide) dendrimers are compared to
hyperbranched polymers (HBPs). In both cases, the molecular weights and functionalities can
be adjusted to ensure a valid comparison.

Considerable investigation has been conducted regarding the utilization of polymers,
particularly graft, star, and branched polymers, which have been explored for their possible
applications. These polymers seem to exhibit promising transfection effectiveness with
minimal toxicity, as indicated by prior studies. 2

The polymer branches demonstrate the potential for attaching multiple ligands and the ability
to interact with drugs through both covalent and non-covalent means due to its versatile
nature.**

This versatility offers the potential for theragnostic therapy, where the medication can be
tailored to match the patient's precise diagnosis and condition. Through the application of
chemical modifications to the biopolymers for the purpose of customizing their characteristics,
specific attributes can be elicited.?

This study aims to investigate the impact of PAMAM (polyamnioamide) dendrimers in
comparison to hyperbranched polymers (HBPs). The manipulation of molecular weights and
functionalities will be carried out to thoroughly analyse each factor and make a credible

comparison between them.
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1.2. Dendrimer

A dendrimer is a monodispersed, hyper-branching, 3D macro-molecule which has a specific
molecular weight and allows for host entrapment, with precision in managing how functional
groups are placed, as well as form and size.? Dendrimers bring together properties from
polymer materials and small organic molecules, allowing tailoring of chemical/physical
characteristics.?’

Both dendrons and dendrimers form a novel category of polymer macromolecule, characterised
by multiple branches, strongly-defined 3D construction and symmetrical form®. These
molecules vary between approximately 1 and 10 nanometres, meaning that they can pass
numerous bio-barriers®®. Structurally, dendrimers are composed from three principle forms, a
core/focal point, and dendritic and peripheral terminal units?®. Parts of the dendrimer which
show similarity with each other are termed as ‘dendrons’, which are layered in generations.
Synthesis of the initial generation layer comes from a core attaching to repeated units to form
a single-thickness layer. In contrast, generation two contains two repeat-unit layers, while
generation three is three-layered, with layer numbers rising with each generation, with
generations growing larger, until the end-groups at the surface of the dendrimer?®. Compared
to older, linear polymer molecules which contain just 2 end groups for each molecule,
dendrimers have multiple functional groups. Dendrimers with more generations show greater

structural flexibility and a globular form compared with the flatter low-generation dendrimers?°.
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1.2.1. Dendrimers and drug delivery

The dendrimer, as a synthetically-produced macromolecule measuring nanometres across, with
a globular form and multiple branches, is synthesised through an iterative technique.’! While a
number of researchers have developed synthetic methodologies and applied this technology
across a range of areas, attention is currently focused on making dendrimers more efficient and
lowering synthesis costs. In addition, researchers are investigating distinct chemical and physical
characteristics for dendrimers, and various possibilities for applying these macromolecules have
emerged, while extensive research is needed to clarify unknowns. Dendrimers exhibit mono-
dispersal and uniformity of size, as well as allowing their surface and internal space functions to
be modified.>? They are also water-soluble, and these and other characteristics offer great

potential for application in the delivery of drugs.*
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1.2.2. Dendrimer Properties

1.2.2.1. Monodispersity

Dendrimers, among dendritic polymer classes, are capable of construction to form a clearly-
defined structural form, making them different from a linear polymer in that they are
monodispersible. This property means that they offer good definition and reproducibility of
size which can be scaled.’> Mass spectroscopy, gel electrophoresis, transmission electron
microscopy (TEM) and size exclusion chromatography (SEC) demonstrate dendrimers’
monodispersal characteristics in multiple studies.?® The macromolecules are purified at every
synthetic stage, leading the resulting dendrimers produced to be almost isomolecular®*. It has
been demonstrated through mass spectroscopy that applying the divergent method to create
PAMAM dendrimers produces macromolecules which are highly monodisperse in early
generations (1-5 G). Dendrimer bridging, failure to completely remove ethylene diamine for

every generation sequence and other factors can impact monodispersity level. >

1.2.2.2. Nano-size and form

Dendrimers showing uniformity which have good form and size definition have attracted
attention for biomedicine due to the fact that they can pass through the cell membrane, in
addition to being less likely to be removed by body systems before desired. The ability to
manage the architecture of dendrimers closely means that they are prime candidates to form
carriers, with systematic increase in dendrimer size and generation numbers being possible,
producing dendrimers of between a few nanometres’ diameter and tens of nanometres.?® Thus,
a dendrimer can be produced which approximates the size and shape of a range of structures
occurring in biology, including for instance haemoglobin, which is 5.5 nanometres across, and
is approximated by the 5.0 G PAMAM dendrimer*?. Synthesis of various dendrimer types has

been achieved, using different material for cores, varying branching units and differently
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modified surface layers.>® In addition, the size of dendrimers impacts their form in three
dimensions, with dendrimers of few generations showing comparative openness and
amorphism in structure, while with more generations, the dendrimer becomes more globular
and can incorporate molecules of drug. On analysing aggregated dendrimers using X-ray, the
results point to a rounder form with more generations, moving away from a linear form as the
bigger structure spreads, which may minimise repulsion in segment send groups and convert
dendrimer end groups to become neutral or anionic. This can give dendrimers which are less
toxic or have no toxicity, as shown in vivo and in vitro. This has been seen with neutral
dendrimers such as polyether and polyester, as well as dendrimers with surface engineering

such as glycosylated dendrimers and PEGylated dendrimers.>’

1.2.2.3. Biocompatibility

Despite toxic properties, dendrimers are viewed as ‘smart carriers’, due to the fact that they can
deliver drugs at intracellular level, passing membranes, targeting desired structures and
persisting in the circulation for the duration required for therapeutic effects to be seen
clinically.?® It is though that dendrimers have toxic effects because of the end groups they
contain at their surface.’® In general, amine-terminated PPI and PAMAM dendrimers show
haemolytic properties and toxicity dependent on concentration.’” However, it is possible to
avoid toxicity in the cationic dendrimer through partly or completely modifying the peripheral
layer using groups with a negative or neutral charge. While terminal amino groups are present
in the PPTand PAMAM dendrimer, toxicity patterns differ between the two types of dendrimer.
The cationic PAMAM dendrimer becomes more toxic at higher generation numbers, while the
cationic PPI dendrimer shows a different toxic pattern.” Generally, explanations of cytotoxic
activity in cationic dendrimers depend on the preferred interaction of the cell membrane’s
negative charge and the positive charge at the periphery of the dendrimer, which leads to lysis

of the cell.*® However, when cationic end groups are masked or converted to become anionic
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or neutral, this reduces and sometimes eliminates dendrimer toxic effects in vivo and in vitro.>
This has been shown for neutral dendrimers such as polyether and polyester, as well as
dendrimers produced through surface engineering including PEGulated and glycosylated

dendrimers.>®

1.2.2.4. Periphery charge

A dendrimer comprises three primary units in its structure, which are a core, branching units
and multiple terminal end groups. The last of these can be positively or negatively charged or
neutral, and this is crucial to potential drug delivery applications. The polyvalent characteristic
is important when dendrimers are used to carry genes due to the possibility of using cationic
dendrimers, including PAMAM, PPI and poly-I-lysine, for complexing DNA, which has a
negative charge.*® Additionally, positively charged dendrimers are able to interact with organic
membranes containing negative charge, meaning that they can be applied to deliver drugs at
the intra-cell level.*” However, this same polyvalent property means that a dendrimer can be
cytotoxic, haemolytic, or toxic in other ways, although this can be countered by modifying the
surface of the dendrimer, using for example PEG, carbohydrates or acetate. In light of this,
polyvalency can be seen as significant for specific dendrimer characteristics, and is a field

which can be explored by researchers in developing dendrimers as drug carriers.*8

1.2.2.5. PharmacoKkinetics:

Pharmacokinetic properties shown by macromolecules mainly emerge from anatomy and
physiology, macromolecule physicochemical characteristics and the way such molecules
interact biologically. For intravenously administered drugs, the macromolecule has immediate
presence in the circulating blood, and limited diffusion to extravascular regions. The
macromolecules in the circulation are later eliminated from the blood and sent to certain

tissues/organs for removal through plasma clearance. The ways in which a tissue or organ takes
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up a macromolecule is governed by blood circulation to organs, permeability of capillaries, and
macromolecule characteristics.*!

Dendrimers have been applied mainly parenterally, with the possibility put forward for
dendrimers to be absorbed over epithelial barrier types such as the skin and the intestinal
epithelium.*? Researchers aim to develop dendrimers for drug delivery in a targeted manner to
specific tissue for sufficient therapeutic effectiveness while minimising impacts on cells which
are normally-functioning bystanders, in which the free drug may have toxic impacts specific
to a given organ. Enhancement of the pharmacokinetic profile has been reported for surface-
decorated dendrimers over the undecorated PPI dendrimer.*!

Pharmacokinetic properties have been investigated in tritiated poly-l-lysine dendrimers on
intravenous administration.*® High early clearance rates were reported, as well as high and
unpredictable initial distribution volume, when amine-terminated 3.0 G and 4.0 G dendrimers
were tested.*? Further research made a comparison of peripheral charge’s impact on excretion
profiles for non-biodegrading 5.0 G PAMAM dendrimer types. Urine and faecal excretion of
dendrimers with no charge was found to be approximately double that of cationic dendrimers,
across 1 week, which suggests that greater numbers of cationic dendrimers were taken up by
cells. ** A reduction in fast vascular binding may take place for surface amine group dendrimers
when they are conjugated with an anionic capping group, thus concealing surface amine groups.
Disposal of the dendrimers from the system then takes place through elimination through the

renal and reticuloendothelial system (RES).*

This is reported to depend upon anionic group
characteristics.* The way acetylated dendrimers and 3 H-labelled 5.0 G PAMAM positive-
charge dendrimers were distributed when modelled in DU145 prostate tumour and B16

melanoma displayed more tissue deposits for PAMAM with a positive charge.** While

numerous studies investigate dendrimers’ pharmacokinetic properties however, there is a need
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to systematically explore dendrimer fates in vivo to confirm the usefulness of this type of drug

carrier. ¥

1.3. Synthesising dendrimers

there are a number of ways to synthesise dendrimers, but synthesis is dominated by two main

methods: the divergent and the convergent methods.*6
1.3.1. Divergent synthesis

Divergent synthesis is the original strategy used to produce the first synthetic dendrimers,
developed in 1983 by Tomalia. Divergent synthesis involves slowly combining an original
multi-function core with branching units to create another generation, which is repeated as
necessary to form the number of generations specified. Joining of a core unit and initial
generation or branch is illustrated in Figure 2a. To create the next generation, peripheral
functional groups are combined with branching units. Selection of the number of generations
is based on calculation of repeat-sequence numbers between the core and surface. This
technique is usually applied for dendrimers with many generations. However, divergent
synthesis is limited by its production of reactions which are not complete, and by side reactions
leading to structural flaws.*’ In addition, the specified purity level and target functional group
numbers cannot always be achieved. This is frequently counteracted by adding excessive
numbers of monomer units, which means that the dendrimers must be purified following every

stage in the process.*
1.3.2. Convergent synthesis

Hawker and Fréchet originally developed convergent synthesis in 1990 as another approach to
dendrimer synthesis*’,in which the process moves from peripheral units to the core).

Combination of peripheral molecules creates dendrons or large-scale peripheral molecules
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which then join to a multi-functioning core molecule ( Figure 2b). Convergent synthesis has
the benefit that the dendrimers synthesized show greater homogeneity and purity in comparison
with divergent synthesis, being purified through a simpler process and having a lower defect
rate. On the other hand, convergent synthesis can be restricted to synthesising low-generation
dendrimer types due to the challenge of steric hindrance as larger dendrons react with smaller

cores for the high-generation dendrimer>’.

o{_oi <,

Core

a Divergent approach \{
b Convergent approach O%./

Branching units

Figure 2 Shows the two main synthetic dendrimers. (a) Divergent synthesis. (b) Convergent
synthesis.
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1.4. Therapeutic applications for dendrimers

Each structural element which makes up a dendrimer, comprising core, internal branch and
surface group components, can be manipulated to give specific properties, such as highly
uniform molecules, end-groups with multiple functions and multiple internal spaces, This
means that dendrimers are candidates for use in a range of pharmaceutical products with
different biomedical or therapeutic aims. Dendrimer application has thus been extensively
explored by numerous researchers’!, and the applications identified are briefly described in the

subsections which follow.
1.4.1. Dendrimers’ therapeutic activities

Development of dendrimers to form topically applied antimicrobials is in progress,
investigating the efficacy of polylysine dendrimers to combat herpes simplex virus (HSV).>
At present, phase II clinical trials are underway for the effectiveness of this dendrimer in
vaginal infections.’? The vaginal microbicide SPL7013 Gel (VivaGel®) has been put forward
by Starpharma Pty Ltd (Melbourne, Australia) for preventing infection with HSV and HIV>!,
This drug takes the form of an aqueous gel based on Carbopol, with a dendrimer as its active
constituent. The 4-G lysine branched dendrimer contains a core of divalent benzhydryl amine,
and capping of peripheral branches using 32 naphthalene disulfonic acid groups: these make
the dendrimer hydrophobic and strongly anionic at its periphery®>. When VivaGel®
(Starpharma) was found to be successful, this boosted work to develop further applications for
dendrimers. A study by Wang et al (2010). investigated antimicrobial mechanisms in PAMAM
dendrimers as modelled in guinea pigs for chorioamnionitis,>* to combat ascending uterine
infections caused by Escherichia coli. The study suggested that antimicrobial effects stemmed
from interactions between E. coli’s polyanionic lipopolysaccharides and the polycationic

55

dendrimer °°. It was subsequently reported for 3.5 G PAMAM dendrimers following

24



glucosamine glycosylation that they showed anti-inflammatory effects through inhibition of
complexed lipopolysaccharide, Toll-like receptor 4 (TLR4) and MD-2, responsible for
mediating pro-inflammatory cytokine response>®. Thus, this property in dendrimers with partial
glycosylation may allow them to be investigated for applications in treating inflammatory

disease, infections, and malignancy.
1.4.2. Solubilisation

At a molecular level, the majority of drugs are hydrophobic and poorly soluble, thus limiting
application and impeding efforts to formulate such drugs for safety, stability, and efficacy. The
challenge of solubility has been approached through numerous conventional and innovative
techniques. Multiple researchers have investigated the potential of dendrimers to solubilise
bioactive agents with a range of therapeutic properties, such as antimicrobial, anticancer,
antiviral, antimalarial, and antitubercular and anti-hypertensive agents, as well as non-steroidal
anti-inflammatory drugs (NSAIDs).’” The mediation of solubilisation through dendrimers
depends on a range of characteristics and conditions, such as the size of generations, peripheral
groups, internal branching units, the core, dendrimer concentrations, acidity level and
temperature. Responsibility for the mediation of solubilisation by dendrimers is attributed to
micellar solubilisation, hydrogen bonding, hydrophobic interaction and ionic interaction.
Simple modification can be made to dendrimers to enhance make solubilisation more efficient
through altering functionality of surface groups, branching units and core, or through surface-
engineering using hydrophilic moieties . Research on PAMAM dendrimers with a
polypropylene oxide core found that dendrimers exhibit solubilisation efficacy in proportion to
concentration and generation.”® NSAIDs were investigated in this research, namely Ketoprofen,
Diflunisal and Ibuprofen, finding that dendrimers show efficacy in improving solubilisation in
this group of drugs®®. Moreover, dendrimers have been shown to be exceptional carriers for

enhancing bioavailability in chemical agents.
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1.4.3. Dendrimers in transdermal drug delivery

Recent research has explored dendrimer applications to deliver drugs transdermally, on the
basis that: the majority of drugs are poorly water soluble due to hydrophobic moieties limiting
the drug’s ability to enter biological compartments; and that the majority of designed
dendrimers are strongly biocompatible and water soluble.

Efficacy has been shown for dendrimers in delivering drugs transdermally while enhancing
their pharmacokinetics®’, in studies of dendrimer use with a range of NSAIDs. Jain et al. (2008)
explored the transdermal delivery capability of 4.0 G PAMAM dendrimers with amino and
hydroxyl terminal as well as 4.5 G PAMAM dendrimers, using indomethacin as the drug to be
delivered. Pharmacodynamic and pharmacokinetic studies were conducted in vivo using a
Wistar rat model, and indomethacin was found at significantly higher concentrations in the
blood when it was delivered via PAMAM dendrimers compared with a suspension of the drug
only®!. This work was followed by that of Cheng et al. (2014) who conjugated diflunisal and
ketoprofen with 5.0 G PAMAM dendrimers. Permeation studies were conducted in vitro
permeation using the excised skin of rats, and permeation rates were reported to be 3.4 times
greater for complexed ketoprofen—dendrimer in comparison to ketoprofen dispersed within
saline, while complexed diflunisal and dendrimer led to 3.2 times faster permeation compared
to dispersal in saline. Moreover, murine research on anti-nociception effects found reduced
writhing between hours one and eight when ketoprofen—dendrimer complex was administered

transdermally®?.
1.4.4. Dendrimers in ocular delivery of bioactive

To treat ocular conditions, bioactive agents must be applied topically. However, intra-ocular
drug delivery faces challenges in terms of bioavailability because of compounds being
eliminated through tears, as well as excessive fluid being drained through the nasolacrimal

duct.%®> This means that formulations should be developed which offer solutions to these
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challenges, and this goal has become the subject of research interest. Moreover, formulations
for ocular application must be non-irritant, non-sensitising, biocompatible, isotonic,
biodegradable, and retained well in the eye®*. Investigations of dendrimer use in delivering
bioactive substance to the eye have been made, with Vandamme and Brobeck (2005) finding
that PAMAM dendrimers offering carboxyl or hydroxyl end functions increased the ability for
the eye to retain pilocarpine. Therefore, the study provides support for the potential for

dendrimer-based drug delivery to the eye.®
1.4.5. Dendrimers for pulmonary delivery

Previous research assessed the capability of dendrimers to deliver enoxaparin, a heparin with
a low molecular weight, through the pulmonary route.®® PAMAM dendrimers of 2.0, 2.5 and
3.0 generations were evaluated for facilitating enoxaparin to be absorbed, through indirect
estimation via identifying activity for antifactor Xa and analysis of effectiveness for preventing
deep vein thrombosis in rodents. The findings showed that cationic 2.0 G and 3.0 G dendrimers
gave a 40% increase in Enoxoparin’s relative bioavailability, with no negative impacts for
mucocilliary transport rates, and no serious lung tissue harm recorded. In contrast, carboxyl
end group 2.5 G dendrimers which had a negative charge had no bioavailability effects. Based
on this, cationic surface-charged dendrimers have potential to deliver bioactive constituents via
the pulmonary route®’. In addition, a recent review by Mignani et al. (2013) has investigated
dendrimer drug delivery across different channels, such as transdermal, transmucosal, ocular

and oral delivery®®.

1.4.6. Dendrimers in targeted drug delivery

Present concerns in treating disease include enhancing bioactive agents’ effectiveness through

delivering them selectively to a precisely targeted region. Thus, a substance’s therapeutic index
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can be increased, and its side effects reduced. It is possible for dendrimers to be modified in
their surface groups and branching units to passively and actively target specific areas. The
effectiveness of this technique is especially significant for cancers and disease stemming from
parasites, in which clearly defined sites are to be targeted, allowing for the tailoring of
dendrimers to carry drugs to these sites.

The flexibility of dendrimers as carriers in this area has been noted as due to their
monodispersal, clearly structured architecture, and modifiable surface groups: all
characteristics which offer value in delivering bioactive substances. A well-researched instance
of this is in dendrimers conjugating with folate for delivery of anticancer bioactive drugs to
tumours.® Various cancer cells, including in breast and ovarian cancers, show overexpression
of cell-surface folate receptors,®® and thus, conjugating folate with dendrimers allows effective
targeting of cancer cells to deliver anticancer drugs’®. One study involved conjugating
PAMAM dendrimers and folic acid, before this was coupled to methotrexate, an anticancer
agent, and its performance was assessed through confocal microscopy with immunodeficient
mouse human carcinoma models, and biodistribution studies. The findings for the latter
demonstrated that with dendrimers conjugated with folic acid, the drug was accumulated to
triple the level of non-folic acid conjugation after 24 hours. This was supported by findings
from confocal microscopy and flow cytometric analysis’!. In Thomas et al.’s (2008) study, 5.0
G PAMAM dendrimers with a fluorescein imaging tag were conjugated with antibodies
prostate-specific membrane antigen (PSMA) and CD14. Results from confocal microscopy and
flow cytometry showed specific binding of the conjugate cells which expressed antigen, and
this affinity could be compared to free antibodies, depending on dose and time.”* Choi et al.
(2005) produced PAMAM dendrimers conjugating with FITC for imaging and with folic acid

to target tumours cells. They then linked complementary oligonucleotides to achieve cell-
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specific binding and internalisation. In this study, dendrimers were demonstrated as a template
which can allow conjugation of multiple ligands for multiple functions’.

Dendrimers offer a clearly-defined structure which allows multiple functionalities to be
engineered. Jain ef al. created an effective design for a dual ligand-conjugated dendrimer, in
which sialic acid conjugated with a mannosylated dendrimer to target Zidovu-dine, an anti-
HIV drug. The dual-conjugation here efficiently increased biocompatibility and enhanced

delivery targeting’*.

1.5. Hyperbranched polymers

Hyperbranched polymers are complex structures with varying sizes, having three-dimensional
shapes, and containing numerous end groups and internal spaces. They are classified as
dendritic macromolecules but lack the precise structure of a dendrimer.” Figure 3 provides a
visual comparison between the two. These polymers are synthesized using a highly branched

design and possess excellent chemical stability, making them effective systems for transporting

drugs.”
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Figure 3: illustrates a diagrammatic depiction of a hyper-branched polymer and a dendrimer.
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Typically, HBPs employ both physical encapsulation and covalent binding to encapsulate
drugs. Their effectiveness is influenced by their molecular weight as they regulate the cavity
and end groups. Kolhe investigated polyglycerol and hyperbranched polyol as potential drug
delivery systems. The study found that ester linkages between the two polymers and ibuprofen
can create conjugates with a large number of drug molecules. Consequently, both
hyperbranched polymers show promising potential for inducing significant therapeutic effects
in in vivo studies.”

Moreover, investigations have revealed that hyperbranched polyglycerol (HPG) can undergo
modifications with diverse functional groups. This emphasizes its capacity to successfully bind
anticancer medications like docetaxel and cisplatin.’®>® HPG is capable of dissolving in water
at elevated concentrations without significantly elevating its viscosity, thereby aiding in the
improvement of hydrophobic drug solubility in biological fluids®®. Consequently, research on
hyperbranched polymers suggests that they have the potential to serve as efficient carriers for

drug delivery, potentially dendrimers.’¢
1.5.1. Synthetic strategies

There are two methods for creating hyperbranched polymers. The first method involves
incorporating a single monomer, which can be achieved through step growth or chain growth
polymerization. One way to do this is by using an ABx monomer. The second method involves
using two different monomers directly, such as A2 and Bn, where n is greater than 2. The
difference between the AB2 monomers and the multifunctional A2 + B3 monomers is depicted
in Figure4. In the first method, a polymer is formed with a single A-group and multiple B-
groups, without any cyclization. In the second method, polymers with multiple A and B

functional groups are assembled.
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Figure 4: illustrates a diagrammatic depiction of the strategies employed to create
hyperbranched polymers, consisting of two different approaches: (a) the polymerization of an
AB2 monomer, and (b) the combination of an A2 monomer with a B3 monomer mixture.

The cost-effectiveness of initial monomers plays a significant role in the production of
hyperbranched polymers. Utilizing symmetric monomer pairs with functional properties offers
advantages over ABn monomers in terms of their accessibility and versatility. Unlike ABn
monomers, which are not readily available in the market, symmetric monomer pairs such as
A2 and Bn can be easily obtained and synthesized. This provides a flexible foundation for
modifying the properties and structures of the polymers. The commercial availability of
multifunctional monomers allows for the rapid and cost-effective preparation of hyperbranched

polymers without imposing a significant financial burden on the project.
1.5.2. Hyperbranched polymers for drug delivery

(HBPs), like other substances tailored for drug delivery, serve a dual purpose. Firstly, they
facilitate drug loading using different methods such as encapsulation or conjugation.’”’

Secondly, they aid in transporting the drug to tumor tissues by leveraging passive targeting
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mechanisms, like the significance of adjusting their size or introducing functional groups to

extend their circulation duration.’®

1.5.2.1. Drug loading

Similar to dendrimers, hyperbranched polymer (HBPs) create cavity spaces capable of
accommodating various sizes’’, ranging from compact chemotherapeutic medications like
doxorubicin DOX, calprotectin (CPT), cisplatin (CLS), to 5-fluorouracil (5-FU). Wu and
colleagues (2018) conducted a study on hyperbranched polyglycerol to assess its capacity for
enclosing and transporting guest molecule.’

The investigation of drug incorporation into polymer-based drug delivery systems has
encompassed several methods involving non-covalent interactions like hydrophobic bonding,
hydrogen bonding, ionic attraction, and steric entrapment within a crosslinked framework, as
well as the attachment of the drug to the polymer.®! The essential factor for improving drug
stability, achieving high drug loading capacities, and controlling drug delivery lies in the
interactions between the drug and the polymer. Since non-covalent drug delivery systems are
highly influenced by the physical forces in their surroundings, there is a consideration for
attaching the drug covalently to the polymer using linkers that can be adjusted to trigger drug
release when the specific conditions at the target site are met. because of the high density of
functional groups within HBPs, they offer a means to achieve a substantial drug payload
through the attachment of the drug to the end groups of HBPs.®

Kolhe and colleagues (2004) utilized, and attached ibuprofen with fluorescein isothiocyanate
(FITC) to the hydroxyl terminal groups of hyperbranched polyglycerols, and N,N'-
dicyclohexylcarbodiimide (DCC) used as coupling agent.®?.

The drugs becomes active when the ester bond is broken by lysosomal enzymes within the
cell. What's noteworthy is that the drug can also serve as a component of HBPs. Liu and

colleagues (2013) have created HBPs containing alternating hydrophobic Di selenide and
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hydrophilic phosphate groups.®* While Phosphate groups serve as pivotal branching elements,
whereas selenium compounds have been documented for their role in cancer treatment,

enabling the self-delivery of HBP as an anticancer agent.®’

1.5.2.2. Passive targeting

Drug delivery targets have been created to enhance how drugs move through the body with the
goal of concentrating them in specific areas. nano carriers, encapsulated with the drugs, can
move through the bloodstream and tend to gather primarily at the tumor site due to the enhanced
permeability and retention effect (EPR). This natural targeting process is encouraged by their
extended circulation in the bloodstream and the distinctions between tumour and healthy
tissues, like increased blood vessel density and larger gaps between endothelial cells in tumours

(up to 1 um). %
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Chapter 2

2. Aims and objectives
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Aims and objectives

For several decades, humans have made efforts to develop effective treatments for diseases.
One area of focus has been the advancement of drug delivery systems. Scientists have explored
various materials, such as nanoparticles and lipids, to deliver drugs. However, the application
of these materials is often restricted due to their high toxicity and limitations in drug loading
and release efficiency.’” To overcome these challenges, polymers offer a promising solution
by enhancing biocompatibility and performance. The ability to modify a polymer's composition,
structure, and functionality makes them more appealing and adaptable compared to other
systems. Dendritic polymers, including dendrimers and hyperbranched polymers, are a
relatively recent type of polymers that show potential in enhancing drug delivery properties.
Consequently, these novel dendritic polymers could play a crucial role in the future clinical
implementation of drug delivery systems.®

Since their introduction by Newkome and Tomalia, (1985) dendrimers have garnered
significant attention. These structures are precisely defined, uniform in size, and well-organised.
Their terminal surfaces possess multiple functionalities, which make them excellent candidates
for delivering substances. They can be modified to be soluble in water and can effectively bind
drugs that are insoluble in aqueous solutions using their hydrophobic compartments.?’ Figure
5 provides an illustration of dendrimers as delivery systems. The interaction between
dendrimers and drugs can occur through the encapsulation of drugs within the dendrimer's
cavities or by conjugating them with the functional groups on the dendrimer's surface.?’

However, the synthesis of dendrimers is challenging, time-consuming, and costly.
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< encapsulation of drug in dendrimer via electrostatic and hudrogen bonding
solubilizing group

Figure 5: Depicts a cartoon representation of a dendrimer employed as a carrier for delivering
substances.

The stepwise synthesis process of dendrimers is time-consuming and expensive. Consequently,
scientists have sought to develop alternative systems that possess similar structural properties
to dendrimers but are easier and more cost-effective to synthesize. This endeavour led to the
emergence of a novel dendritic system called hyperbranched polymers (HBPs), which can be
synthesized through a one-step polymerization process. Although simpler, these methods result
in imperfect branching and a less ordered structure.”® However, these drawbacks contribute to
reduced problems of dense packing and steric hindrance. Overall, these simpler
macromolecules have the potential to serve as superior and more affordable alternatives to
dendrimers, provided they can efficiently encapsulate and release drug molecules.®® This aspect
will be a crucial focus of investigation throughout this project and thesis.

In order to determine whether HBPs can be viable alternatives to dendrimers, a comparative
analysis is necessary, focusing on similar or identical internal functionalities. To achieve this,
an appropriate HBP for comparison with a PAMAM dendrimer should possess identical

dendritic units and functional groups. Figure 6 illustrates one such example, featuring a
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PAMAM dendrimer alongside a suitable hyperbranched PAMAM (HBPAMAM) with
ethylenediamine (EDA) and amide units as repeating components within its interior, and
hydroxyl group within its exterior.

One of the primary motivations for utilising a delivery system is to address the issue of poor
solubility that many medically active substances exhibit. The limited solubility often acts as a
hindrance, preventing the effective utilisation of otherwise beneficial molecules in clinical
settings. In this context, it is crucial that any delivery system employed possesses the ability to
dissolve in water. This water solubility is essential as it enables the transportation of drugs
through the bloodstream and facilitates their targeted delivery to specific sites of action.®” Also,
the drug delivery system should protect the drug from the body, protect the body from the drug,
increase the circulation, slow release and site-specific release.”

The proposed research in this thesis primarily focuses on neutral dendritic polymers that are
soluble in water. This choice is made due to the potential toxicity associated with the presence
of multiple charges on the surface of large globular molecules.

The project will focus on both dendrimers and HBPs, with the main emphasis on comparing
their encapsulation, stability, and release properties. Previous studies comparing dendrimers
and HBPs have been carried out, but these often-involved dendrimers with vastly different
structures and internal functionalities to the HBPs. Several factors influence the encapsulation
process, such as the size/generation of the dendrimer, its internal composition, and the internal
functionalization. In a previous study within our group, we examined PAMAM dendrimers and
hyperbranched polyglycerol.”! The results indicated that the PAMAM dendrimer was able to
encapsulate much more drug than the HBP, and we concluded that HBPs were poor drug
delivery systems (compared to dendrimers). Although both systems could provide a
hydrophobic environment, the connectivity and internal functionality of the dendrimer and

HBP were completely different. The PAMAM dendrimer had a wealth of functionality that
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could provide additional interactions with the drugs studied. On the other hand, the HBP had
no such functionality. For example, Ibuprofen contains a carboxylic acid that can both H-bond
to the PAMAM amides or form an acid/base ion pair with the amines. Neither of these
interactions were possible for the HBP. As such, the study was flawed and the results
meaningless. This study will address this weakness in the original work and aim to compare a
dendrimer and HBP with the same connectivity and functionality.®?

Our work will initially focus on neutral PAMAM dendrimers, and the encapsulation of several
drug molecules.

Encapsulation studies will be carried out using a series of dendrimers of increasing generation
and size. OH-ended dendrimers of generations 1.5, 2.5, and 3.5, with 8, 16 and 32 terminal
groups will be synthesised. These dendrimers will have molecular weights of 1437 Da, 3272
Da, and 6941 Da, respectively. Our aim is to investigate how the size and concentration of the
dendrimers affect their ability to improve solubility and bind hydrophobic drug molecules. To
synthesize the OH-ended dendrimers, we will convert ester-terminated dendrimers through a
reaction with ethanolamine.

. Our initial objective is to determine any correlation between the size of the dendrimer and the
encapsulation of the drug at a fixed dendrimer concentration. This will be followed by a study
into the correlation between dendrimer concentration and the maximum levels of drug
encapsulation. These studies will be carried out using ibuprofen as the test drug with dendrimer
as well as aromatic hyperbranched polymers.

Ibuprofen will be utilised in this research due to its wide availability and extensive use in
similar studies.”® It belongs to the propionic acid class of non-steroidal anti-inflammatory drugs
and is commonly employed to alleviate pain, reduce fever, and treat inflammation.”
Additionally, this widely used medication is a mildly acidic pharmaceutical compound

containing carboxylic groups. These groups can form hydrophobic bonds via hydrogen
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bonding with the internal amines (amide groups) of the dendrimers, as well as engage in
acid/base interactions with the internal basic amines.

These results using a well-known model/test drug will help inform our future studies using
other drug molecules that are poorly soluble and/or require the use of a delivery system (to

prevent toxic side effects and/or prevent degradation by the immune system).

Encapsulation free base porphyrins and metal porphyrins in PAMAM
dendrimers, and Aromatic hyperbranched PAMAM

We are conducting research to develop new methods for encapsulating free base porphyrins
and metal porphyrins, which can be used for photodynamic therapy (PDT). PDT is a validated
clinical treatment that involves three components: photosensitizers, light, and oxygen. One
challenge with hydrophobic photosensitizers is their poor solubility, which prevents their
intravenous injection and limits their medical applications. Although the photosensitizers
themselves are not necessarily toxic, they can become activated by specific wavelengths of
light, leading to energy transfer to nearby oxygen molecules and causing cell damage®*. This
necessitates complex formulations for effective delivery of hydrophobic photosensitizers.

To address these issues, we will conduct studies on encapsulating porphyrin photosensitizers.
Porphyrins can often be hydrophobic, which necessitates use of a delivery system. For our
purposes, their encapsulation can be improved by utilising strong metal-ligand coordination
through the amine functionality that may be present in the interior of the dendrimers and HBPs.
We will investigate the effects of metalation and non-metalation on porphyrin encapsulation
efficiency, studying how these secondary interactions influence the process. In a previous study,
our group successfully encapsulated simple tetraphenyl porphyrin (TPP) and metal porphyrins
(ZnTP) within dendritic molecules, although the drug loadings achieved were extremely low.

This limitation was primarily due to the extreme hydrophobicity of TPP and ZnTP, which was
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not compatible with our encapsulation process. Further explanation on this topic will be
provided later in the thesis.

To enhance the drug loading capacity, we propose using phenolic porphyrins, which possess
some degree of water solubility. Also, the phenolic group is acidic and this can potentially form

an acid base ion pair with the dendrimers internal amines ( Figure 6)

Figure 6: illustrates the integration of free porphyrin and zinc porphyrin molecules into a
dendrimer structure through non-covalent interactions.

Specifically, we propose to use tetra-hydroxyphenyl-porphyrin (THPP) as this possesses eight
hydroxyl groups, which provide some level of water solubility. THPP is also a recognized and

effective photosensitizer in photodynamic therapy (PDT).**

Consequently, our objective is to
synthesise THPP in both metalated and non-metalated forms and evaluate their encapsulation

and release properties within dendrimers, as well as Aromatic hyperbranched polymers (HBPs).

Encapsulation of Anticancer drug called (F73) in water-soluble
dendrimers, and Aromatic hyperbranched PAMAM

40



Building upon the proposed work described above, we will also explore a specific hydrophobic
drug that has good anticancer properties, but poor water solubility. As well as evaluating
encapsulation, release and stability within a dendrimer and HBP, we also plan to study the in
vitro properties of the delivery systems against variouscancer cell lines. The specific drug under
test is known as F73 (shown in Figure), and was supplied by Professor Chen (Sheffield
University). The in vitro work will be carried out in collaboration with Dr Nikki Jordan

(Sheffield Hallam University)
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Figure 7: The structure of fert-butyl N-(1-[[(5,6-dimethyl-1H-1,3-benzodiazol-
2yl)methyl]carbamoyl]-3-(methylsulfanyl)propyl)carbamate (£73).

The primary purpose of F73 is to inhibit methionine synthase (MetS). Also known as MetS,
this enzyme is crucial for metabolizing 5-methyltetrahydrofolate (MeTHF) to regenerate the
active form of tetrahydrofolate, which is essential for production of cell glutathione (GSH).*>
GSH is a nature antioxidant in cells that increase cell survival, So, we need to reduce GSH to

kill cancer cells.”®

Comparing the drugs encapsulation efficacies of a hydroxyl terminated

PAMAM dendrimers and an Aromatic HBPAMAM

The final part of this theses has to answer the main question regarding the two delivery systems

as set out in the aims. That is, “to determine whether or not the cheaper and more accessible
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aromatic hyperbranched polymers could compete with the expensive and complicated
dendrimer systems when applied as drug delivery vehicles”. To achieve this, we are going to
compare the encapsulation, stability, and release properties of a hyperbranched polymer that
possessed the same basic functionality as the PAMAM under investigation. Specifically, the
study will focused on comparing the Ar-HBPAMAM-OH with the hydroxyl-terminated
PAMAM dendrimers.

Finally, the thesis will be laid out, and the results written in different chapters. The first results
chapters will describe the synthesis and characterisation of dendrimer. This will be followed
by a big chapter describing encapsulation, release, and stability of 3 drugs in it (IBU, Zn-THPP,
F73). The third chapter will describe the synthesis and characterisation of Aromatic
hyperbranched PAMAM. This will be followed by a big chapter describing encapsulation,
release and stability of 3 drugs in it (IBU, Zn-THPP, F73). A final results chapter will consider

all 3 drugs together and endeavour to make a comparison between the 2 delivery systems.
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Chapter 3
3.Synthesis of PAMAM Dendrimer
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3.1. Overview:

The effectiveness of a drug is generally reduced where it cannot reach its intended destination
within the body at the correct volume. This may occur due to a drug's poor solubility, due to
the aqueous environment of the body, or due to a lack of targeting ability. During the early
stages of drug development, researchers may thus initially try to create water-soluble versions
of each drug. However, as even minor changes in the drug's structure can significantly impact
its performance, scientists often work instead on developing systems that can efficiently deliver
drugs without the need to modify their structures in this way.! The first line of development for
most systems for medical applications utilises conventional drug administration for different
conditions across a range of dosage channels, including providing drugs in solution or in
suspension, whether in pill, tablet, injection, lotion, paste, cream, ointment, suppository,
powder, or fast-release capsule format.”” A number of systems have also been developed to
incorporate various polymer approaches, and this thesis focuses on the use of highly branched
polymers, which offer various advantages over traditional polymer approaches,”® and this
chapter in particular concentrates on the use of perfectly branched polymers, commonly known
as a dendrimers.

Dendrimers emerged as promising tools for drug delivery in the pharmaceutical industry during
the early 1990s, having been first introduced by Newkome and Tomalia in 1985. These
polymers are a set of unique, perfectly branched macromolecules with well-defined structures
and numerous terminal groups that, due to their nanostructure and chemical versatility, are
attractive candidates for delivering drugs at nanoscale.?

Dendrimers offer several advantages over other polymeric drug delivery systems. Their
kinetically stable architecture ensures consistent performance, while their high density and
well-defined surface functionalities control solubility in a manner that may be utilised to

achieve targeted delivery.%® Dendrimers are also monodisperse polymers, thus enhancing the
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reliability of pharmacokinetics generally, while suitably functionalised dendrimers have the
ability to penetrate cell membranes, allowing for more effective uptake of drug complexes or
conjugates.’ Finally, their controllable shapes make these polymers suitable for a wide variety
of medical applications due to this ensuring consistent behaviours and predictable interactions
with biological systems. In particular, in terms of drug delivery, dendrimers with uniform
shapes and sizes offer predictable drug release kinetics and increased targeting efficiency.?
Due to their unique structures, high-generation dendrimers offer large concentrations of
functional groups on their outer surfaces; these may be used “as is”, or functionalised further,
which makes them useful for both active and passive targeting.* Researchers have previously
successfully modified the surface groups of various dendrimers using targeting moieties such
as folic acid (FA), peptides, monoclonal antibodies, and sugar groups to achieve both active
and passive targeting. Branching units of dendrimers have also been used to achieve targeted
drug delivery.? Gupta et al.> conducted a study in which they successfully conjugated folic acid
to G5 PPI( poly propylene imine) dendrimers to assess its feasibility for targeted delivery of
the anticancer drug doxorubicin, for example: in that case, the FA-conjugated dendrimers
exhibited higher uptake in MCF-7 cancer cell lines and significantly reduced toxicity as
compared to non-conjugated dendrimers.°

The shape of a dendrimer is determined by its specific generation, which influences the three-
dimensional structure. When dendrimers are produced at lower generations such as G1 and G2,
they are flat or “saucer” shaped; however, as higher generations are achieved, they become
spherical and begin to take on a controlled 3D structure, which makes them more suitable for
enclosing small host molecules. However, synthesising dendrimers at high generations can be
challenging due to the emergence of steric crowding, which can lead to premature termination
of the synthesis process.’” For dendrimers to be used in drug delivery systems, they must also

be soluble in water to allow systemic administration, while for non-covalent encapsulation of
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drugs, they must also possess an internal region that can interact with the drug. Most water-
soluble dendrimers have hydrophobic regions within their structure, which enables effective
encapsulation and solubilisation of hydrophobic drug molecules: this property is particularly
beneficial due to the fact that poor drug solubility commonly limits bioavailability, making
drug preparation a significant challenge.

Other functionality can also be exploited to enhance encapsulation levels to improve drug
solubility, however. For example, dendrimers with internal amide groups can interact with
drugs that possess orthogonal hydrogen bonding groups, as exemplified in a study by Duncan
etal.?, who demonstrated that conjugates of PAMAM dendrimers with Cisplatin, an anticancer
drug known for its non-specific toxicity and poor water solubility, exhibited increased
solubility in encapsulation, resulting in significant reductions in systemic toxicity. Similarly, a
study by Patel et al.” demonstrated that PAMAM dendrimers significantly improved the
solubility of poorly water-soluble drugs such as aceclofenac due to interactions between the
internal amine groups of the dendrimers and the drug molecules

Yiyun et al.'! documented an increase in the solubility of a poorly soluble non-steroidal anti-
inflammatory drug (ketoprofen) when encapsulated within PAMAM-NH, dendrimers via
several types of interaction, including hydrophobic and hydrogen bonding. Hydrophilic
terminal groups can thus be seen to provide solubility to dendrimers. However, care must be

taken when selecting the specific terminal group in use. Duncan et al.'”

, for example,
discovered that PAMAM dendrimers terminated with amines (NH2) exhibited good levels of
cytotoxicity with respect to three cancer cell lines based on compromised cell membranes,
damage attributed to the positively charged nature of the amine-terminated PAMAM dendrimer
which was directly linked to the generation number, concentration, and incubation time of the

dendrimer.® However, these researchers also showed that amine terminated dendrimers were

toxic, due to the fact that, in aqueous solution, a number of the terminal amines protonated at
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physiological pH, leading to aggregation by means of cooperative charge-charge interactions
with negatively charged cells. In contrast, ester-terminated dendrimers were found to be non-
toxic but insoluble in water; however, under physiological conditions, these systems undergo
rapid hydrolysis to give carboxylic acid terminated dendrimers, which are water soluble.!?
Another method, originally developed by Newkome et al.!* was also found to convert PAMAM
dendrimers terminated with esters into dendrimers terminated with hydroxyl groups, which are
neutral at physiological pH. The current research group thus used this method to generate a
number of neutral water soluble PAMAM dendrimers terminated with hydroxymethyl
aminomethane (TRIS) or ethanolamine, as appropriate.?

Based on this, one of the objectives for the work described within this segment of the thesis
was to examine the ways in which neutral PAMAM dendrimers can enhance drug solubility
through a combination of interactions, including hydrophobic, hydrogen bonding, ion pairing,

and amine-metal coordination functions.

3.2. Synthesis of PAMAM dendrimer

To determine the optimal dendrimer for encapsulation and release studies, the synthesis of
neutral OH terminated PAMAM dendrimers of different sizes was investigated. This synthesis
was achieved via a series of iterative reactions: Initially, a Michael addition reaction was
carried out to form an initial ester-terminated dendrimer; this was followed by an amination
reaction to produce amine-terminated dendrimers, and then the final step was the

functionalisation of the terminal esters into the required neutral OH groups.
3.2.1. Synthesis of half generation (G0.5) PAMAM dendrimers

To create half-generation dendrimers, two units of methyl acrylate (MA) were introduced for
each amine present in either the core ethylenediamine (EDA) or in the dendrimers terminated

with amine groups. All half generation dendrimers were thus synthesised by reacting the amine
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functional group or dendrimers with methyl acrylate in methanol. At the end of the reaction,
the solvent and excess reagents were removed using a rotary evaporator; as the reagents and
solvents are both volatile, no additional purification steps were necessary. Scheme 2 illustrates

the procedure, with a G0.5 1 dendrimer serving as an illustrative example.

0 o OMe
MeO
+ 0 MeOH {L
N \/U\OMe )
RT O/g %om
Me

Scheme 2: The synthesis of a half generation (G0.5) PAMAM dendrimer

Larger half generations were synthesised using the same method, though these typically
required increased reaction times. To monitor the progress of each reaction and to ensure its
completion, small amounts were examined using 'H NMR; '"H NMR spectroscopy was also
employed to verify the complete removal of all methyl acrylate, as this can detect any
remaining alkene signals within the range 4.5 to 6 ppm. All required PAMAM dendrimers were
thus obtained: these appeared as pale-yellow liquids for lower generations, progressing to
honey-coloured liquids that exhibited higher viscosity as the generations increased.

The mechanism of the Michael addition reaction is illustrated in Scheme 3. Methyl acrylate is
an o-f unsaturated carbonyl compound; thus, oxygen's high electronegativity and its
conjugation with the double bond leads to the formation of a d positive charge on the terminal
carbon. Consequently, the B carbon becomes electropositive, making it vulnerable to

nucleophilic attack by one of the amines of the electron donor-acceptor (EDA).
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Scheme 3: The Michael addition mechanism for the synthesis of half generation (GO0.5) 1
PAMAM dendrimers

3.2.2. Synthesis of complete generation PAMAM dendrimers

The second step, known as amination, was carried out as illustrated in Scheme 5. Higher
generation dendrimers with exponentially increasing numbers of terminal groups were then
generated by repeating the Michael addition and amination steps.

The synthesis of full generation PAMAM dendrimers involved the introduction of an excessive
amount of ethylenediamine (EDA) to the ester terminated PAMAM dendrimers. This reaction
took place in methanol at room temperature. To illustrate the procedure, the G1.0 synthesis is
offered as an example in Scheme 4, using the mechanism shown in Scheme 5. In this reaction,
the nucleophilic lone pair of nitrogens from the ethylenediamine (EDA) attacks the
electropositive carbonyl carbon, resulting in the formation of a tetrahedral intermediate. The
secondary amine then undergoes intramolecular deprotonation via a stable cyclic transition

state. Subsequently, the carbon double bond reforms and the tetrahedral intermediate releases
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the methoxy group, leading to the formation of a carbonyl and the liberation of the product,

H,N NH,

1

which deprotonates the ammonium cation to form a molecule of methanol.
NH O \p

o o OMe
MQO/H ;/ OZ\L /j/
NN HN—_ g, NN
o/g }OM" stirrr at RT for 5 days 0
Me HN H

G05
HZN G1 NHZ
Scheme 4: The synthesis of full generation PAMAM dendrimers
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Scheme 5: Amination mechanism for the synthesis of the full generation of dendrimers.

In order to obtain uniform dendrimers without inducing any unwanted reactions, a large
quantity of EDA was employed, equivalent to 20 EDA per terminal ester. This excess EDA
was required to prevent a number of undesirable sides reactions. as illustrated in Scheme 6.

The ethylene diamine core also provides a central anchor point for dendrimer growth and
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branching, enabling the controlled synthesis of PAMAM dendrimers with precise numbers of

generations and functional groups.
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Scheme 6: Potential structural defects resulting from various side reactions during the synthesis
of PAMAM dendrimers.

3.3. Purification of PAMAM dendrimers

Purifying half-generation dendrimers is relatively straightforward, involving rotary
evaporation and drying under vacuum. However, the purification of amine-terminated
PAMAM dendrimers poses a greater challenge. Although an excess of EDA is required, it is

essential that all traces are removed after synthesis. If this is not done, then a new GO0.5
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generation dendrimer will form in the next methyl acrylate (MA) step, generating a

polydisperse mixture, as seen in scheme 7.
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Scheme 7: The result of incomplete removal of EDA with unwanted products

In the synthesis process for the current work, the majority of excess EDA was removed through
rotary evaporation. Nevertheless, a small amount of ethylenediamine was still detected in the
"H NMR spectrum at 2.7 ppm, as seen in Figure 8. To completely remove the EDA, several
washes were thus carried out using a 9:1 azeotropic mixture of toluene and methanol, which
was again subsequently subjected to rotary evaporation. This washing process was repeated
until no further traces could be seen in the 'H NMR spectrum. Figure 8 shows the 'H NMR

spectra for the G1.0 dendrimer before and after this purification process.
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Figure 8: 'H NMR spectra comparison for the purification process for the G1 PAMAM
dendrimer: A. The spectrum captured prior to a toluene: methanol wash. B. A spectrum
obtained after multiple toluene: methanol washes.

An azeotropic solvent is required to complete this process due to the robust hydrogen bonds
that form between the dendrimer and ethylene diamine (EDA). Typically, methanol tends to
displace these hydrogen bonds, yet methanol evaporates faster than EDA, allowing EDA to
reattach to the hydrogen bonding sites. Incorporating toluene into the wash results in a higher
boiling azeotrope that can outcompete EDA for the H-bonding sites, which is important, as is
the EDA is not removed completely, it will react with MA in the next step and act as a fresh
starting point for a G 0.5 dendrimer, resulting in the formation of an undesired G 0.5 generation
dendrimer, as depicted in Scheme 7. Separating these two dendrimers then becomes extremely
challenging due to their similar structural and physical properties: even distinguishing them
using 'H and '*C NMR is difficult, creating a wide distribution of molecular weights in the

dendrimers.

53



3.4. Characterisation of PAMAM dendrimers

There are several ways to analyse PAMAM dendrimers and confirm their structures, though
the most effective methods include 'H and '*C NMR spectroscopy. Half-generation dendrimers
display a distinct methoxy peak attributable to the ester groups present at their outermost layer;
however, after conversion to the full-generation dendrimer, this methoxy peak is no longer
present in the NMR spectra, making this absence indicative of a successful synthesis. To
illustrate this, the G 0.5 1 dendrimer can be considered. The '"H NMR spectrum of the G 0.5 1
dendrimer has four distinct proton environments, as depicted in Figure 9. Among these
environments, there is a singlet peak observable at 3.69 ppm, which corresponds to the methoxy
protons, while two triplet peaks, located at 2.79 ppm and 2.43 ppm, indicate the presence of
the two groups of methylene protons within the dendrimer. The core protons (EDA) exhibit a

peak at 2.54 ppm.
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Figure 9: 'TH NMR for G 0.5 PAMAM dendrimer indicating no remaining methyl acrylate (MA)
in the alkene region.
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The '3C NMR spectra of the dendrimers revealed characteristic chemical shifts for different
generations of dendrimers. For example, the G 0.5 1 spectrum displayed a peak at 173.3 ppm,
indicating the presence of an ester carbonyl group, while the G1.0 2 spectrum showed a peak
at 174.3 ppm, indicating the presence of an amide carbonyl group. Higher generation
dendrimers also exhibited dual peaks in the carbonyl region, corresponding to carbonyl groups
in the exterior and interior environments of the dendrimer structure. The carbonyl region also
displayed peaks between 52.4 and 32.2 ppm across all PAMAM dendrimers, indicating the
presence of various proton environments.

Mass spectrometry is a valuable technique for analysing dendrimers and identifying any
structural defects. This is important, as PAMAM dendrimers can develop structural defects
during their synthesis, potentially leading to impurities. Such defects may arise from a retro-
Michael reaction, which leads to an asymmetrical structure due to missing arms, though dimer
formation and intramolecular cyclization in the amidation step can also contribute to defects.
These defects can easily be observed and identified using mass spectroscopy, however.
Electrospray ionization mass spectrometry (ESI-MS) proved to be the best technique to
examine smaller generations (G0.5 - G2.0) with molecular weights below 2,500 g mol-1. ESI-
MS generates multiple charging phenomena, leading to a greater number of charged molecules
in the mass spectra, however, complicating analysis for larger dendrimers. In these cases,
matrix-assisted laser desorption ionization (MALDI) was thus deemed best for larger
generation dendrimers (G2.5 to G4.5). Table 1 summarises the mass spectrometry data for all

dendrimers synthesised.
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Chemical Terminal
Dendrimer (G) M.W

formula Groups
G3.57 C270H480Ns3092 | 6011 32
G3.06 Ci142H28sNssO92 | 3256 16
G2.55 Ci126H224N26044 | 2804 16
G2.04 Ce2H128N26012 1429 8
G1.53 Cs4aHosN10020 1205 8
G1.02 C22HagN1004 516 4
G0.51 CisH32N20s 404 4

Table 1: Molecular weights and densities of terminal groups of different PAMAM dendrimer
generations.

IR spectroscopy allows for the identification of specific functional groups, offering a valuable
and simple technique that can be used to monitor the transformations from half-generation
dendrimers to full-generation dendrimers. The half-generation dendrimers exhibit both ester
C=0 stretching and amide stretching for G 1.5 3 dendrimers and above, while full-generation

dendrimers display only a single amide stretch. The IR data for all dendrimers is given in table2.

Dendrimer
Generation | G 0.5 Gl G1l.5 G2 G25 G3 G35
(©))

C=0

-1731 - 1731 - 1732 - 1732
(ester)

Cc=0
- 1639 1645 1637 1643 1635 1642
(amide)

Table 2: IR data for PAMAM dendrimers of all generations
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The two-step procedure with added purification steps was then used to synthesise a series of
half and full generation dendrimers, up to G4.0. The structure of these dendrimers is discussed

later in this work.

3.5. Synthesis of hydroxyl-terminated PAMAM
dendrimers.

To reduce the toxicity of charged PAMAM-NH2 dendrimers,” their amine end groups were
transformed into neutral hydroxyl groups. As part of this process, a DMSO solution containing
half generation PAMAM dendrimers was subjected to treatment with ethanolamine and
potassium carbonate. Although this process bears similarities to the EDA reaction, the specific
reaction conditions differed from those used in EDA substitution. Whie in the EDA reactions
the terminal amine had sufficient basicity to deprotonate the intermediate by means of a
favourable cyclic transition state, with ethanolamine, the terminal group is OH, which is not
basic enough. An external base was thus required, as shown in Scheme 8. To eliminate the
solid reagents, the crude product was filtered, yielding a thick yellow paste. The product was
then dissolved in a small quantity of distilled water and precipitated using acetone, a
purification process that was repeated several times to give pure neutral PAMAM-OH

dendrimers, offering good yield.
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Scheme 8: synthesis of hydroxyl-terminated PAMAM dendrimers by addition ethanolamine
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3.6. Characterisation of hydroxyl-terminated PAMAM
dendrimers

Similar spectroscopic techniques as employed to characterise the half and full generation
dendrimers were used to characterise the terminated PAMAM dendrimers. As previously, the
most informative method was found to be 'H NMR, in which the singlet corresponding to the
ester’s methoxy protons was no longer observed after reaction with ethanolamine, as shown in
Figure 10. Furthermore, a new triplet peak appeared at 3.62 ppm, corresponding to the terminal
methylene protons of ethanolamine. These methylene protons also exhibited higher chemical

shifts than other methylene groups due to their proximity to the electronegative and deshielding

oxygen.
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Figure 10: '"H NMR spectra showing one arm of G3.5-OH 11

The '3C NMR spectrum was expected to show a peak at a relatively high shift, corresponding
to the carbon connected to the terminal OH, and this was found to be the case. When comparing

the 1°C NMR spectrum of ester dendrimers with those of the corresponding neutral dendrimers,
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extra peaks around 60 ppm were thus observed, offering good evidence for the expected
terminal carbon environments (C-O).

The infrared (IR) spectra further supported the existence of hydroxyl groups at the periphery
of the dendrimers, with an obvious broad peak at around 3,300 cm-1. Additionally, an intense
peak was visible around 1,650 cm-1, which corresponds to the presence of amide carbonyl
groups. The C=O0 stretch for the initial ester materials was seen at around 1,730 cm-1.

Finally, the neutral dendrimers were analysed using mass spectrometry and the data is

summarised in Table 2.

Dendrimer (G) Chemical formula M.W Terminal Groups (OH ending)
G0.5-OH 8 C22H44N6Os 520 4
G1.5-OH 9 Ce2H120N18020 1438 8
G2.5-OH 10 C142H272N42044 3273 16
G3.5-OH 11 C302H576N90O92 6914 32

Table 2: presents the mass spectrometry results for all PAMAM-OH generations.
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Figure 11: Structure of different generations of neutral PAMAM dendrimers.

60



Chapter 4

4. Evaluating the drug delivery potential of the
hydroxyl terminated PAMAM dendrimers
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4.1. Partl: Encapsulation of Ibuprofen in hydroxyl
terminated PAMAM dendrimers.

The main objective of this project was to compare the potential of dendrimers and
hyperbranched polymers (HBPs) with respect to delivering drugs. In particular, it aimed to
investigate whether HBPs could effectively encapsulate and deliver drugs in a similar manner
to dendrimers. The initial experiments thus involved dendrimers and a series of drugs that were
both readily available and at least partially soluble in water. This facilitated initial assessment
of any improvements in solubility achieved by the dendrimer, allowing the development of
experiments to determine drug stability within the dendrimer and finally drug release from the
dendrimer. Previous research conducted by the Twyman group has indicated that hydrophobic
acidic guest molecules can be efficiently encapsulated within dendrimers due to the formation
of a simple acid base salt, which provides better interaction than simple hydrophobic effects
alone. Additionally, guests with hydrogen bonding groups also showed potential for improved
encapsulation. However, the most effective encapsulation occurred with guests possessing both
acidic and hydrogen bonding groups, with neutral hydrophobic guests exhibiting lower levels
of encapsulation.'®

For the current study, Ibuprofen was selected as the first test drug due to its significant
commercial availability and particular molecular structure (figurel2). Ibuprofen contains a
carboxylic acid group capable of forming salts or hydrogen bonds with dendrimers, as well as
being UV-active,'®! which facilitated the determination of its solution concentration via a
Beer-Lambert plot based on its delta absorbance peak at 273 nm. Due to Ibuprofen's limited
ability to dissolve in water, methanol was initially employed as the solvent for the Beer-
Lambert analysis, however. The calculated extinction coefficient was thus determined to be 95
dm® mol! em™.
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Figure 12: Ibuprofen structure

The first experiment carried out was simple though important, being designed to determine the
maximum solubility of Ibuprofen in water (buffer at pH 7.4, 0.01M). This concentration can
thus be used in a buffer, which is important, as dendrimers contain a lot of basic amines, and
the concentration of buffer must always be higher than the concentration of amine. For future
experiments, the dendrimer concentrations were thus the maximum dendrimer concentration
of 1E-4M and a maximum generation of 3.5, which contains 30 amines, equating to an amine
concentration of 0.003M (30 x 1E-4M).

This experiment also facilitated the development of the procedure for encapsulation to be
applied in all experiments involving dendrimer and HBP encapsulation. Ibuprofen was initially
dissolved in methanol, with the latter subsequently evaporated. After this, a precise volume of
phosphate buffer (pH 7.4, 0.01 M) was introduced into the solution, which was then subject to
filtration to remove any excess Ibuprofen. The highest achievable solubility of Ibuprofen
through this approach was determined to be 3.5x10 M. This intrinsic solubility, also referred
to as baseline solubility, was then subtracted from all subsequent measurements of dendrimer-

boosted solubility.
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Figure 13: UV spectra of the solubility of free Ibuprofen and a buffer solution of Ibuprofen and
PAMAM dendrimer (1x10* M).

The next step was to determine whether or not dendrimers could increase the solubility of
Ibuprofen in water (buffer) and by how much, as seen in figure 14. These experiments
examined a range of dendrimers (§OH, 160H, and 320H) to determine whether or not there
was a size dependent effect on encapsulation and solubility. The dendrimer encapsulation
process involved creating a dendrimer and drug complex using the coprecipitate technique,
achieved by means of the dissolution of Ibuprofen and dendrimer in methanol. Afterward, the
solvent was eliminated by means of a rotary evaporator, yielding a co-precipitate of PAMAM
dendrimer and ibuprofen. Following that, a phosphate buffer with a pH of 7.4 and a
concentration of 0.01M was introduced before the solutions underwent filtration to eliminate
any excess insoluble drug particles. Finally, UV-Vis spectroscopy was employed to assess the
concentration of in the resulting soluble complex, which allowed the concentration to be
determined using the Beer Lambert analysis. To account for any baseline noise, direct
absorption was not used; instead, A absorption values were measured within the wavelength
range of 265 to 270 nm. All encapsulation experiments were conducted at a dendrimer

concentration of 1.00 x 10* M with an excess amount of Ibuprofen.
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Figure 14: UV spectra for the absorption of Ibuprofen in buffer for different generations of
PAMAM dendrimer (1x10*mol/l).

The total concentration of Ibuprofen in solution was calculated by dividing the delta absorbance
by the extinction coefficient of Ibuprofen. The highest concentration of free Ibuprofen observed
in the buffer solution had been previously calculated as 1x10> Mol/L, allowing the
concentration of Ibuprofen encapsulated within each dendrimer to be determined by simply
deducting 1x10 Mol/L from the total amount of Ibuprofen in solution. The amount of
Ibuprofen encapsulated per mole (loading) was then determined by dividing the Ibuprofen

concentration by the dendrimer concentration.
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Total

D/G AABS € . conc of encapsulated ibuprofen Loading
ibuprofen

4
G1.5-OH | 0.14 94 0.001489362 0.000489362

18
G 2.5-OH | 0.27 94 0.00287234 0.00187234

0.002510638 20

G 3.5-OH | 0.29 94 0.003510638

Table 3: Ibuprofen concentration after encapsulation within different generations of hydroxyl

terminated PAMAM dendrimers.

The impact of dendrimer size generation on Ibuprofen solubility was evident from the data

obtained as shown in Table 3. Specifically, the G1.5 dendrimer, with just 8OH groups, could

only encapsulate four moles of Ibuprofen within its internal voids. In contrast, the G2.5

dendrimers, with 16 OH groups, was able to encapsulate significantly more, with eighteen

moles of Ibuprofen encapsulated within dendritic boxes. However, the concentration of

Ibuprofen encapsulated in the largest generation G3.5 dendrimers, with 32 OH groups, was

only marginally greater than that encapsulated by the G2.5-16 OH dendrimer: when utilising

the higher generation G3.5 dendrimers with 32 OH groups, only twenty moles of Ibuprofen

were accumulated per mole of dendrimer.
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Figure 4: Enhancement in Ibuprofen concentration after encapsulation with different
generations of PAMAM dendrimer.

Although there was a large increase in encapsulation between the G1.5-OH and G2.5-OH
dendrimers, there was no significant difference between the G2.5-OH dendrimers and G3.5-
OH dendrimers as shown in Figure 4. The smaller G1.5-OH dendrimer lacked a well-defined
globular structure and does not have a 3-dimensional flat-plate shaped structure. As such, it did
not generate or provide a significant number of hydrophobic pockets. On the other hand, the
(G3.5-OH and G2.5-OH dendrimers took on a globular spherical shape, offering a controlled
and well-defined "internal space" that offers a significant hydrophobic environment for the
drug. The resulting increase in solubility is significant and provides evidence of the dendrimer's
ability to encapsulate Ibuprofen within its hydrophobic cavities. While a larger increase in
loading was expected for the higher-generation G3.5-OH dendrimer, the actual increase in
loading of ibuprofen for G 3.5-OH dendrimer was only higher by two than that observed for
the G 2.5-OH dendrimer. This may be because, although the G3.5 OH dendrimer has a globular
well-defined structure, this is accompanied by an increased steric crowding, which generates a

reduction of the organised space within the interior and a decrease in binding.
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Although hydrophobic interactions probably dominate encapsulation, there are a number of
possible secondary interactions that may occur: for example, the acidic components of
Ibuprofen can form salts with the tertiary amines of the dendrimer. Furthermore, there are a
number of clear hydrogen bonding opportunities possible between Ibuprofen and the internal
amide/amine units within the dendrimers. Based on these findings, the G2.5-OH dendrimer
was found to be the most suitable generation for encapsulating hydrophobic molecules.

Following investigation into how the size of dendrimers affects their ability to encapsulate
substances, with the identification of the G 2.5-OH dendrimer as the optimum host, the next
step was to examine the connections between dendrimer concentration and the extent of drug
encapsulation. This set of experiments aimed to ascertain how varying concentrations of the
G2.5-OH PAMAM dendrimer (1.0E-3, 1.0E-4, 1.0E-5, and 1.0E-6 M), could influence the
loading of the drug molecule. In simple terms, it was expected that the level of encapsulation
should correlate linearly with the increase in dendrimer concentration such that as the amount
of dendrimer was doubled, a doubling of the encapsulation/loading of the Ibuprofen would also
occur. However, this proved to be not necessarily the case, requiring further investigation. Drug
dendrimer complexes of varying concentration were thus made up using the method described

above and the data shown in Table 5.

oane | ones | o | ripcte | ocstmemniaed oo
0.000001 | 0.0945 94 1.0 0.005 53
0.00001 0.106 94 1.12 0.12 12.7
0.0001 0.27 94 2.87 1.87 18.7
0.001 0.5 94 5.31 4.32 4.3

Table 5: Different Ibuprofen loadings for different concentrations of dendrimer.
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The resulting data clearly demonstrates that as the concentration of the dendrimer (G2.5-OH)
increases, the solubility of Ibuprofen also increases. However, the increase in Ibuprofen levels
does not correlate linearly with the dendrimer concentration, and, in particular, at dendrimer
concentrations beyond 1.0E-03 M, there is a noticeable and dramatic decrease in the
concentration of Ibuprofen. At concentrations of 1.0E0-6 M, 1.0E-05 M, and 1.0E-04 M, there
were 5, 12, and 18 equivalents of Ibuprofen encapsulated, respectively. However, only 4
equivalents of Ibuprofen were encapsulated at 1.0E-03 M. This clearly shows that the data does
not support the simplistic prediction that drug encapsulation should be linearly related to
dendrimer concentration. To refine the data and better determine the precise dendrimer
concentration at which Ibuprofen concentration deviates from the expected linear relationship,
a series of more finely tuned dendrimer concentrations between 1.0E-3 and 1.0E-4 M were thus

investigated. The results are presented in Table 6.

Dendrimer| A ABS Total lbuprofen /10- Conc of encapsulated .
conc |(273-276)| ¢ 3M Ibuprofen/10-3M Loading/D
1.00E-04 0.27 94 2.8 1.8 18.7
2.50E-04 0.32 94 3.4 2.4 24
5.00E-04 0.325 94 3.45 2.45 24.5
7.50E-04 0.33 94 3.51 2.51 25

Table 6: Solubility of Ibuprofen in G2.5 -OH dendrimer at concentrations ranging from 1.0E-3 and 1.0E-
4 M.

The initial Ibuprofen loading was 18 when the concentration of dendrimer was 1.0E-04M.
When the dendrimer concentration increased to 2.5E-04 M, the solubility was thus expected to
double to 36 moles per dendrimer. However, only a loading equivalent of 24 Ibuprofens was
observed. The deviation from expectations was also worse at higher dendrimer concentrations:
for example, when the dendrimer concentration reached 5.0E-04 M, only 18 moles were

successfully encapsulated. The data for all concentrations studied is shown in Figure 15.
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Figure 15: How increases in G2.50H dendrimer concentrations affect Ibuprofen solubility.

Examining the graph shows that the deviation from linearity occurs at a concentration around
2.5E-4 M of both Ibuprofen and dendrimer. It was thus hypothesised that the dendrimer may
aggregate at higher concentrations, where the hydrophobic arms of one dendrimer may interact
with the hydrophobic regions of other dendrimers. These interactions may then be reinforced
by hydrogen bonding between the arms/branches of neighbouring dendrimers. If this happened,
then the amount of free space within each dendrimer would be reduced, with the space taken
up by the arms of other dendrimers as they aggregated. Such an aggregation process would
necessarily impede the encapsulation of Ibuprofen. To investigate this, Dynamic light
scattering (DLS) was utilised to try and observe any large aggregated species, and to measure
their size if present. The experiments were carried out at dendrimer concentrations both below
and above the point where encapsulation of Ibuprofen began to deviate from the predicted
linear response, with DLS measurements taken from the G2.5 16 OH dendrimer at 1E-4 and
2.5E-4 M. The resulting DLS traces are shown in Figure 16.

The DLS data at the lower concentration showed the presence of small molecules with an
average diameter of just a few nanometres, consistent with the unimolecular size of a solvated

dendrimer. However, at the higher concentration, a broad polydisperse peak was observed, with
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an average diameter around 225 nanometres. This clearly supports the presence of large
aggregated species, offering good evidence that aggregation is the reason for reduced levels of

expected encapsulation at higher concentrations.
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Figure 16: DLS data for G2.5-OH showing (A) dendrimer at a concentration of 1.0E-04 M
(non-aggregated). (B) dendrimer at a concentration of 2.5E-04 M (aggregated).

4.1.1. Stability of Ibuprofen within aqueous dendrimer complexes.

The objective of the study was to investigate the stability of Ibuprofen in dendrimer solutions,
including observing any impact from dendrimer size on the stability of the Ibuprofen within
the dendrimer solution. All generations of dendrimers were prepared using the co-precipitate
technique described previously, then the prepared samples were kept at room temperature at a
pH of 7.4 in phosphate buffer for 10 days. Periodically, UV spectra were collected, and the
peak at 273 nm was analysed to determine the rate of any degradation. The data for each

dendrimer is shown in Tables 7.8,9 and the data for all dendrimers was subsequently plotted in

Figure 17.

G1.5-OH at 1X10“*M

Time/days AABS £ Drug/CONC M
D1 0.14 0.001489
94
D3 0.13 0.001383
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D5 0.11 0.00117

D7 0.1 0.001064

D9 0.08 0.000851

Table 7: Stability of Ibuprofen in G1.5-OH.

G2.5-OH at 1X10“*M

Days AABS € Drug/CONC M
D1 0.27 0.002872
D3 0.26 0.002766
D5 0.26 94 0.002766
D7 0.25 0.00266
D9 0.24 0.002553

Table 8: Stability of Ibuprofen in G2.5-OH.

G3.5-OH at 1X10*M

Days AABS € Drug/CONC M
D1 0.29 0.003085106
D3 0.27 0.00287234
D5 0.27 94 0.00287234
D7 0.25 0.002659574
D9 0.24 0.002553191

Table 9: Stability of Ibuprofen in G3.5-OH.

72




STABILITY TEST

0.0035
0.003
0.0025
0.002

@ 1.5-OH

0.0015 [ G2.5-0OH
............. G3.5-0OH

Drug conc (M)

ooox | e

Rate = -0.0003 M/day
0.0005

0 1 2 3 4 5 6
Time/Days

Figure 17: Stability of OH-PAMAM dendrimer-ibuprofen complexes over 10 days.
The results presented above indicate that all drugs exhibited reasonable stability, with G2.5-
OH being the drug was the most stable by around 90 %. The stability of Ibuprofen in G2.5-
OH can be attributed to the dendrimer’s optimised internal structure, which maximises binding
by facilitating a significant number of drug/dendrimer interactions, thereby enhancing stability,
through protecting the ibuprofen from the external aqueous solution (the degradation pathways

are possible, but hydrolysis is the most likely)
4.1.2. Ibuprofen release from G2.5-OH dendrimer.

The encapsulation of a drug can dramatically increase its solubility as well as protecting it from
acid in stomach, the body's immune system, and other plasma molecules. However, unless the
drug can then be released from the dendrimer, the result will be a poor therapeutic formulation.
The stability and encapsulation data for G2.5 PAMAM G2.5-OH confirmed it as the optimum
generation for maximum load and stability in initial testing. As a result, G2.5-OH pamam

dendrimer was selected for testing to evaluate the release profile for IBU.
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An ibuprofen/dendrimer complex of 1X10*M of dendrimer and 8X10? ibuprofen was

prepared using the methods described previously, and 6 mL of the resulting complex was then
placed into osmosis tubing with a molecular weight cut off of 1,000Da. This was then deposited
in a beaker containing 200 mL of pH 7.4 phosphate buffer. Samples were removed from the
dialysis bag and analysed using UV at time zero, and then periodically every 24 hours for 5
days, based on measuring the absorption of the ibuprofen Soret band at 272 nm. The resulting

data is presented in Table 10 and displayed graphically in Figure 18.

Time Aabs (273-276) COI;S E- Half life

0 0.8003 8.5

24 0.507 5.39

48 0.3219 3.42

34hr

72 0.2305 2.45

96 0.11 1.17
120 0 0

Dendrimer conc 1 x 10*M
IBU conc 8.5x1073

Table 10: Release of IBU from OH-PAMAM dendrimer over five days.

Release of IBU
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Figure 18: Release of IBU from OH-PAMAM dendrimer over five days
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The results clearly demonstrate that Ibuprofen can be released from PAMAM dendrimer,
supporting the potential applicability of these systems for drug delivery. Furthermore, the
overall release was relatively slow, indicating a reasonably good interaction between dendrimer
and the drug, potentially supporting the development of slow-release applications that could
provide relief from pain for longer durations, as well as typically requiring less frequent dosing.
This might be particularly beneficial for individuals who need pain relief throughout the day
or night who prefer not to take multiple doses. Furthermore, the slow release of the medication
can potentially lead to fewer spikes in drug concentration, which can help in reducing certain
side effects that may otherwise occur with rapid changes in drug levels.

The overall release profile demonstrated two distinct phases, based on the curved nature of the
release profile. The first phase is rapid, occurring from t=0 to t=50 hours. This is then followed
by a slower release phase. The experiment began with a saturated solution of Ibuprofen and a
fully loaded dendrimer, and thus the overall release occurred in three steps. The first was the
release of free Ibuprofen (non-encapsulated) from the saturated solution, which crosses the
osmosis membrane relatively rapidly. As this occurs, the concentration of free Ibuprofen in the
bulk solution is reduced, making space for more Ibuprofen. During the second step,
encapsulated Ibuprofen is thus released from the dendrimer to fill the vacated space in the bulk
solution, which is a relatively slower process. This slow release may occur through disruption
of the electrostatic and hydrogen bonding interactions that serve to entrap the drug molecules
within the dendrimer structure, though the PAMAM dendrimers could also decompose by
means of hydrolysis, resulting in drug release. Under physiological conditions, drug release
could thus be faster if the interactions became weaker more easily and/or the dendrimer
degradation occurred more quickly. The final step is the same as the first, with the newly

released Ibuprofen crossing the membrane relatively rapidly.

75



Overall, the release study was positive, supporting the potential application of dendrimers for

drug delivery.
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4.2. Part2: Encapsulation of therapeutic porphyrins in
hydroxyl terminated PAMAM dendrimers.

Photodynamic therapy is a treatment method that involves using a photosensitive compound
of photosensitiser that accumulates in pathological tissues, either locally or throughout the body,
before acting to absorb light at a specific wavelength, initiating activation processes that
combine with oxygen to selectively eliminate undesirable cells. While PDT can be effective in
treating various medical conditions, including certain types of cancer and skin conditions, it
does come with some potential risks and considerations, including a high potential impact on
healthy tissues.'’!

Cancer, as a set of diseases without a definitive cure, often requires patients to undergo painful
and life-altering treatments based on attempts to eradicate cancerous cells. Surgical removal,
chemotherapy, and radiation therapy are commonly employed to treat malignant tumours,'? 15
while another treatment option, targeted drug therapy, involves administering drugs directly to
a tumour to destroy cancer cells.'®? Combining this approach with phototherapy allows the
activation of a substance within the tumour, enabling effective cancer treatment. Synthesising
porphyrins with optical properties that respond to specific wavelengths of light, such as infrared
or near-infrared light, creates ideal candidates for allowing light therapy to penetrate the body;
as a corollary, however, patients treated this way must be kept out of the light more generally.
There is thus a need for a delivery system that can protect the body from harmful sensitizers
while facilitating targeting of the affected area.

Encapsulating porphyrins within nanoparticles can enhance their targeting capabilities
enabling them to accumulate within tumours. Furthermore, nanoparticle delivery systems can
improve their solubility through encapsulation, effectively dispersing the drug in aqueous

environments. Nanoparticle-based drug delivery systems can also protect these drugs from
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degradation, enhancing cellular uptake. Porphyrins are also suitable for applications in various
diagnostic techniques due to their strong interaction with light.**

Porphyrins are a class of tetrapyrrole compounds with planar porphyrin cores surrounded by
substituent groups'® They are both essential and abundant in living systems, facilitating
various processes, including photosynthesis.** The stable macrocyclic structure of porphyrins

4 and different derivatives can thus be obtained

allows for complexation with metal atoms.°
by substituting groups at specific positions in the pyrrolic molecules. Porphyrins have thus
been studied for over a century, based on significant scientific interest in their synthesis,
assembly, and applications.'%

One crucial factor for effective porphyrin-mediated photodynamic therapy is the solubility and
delivery of porphyrin derivatives.!° Porphyrins have a tendency to self-aggregate, forming
complex nanostructures.'”” Researchers have found that dendrimers G5 and G4.5, which have
128 surface binding sites, can act as templates to organise the assembly of porphyrins on their
periphery. This occurs primarily through electrostatic interactions with the surface amine or
carboxyl groups on the PAMAM dendrimers, though the process is influenced by the solution's
pH value and the specific functionalization of porphyrins.!? The self-assembled porphyrin
dendrimers are then large enough to accumulate in tumours, making them effective PDT agents.
Typically, porphyrins are produced by reacting pyrrole with a selected aldehyde in
stoichiometric proportions. The resulting compounds are UV-active, and their absorption as
seen in spectroscopy ranges from 400 to 600 nm, depending on how the porphyrin is
substituted.'®”

One of the aims for this part of the thesis is to determine whether or not metalated porphyrins
increase the effectiveness of encapsulation through coordination to the internal amino groups

of the dendrimer. Previous studies have examined the use of Tetraphenyl porphyrin (TPP), and

Zn - Tetraphenyl porphyrin(Zn-TPP); however, encapsulation efficiency was extremely low
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for both at less than one porphyrin per 10 dendrimers. This low loading was attributed to the
complete insolubility of TPP and Zn TPP during the coprecipitation/encapsulation process,
which suggests that the porphyrins possess some degree of methanol solubility.!!” To address
the challenge of insolubility, tetra hydroxyphenyl porphyrins (THPP and Zn THPP), which
feature hydroxyl groups intended to improve their solubility in methanol were recommended,

particularly tetrakis (3, 5-dihydroxyphenyl)-porphyrin (THPP).

4.2.1. Syntheses of Tetrakis (3, 5-dihydroxyphenyl)-porphyrin (THPP)

The synthesis of THPP 12 was a two-step process, as illustrated in Scheme 9. The reaction was
initially conducted for 45 minutes under reflux conditions in propionic acid by combining 3,5-
methoxybenzaldehyde and pyrrole. The solution was then allowed to cool to room temperature,
at which point a precipitate of tetrakis (3,5-dimethoxyphenyl)-porphyrin (TMPP) formed. This
was gathered using vacuum filtration and then washed with cold methanol until the filtrate was

colourless.

H
H;CO OCH; + N Propionoc Acid
\ /
refluxed 45 min
H

(0]

13
TMPP

BBr;

THPP
Scheme 9: Synthesis of Tetrakis (3, 5-dihydroxyphenyl)-porphyrin (THPP).
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The successful synthesis of TMPP 13 was established through various analytical techniques,
including the observation of distinct spectral features in the UV spectrum, such as the porphyrin
Soret band at 420 nm and the four Q-bands at 512nm, 545 nm, 580 nm, and 686 nm.
Additionally, the '"H NMR spectrum also revealed a large singlet, representing the methoxy
protons, at 3.98 ppm, alongside a peak for the porphyrin’s nitrogen protons at -2.9 ppm. Mass
spectrometric analysis similarly detected a molecular ion peak at 855.

THPP 12 was obtained after removal of the methyl groups from TMPP 13 by means of boron
tribromide. This was achieved by dissolving the methoxy porphyrin (TMPP) 13 in anhydrous
dichloromethane, with the boron tribromide then added in a dropwise manner. This experiment
took place at room temperature in a nitrogen atmosphere, complete with stirring for six hours
followed by termination with water. Subsequently, the reaction mixture was neutralised using
a sodium hydrogen carbonate solution, and the product was isolated using ethyl acetate. The
resulting product exhibited excellent solubility in methanol and dichloromethane while
remaining insoluble in water.

The successful synthesis of THPP 12 was confirmed through '"H NMR spectroscopy. This was
evidenced by the absence of the methoxy peak at 3.98 ppm, with an alternate peak appearing
at 8.96 ppm, corresponding to the hydrogen atom in the pyrrolic moiety of the porphyrin ring.
Furthermore, two peaks were observed at 7.06 ppm and 6.70 ppm, indicating the presence of
phenylic protons in the ortho and para positions, respectively, while a distinct signal was
detected at 9.72 ppm corresponding to the phenylic hydroxyl (OH) protons. Due to significant
shielding inside the porphyrin ring, the inner pyrrolic N-H protons were also observed to
resonate at -2.9 ppm.

A strong absorption at 419 nm, corresponding to the Soret band, was similarly observed in the

UV spectrum, while four Q bands were observed at 520 nm, 560 nm, 595 nm, and 655 nm. As
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shown in figure 19. Mass spectrometry analysis then revealed a peak at 743, and FT-IR analysis

revealed a broad peak at 3,420 cm™!, further supporting the presence of phenolic OH groups.
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Figure 19: The UV-vis spectrum of THPP in buffer.

4.2.2. Tetrakis (3, 5-dihydroxyphenyl)-porphyrin (THPP)
encapsulation within hydroxyl dendrimers
The first encapsulation experiment sought to investigate the encapsulation of non-metalated

THPP 12, a porphyrin that cannot coordinate to internal nitrogens; any encapsulation is thus
dominated by simple hydrophobic interactions, supported by the acid base ion pairs between
the acidic phenols of the porphyrin and the internal nitrogens within the dendrimer, as shown
in Figure 20. To evaluate the encapsulation process and calculate the increased concentration
of THPP 12, any changes in the porphyrin’s Soret peak at 418 nm within the UV spectrum
were examined, as shown in Figure 20.

Encapsulation efficiency was evaluated across PAMAM-OH, G1.5-OH, G2.5-OH, and G3.5-
OH. In all cases, the co-precipitation method was used with a dendrimer concentration of 1.0E-
04 M L. The concentration of encapsulated THPP 12 was then determined from the extinction

coefficient (9980 dm? mol™! cm™), obtained using a Beer-Lambert plot to find the difference
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in abs between 419 and 424. Figure 20 shows the UV-vis spectra of THPP 12 encapsulated

within the various dendrimers.

Parameter € Solubility in buffer

THPP 9980 5X107

Characterisation of THPP

—G1.5-OH
0.3 G2.5-OH
G3.5-OH
0.25
Thpp in buffer

o
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=
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Figure 20: UV absorbance data before and after THPPis encapsulated in different generations
of hydroxyl PAMAM dendrimer.

The encapsulated porphyrin spectra exhibit a minor shift towards longer wavelengths.

Encapsulate .
D/G AABS (424-427) Total [THPP 12] d[THpp12] | Loadine/Den
E-04 M drimer
E-04 M
G1.5-OH 0.013 0.428 0.477 0.477
G 2.5-OH 0.035 1.30 1.29 1.29
G 3.5-OH 0.039 1.45 1.44 1.44

Maximum free THPP concentration in buffer = 5X107 M

Table 11: Encapsulation of tetrakis (3,5-dihydroxyphenyl)-porphyrin (THPP) within
PAMAM-OH. Ext. Coefficient of 9,980 dm3 mol-1 cm-1 AABS.
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Figure 21: Average concentration increase of THPP within different PAMAM dendrimer
generations.

It became evident that the size of the dendrimer influences the solubility of THPP 12, at least
up to a point. As shown un Table 11, the G1.5-OH containing eight OH groups was found to
incorporate 0.4 M of THPP 12 into the hydrophobic cavity of the dendrimers, while 1.4 M of
THPP 12 was encapsulated in G2.5-OH, with the sixteen OH groups . However, only 1.5 M of
THPP12 was encapsulated within the dendrimer for the G3.5-OH molecule with 32 OH groups.
The smaller G1.5 OH dendrimers' minimal loading could be attributed to its disorganised and
open structure. The concentration of encapsulated THPP, though higher for both the G2.5-OH
and G3.5-OH dendrimers, showed no significant difference between these two dendrimers. As
with Ibuprofen encapsulation, this could be attributed to their more densely packed structures.
As well as an increase in absorption, the UV spectra also illustrated a solvatochromic shift. The
Soret band of THPP 12 in buffer was 418.5 nm, but this shifted to 424 nm for all dendrimer
generations after encapsulation. This suggests that the binding environment within the
dendrimers was distinct from that of water, and that the change in shift results from alternative

interactions between THPP 12 and the dendrimer. One obvious cause could be an acid/base
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interaction between the dendrimer’s internal tertiary amines and the phenolic OH groups,
which would generate a phenolate anion that could then be stabilised via resonance. If this
occurs, the conjugated energy levels of THPP 12 are perturbed in a different manner to the
aqueously solvated porphyrin 12, resulting in a change to the absorption characteristics of
THPP 12.

As well as changing the UV properties of THPP and confirming encapsulation, the acid/base
interactions also strengthened the overall binding between the dendrimer and the porphyrin.
While the levels of loading were low compared to Ibuprofen, the increase in solubility relative
to the free amount of THPP 12, was significantly greater. For Ibuprofen, the dendrimer doubled
the amount in solution, while the amount of THPP 12 in solution was nearly 300 times greater.
Although a large increase in the solubility of THPP, the amount loaded was still relatively low.
To try and improve loading, we proposed the use of metalated porphyrin, that could provide

additional interaction by coordination to the internal amines of the dendrimer.

4.2.3. Synthesis and characterisation of zinc metalated porphyrin
(ZnTHPP 14).
After examining the hydrophobic and electrostatic/acid-base interactions emerging from the
encapsulation of THPP 12 within hydrophobic dendrimer cavities, attempts were made to
maximise encapsulation by utilising metal coordination. Consequently, THPP 12 was
metalated by the addition of zinc acetate in dichloromethane and methanol to give Zn-THPP
14; this produced a good yield (Scheme 10). The reaction was conducted at ambient
temperature for 45 minutes, after which "TH NMR demonstrated complete metallization of the
porphyrin macrocycle cavity, as indicated by a lack of a peak at 2.9 ppm in the internal NH,
indicating that the macrocycle vacancy was filled by the zinc. Mass spectrometry then

confirmed the insertion of zinc, based on the detection of a molecular ion peak at 806 (MH+).
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Zn(CH3CO02)2

DCM/MeOH

12 14

Scheme 10: Synthesis of Zinc Tetrakis (3, 5-dihydroxyphenyl)-porphyrin (ZnTHPP 14).
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Figure 22: UV-visible spectra of Zn-THPP and THPP dissolved in methanol.
The UV-vis spectrum revealed distinct differences between the bands for free-base and
metalated porphyrins. The Zn-THPP 14 Soret band appears at 423 nm, whereas the Soret band
for free-base THPP 12 is at 418 nm, ( figure 22) potentially due to the coordination complex
between the buffer and the zinc metal ions, which can affect the electronic structure of both,
resulting in shifts in the UV absorption spectra as compared to the spectra of the individual

unchanged components.
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Additionally, only two Q bands are observed, at 556 and 593 nm, for the metalated porphyrin

14, as opposed to the four peaks visible in free base porphyrin.
4.2.4. Zn-THPP 14 coordination with PAMAM dendrimers

Before encapsulation, the delta extinction coefficient for Zn-THPP 14 was determined by
means of Beer Lambert analysis in methanol to be 5,854 dm?® mol! cm™. This was obtained
using the difference in absorption between 424 nm and 427 nm.

Using this information, a maximum concentration of 2x10°® M for the Zn-THPP 14 in
phosphate buffer alone (no dendrimer) was calculated. Zn-THPP is more soluble than simple
THPP, probably due to the presence of zinc that can provide coordination bonds with various
solvent molecules, additional interactions that help solubilize the compound in solution. Zn-
THPP 14 was then encapsulated using the same co-precipitation technique used for THPP 12.
To calculate the encapsulated concentration of Zn THPP 14 in the dendrimers, the peak at 423

nm in the UV spectra was monitored, as shown in Figure 23.

Parameter € solubility in buffer

Zn-THPP 5854 2X106

The Characterisation of Zn-THPP
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Figure 23: UV-vis spectroscopy displaying Zn-THPP absorbance prior to and following
encapsulation.

D/G AABS . Total EEZ_B;;FHMPP 14] Encapsula':&[i;;-THPP 14] Loadirrfé(rjendri
Géi_?' 0.012 58(::’4' 0.758 0.738 0.738
6 02:" 0.028 58(::’4' 1.77 1.75 175
G;HS— 0.(231 58654. 1.98F 1.96 1.96

Dendrimer concentration is 1x10-4

Maximum free ZN-THPP concentration in buffer = 2X10-6 M

Table 12: Encapsulation of Zn-THPP in different generations of PAMAM dendrimer.
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Figure 24: The average concentration of Zn-THPP thus tended to rise as the PAMAM
dendrimer generations increase.

The porphyrin-sorted band of Zn-THPP encapsulated in all dendrimers shifted from 423 nm to
430 nm. As the Figure 23 illustrates, in G1.5-OH, two peaks occur, with, one at 423 nm and
one at a higher value, indicating that some free porphyrin is mixed with the bound porphyrin.
This occurs as the encapsulation is very weak. However, while some free porphyrin may occur
in the G2.5-OH and 3.5-OH, as the encapsulation is much stronger, only one peak, at 430 nm,
can be seen. In comparison to the deprotonation and weak ion pairing observed for THPP 12,
this change reflects the strong coordination between Zn-THPP 14 and the nitrogen within each
dendrimer, which further perturbs the delocalised aromatic structure and energy. This
coordination also generates increased solubility of Zn-THPP 14 relative to THPP 12.

As seen previously, solubility/encapsulation is dependent upon the size of the dendrimer. As
shown in Table 12, the larger the dendrimer generation, the greater the level of Zn-THPP
binding. Both the G2.5-OH and G3.5-OH dendrimers bound slightly more of the metalated
porphyrin than the free base porphyrin, to the extent of about 25% in both cases. Interestingly,
the G1.5-OH encapsulated nearly 50% more of the metalated porphyrin than it did the free base

porphyrin, despite the G1.5-OH dendrimer having a more open structure and only four
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accessible tertiary nitrogen’s available for coordination. While this was not anticipated, it may
be due to the relatively low starting point for the concentration free base porphyrin buffer.
Overall, the insertion of zinc resulted in a measurable and large increase in solubility relative
to solubility in water alone.

Although increases in solubilities were high for all porphyrins, the loadings were relatively low,
with a maximum of nearly two Zn-THPP 14 per dendrimer, seen in the biggest dendrimer tested.
In this respect, the results differed from those observed for Ibuprofen, which showed minimal
increases in encapsulation and solubility, despite much larger loadings. The reason for this is
the very different solubilities of porphyrin and Ibuprofen in water/buffer alone. While
Ibuprofen is inherently reasonably soluble, making it harder to increase soluble concentrations
even with large loadings, porphyrins are natively almost insoluble in water/buffer alone, such

that even low loadings can result in large increases in soluble concentrations.

4.2.5. Stability of ZN-THPP 14 in the dendrimer complexes

The objective of this section of the study was to investigate and confirm the impact of
dendrimer size on the stability of Zn-THPP. Porphyrins are photosensitive and can react with
light, acting as photosensitisers for PDT. Based on this, the stability experiments were
conducted in both the presence and absence of light. All generations of dendrimers were
prepared using the co-precipitate technique, and samples were placed in either amber-coloured
or glass vials to create dark and light conditions, respectively. These vials were then stored at
room temperature in a pH 7.4 phosphate buffer (0.01M) for 10 days, having previously
undergone immediate analysis. Periodic assessments were done every three days to observe
any signs of precipitation, turbidity, change in consistency, or drug loss: the degradation rate
of the drug was indirectly calculated by monitoring the rate of decrease in its concentration.
Over the course of 10 days, a total of five data points for the drug in light, asnd dark condition
were examined using UV-vis spectroscopy: essentially, UV spectra were collected and the peak
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at 430 nm analysed to determine the rate of any degradation. The plots abs vs time for each

dendrimer are shown in Figures 24,25

DARK
DAYS G1.5-OH G2.5-OH G3.5-OH
D1 8.21576E-05 | 1.77E-04 1.96E-04
D3 7.58378E-05 | 1.71E-04 1.90E-04
D5 5.68784E-05 | 1.64E-04 1.83E-04
D7 4.42387E-05 | 1.52E-04 1.71E-04
D9 3.15991E-05 | 1.52E-04 1.64E-04

Table 13: Stability of Zn-THPP in different generations of PAMAM dendrimer in dark storage
conditions.
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Figure 24: Stability of ZN-THPP in OH-PAMAM dendrimer in dark storage conditions for 10
days.

LIGHT
DAYS GlE_SC;;)H G2.5-OH E-04 G3.5-OH E-04
D1 0.82 1.77 1.96
D3 0.695 1.64 1.83
D5 0.515 1.52 1.71
D7 0.375 1.52 1.58
D9 0.255 1.33 1.52

Table 14: Stability of Zn-THPP in different generations of PAMAM dendrimer in light
storage conditions: all data reported at concentrations of 10-4 M.
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Figure 25: Stability of ZN-THPP in OH-PAMAM dendrimer in light storage conditions for

10 days.

The results presented above indicate that the Zn-THPP 14 exhibit a certain degree of stability

in all dendrimers, though ZN-THPP showed better stability in G2.5-OH , by around 90%. The

stability of the ZN-THPP in G2.5-OH, can be attributed to the dendrimer’s optimised internal

structure; this maximises binding by facilitating a significant number of drug/dendrimer

interactions, thereby enhancing stability.

Rate of degradation in Dark E-06

Rate of degradation in Light E-06

DENDRIMER-Zn-THPP M/day M/day
Zn-THPP IN G1.5-OH 7.2 7.6
Zn-THPP IN G2.5-OH 3.81 4.53
Zn-THPP IN G3.5-OH 4.51 4.92

Table: Rate of degradation of Zn-THPP from the dendrimer in dark and light conditions.

The results showed that stability was better after dark storage than in light storage, with all

generations demonstrating better stability in the dark. The reason for this is porphyrins undergo
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photodegradation, in which exposure to light leads to the destruction of the porphyrin structure
and properties. Photodegradation is triggered when the energy from light activates porphyrin,
triggering chemical reactions that lead to the formation of reactive species that can break down
more easily; however, porphyrins can also be sensitive to photooxidation, where exposure to
light causes oxygen molecules to react with the porphyrin to form free radicals. These free
radicals can then further initiate additional chain reactions, resulting in damage to the porphyrin

structure.’*
4.2.6. Zn-THPP 14 release from G2.5-OH dendrimer.

As previously, PAMAM G2.5-OH was selected as the optimum generation for maximum drug

loading and stability, facilitating study of the release of An-THPP. The Zn-THPP/dendrimer

complex was prepared with 1X10*M of dendrimer and 8X10™* of Zn-THPP, then 6 mL of the

complex was placed into osmosis tubing with a molecular weight cut-off of 1,000. This was
then deposited in a beaker containing 200 mL of pH 7.4 phosphate buffer, and samples were
removed from the dialysis bag and analysed using UV at t=0 and then periodically every 24
hours for five days by means of measuring absorption of the Zn-Thpp Soret band at 429 nm.

The resulting data is presented in Table 15 and displayed graphically in Figure 26.

Time(hr) Aabs (430-433) CONC E-04 Release rate/day
0 0.24 7.79
24 0.072 2.34
48 0.0123 0.4 0.25
72 0.0032 0.1
96 0 0
Dendrimer Conc 1X10*M
Zn-THPP Conc 7.8x10*

Table 15: Release of Zn-THPP from OH-PAMAM dendrimer over five days.
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Figure 26: Release of Zn-THPP from OH-PAMAM dendrimer over five days.

The results clearly demonstrate that Zn-THPP 14 can be released from the PAMAM dendrimer.
Furthermore, this release is slow, overall, which is positive in terms of potential PDT treatment,
as slow release will enable the Zn-THPP complex to circulate around the body multiple times,
creating a build-up within tumours without releasing the harmful Zn-THPP photosensitizer
throughout the body. This could reduce the harmful side effects often associated with PDT.
This slow release may be driven by disruption of the coordination and the electrostatic and
hydrogen bonding interactions that serve to entrap the drug molecules within the dendrimer
structure. It is, however, also possible that the PAMAM dendrimers can hydrolyse slowly under
the conditions tested, with hydrolysis occurring much more rapidly under physiological
conditions, led by biochemical enzymatic degradation.'!! Further tests are, however, required
to establish whether this is in fact the case.

The overall release profile occurs over two distinct phases, as demonstrated by the curved
nature of the release profile (Figure 26). The first phase is rapid, occurring from t=0 to t=24
hours. This is then followed by a period of slower release. The experiment begins with a
saturated solution of Zn-THPP and a fully “loaded” dendrimer, and the overall release thus

occurs in three steps, however. The first step is the release of free Zn-THPP (non-encapsulated)
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from the saturated solution, which crosses the osmosis membrane relatively rapidly. When this
occurs, the concentration of “free” Zn-THPP in the bulk solution is reduced, creating space for
more Zn-THPP. During the second step, the encapsulated Zn-THPP is thus released from the
dendrimer to fill the vacated space in the bulk solution, which is a relatively slower process.
This slow release is triggered by disruption of the electrostatic and hydrogen bonding
interactions that serve to entrap the drug molecules within the dendrimer structure. It is also
possible that the PAMAM dendrimers could decompose through hydrolysis, resulting in drug
release. Under physiological conditions, drug release may thus be faster where interactions are
weaker and dendrimer degradation occurs more quickly. The final step is the same as the first,
as the newly released Zn-THPP crosses the membrane relatively rapidly.

Overall, the study of drug release was positive, supporting the potential application of

dendrimers for drug delivery.
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4.3. Part3: Encapsulation of anticancer drug F37 in hydroxyl
terminated PAMAM dendrimers.

Previous investigation and comparison of the encapsulation capacities of various polymers

were done using Ibuprofen. Building upon these findings, the objective in this part of the

current work was to explore similar effects in an anticancer drug with a more intricate structure.

To facilitate this research, Professor Chen's group graciously supplied a quantity of an anti-

cancer drug known as F73, whose structure is shown in Figure 27.

L

Figure 27: Structure of tert-butyl N-(1-[[(5,6-dimethyl-1H-1,3-benzodiazol-
2yl)methyl]carbamoyl]-3-(methylsulfanyl)propyl)carbamate (£73).

The full name for F73 is tert-butyl N-(1-[[(5,6-dimethyl-1H-1,3-benzodiazol-2-
yl)methyl]carbamoyl]-3-(methylsulfanyl)propyl)carbamate. As the name suggests, F73
consists of three main parts: a t-Butyloxy carbonyl group on the left, which serves as an amino
protecting group; a central methionine component; and a dimethyl benzimidazole ethylamine
group, all of which are connected by peptide bonds. Although F73 was developed as a
treatment for dementia, it was poorly active in many ranges. However, in tests against cancer
cells, it showed good activity alongside IC50 in the nm range. Its mode of action is as a
methionine synthase (MetS) inhibitor. This enzyme plays a vital role in the metabolic
conversion of S5-methyltetrahydrofolate (MeTHF), thus restoring the active state of
tetrahydrofolate. Inhibiting MetS therefore interferes with DNA and RNA synthesis, justifying

the use of F73 in cancer therapy.
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F73, as with many other anticancer medications, is relatively hydrophobic, and the challenge
with all hydrophobic drugs is how to effectively deliver these to cancer cells. To address this
issue, the use of both dendrimers and HBPs to encapsulate hydrophobic F73 were assessed.
Another reason for selecting F73 was the availability of testing for the activity of the drug
delivery system using various cancer cell lines. This allowed a full and complete comparison
of the encapsulation, release, delivery, and other activity of the dendrimer and HBP systems,
allowing full consideration of the main question of this thesis “are HBPs as good as dendrimers

with respect to drug delivery

4.3.1. Encapsulation of anticancer drugs in neutral PAMAM-OH
dendrimers
As with Ibuprofen, the initial objective was to determine the maximum amount of drug that
could be encapsulated within the various polymer-based systems. In contrast to Ibuprofen,
which is readily available, F73 is a scarce and expensive compound, making directly adding
an excess of F73 during encapsulation not feasible. To overcome this obstacle, the method for
drug encapsulation was modified to initial encapsulation with a 1:1 molar ratio of drug to
polymer, based on the predetermined polymer quantity. Subsequently, the drug amount was
increased to twice that in the previous group at each step. This process continued until solid
formations in the solution indicated that the polymer could no longer accommodate additional

levels of the drug, an incremental approach that ensured prevented waste of F73.
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Figure 28: The absorbance of F73 in a phosphate buffer.

Maximum
Drug € solubility in buffer
F73 5880 0.00035

To further evaluate the effectiveness of the encapsulation technique utilising neutral hydroxyl
PAMAM dendrimers, several different generations of those dendrimers, namely G1.5-80OH,
(G2.5-160H, and G3.5-320H were examined. The encapsulation process for each involved
using PAMAM dendrimers at a concentration of 1x10 M to encapsulate excess volumes of

anticancer drug F73.
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DIG {Total F73} M [Encapsulated Loading/dendri
E-04 F37] M E-04 mer
G1.5-OH 5.4 2.7 2.7
G 2.5-OH 8.5 5 5.0
G 3.5-OH 6 29 29

Dendrimer conc 1X10-4 M

Maximum free F73 concentration in buffer = 3.5E-04 M

Table 16: Encapsulation of F73 in different generation of hydroxyl PAMAM dendrimers.

The data is similar to that obtained for Ibuprofen: notably, both G1.5-OH and G2.5-OH
exhibited higher F73 loading than the larger G3.5-OH dendrimer, which may be attributed to
the larger cavities present in high-generation polymers (G2.5 to G3.5) that allow for increased
drug loading. However, G3.5 steric crowding eventually reduces the amount of internal space
and resulting level of encapsulation possible, while the increase in encapsulation of F37 seen
between G1.5 and G2.5 was not good as that observed for Ibuprofen: encapsulation of
Ibuprofen increased by 14-fold between G1.5 and G2.5, while the equivalent figure was only
2.5-fold for F73 ( as shown in Table 16). This difference is most likely a consequence of the
higher molecular weight of F73, a supposition supported by the larger drop off in F73
encapsulation between G2.5 and G3.5 as compared to Ibuprofen. Other factors, such as levels
of hydrophobicity and number/strength of secondary interactions, may also limit encapsulation

levels, however.

4.3.2. Stability Study for F73-Polymer Complexes in PAMAM dendrimer
Following examination of F73 encapsulation, the drug stability in the polymer was evaluated
in a similar manner to that previously described for Ibuprofen. The primary method of doing

this was to extract a small portion of the top layer from the encapsulated solution each day to
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measure its absorbance, which also facilitated monitoring of the drug concentration to assess

any decreases over time.

DAYS G1.5-OH E-04 G2.5-OH E-04 G3.5-OH E-04
1 2.70 5 3
3 2.50 5 2.80
5 1.90 4.8 2.70
7 1.70 4.7 2.50
9 1.40 4.6 2.40

Table 17: Stability of F73 in OH-PAMAM dendrimer for 10 days.
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Figure 29: Stability of F73 in OH-PAMAM dendrimer for 10 days.

The figure 29 shows that, for most systems, the level of encapsulation does not drop over time.
However, a notable reduction in F73 concentration/absorption for the G1.5-OH dendrimer,
cementing a trend that suggests that higher-generation dendrimer-drug complexes tend to
provide better stability for the drug; this could be attributed to the larger and more intricate
structures present in these higher-generation dendrimers, while

G1.5 possesses a flatter structure, which reduces the hydrophobic environment, making it

more susceptible to hydrolysis.
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4.3.3. F73 release from G2.5-OH dendrimer.

PAMAM G2.5-OH as the optimum generation for maximum load and stability. As a result,

we chose to investigate the release of F73 from this dendrimer. The F73/dendrimer complex
was prepared using 1X10*M of dendrimer and 1.9X10* of F73; 6 mL of the complex was then

placed into osmosis tubing with a molecular weight cutoff of 1,000. This was then deposited
in a beaker containing 200 mL of pH 7.4 phosphate buffer. Samples were removed from the
dialysis bag and analysed using UV at t=0, then periodically every 24 hours for five days based
on the absorption of the F73 Soret band at 282 nm. The resulting data is presented in Table 18

and displayed graphically in Figure 30.

. CONC )
Time(hr) abs E-04M Half Life
0 1.11 1.89
24 0.7 1.19
20hrs
48 0.33 0.56
72 0 0
Dendrimer conc 1X10“M
F73 conc 1.9x10*

Table 18. Release of F73 from OH-PAMAM dendrimer over 5 days.

100



Release test of F73
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1.80E-04
1.60E-04
1.40E-04
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4.00E-05
2.00E-05
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Time/hr

Figure 30. Release of F73 from OH-PAMAM dendrimer over 5 days.

The results clearly demonstrate that F73 is released from the PAMAM dendrimer rapidly, as
confirmed by the linear graph; the decrease in the concentration of the drug was also constant,
suggesting that the F73 is released from the dendrimer and into the bulk solvent as soon as the
F73 that is free in solution crosses the membrane. This means that the F73 release from the
dendrimer is much more rapid than rate of F73 transport across the membrane. This rapid
release from the dendrimer suggests that any F73 dendrimer interactions must be relatively
weak relative to those of Ibuprofen and Zn-THPP, making it clear that, while the dendrimer

can enhance the solubility of F73, it may not be a useful or effective drug carrier for F73.
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4.4. Discussion:

Three PAMAM dendrimers functionalised with hydroxyl groups were synthesised and
examined for their capacity to encapsulate different hydrophobic drugs at concentrations of
1.0E-04 M. Among these dendrimers, the G2.5-OH exhibited the most favourable generation
size for drug molecule encapsulation. To explore the impact of dendrimer concentration on
drug encapsulation, an encapsulation study was then conducted using this optimal G 2.5-OH
dendrimer. It was initially expected that the level of encapsulation would be linearly related to
the concentration of dendrimer; however, this proved to not be the case, and a deviation from
linearity was observed at higher concentrations of dendrimer. This was postulated to be due to
aggregation, where the arms of one dendrimer H-bond to the arms of another, limiting the
amount of free space and the number of available dendrimer-drug interactions within the
dendrimer’s interior. This was confirmed by dynamic light scattering (DLS), which indicated
the presence of large aggregated species, with a hydrodynamic radius of 250 nm, at a dendrimer
concentration of 2.5X10-4 M. Subsequent stability studies on the resulting drug-dendrimer
complexes revealed that the G2.5-OH PAMAM dendrimer was able to stabilise the drug
complex 90% better than the G 1.5-OH and G 3.5-OH dendrimers, as this dendrimer has an
optimised internal structure that can maximise binding through increasing the number of
drug/dendrimer interactions, which also helps explain the encapsulation ability of the G 2.5-
OH dendrimer.

A release study was also done that showed slow release for both Ibuprofen, and Zn-THPP, as
confirmed by the curved line seen on the relevant graphs, and the decrease in the concentration
of the drugs not being constant. On the other hand, for F73, the release was rapid, as confirmed

by the linear graph, while the decrease in the concentration of the drug was constant.
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Chapter 5

S.Synthesis and characterisation of aromatic
hyperbranched polymers
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5.1. Overview

Researchers have become increasingly interested in hyperbranched polymers as drug delivery
systems due to their structural similarity to dendrimers.” !'? Hyperbranched polymers have a
notable advantage over dendrimers in terms of their synthesis, however, as this can be achieved
in a single step.!'> As with dendrimers, the structural properties of hyperbranched polymers
make them ideally suited for drug delivery: they possess a relatively well-controlled internal
structure that can be generated to include a number of functional groups that can be used to
interact and encapsulate drug species.'!® In addition, they have a large number of terminal
groups that may be used to attach a large number of targeted ligands.’

Extensive research has thus been conducted on hyperbranched polymers, including initial
comparisons with dendrimers.!!* Based on these, it has been suggested that HBPs may be able
to offer similar levels of drug delivery efficacy as dendrimers at significantly less effort and
cost in terms of synthesis and purification.''> A number of comparison studies have thus been
conducted;'!'> however, none of this work has been carried out using a like-for-like comparison
with respect to the specific HBP and dendrimers studied. This is an issue, as the repeat unit’s
functionality and connectivity play significant roles in terms of encapsulation ability. In the
previous study, a PAMAM dendrimer was compared with a hyperbranched polyglycerol; that
work determined that the PAMAM dendrimer was significantly better at encapsulation.!!'
However, while the PAMAM dendrimer was built up from a repeat unit possessing amide and
amine units, which could interact with the drug studied ( Ibuprofen) by means of both H-
bonding and simple acid/base interactions, the hyperbranched polyglycerol does not possess
any functionality to help it interact with the drug. As such, it is unsurprising that the PAMAM
dendrimer outperformed the HBP!!6,

In the current work, an AR-HBPAMAM-OH has thus been selected for comparison due to the

presence of aromatic rings in its structure that may confer increased thermal and chemical

104



resistance. This characteristic makes this HBPAMAMSs ideal for applications requiring
materials that can withstand harsh conditions, while AR-HBP’s unique properties make it
attractive for various additional purposes. In terms of drug delivery, these Ar-HBPAMAM-OH
can be functionalised with different groups to carry therapeutic agents to specific targets in the
body, providing a controlled and sustained release of drugs.!!” Additionally, Ar-HBPAMAM-
OH biocompatibility MAY allows for safe general use, while modifying the surface with
targeting moieties can allow it to be directed to specific cells or tissues, increasing drug delivery
precision. The functionalisation of aromatic HB-PAMAMSs, which allows for controlled drug
release, makes them promising candidates in terms of both general pharmaceuticals and
targeted medical treatments; based on this, drug delivery systems can be tailored to release
medications at specific rates and in targeted locations, enhancing treatment effectiveness and
reducing side effects.!!®

The main aim of this study was to synthesise a hyperbranched polymer with the same
functionality and connectivity as an OH-terminated PAMAM dendrimer in order to make a
fairer comparison between HBPs and dendrimers in order to definitively answer the question
“are dendrimers better drug delivery systems than HBPs?”” This required the identification and
synthesis of an HBP with similar structure and connectivity to an OH terminated PAMAM
dendrimer. The target hyperbranched polymer and its proposed synthesis were thus developed

as shown in Scheme 11 below.
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Scheme 11: Proposed Synthesis of Ar-HBPAMAM-OH.

To create the intended monomer, the process began with 4-aminomethyl benzoic acid. A step-

by-step series of reactions involving Michael addition and amination was then undertaken.
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5.2. Synthesis of Ar-HBPAMAM-OH (intermediate 3 and
Monomer 1)

o

(o) OMe o NH\/_NHZ
NH, \)J\
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OMe MeOH,room tem W
Vg@foom tem HO/\ < > \W/ e
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2 3 1

Scheme 12: Synthesis of monomer 1 via intermediate 3.

In order to synthesis the PAMAM hyperbranched polymer, a suitable monomer had to be
identified. In this case, the aromatic amino acid 1, which possesses two amines, and a single
carboxylic acid was selected (the AB2 monomer).

To produce AB2 monomer 1, intermediate 3 was required; this was synthesised from aromatic
amino acid 2 using the same Michael addition reaction as described for the dendrimers. The
reaction involved adding methyl acrylate (MA) to a solution containing 4-aminomethyl benzoic
acid 2 and triethylamine, though to help dissolve the 4-aminomethyl benzoic acid 2, potassium
carbonate was introduced to the reaction mixture. The mixture was then stirred for two days at
room temperature to ensure reaction completion. The diester intermediate 3 was obtained, and
this offered good yield and high purity after filtration and rotary evaporation of the volatile
reagents and solvents. For the synthesis of the AB2 monomer 1, a similar amination step was
utilised as for the dendrimers, with an excess of ethylene diamine (EDA) added to intermediate

3 to minimise the intramolecular and intermolecular side reactions.

5.3. Characterisation of intermediate 3, and AB2 monomerl.

The characterisation methods employed for the HBPs were identical to those used for the

dendrimers. For the first intermediate diester 3, the signals for the distinctive ester peaks for
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the methoxy protons and carbonyl carbon were sought at 3.62 ppm and 76.7 ppm, respectively
in the '"H NMR and 'C NMR spectra. After amination to produce the AB2 monomer 1,
however, these peaks were absent from the 'H and '*C NMR spectra, with all esters being
transformed into amides. The changes in the '"H NMR spectra between 3 and 1 can clearly be
seen in Figures 31 and 32. The absence of the distinctive peaks in particular provides good

evidence for the changed structure of AB2 monomerl.
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Figure 31: '"H NMR spectrum for intermediate 3.
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Figure 32: 'H NMR spectrum for Monomer 1.

IR spectroscopy was employed to monitor changes in the polymer’s functional groups.
Intermediate 3 exhibited a characteristic ester C=0 stretching peak at 1,731 cm™!. However, the
IR spectrum of the AB2 monomer 1 displayed a carbonyl stretching vibration at 1,640 cm™,
with the carbonyl ester peak at 1,731 “™! no longer apparent. These changes provide good
evidence for the presence of AB2 monomer 1.

The mass spectra intermediate 3 and AB2 monomer 1 had molecular ion peaks at 324 m/z and
380 m/z, respectively. Overall, the spectral data thus clearly confirmed the synthesis of

intermediate 3 and AB2 monomer 1.
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5.4. Synthesis of Ar-HBPAMAM-OH (Hyperbranched
polymer 4)

H,N
H/ NH,
N O

NA
/o

The polymer was synthesised via a simple step-growth polycondensation polymerisation of the
AB2 monomer 1. Polymerisation was carried out by heating the AB2 monomer 1 at 165 °C for
30 hours. This reaction generates water, which acts to hydrolyse any product, however, thus
generating the starting materials. To avoid this and to drive the reaction towards completion,
the experiment flask was kept under vacuum for the duration of the polymerisation. At the
conclusion of the process, a solid material with a glassy texture and a honey-like colour was

obtained, which corresponded to the expected hyperbranched polymer 4.
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5.5. Characterisation of Ar-HBPAMAM-OH
(Hyperbranched polymer4)

Full characterisation of the HBP proved challenging due to its polydispersity. The 'H NMR
spectrum showed peaks in the aromatic and aliphatic regions; however, these were broad and
overlapped each other, there was a range of multiplets between 7.85 and 7.30 ppm, which
indicated the presence of aromatic hydrogens. The remaining peaks appeared as broad
multiplets between 4.35 and 1.71 ppm, corresponding with the aliphatic hydrogens on the HBP.
Although somewhat difficult to interpret, the peaks were in the correct position and of an
appropriate size to be consistent with those predicted for the Ar-HBPAMAM..

To gain further insight, a >*C NMR spectra was acquired. A peak at 174 ppm confirmed the

presence of a C=0 environment, while two other peaks at approximately 134.0 ppm and 122.5
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ppm were consistent with the presence of an aromatic unit. Additionally, a number of peaks
between 46 and 37 ppm provided evidence of C-N and C-C environments.

IR spectroscopy identified the functional groups present in the HBP; however, it could not
provide conclusive evidence regarding polymerisation. The IR spectrum of the HBP displayed
a characteristic amide stretch at 1,635 cm™!, while no observable ester carbonyl stretches
occurred, suggesting an absence of ester groups in the polymer. The mass spectrum showed a
pattern consistent with a polydisperse polymer, based on the number of peaks of increasing
mass and decreasing intensity. Gel permeation chromatography (GPC) provided better data,
generating a weight averaged molecular weight (Mw) of 2500 and a number averaged
molecular weight (Mn) of 1,500. Taking this data alongside the spectroscopic data, we were
confident that the Ar-HBPAMAM shown in Figure 32 was achieved. In order to proceed with
the chosen experiments, however, it was necessary to convert the terminal amines of the HBP

into hydroxyl group.
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Figure 32: 'H NMR spectrum of a hyperbranched polymer 4 with MeOD as the solvent.

5.6. Synthesis and characterisation of hydroxyl-terminated
aromatic hyper-branched polymers

In order to make appropriate comparisons between dendrimers and HBP in terms of
functionality, the terminal amines must be transformed into hydroxyl groups. To achieve this,
it was necessary to convert the terminal amines into esters, and then react the product with
ethanolamine as previously described for the dendrimer. Esterification was achieved by
reacting the Ar-HBPAMAM-OH 4 with MA in methanol. After removal of the volatile
reagents and solvent via rotary evaporation, the crude ester-terminated hyperbranched polymer
was then dissolved in DMSO and reacted with ethanolamine and potassium carbonate, with

that reaction stirred at 50 °C for three days.

113



OMe

OH

5

Figure 33: Intermediate ester terminated hyper branched polymer.

The 'H NMR spectrum showed broad peaks in the aromatic and aliphatic regions, as shown in
Figure 34 consistent with the polymer. However, we also observed Multiple peaks ranging
from 1.9 to 3.9 ppm in the HBP-OMe spectrum corresponded to methyl acrylate addition. The
13C NMR spectrum also showed a peak at just over 50 ppm related to the carbon attached to
oxygen by a single bond (O-CH3), while the IR spectrum of the HBP-OMe showed a peak at

1,751 ppm related to the carbonyl group of an ester functional group of Ar-HBP-OMe
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Figure 34: 'H NMR spectrum ester terminated hyper branched polymer with MeOD as the
solvent.

In the final step of the synthesis, the Ar-HBPAMAM-OH, ester-terminated hyperbranched
polymer was dissolved in DMSO and reacted with ethanolamine and potassium carbonate. The
reaction was then stirred at 50 °C for three days. Purification was done, through washing by

acetone many times, to get a sticky brown solid.
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Figure 35: Hydroxy ester-terminated hyper branched polymer.
The 'H NMR spectrum showed multiple peaks ranging from 4.27 to 4.10 ppm in the HBP-OH
spectrum, as shown in figure 36, indicating the presence of additional proton environments
originating from the ethanolamine carbon backbone. The '*C NMR spectrum of HBP-OH also
exhibited a peak at approximately 64 ppm, suggesting the presence of carbons adjacent to the

alcohol oxygen, with further peaks in the C-N region.
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Figure 36: 'H NMR spectrum hydroxyl terminated hyper branched polymer with MeOD as the
solvent.

Comparing the "H NMR spectra of HBP-OMe and HBP-OH highlights distinct peaks for HBP-
OMe that are not present in HBP-OH, and vice versa. Moreover, the multiple peaks ranging
from 4.27 to 4.10 ppm in the HBP-OH spectrum indicate the presence of additional proton
environments originating from its ethanolamine carbon backbone. The '*C NMR spectrum of
HBP-OH exhibits a peak at approximately 64 ppm, suggesting the presence of carbons adjacent
to the alcohol oxygen, which are not present in HBP-OMe. Furthermore, HBP-OMe
demonstrates a peak at just over 50 ppm, which is related to carbon attached to oxygen by a
single bond (O-CH3). However, HBP-OH displays more peaks in the C-N region than HBP-

OMe, which correlates to the formation of new amide bonds in the former.
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Chapter 6

6. Chapter: Evaluating the drug delivery potential
of the Aromatic hyperbranched PAMAM (Ar-
HBPAMAM-OH).
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6.1. Partl: Encapsulation of Ibuprofen in Aromatic
hyperbranched PAMAM.

This study sought to investigate whether HBPs can effectively encapsulate and deliver drugs
in a similar manner to dendrimers. The initial approach thus involved quantifying the
concentration of drugs in a given solution both with and without the presence of HBPs. By
using drugs at least partially soluble in water, any improvements in solubility achieved by the
hyperbranched polymer could be assessed, permitting judgement of their effectiveness.
Previous research conducted by the Twyman group has indicated that acidic guest molecules
can be efficiently encapsulated due to their pH-dependent binding, while guests with hydrogen
bonding groups also show good potential for encapsulation. However, the most effective
encapsulation occurs with guests possessing both acidic and hydrogen bonding groups.!'® In
contrast, neutral hydrophobic guests exhibit lower levels of encapsulation. In this particular
study, Ibuprofen was selected as the drug under investigation due to its wide availability in the
commercial market and its particular molecular structure. Ibuprofen contains an acid group
capable of forming salts or hydrogen bonds with dendrimers as well as being UV-active, which
facilitates the determination of solution concentration via a Beer-Lambert plot, based on its
absorbance peak at 273 nm. Ibuprofen has poor solubility in water, however, so methanol was
initially used as a solvent.

As an accurate molecular weight of Ar-HBPAMAM-OH was not available, two different
methods were used to calculate and corroborate concentrations. The first was a conventional
molar concentration, while the second utilised a mass/volume commonly used by polymer
chemists. This ensures that the same number of monomer units are in solutions, allowing for
comparison of properties between all molecular weights. Accuracy with this method requires

the polymers to have identical repeat units, which is not quite the case in our system.
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Nevertheless, the structures are similar enough for a qualitative comparison to be made that
will help to inform judgement on the validity of the results obtained using traditional molarity.
method (we are going to write about mass/volume method in the comparison chapter). Using
these methods, Ar-HBPAMAM OH concentrations equivalent to those used for the dendrimer
experiments were developed equal to 1x10™* M. In the first step, the extinction coefficient was
found to be 95 dm® mol™! cm™!, and for this and all subsequent concentration determinations,
the change in absorption between 274 and 276 nm was used to compensate for potential
baseline drift (A Abs).

The maximum solubility of Ibuprofen in buffer was found to be 1x10*M. This value was thus
used to more accurately determine the values of encapsulated Ibuprofen. The data shown in
the Table 19 below is that developed using conventional molar concentration, which clearly
shows that ssubstantial amounts of IBU can be encapsulated within the polymer. The second

method, which uses mass/volume, is discussed in more detail in chapter 7.

Concentration of Total [IBU] Encapsulated [IBU] .
HBP AABS M M Loading/HBP
0.0001M 0.25 2.66E-03 1.66E-03 16.5

Free l|buprofen conc 1x10“M

Table 19: Encapsulation of Ibuprofen in Ar-HBPAMAM-OH using the conventional molar
concentration method, equivalent to 0.0001.

This maximum solubility experiment clearly demonstrated that Ar-HBPAMAM OH can
encapsulate a relatively large amount of Ibuprofen. The maximum concentration/solubility of
Ibuprofen increased from 0.001 M in the bulk mix to 0.0026 M in the Ar-HBPAMAM OH,

at concentration of 0.0001 M or 0.25mg/mL. Subtracting the maximum concentration in bulk,
thus gives the encapsulated concentration of Ibuprofen, which equals 0.0016 M. At a polymer
concentration of 0.001M, this equates to a loading of 16.5 Ibuprofen equivalents per Ar-

HBPAMAM OH. This high level of encapsulation is most likely due to the hydrophobic
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environment created by the Ar-HBPAMAM OH in conjunction with the internal amines,
which interact with the carboxylic functional group on the Ibuprofen.!?*® The resulting
secondary interactions include both H-bonding and acid/base ion pairing.

A further experiment was thus designed to investigate what happens when the concentration of
polymer is increased, and whether or not a corresponding linear increase in Ibuprofen
encapsulation was observed. This allowed investigation of whether aggregation might occur as
with the dendrimers, signified by a drop in concentration. The experiment used following
concentrations of Ar-HBPAMAM OH of 0.24, 0.25, 0.26,0.27, and 0.28 mg/mL (equivalent

to molar concentrations of 0.90E-4, 1E-4, 2E-4, and 3E-4). The results are shown in Table 20

and Figure 37.
{Total
E-03
0.9E-04 0.225 | 0.17 1.81 8 8
1E-04 0.25 0.25 2.66 16.6 16
2E-04 0.5 0.28 2.98 19.8 20
3E-04 0.75 0.31 3.30 23 23.00

Table 20: The effect of Ar-HBPAMAM-OH concentration on Ibuprofen-loading.

A total of 16 M Ibuprofen was solubilised and encapsulated by encapsulation when the Ar-
HBP-OH concentration was 1.0E-04M. When the polymer concentration doubled to 2.00E-04
M, the solubility was expected to double However, only 20 M of Ibuprofen were solubilised
by encapsulation rather than the 32 M expected. The situation worsened at a polymer
concentration of 3.00E-04: at this concentration, the expected number of solubilised Ibuprofen
moles was 48; however, only 23 M were actually solubilised by encapsulation, the reason is
probably due to the same issues as determined for the dendrimers based systems where

aggregation driven by intermolecular H-bonding of the polymer arms.!?! Which limit the
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amount of internal space for Ibuprofen encapsulation and reduces the number of interactions
possible for the Ibuprofen, which reduces the number of Ibuprofen moles that can be

accommodated within the Ar-HBPAMAM_OH overall.
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Encapsulated ibuprofen
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0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035
Ar-HBP CONC M

Figure 37: The effect of Ar-HBPAMAM-OH concentration on Ibuprofen loading.

6.1.1. Stability of encapsulated Ibuprofen in Ar-HBPAMAM_ OH

The objective of this section was to investigate the impact of Ar-HBPAMAM OH on the
stability of Ibuprofen complexes. The co-precipitate method was used to prepare the AR-HBP—
drug complexes (1E-4 M), and the samples were stored at room temperature for 10 days in a
phosphate buffer at pH 7.4. Samples were analysed initially and then checked every three days
for any precipitation, turbidity, change in consistency, or increase in drug loss. The degradation
rate of drug was indirectly determined by measuring the rate at which its concentration
decreased. A total of five data points were analysed during the 10-day period using UV-vis
spectroscopy. To determine Ibuprofen stability within the complex, the absorbance at 273 nm
was monitored over time, as the aim of the study was to determine the stability over time. The

resulting data is presented in Table 21 and displayed graphically in Figure 38.
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ARHBP- IBUPROFEN COMPLEX
Days AABS € Ibuprofen Conc M
D1 0.25 0.003085106
D3 0.25 0.00287234
D5 0.24 94 0.00287234
D7 0.23 0.002659574
D9 0.23 0.002553191
Ar-HBPAMAM-OH CONC 1X10“ M

Table21: Stability of IBU in Ar-HBPAMAM _ OH.
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Figure 38: Stability of IBU in Arr-HBPAMAM_OH.

These results show that the ibuprofen was stable over time, as shown in Table21, and Figure

38, which may be attributed to several factors. Aromatic hyperbranched PAMAM dendrimers

possess highly branched and compact structures with defined cores and multiple layers of

branching. which maximises binding by facilitating a significant number of drug/HBP

interactions, thereby enhancing stability, through protecting the drug from the external aqueous

solution (the degradation pathways are possible, but hydrolysis is the most likely).

123



6.1.2. Ibuprofen release from Ar-HBP.

An Ibu/Ar-HBPAMAM-OH complex of 1)X10*M of Ar-HBPAMAM-OH and 8X10~ of IBU

was prepared, and 6 mL of the complex was placed into osmosis tubing with a molecular weight
cut off of 1,000. This was then deposited in a beaker containing 200 mL of pH 7.4 phosphate
buffer. Samples were removed from the dialysis bag and analysed using UV at t=0 and then
periodically every 24 hours for five days, with the absorption of the IBU Soret band at 272 nm

being measured. The resulting data is presented in Table 22 and displayed graphically in Figure

39.
Time (hr) Aabs (273-276) CONC M Half life

0 0.8003 8.05E-03

24 0.507 4.90E-03

48 0.3219 3.09E-03

35hr

72 0.2305 1.91E-03

96 0.11 9.57E-04
120 0 0.00E+00

Ar-HBPAMAM-OH conc 1X10*M

IBU conc 8x10°3

Table 22: Release of IBU from Ar-HBPAMAM _ OH over 120hrs.

9.00E-03
8.00E-03
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Figure 39: Release of IBU from Ar-HBPAMAM _OH over 5 days
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The results show that Ibuprofen can be released from the Ar-HBP, which clearly demonstrates
the potential applicability of this system for drug delivery. Furthermore, the overall release is
relatively slow, which implies reasonably good interaction between the dendrimer and the drug,
which is a positive result in terms of providing relief from pain for longer durations, thus
supporting less frequent dosing. This can be particularly beneficial for individuals who need
pain relief throughout the day or night without wishing to take multiple doses. This slow release
may occur duo to the Ar-HBPAMAM-OH dendrimers’ complex three-dimensional structures
with numerous branches and terminal groups, which can create a dense network that hinders
the diffusion of drug molecules out of the dendrimer matrix.!??> Compatibility between the drug
and the Ar-HBPAMAM-OH also affects the release rate.

The overall release profile demonstrates two distinct phases, as illustrated by the curved nature
of the release profile. The first phase is very rapid, and this occurs between t=0 and t=50 hours.
This is followed by a slower release phase. The experiment begins with a saturated solution of
Ibuprofen and a fully loaded Ar-HBP. The overall release then occurs in three steps. The first
step is the release of free Ibuprofen (non-encapsulated) from the saturated solution, which
crosses the osmosis membrane relatively rapidly. When this occurs, the concentration of “free”
Ibuprofen in the bulk solution reduces, creating space for more Ibuprofen. During the second
step, encapsulated Ibuprofen is thus released from the dendrimer to fill the vacated space in the
bulk solution, which is a relatively slower process. Such slow release may occur through
disruption of the electrostatic and hydrogen bonding interactions that serve to entrap the drug
molecules within the dendrimer structure;'”?> however, Ar-HBPAMAM-OH could also
decompose through hydrolysis, resulting in drug release. Under physiological conditions, drug
release may thus be faster if the interactions were weaker and/or Ar-HBPAMAM-OH
degradation occurs more quickly. The final step is the same as the first, with the newly released

Ibuprofen crossing the membrane relatively rapidly.
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Overall, the release study offered positive results that supported the potential application of Ar-

HBPAMAM-OH to drug delivery.
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6.2. Part2: Encapsulation of Zn-THPP14 in aromatic
hyperbranched PAMAM.

The Zn-THPP14 used in this work was synthesised and characterised as described in Chapter
4, and encapsulation was carried out using the co-precipitate method. The extinction coefficient
of Zn-THPP14 in methanol was obtained using a Beer Lambert plot (¢ Zn-THPP = 5854.6 dm3
mol ™! cm-!), and the maximum concentration of Zn THPP14 in the phosphate buffer was 1.2E-
6 mol dm-3. It has been previously determined that high concentrations of polymer are
susceptible to aggregation. In this work, experiments were thus conducted at concentrations
both below and above the aggregation limit to ensure and confirm that the concentration
previously determined (1X10™* M) offers the best encapsulation.

As noted previously, two concentration methods were used, molar concentration and
mass/volume concentration, (which are discussed in more detail in the chapter7. Using these
methods), HBP concentrations equivalent to those used for the dendrimer experiments were
developed, generating concentrations of Ar-HBP-OH equal to 1x10*% M, based on an
expectation that Ar-HBPAMAM OH would be able to increase the concentrations of Zn-
THPP14, due to the secondary interactions via of Zn with internal tertiary amines within the

Ar-HBPAMAM_OH. The relevant data is shown in Table 23.

Concentratio Total [Zn-THPP Encapsulated [Zn-THPP .
AABS Loading/HBP
n of HBP 14] X10-4M 14] X10-4M cacing
0.0001M 0.023 1.45 1.43 1.43

Maximum free ZN-THPP concentration in buffer = 2X10-6 M

Table 23: Encapsulation of Zn-THPP14 In Ar-HBPAMAM-OH based on conventional molar
concentration methods (equivalent to 0.0001 M).
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The concentration of Zn-THPP14 was increased to 1.435X10* M according to conventional
molar concentrations, and this behaved as expected, potentially due to the presence of internal
amines. However, a secondary interaction with the tertiary amines inside the Ar-HBPAMAM-
OH may also have contributed to this. Aromatic hyperbranched polymers can interact with
aromatic drugs through various mechanisms: these include m-m stacking interactions,
hydrophobic interactions, and electrostatic interactions.'?* Stacking interactions occur between
the m-electron clouds of aromatic rings, resulting in the generation of attractive forces; such n-
© stacking can enhance the encapsulation efficiency of aromatic drugs and stabilise their
molecular conformations within the polymer matrix.'?* A further experiment was thus designed
to investigate the effects where the concentration of polymer was increased, with a particular
interest in determining whether a corresponding linear increase in Zn-THPP concentration
would be seen, or whether aggregation would occur as with the dendrimers, causing a drop in
concentration to be observed. That experiment utilised concentrations of Ar-HBPAMAM_ OH
at 0.24, 0.25, 0.26, 0.27, and 0.28 mg/mL (equivalent to molar concentrations of 0.90E-4,

1.00E-34, 2.00E-4, and 3.00 E-4). The results are shown in Table 24:

Encapsulated [Zn- | Loadin
Ar-HBP | AABS e | Total [zn-THPP14] 'FFHPPl 4][ y B
9.00E-05 | 0.014 | 5854.6 8.85£-05 8.65E-05 0.86
1.00E-04 | 0.023 | 5854.6 1.45E-04 1.43-04 1.43
2.00E-04 | 0.022 | 5854.6 1.39E-04 1.37E-04 1.37
3.00E-04 | 0.018 | 5854.6 1.14E-04 1.21E-04 1.12

Table 24: Encapsulation Zn-THPP IN different concentrations of Ar-HBPAMAM_OH.

Zn-THPP14 loading was found to be 1.4 moles when the Ar-HBPAMAM_OH concentration
was 1.0E-04M; thus, when the Ar-HBPAMAM _OH concentration was 2E-04 M, the solubility
was expected to double, giving 2.8 moles per Ar-HBPAMAM _OH. However, in practice, this
concentration was only able to load 1.37 moles. Finally, at a concentration of 3 E-04, higher
solubility was expected; in practice, however, only 1.12 moles were encapsulated, suggesting
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the presence of aggregation. This aggregation may have been caused by hydrophobic
interactions, as Ar-HBPAMAM OH possesses various hydrophobic aromatic groups,'?* which
can exhibit strong hydrophobic interactions with each other at high concentrations. These
interactions promote aggregation and reduce the availability of individual HBP to encapsulate

guest molecules.!?! 12

6.2.1. Stability of Zn-THPP in Ar-HBPAMAM _OH complexes.

The objective of this section was to investigate and confirm the stability of Zn-THPP in Ar-
HBPAMAM _ OH. Samples were placed in amber-coloured and colourless glass vials to create
dark and light conditions, respectively, with all vials then stored at room temperature in a pH
7.4 phosphate buffer for 10 days. The samples underwent initial analysis and subsequent
periodic assessments every three days for any signs of precipitation, turbidity, consistency
changes, or drug loss. The degradation rate of the drug was indirectly calculated by monitoring
the rate of decrease in its concentration. Over the course of 10 days, a total of five data points
were thus examined in dark, and light condition as shown in Tables 25 and 26 using UV-vis
spectroscopy in which UV spectra were collected and the peak at 429 nm analysed to determine

the rate of any degradations.

DARK

DAYS | AR-HBP Conc

1 0.000143

0.000132

0.00013

0.000128

O I N || w

0.000126
Table 25: Stability of Zn-THPP in Ar-HBPAMAM-OH in dark conditions.
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LIGHT
DAYS AR-HBP
1 0.000143
3 0.000131
5 0.00028
7 0.00024
9 0.0002

Table 26: Stability of Zn-THPP in Ar-HBPAMAM-OH in light conditions.

0.00015
0.00014 | -un,.

..................... Rate = -2E-06 M/day
0.00013 -4 [ S °

0.00012

0.00011 ® Dark

0.0001 light

Zn-THPP CONC M

0.00009
0.00008
0.00007

0.00006
0 2 4 6 8 10

Time/Days

Figure 40: Stability of Zn-THPP in Ar-HBPAMAM _ OH in dark and light conditions for 10
days.

The results presented above indicate that Ar-HBPAMAM-OH is close to 90% stable in dark
conditions, which can be attributed to several factors. In particular, in terms of structural
rigidity, aromatic hyperbranched PAMAM dendrimers possess highly branched and compact
structures with defined cores and multiple layers of branching. This structural rigidity helps in
maintaining the stability of the drug and prevents it from undergoing conformational changes

or collapsing in many cases. However, the stability in light storage conditions was not good as
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in dark storage conditions, as drug tends to undergo photodegradation when exposure to light

leads to the disruption of the drug structure and properties. '

6.2.2. Zn-THPP release from Ar-HBPAMAM-OH

A Zn-THPP/Ar-HBPAMAM-OH complex of 1)X10*M of the A-HBPAMAM_OH and 5X10°

* of Zn-THPP was prepared, and 6 mL of the complex was placed into osmosis tubing with a
molecular weight cut-off of 1,000. This was then deposited in a beaker containing 200 mL of
pH 7.4 phosphate buffer. Samples were removed from the dialysis bag and analysed using UV
at t=0 and then periodically every 24 hours for five days to measure the absorption of the IBU

Soret band at 429 nm. The resulting data is presented in Table 27 and displayed graphically in

Figure 41.
Time (hr) | Aabs (430-433) | Conc. Half life

0 0.22 5.26E-04

24 0.069 1.65E-04

48 0.0125 2.99E-05

24hrs

72 0.0036 8.61E-06

96 0 0.00E+00
120 0 0.00E+00

Ar-HBPAMAM-OH conc. 1X10“*M

Zn-THPP conc. 5.3x10* M
Table 27: Release of Zn-THPP from Ar-HBPAMAM-OH over 5 days.
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Release test of Zn-THPP
6.00E-04

5.00E-04
4.00E-04
3.00E-04

2.00E-04

Zn-thpp conc

1.00E-04

0.00E+00 —@ L
0 20 40 60 80 100 120 140

Time/hr

Figure 41: Release of Zn-THPP from Ar-HBPAMAM-OH over 5 days.

The results clearly demonstrate that Zn-THPP can be released from Ar-HBPAMAM OH.
relatively slowly. While the decrease in the concentration of the drug was not constant. This
release profile indicates a good level of interaction between Ar-HBPAMAM _OH, and the drug,
supporting its use in potential PDT treatment, as slow release should enable the Zn-THPP
complex to circulate around the body multiple times, thus generating a build-up within tumours.
This means that harmful Zn-THPP photosensitizers will not be released and distributed
throughout the body, thus reducing the harmful side effects often associated with PDT. This
slow release may be attributable to disruption of the coordination and the electrostatic and
hydrogen bonding interactions that serve to entrap drug molecules within the Ar-HBPAMAM-

OH structure.'?’
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6.3. Part3: Encapsulation of anticancer F73 in aromatic
hyperbranched PAMAM.

As with Ibuprofen testing, the initial objective was to determine the maximum amount of drug
that could be encapsulated within the polymer-based systems. In contrast to Ibuprofen, which
is readily available, however, F73 is a scarce and expensive compound. Consequently, directly
adding an excess of F73 during encapsulation was not feasible. To overcome this obstacle, the
method for drug encapsulation was appropriately modified by initiating encapsulation using a
1:1 molar ratio of drug to polymer, based on predetermined polymer quantity. Subsequently,
the drug amount was increased to twice that used in the previous group in each iteration,
resulting in a 2 to 1 mole ratio of drug to Ar-HBPAMAM_OH in the second group. This process
continued until solid formations in the solution indicated that the polymer could no longer

accommodate any additional drug. This incremental approach ensured that no F73 was wasted.

Dru . maximum solubility
g in buffer
F73 5880 0.00035

As an accurate molecular weight for Ar-HBPAMAM-OH is not known, two different methods
were used to calculate concentration. The first was the conventional molar concentration
method, while the second was a mass/volume method ( will be mentioned in comparison
chapter) commonly used by polymer chemists (that ensures that the same number of monomer
units are in each solution to allow for a comparison of properties between varying molecular
weights. Accuracy in such cases does require the polymers to have identical repeat units,
however, which was not the case for the current systems. Nevertheless, the structures were
deemed similar enough for a qualitative comparison to be made to inform assessment of the

validity of the results obtained using molarity. Using the conventional molar method, Ar-
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HBPAMAM-OH concentrations equivalent to those used for the dendrimer experiments were
accessed, with concentrations of Ar-HBPAMAM-OH equal to 1x10* M thus used. In the first

step, the extinction coefficient was found to be 5,880 dm® mol! cm!

Concentration of Total [ F73] Encapsulated [F37] | Loading/dendrimer
HBP M mM

0.000IM 0.75 0.4

Maximum free F73 concentration in buffer = 3.5E-04 M

Table 28: Encapsulation of F73 in Ar-HBPAMAM-OH using the conventional molar
concentration  method.

It is clear that Ar-HBPAMAM-OH can encapsulate F37 and improve its solubility. As with
dendrimers, the aromatic Ar-HBPAMAM-OH forms multiple non-covalent interactions with
F73, including hydrogen bonding, and Van der Waals forces. The polymer concentrations
were thus enhanced to7x10* M and the loading was 4 mol/dendrimer based on conventional
molar concentration methods using the estimated molecular weight from GPC. This high level
of encapsulation was attributed to the hydrophobic environment created by the Ar-

HBPAMAM _ OH alongside the presence of internal amines.

6.3.1. Stability of F73 in Ar-HBPAMAM_OH.

Following the F73 encapsulation study, the drug stability in polymer was assessed in each case.
This testing was carried out as previously described for Ibuprofen, with the primary objective
of extracting a small portion of the top layer from the encapsulated solution each day to measure
ongoing absorbance. This process also allowed monitoring of the drug concentration and any

decreases over time.
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F73 STABILITY
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Figure 42: Stability of F73 in Ar-HBPAMAM-OH.

The relevant figure 42 shows that F73 demonstrates good stability, implying that the irregular
structure of the Ar-HBPAMAM _OH probably provides a reasonably compact and controlled

internal structure that is capable of forming significant hydrophobic pockets.

6.3.2. F73 release from Ar-HBPAMAM-OH.

An F73/Ar-HBPAMAM-OH complex of 1X10*M of Ar-HBPAMAM _OH and 1.8X10* of

F73 was prepared, and 6 mL of the complex was placed into osmosis tubing with a molecular
weight cut-off of 1,000. This was then deposited in a beaker containing 200 mL of pH 7.4
phosphate buffer. Samples were removed from the dialysis bag and analysed using UV at t=0,
then periodically every 24 hours for five days, with the absorption of the IBU Soret band at
282 nm measured in this manner. The resulting data is presented in Table 29 and displayed

graphically in Figure 43.
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Time (hr) Abs Conc M Half life
0 1.05 1.79E-04
24 0.63 1.07E-04
48 0.31 5.27E-05
20hrs
72 0 0.00E+00
96 0 0.00E+00
120 0 0.00E+00
Ar-HBPAMAM-OH conc 1X10“*M
F73 conc 1.9x10*

Table 29: Release of F73 from Ar-HBPAMAM-OH over 5 days.

2.00E-04
1.80E-04
1.60E-04
1.40E-04
1.20E-04
1.00E-04
8.00E-05
6.00E-05
4.00E-05
2.00E-05
0.00E+00

F73 CONC M

Release test of F73

10

20 30 40 50
Time/hr

60 70 80

Figure 43: Release of F73 from Ar-HBPAMAM-OH over 5 days.

The results clearly demonstrate that F73 is released from the Ar-HBPAMAM OH in a rapid
manner, as confirmed by the linear nature of the graph, which also shows that the decrease in
the concentration of the drug is constant. The F73 is released from the Ar-HBPAMAM_ OH
into the bulk solvent as soon as any F73 that is free in solution crosses the membrane, which

makes F73 release from the Ar-HBPAMAM OH much more rapid than its rate of transport
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across the membrane. This rapid release from the Ar-HBPAMAM-OH suggests that any F73-
Ar-HBPAMAM-OH interactions are relatively weak as compared to those of Ibuprofen and
Zn-THPP. Thus, while Ar-HBPAMAM OH can enhance the solubility of F73, it may not be

a useful or effective drug carrier for F73.
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6.4. Discussion:

Aromatic hyperbranched PAMAM with hydroxyl groups were synthesised and examined with
respect to their capacity to encapsulate small hydrophobic drug molecules at concentrations of
1.0E-04 M.

The drugs were found to be well encapsulated, and their solubility was clearly enhanced. The
high level of encapsulation was attributed to the hydrophobic environment created by the Ar-
HBPAMAM _OH in conjunction with the internal amines. The initial expectation was that the
level of encapsulation would be linearly related to the concentration of Ar-HBPAMAM_ OH.
However, this was found to not be the case, and a significant deviation from linearity was
observed at higher concentrations of Ar-HBPAMAM OH. It was thus postulated that this was
due to aggregation limiting the amount of free space available.!?® Stability and release testing
was done for a range of drugs encapsulated in Ar-HBPAMAM_OH, all of which were found
to be stable over time, a stability that may be attributed to several factors.

These include structural rigidity, as aromatic hyperbranched PAMAM dendrimers possess
highly branched and compact structures with defined cores and multiple layers of branching.
Based on the release test, all drugs were readily released from the Ar-HBPAMAM_OH, with
the results for Ibuprofen and Zn-THPP clearly demonstrating that both drugs are released
slowly from Ar-HBPAMAM_ OH. This is an important result, as it clearly demonstrates the
potential applicability of this system for drug delivery. However, the release test for F73
demonstrated rapid release from Ar-HBPAMAM OH, suggesting that any F73-Ar-
HBPAMAM-OH interactions are relatively weak as compared to those of Ibuprofen and Zn-
THPP. This suggests that while Ar-HBPAMAM _OH can enhance the solubility of F73, it may

not be the most useful or effective drug carrier for F73.
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Chapter 7

7. Comparisons of macromolecules used for drug
delivery.

139



7.1. Comparing drug encapsulation efficacies of hydroxyl
terminated PAMAM dendrimers and aromatic HB-
PAMAM

The aim of this brief chapter is to compare the results and decide which of the two delivery
systems is best. This assessment will not simply consider which is technically better (i.e.,
highest levels of encapsulation, but will also consider other factors, such as cost, time, ease of
synthesis and any restrictions based on potential therapeutic use. The aim is to consider the
systems generically, that is, to compare HBPs as a group with dendrimers as a group. The aim
was never to identify which of the two “specific” systems were best (i.e., the PAMAM
dendrimers or PAMAM HBPs). Nevertheless, to make a fair comparison, we must consider
systems built up using the same functionality. The individual synthesis and properties of two
such systems (with PAMAM connectivity) were discussed in the previous chapters. However,
in order to compare these systems, we need to consider how we calculate the concentration of
the two systems. While there is no problem using molarity for the PAMAM dendrimers, where
we know the molecular weight, it is not so easy to determine molarity for the polydisperse Ar-
HBPAMAM-OH. The polydisperse nature of the HBP makes it impossible to determine a
unique and accurate molecular weight. At best, we can only calculate an average molecular
weight using Gel Permeation Chromatography (GPC).!” Unfortunately, this method
introduces more uncertainty, as it relies on the “size” of linear polymers to calibrate the system,
and the size of these linear calibrants is much larger than spherical molecules with equivalent
molecular weights.'?” As such, GPC always underestimates the molecular weight of HBPs
due to their globular structures. However, aqueous GPC did estimate an average molecular
weight of 2500. Therefore, if we use this as the molecular weight for our Ar-HBPAMAM-OH,
we can compare its drug delivery properties with the G2.5-OH PAMAM dendrimer, using

molarity as the unit of concentration.
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Due to the uncertainty surrounding the precise molecular weight of polydisperse systems,
polymer chemists use the mass/volume method as a unit of concentration. This method
ensures that the same number of monomer units are in a solution regardless of its molecular
weight and allows for a comparison of properties between all molecular weights. However, it
does require the polymers to have identical repeat units, which is not the case for the PAMAM
dendrimer and Ar-HBPAMAM-OH systems under consideration in this work. Fortunately,
their structures are similar enough for a qualitative comparison to be made that can inform and
support the validity of the results obtained using molar concentrations. Therefore, in order to
make a qualitative comparison between the two systems, we propose to study the various drug
delivery properties using both methods for determining concentration - molarity and
mass/volume. To do this we will need to use a known molar concentration and a
corresponding mass/volume concentration, to use as a baseline for all systems. As mentioned
above, we can only determine the exact molarity for the dendrimer, as it is monodispersed and
has a unique and known molecular weight. For the experiments described herein, all
concentrations (molarity and mass/volume) would be determined and compared using a
baseline dendrimer concentration of 1x10** M, which equates to a mass/volume concentration

of 0.75mg/ml.
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7.1.1. Encapsulation data for the hydroxyl terminated dendrimer and Ar-
HBPAMAM-OH.

based on conventional molar concentrations are shown in Table 30 and compared graphically
in Figure 44

Dendrimer HBP
IBU 1.80E-03 1.60E-03
Zn-THPP 1.70E-04 1.43E-04
F37 5.00E-04 4.00E-04
Molar conc 1x10™*

Table 30: Encapsulation different drugs in hydroxyl terminated dendrimer and Ar-
HBPAMAM-OH as measured through conventional molar concentration.

Molarity

W Dendrimer M Ar-HBP

=

0.8

0.6

0.4

0.2

Relative concentration

IBU Zn-THPP F37

Different drugs

Figure 44: Encapsulation in hydroxyl terminated dendrimer and Ar-HBPAMAM-OH as
measured through conventional molar concentration.

The data based on molar concentrations, and showed in this graph as relative concentration,
due to the difference in the solubility between the three drugs. The results shows that the
differences in encapsulation ability between the dendrimer and the Ar-HBPAMAM-OH are
not significant for any of the drugs studied. In this respect, it is clear that the Ar-HBPAMAM-

OH performs as well as the more complicated dendrimer-based system, suggesting that the
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much simpler and more accessible Ar-HBPs may offer wider access to efficient drug delivery

systems. The resulting data is presented in Table 30 and displayed graphically in Figure 44.

7.1.2. Encapsulation data for the hydroxyl terminated dendrimer and Ar-
HBPAMAM-OH

based on mass/vol concentration equivalent to 0.0001 M are shown in Table 31 and compared
graphically in Figure 45.

Dendrimer HBP
IBU 1.80E-03 9.00E-04
Zn-THPP 1.70E-04 1.12E-04
F37 5.00E-04 1.60E-04
Mass/volume

Table 31: Encapsulation study of hydroxyl terminated dendrimer and Ar-HBPAMAM-OH at
mass/vol concentration equivalent to 0.0001.

MG/ML W Dendrimer ® Ar-HBP
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IBU Zn-THPP F37
Different drugs

Figure 45: Encapsulation study of hydroxyl terminated dendrimer and Ar-HBPAMAM-OH at
mass/vol concentration equivalent to 0.0001.

Comparing encapsulation ability using the mass/vol method for concentration, a large
difference in the encapsulation ability for all drugs emerges between the dendrimer and the Ar-
HBPAMAM-OH polymers, based on Ar-HBPAMAM-OH having a lower capacity for loading
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than the dendrimer-based system. One reason for this may be due to the fact that the number
of repeat units in solution in Ar-HBPAMAM-OH is not the same as in the dendrimer solution,
being affected by differences in the structure of the Ar-HBPAMAM-OH repeat unit as
compared to that of the dendrimer. Specifically, the Ar-HBPAMAM-OH unit has an aromatic
group between each monomer and repeat unit, which adds molecular weight and thus reduces
the number of monomers and repeat units in the solution. The structures of the two repeat units
are shown in Figure 146, which illustrates that the Ar-HBPAMAM-OH repeat unit has a
molecular weight of 259, whilst the PAMAM has a molecular weight of only 183, around 30%
lower than the Ar-HBPAMAM_OH. As such, for the same mass of delivery system, the Ar-
HBPAMAM-OH only offers 70% of repeat units offered by the PAMAM dendrimer, leading
to fewer Ar-HBPAMAM-OH in solution. Consequently, the amount of encapsulation for the
Ar-HBPAMAM-OH solution is likely to be lower, as seen in the current case. The resulting

data is presented in Figure 46.
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Figure 46: Two single monomers, dendrimer and Ar-HBPAMAM-OH.

7.1.3. Comparing the stability of different drugs within
dendrimer and Ar-HBPAMAM-OH

The objective of the study was to investigate and compare stability of IBU, ZnTHPP,and F73
in dendrimer, and Ar-HBPAMAM-OH. All mixes were prepared using the co-precipitate
technique, and prepared samples were kept at room temperature in a pH 7.4 phosphate buffer
for 10 days. Periodically, UV spectra were collected, with all peaks analysed to determine the
rate of any degradation. The degradation rate of each drug was also indirectly calculated by
monitoring the rate of decrease in concentration. Over the course of 10 days, a total of five data
points were thus examined using UV-vis spectroscopy for each complex. The resulting data is

presented in Table 32 and displayed graphically in Figures 47 to 50.
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D85 | gondrimer | MBP | dendrimer | 1P | dendrimer | 773 INHEP
I | 2.87E-03 | 3.09E-03 | 1.77E-04 | 143E-04 | 500E-04 | 4.00E-04
2 |2.77B-03 | 2.87E-03 | 171E-04 | 1326-04 | 500E-04 | 3.90E-04
3 | 277603 | 2.876-03 | 164E-04 | 130B-04 | 480E-04 | 3.70E-04
4 | 2.66E-03 | 2.66E-03 | 150E-04 | 128E-04 | 470E-04 | 3.50E-04
5 | 2.55E-03 | 2.55B-03 | 1.52B-04 | 1.26E-04 | 4.60E-04 | 3A40E-04

Table 32: Stability test for IBU, Zn-THPP, and F73 in dendrimer and Ar-HBPAMAM-OH
polymers.
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Figure 47: Stability test for IBU in dendrimer and Ar-HBPAMAM-OH polymers.
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Figure 48: Stability test for Zn-THPP in dendrimer and Ar-HBPAMAM-OH polymers in light
conditions.
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Figure 49: Stability test for Zn-THPP in dendrimer and Ar-HBPAMAM-OH polymers in dark
conditions.
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Figure 50: Stability test for F73 in dendrimer and Ar-HBPAMAM-OH polymers.

The results presented above indicate that all drugs almost stable in both polymers (dendrimer
and Ar-HBPAMAM-OH) exhibit around 90% stability in G2.5-OH. and a bit decrease in the
stability of drugs in Ar-HBPAMAM-OH. Which is not a significant difference between both
of them. This stability of drugs in G2.5-OH/drug complexes can be attributed to the
dendrimer’s optimised internal structure, which maximises binding across a significant number
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of drug/dendrimer interactions, thereby enhancing stability. The stability of drugs in Ar-
HBPAMAM-OH complex can be similarly attributed to its highly branched and compact
structure based on a defined core and multiple layers. This means that the drugs are not
degraded by water, with both delivery systems helping preserve drugs in this manner; the
results for porphyrin were a little different, however, as porphyrins are photosensitive and may
thus be degraded by light. The comparison experiments were thus performed in the dark, with

better results, as shown in (Figure 49).

7.1.4. The release of Ibuprofen, Zn-THPP, and F73 from G2.5-OH,
and Ar-HBPAMAM-OH systems.

The objective of this study was to investigate the release of Ibuprofen, Zn-THPP, and F73 from

G2.5-OH PAMAM dendrimer, and Ar-HBPAMAM-OH to determine which system is faster
in terms of such release. Both systems complexes were prepared at 1X10*M, and 6mL of the

relevant complex was placed into osmosis tubing with a molecular weight cut-off of 1,000.
This was then deposited in a beaker containing 200 mL of pH 7.4 phosphate buffer. Samples
were removed from the dialysis bag and analysed using UV at t=0 before being periodically
re-examined every 24 hours for five days The resulting data is presented in Table 33 and

displayed graphically in Figures 51 to 53.

Time/hr | Dend/Znthpp | ArHBP/Znthpp | Dend/f73 | ArHBP/F73 | Dend/IBU | ArHBP/F73
0 0.000778955 | 0.000526136 | 0.000189 | 0.0001786 | 0.008514 | 0.0080489

24 0.000233686 | 0.000165015 | 0.000119 | 0.0001071 | 0.005394 | 0.0049043

48 3.99214E-05 | 2.98941E-05 | 5.61E-05 | 5.272E-05 | 0.003424 | 0.0030851

72 1.03861E-05 8.6095E-06 0 0 0.002452 | 0.0019149
96 0 0 0 0 0.00117 | 0.0009574
120 0 0 0 0 0 0

Table 33: Release of Zn-THPP, IBU, F73) from PAMAM dendrimer and Ar-HBPAMAM-

OH.
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Figure 51: Release of IBU from Dendrimer and Ar-HBPAMAM-OH.
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Figure 52: Release of Zn-THPP from Dendrimer and Ar-HBPAMAM-OH.
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F73 release
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Figure 53: Release of F73 from Dendrimer and Ar-HBPAMAM-OH.

The results clearly demonstrate that all tested drugs are released from G2.5-OH, and Ar-
HBPAMAM-OH with the same rate and mechanism, which indicates that any differences in
release rate between the dendrimer and the Ar-HBPAMAM-OH are not significant, with the
Ar-HBPAMAM-OH thus performing as well as the more complicated dendrimer-based system.
Furthermore, this shared release time was slow, which offers potential benefits in terms of
enhancing effectiveness while minimising side effects. Slow release ensures that a consistent
level of the drug is maintained in the body over an extended period of time, which may be
crucial for achieving the optimal therapeutic effect, especially in cases drug concentration must

be maintained within a narrow therapeutic window.
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Chapter 8

8. Conclusion
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In recent times, dendrimers have shown great potential as drug carriers. One of their notable
advantages is their ability to encapsulate small molecules within their internal spaces at high
generations. This feature allows for active and passive drug targeting, reducing associated side
effects.!*® However, dendritic systems are not without flaws, as discussed earlier, that the
synthesis of dendrimers is challenging, time-consuming, and costly.!!

Consequently, both the academic and industrial communities have been exploring alternative
macromolecules that can deliver drugs, similar to dendrimers.

A simpler alternative comes in the form of HBPs (Hyperbranched Polymers) due to their
effortless and cheap synthesis, which is often achieved in just one pot.®? Although HBPs and
dendrimers have been compared in the past, previous studies have not conducted direct, like-
for-like comparisons and this represents a gap in the literature. Therefore, this project aimed to
thoroughly study both branched macromolecules with respect to their size and functionality,
and to better understand their capabilities as drug carriers. Ultimately, we wanted to know if
hyperbranched polymers were as good as dendrimers when applied as drug delivery vehicles.
In this study, we synthesised a range of PAMAM dendrimers, from G0.5 to G3.5, using a series
of Michael addition and amination steps. By modifying the terminal groups to hydroxyl groups,
we obtained neutral water-soluble PAMAM dendrimers (OH-ended PAMAM dendrimers)
with 80OH, 160H, and 320H terminal groups. The next objective was an investigation into
the ability of these dendrimers to encapsulate Ibuprofen with respect to dendrimer size and any
dense packing effects. This would allow us to determine the optimum dendrimer for the
remaining studies. We focused on three generations of dendrimers, namely G1.5-OH, G2.5-
OH, and G3.5-OH, all tested at a concentration of 1x10* M. The study revealed that the
encapsulation capability of the dendrimers did indeed depend on their size, with G2.5-OH

being the most suitable for encapsulating the drug Ibuprofen, achieving a loading of 18.
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Although the higher-generation G3.5-OH dendrimer was much larger, it could only encapsulate
the same amount of Ibuprofen as the smaller G2.5 OH dendrimer. This was due to the G3.5
OH dendrimer having a more densely packed internal structure.

Further investigation into the effect of dendrimer concentration on the amount of Ibuprofen
encapsulation were carried out using the G2.5-OH dendrimer. Experiments were performed at
different concentrations, ranging from 1x10-3 to 1x10°® M. The results showed that the
dendrimer's ability to encapsulate Ibuprofen increased roughly linearly up to a concentration
of 1 x 10-4 M, after which the loading remained constant and plateaued. It was proposed that
the non-linear relation between dendrimer concentration and drug encapsulation was due to
aggregation. This was tested using Dynamic light scattering (DLS), where measurements on
the G2.5 OH dendrimer indicated that dendrimers at concentrations above 1 x 10-4 M were
significantly larger (200 nm) compared to those recorded below this concentration (5 nm). A
similar study using theG3.5-OH at 1 x 10* M revealed a similar decrease in encapsulation
ability, which was also attributed to dendrimer aggregation. Based on these findings, it was
essential to maintain dendrimer concentrations below 1.5 x 10-4 M for future encapsulation
experiments, especially when compared to equivalent hydrophobic drug carriers (HBPs).
With respect to determining the drug delivery potential of the dendrimers, we began to
investigate the stability of Ibuprofen within the dendrimer complexes. The findings
demonstrate that the drug was stable within the G2.5-OH showing the highest level of stability,
approximately 100% more stable than the G1.5-OH dendrimer.

the stability of the drug. Essentially, the drug is not degraded or hydrolysed by, or in the
presence of the G2.5-OH dendrimer. However, Ibuprofen is less stable in the G1.5-OH
dendrimer, due to an open structure that can expose the Ibuprofen to water, and
therefore hydrolytic degradation (hydrolysis). The dendrimer may also help (catalyse) the

hydrolysis of Ibuprofen.'3? Furthermore, the results clearly demonstrate that Ibuprofen can be
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released from the PAMAM dendrimer. This is an important result, as it clearly demonstrates
the potential applicability of these systems for drug delivery. Furthermore, the overall release
is relatively slow, which suggests a reasonably good interaction between dendrimer, and the
drug.

The next set of experiments focused on a drug that could form metal-ligand complexes
allowing us to explore the impact of metal coordination on the encapsulation ability of the
dendrimer system. These experiments used a Tetra dihydroxyphenyl porphyrin (THPP), which
has been used clinically as a sensitizer for use in photodynamic therapy (PDT). THPP and the
zinc metalated form (Zn THPP), were successfully synthesized in three steps, (TMPP, THPP,
and Zn-THPP) and all characterized. To assess the encapsulation, we used PAMAM
dendrimers (G1.5-OH, G2.5-OH, and G3.5-OH). UV spectroscopy confirmed encapsulation of
all the porphyrins, with a noticeable shift in the wavelength of the Soret band. The wavelength
of encapsulated THPP was shifted from 418 to 424. And the wavelength of the metalated THPP
was shifted from 423 to 430. Which confirm both wavelengths have been shifted after
encapsulation.

The encapsulation results showed that the metalated species exhibited significant
improvements in encapsulation and solubility. For G2.5-OH, encapsulation increased from
1.29 to 1.75M equivalents for the free base and metalated porphyrins, respectively. For G3.5-
OH, the increase was more substantial, rising from 1.44 to 1.96 equivalents for the free base
and metalated porphyrins, respectively. The increased encapsulation between the non-
metalated and metalated porphyrins was attributed to additional coordination to the terminal
OH group.

The study also found that the porphyrin loading was significantly lower than the loading for
ibuprofen, and this was due to the larger size of the porphyrin molecule compared to ibuprofen.

However, the relative increase in solubility of the porphyrins was substantially higher than that
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observed for Ibuprofen. Specifically, solubility doubled for Ibuprofen, but was nearly 300
times higher for the metalated porphyrin.

The stability of the metalated porphyrin within the dendrimer complexes was investigated
under both light and dark conditions over a period of ten days. The main objective was to assess
how dendrimer size influences the stability of the porphyrin. The dendrimers studied were
G1.5-OH, G2.5-OH, and G3.5-OH. During the experiment, The results indicate that all
dendrimers exhibit stability, with G2.5-OH being the most stable by around 100%. The results
show the stability was better in a dark storage than the light storage, with all generations having
better stability in the dark than the light. The reason for that is porphyrins undergo
photodegradation, a process in which the exposure to light leads to the degradation of the
porphyrin structure and properties.

The release study of the metalated porphyrin within the dendrimer complexes was investigated.
The results clearly demonstrate that Zn-THPP 14 can be released from the PAMAM dendrimer.
Furthermore, the release is slow, which is good news for any potential PDT treatment. Slow
release will enable the Zn-THPP complex to circulate around the body many times, building
up within tumours.

Having successfully demonstrated that the OH ended systems could encapsulate ibuprofen, and
Zn-THPP with equal levels of efficiency, we wanted to see if the same was true for a different
drug. On this occasion, we investigated a research drug called F37, which is an effective
anticancer drug. Similar studies to those carried out for Ibuprofen were carried out and the
results showed that the F73 exhibited similar improvements in encapsulation and solubility.
However, the release studies were very different. In the case of F73, the release profile was
linear, which indicates a very fast release from the dendrimer, which was faster than the rate of

transport across the membrane. This tells us that the encapsulation was very weak. As such,
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the dendrimer is a poor delivery system for F73 and a different, bespoke system would be
required for the delivery of F73.

To make a comparison with hyperbranched polymers, an Aromatic HBPAMAM was
successfully synthesised. Although the resulting HBPAMAM-NH2 had been previously
synthesised by the Twyman group, it did not possess the required hydroxyl-ended groups. To
address this limitation, we synthesised an AR-HBPAMAM with hydroxyl-terminated groups
using a post synthetic two step synthesis.

Although we can estimate the average molecular weight of polymers, it is not possible to know
it exactly. In fact, due to their polydisperse nature, it is not possible to obtain an exact
molecular weight (the polymer is made up of many unique molecules with different
sizes/wreights). As such the encapsulation of Ibuprofen, Zn-THPP and F73 within the AR-
HBPAMAM were carried out using two different methods to determine concentrations: a
conventional molar concentration 0.0001M and a mass/volume concentration mg/ml. Although
there were differences using the two methods, the encapsulation results were not that different.
Nevertheless, we did observe better levels of encapsulation using molar concentration.

The aromatic hyperbranched PAMAM with hydroxyl groups was synthesized and examined
for their capacity to encapsulate a small hydrophobic drug at a concentration of 1x10* M. GPC
showed that the Ar-HBPAMAM-OH had an MW of 2500.

The drugs have been well encapsulated, and the solubility of them were clearly enhanced. This
high level of encapsulation is due to the hydrophobic environment created by the Ar-
HBPAMAM-OH, as well as the internal amines. We initially expected that the level of
encapsulation would be linearly related to the concentration of Ar-HBPAMAM-OH. However,
this was not the case and a significant deviation from linearity was observed at higher
concentrations of Ar-HBPAMAM-OH. We postulated that this was due to aggregation, As

such, limiting the amount of free space. The stability, and release test has been done for all
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drugs in Ar-HBPAMAM-OH, The drugs were stable over time, this stability is attributed to
several factors. Aromatic hyperbranched PAMAM dendrimers possess a highly branched and
compact structure with a defined core and multiple layers of branching. And, regarding the
release test, the results clearly demonstrate that all drugs can be released from the Ar-HBP. For
IBU, and Zn-THPP, the results demonstrated that both drugs could be released slowly from the
Ar-HBPAMAM-OH. This is an important result, as it clearly demonstrates the potential
applicability of this systems for drug delivery. On the other hand, the release test for F73
demonstrate that release was very fast, suggesting that any F73- Ar-HBPAMAM-OH
interactions must be relatively weak (relative to Ibuprofen and Zn-THPP). Therefore, it is clear
that the Ar-HBPAMAM-OH can enhance the solubility of F73, but it may not be a useful or
effective drug carrier for F73.

The final part of this project attempted to answer the main question regarding the two delivery
systems as set out in the aims. That is, “to determine whether or not the cheaper and more
accessible hyperbranched polymers could compete with the expensive and complicated
dendrimer systems when applied as drug delivery vehicles”. To achieve this, we compared the
encapsulation, stability, and release properties of a hyperbranched polymer that possessed the
same basic functionality as the PAMAM under investigation. Specifically, the study focused
on comparing the Ar-HBPAMAM-OH with the hydroxyl-terminated PAMAM dendrimers.
The results indicated that the G2.5/3.5-OH dendrimers were a little better than the Ar-
HBPAMAM-OH, but the differences were not significant. For example, the G2.5-OH
PAMAM dendrimer and Ar-HBPAMAM-OH could encapsulate and solubilize ibuprofen with
maximum concentrations of 2.8E-03 and 1.6E-03, respectively, at concentration 1x10 for both
systems. More significantly, the results using Zn THPP revealed that both systems at

concentration 1x10™ were equally proficient at encapsulating the porphyrin.
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With respect to stability and release, the results were essentially the same for all drugs tested
using both systems, again confirming no real advantage of the dendrimer system over the Ar-
HBPAMAM-OH.

In summary, it is evident that HBPs present promising and cost-effective alternatives to
dendrimers for drug delivery systems. However, it is important to note that dendrimers have
an advantage with their regular and well-balanced mono-dispersed structure, which makes it
easier for them to satisfy the requirements of drug approval agencies concerning size, dispersity,
and potential clinical application. Conversely, HBPs often exhibit significant polydispersity in
terms of molecular weights and structures, making it challenging to obtain the narrowly
dispersed materials preferred by drug approval agencies. Consequently, for HBPs to be viable
as drug delivery systems, advancements in both their synthesis and purification techniques will

be necessary.
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Future Work

1- Control experiments.

Whilst writing the thesis I identified some additional control experiments. These would focus
on the stability and release experiments (described in the thesis) using just the drug
compounds. This may help to fully understand the delivery potential of the dendrimer and

HBP systems.

2- Develop a new HBP that does not have the aromatic group within the
monomer.

Although the HBP system described in the thesis is similar to the dendrimer, it is not identical
(with respect to functionality and connectivity). So, we recommend investigating a method
for synthesising a HBP that better resembled the PAMAM dendrimer. This would be
followed up with the same encapsulation, stability and release experiments already described

in the thesis.

3- Develop and test a dendrimer/HBP delivery system for a lead
compound that has a genuine problem with some aspect of its
application.

The research conducted thus far has provided valuable insights into the dendrimers and HBP
as potential drug delivery vehicles. However, the drugs in question may not necessitate a
novel delivery system, except perhaps for the porphyrin compound. With more time, we
recomend to identify and collaborate with a researcher to explore lead compounds that truly
benefit from a delivery system for therapeutic use. The encapsulation, stability, and release

experiments would be the same as those detailed in the thesis.
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4- Establish collaborations that would allow us to carry out cell work on
the delivery systems (allowing us to compare them with respect to
delivery and release).

we would conduct cellular studies to thoroughly assess the dendrimer/HBP drug delivery
systems’ capabilities, particularly whether the drugs could be effectively released and yield a

therapeutic impact on their target cells.

5- Working with our existing collaborators in Medicine, initiate a study
using the encapsulated porphyrin systems (described in the thesis) as
a new photodynamic system.

TPP (Tetraphenylporphyrin) and THPP (Tetrahydroxyphenylporphyrin) are porphyrin-based
compounds utilized as photosensitizers in photodynamic therapy (PDT). While they are
effective in clinical settings, the development of a targeted delivery system could enhance
their application by enabling site-specific treatment. This would mitigate the need for post-
treatment light avoidance, increase therapeutic efficacy, and decrease adverse effects. Our
ongoing partnership with Dr. Helen Bryant from Sheffield Medical School will focus on
advancing PDT cell research to evaluate the potential toxicity of dendrimer/HBP-based drug

delivery systems in both illuminated and non- illuminated environments.

160



Chapter 9

9. Experimental work
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9.1. Chemicals

All chemicals and reagents were acquired from commercial suppliers, predominantly Sigma-
Aldrich, and were thus employed as-is without any additional purification. Anhydrous solvents

were obtained from the department’s Grubbs system.

9.2. NMR Spectroscopy (Nuclear magnetic resonance
spectroscopy)
Unless otherwise stated, all NMR spectra were acquired on a Bruker AV3HD-400. The 1H

spectra was acquired at 400 MHz and the 13C at 100 MHz. The NMR FT data was then

analysed using Topspin 3.0 NMR software.

9.3. Mass Spectrometry (MS)

Mass spectra were acquired by means of Electrospray lonisation Mass Spectrometry (ES-MS)
using an Agilent 6530 Q-Tof mass spectrometer and by Matrix Assisted Laser Desorption
Ionisation Time of Flight (MALDI-TOF) mass spectrometry using either dithranol or

dihydroxy benzoic acid matrices on a Bruker III mass spectrometer.

9.4. Ultraviolet-visible spectroscopy (UV-VIS)

The UV/Vis absorption data was measured using an Analytic Jena AG Specord S-600

spectrophotometer, with UV/Vis analysis conducted in Win ASPECT software.

9.5. Gel permeation column (GPC)

A Millipore Waters Lambda-Max 481 LC spectrometer equipped with an LMW/HMW column
was utilised to obtain aqueous GPC data. Non-ionised water was employed as the eluent for
analysis, while the GPC system was calibrated using polyethylene glycol (PEG) standards for
molecular weights ranging from 2,000 to 5,000 Da. The raw data obtained from the GPC

analysis was then processed and analysed using dedicated online GPC software.
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9.6. Dynamic light scattering (DLS)

The sizes of the resulting polymer particles were analysed using dynamic light scattering (DLS)
with a Zetasizer Nano ZS instrument (ZEN 3600) at a temperature of 25 °C. The DLS readings

were all taken in triplicate for each measurement.

9.7. pH analysis

The pH of the buffer solution was determined using the UEN pH Meter 3030.Standard bufter

solutions of pH 4.0 and pH 10.0 were first used to calibrate the system.

9.8. Fourier Transform Infrared Spectroscopy (FTIR)

The FT-IR samples were analysed using a Perkin-Elmer Paragon 1000 FT-IR

spectrophotometer equipped with an integrated Dura Sample IR-II.

9.9. Synthesis of PAMAM dendrimers

9.9.1. General synthesis of half generation PAMAM dendrimers

Methyl acrylate was gradually added dropwise to a solution of amine-terminated PAMAM
dendrimer (or EDA) dissolved in MeOH within a round bottomed flask over a period of 30
minutes. The mixture was then held at room temperature for a period sufficient to allow full
reaction. The by-products and unreacted reagents were removed using a rotary evaporator at a
maximum temperature of 40 °C (to prevent retro-Michael addition). The product was then

placed within high vacuum to ensure removal of all by-products.
9.9.2. General synthesis of full generation PAMAM dendrimers

The ester terminated PAMAM dendrimer was dissolved in methanol before ethylenediamine

(EDA) was slowly added drop by drop over a 30-minute period. The mixture was then stirred
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at room temperature for several days before the solvent and excess reagents were removed
using rotary evaporation at 45 °C.

To purify the product, a 9:1 azeotropic mixture of toluene and methanol was added to remove
any remaining EDA, a purification step that was repeated multiple times to ensure complete

removal of EDA.

9.9.3. Synthesis of G0.5 PAMAM dendrimer (4 OMe terminal
groups)

The general method for preparing half generation dendrimers was followed using the following

amounts of reactants and solvents: 3.1 grams (0.049 moles) of ethylene diamine (EDA) in 50

mL of MeOH and 25.74 grams (0.294moles) of methyl acrylate in 30 mL of MeOH. The

reaction mixture was stirred overnight at room temperature, offering a yellowish honey-

coloured oil with a yield of 24 grams (87% yield).

OMe 0. OMe

O/Q O
Me Me
1H NMR (MeOD, 400 MHz): 5 3.67 (s, 12H), 2.75 (t, 8H), 2.53 (s, 4H), 2.47 (t, 8H) 13C NMP
(MeOD, 400 MHZ) § 172.8, 50.9, 50.3, 49.2, 47.3, 31.6. FTIR (cm '), 3285 (amide, NH), 2943

(OCHS3, stretch), 1728 (C=0, ester), 1463 (CH2, bend), ES-MS, 405 (MH+) C18H32N208 =

404.22.
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9.9.4. Synthesis of G1.0 PAMAM dendrimer (4 amine terminal
groups)

The general method for preparing half generation dendrimers was followed using the following

quantities of reactants and solvents: PAMAM dendrimer GO0.5 (14.82g, 0.036mol) in 40 mL of

MeOH, EDA (43.27g, 0.72 mol) in 50 mL of MeOH The reaction mixture was then stirred at

room temperature for 5 days. After purification, the product obtained was a honey-coloured oil

(52g, 90% yield).

H,N NH,

L o
Ny
e

H,N NH,

IHNMR (MeOD, 400 MHz): 6 3.68 (s, 8H), 3.32-3.26 (m, 16H), 2.80-2.43 (m, 20H)13C NMR
(MeOD, 400 MHz) § 173.2, 49.8, 50.3, 49.4, 47.5 32.9 FTIR (cm '), 3282 (amide, NH), 2943
(OCHS3, stretch), 1726(C=0, ester), 1461 (CH2, bend). ES-MS, 516 (MH+), Molecular Weight
516.69. Elemental Analysis: C, 51.14; H, 9.36; N, 27.11; O, 12.39 — Chemical Formula:

C22H48N1004 = 517
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9.9.5. Synthesis of G1.5 PAMAM dendrimer

The PAMAM dendrimer featuring four amine terminal groups (G1), which weighed 19.16 g
(0.038 mol), was dissolved in 100 mL of methanol inside a 500 mL round bottomed flask. A
total of 63.70 g of methyl acrylate (0.74 mol) was then gradually added to the reaction solution,
and the mixture was stirred constantly at room temperature for 3 days. Once the reaction was
complete, the solvent was concentrated at reduced pressure at 45 °C, and the resulting product

was dried to obtain a sticky yellow oil, giving a yield of 55 grams (88% yield).

0_0 0;(; .
0 Jg N~o-
§ \LNH 0 NH
OZ\LN’\/N
(o)
ol .
o__N \LNW

1H NMR (MeOD, 400 MHz): 6 3.67 (s, 24H), 3.36 to 3.21 (m, 24H), 2.85 to 2.34 (m, 44H)13C
NMR (MeOD, 400 MHz) 6 172.6, 172.1, 51.6, 50.2, 48.7, 48.11, 37.0, 33.3, and 32.1 FTIR
(cm '), 3309 (N-H, stretch), 2951(C-H, stretch), 2875, 1733, and 1651, (C=0, ester stretch),

1537 (N-H, bend), and 1434 (CH2, bend).
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9.9.6. Synthesis of PAMAM G2.0 PAMAM dendrimer

A PAMAM dendrimer with ester-terminated groups (G1.5, 5.5 g, 0.0045 moles) was dissolved
in 100 mL of methanol before 9.19 g (0.153 moles) of ethylenediamine (EDA) was gradually
added dropwise to the reaction solution over 45 minutes. The reaction mixture was then stirred
at room temperature for 5 days. After the reaction was fully complete, a 9:1 mixture of
methanol and toluene was used as an azeotropic solution to wash the product and remove any
remaining unreacted EDA. This purification process was repeated until all traces of EDA were
completely eliminated. The final product, PAMAM dendrimer G2.0, was a honey/brown-

coloured thick oil at a weight of 13 g (89% yield).

H,N H,N

. "

N ? ? . rm
/\/g/\/\L Oﬁ/\)kﬂ

Nd
Wg T

A 5 s gzgmmz
<. ‘.

1H NMR (MeOD, 400 MHz): 6 4.89 (s, 4H), 3.64 (s, 8H), 3 to 3.39 (m, 24H), 2,25 to 2.87 (m,
76H) 13C NMR (MeOD, 400 MHz) § 173.2, 50.7, 48.3, 46.1, 41.2, 35.9, 32.0, and 31.7 ppm
FTIR (cm '), 3276 (NH, stretch), 2938 (CH, stretch), 1646(C=0, amide). 1556(NH. bend),

Molecular Weight calculated 1428. (ESI-MS) =1428
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9.9.7. Synthesis of PAMAM G 2.5 PAMAM dendrimer

A solution of the mine-terminated product was prepared as discussed in the previous synthesis
section (11.5 g, 0.008 mol), and this was dissolved in 150 mL of methanol. To this solution,
dropwise addition of methyl acrylate (48.241 g, 0.56 mol) took place under conditions of
continuous stirring, with the latter continued at room temperature for three days. Afterward,
the solvent (methanol) and excess methyl acrylate were removed by means of a rotary
evaporator. The resulting product was then subjected to drying under ultra-high vacuum

conditions for 5 hours, yielding a sticky, honey-coloured oil (50 g, 85% yield).

B o, d "o 5
-~ I
N o N N |
O % Q.. o
O HN. o NH ;
N'\'H \; ;/ HNfN 5
0 4 N Nﬂo

IH NMR (MeOD, 400 MHz): & ppm 3.69 (S, 48H), 3.35t03.21(m. 12H), 2.89102.29 (mm,

152H). 13C NMR (MeOD, 400 MHz) & ppm173.2, 173.3, 52.4, 51.2, 49.1, 48.7, 37.8, 34.1,
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32.1. FTIR (cm '), 3297 (amide N-H, stretch), 2952 (CH, stretch), 2837, 1737 (ester C=O,
stretch), 1645 (amide C=0, stretch), 1550(amide NH, bend), and 1436 (CH2, bend). Mass

Spectrometry (MALDI-TOF) m/z= 2805.
9.9.8. Synthesis of G3.0 PAMAM dendrimer

A PAMAM G2.5 product (27 g, 0.0096mol) was mixed in 100 mL of methanol and then stirred.
EDA (38.04g, 0.633 mol) was added dropwise over a 30 minute period. The mixture was then
left to react at room temperature for 5 days. To remove EDA from the crude product, an
azeotropic solution of 2.0 L mixture of 9:1 toluene: methanol was also used. This purification
process was repeated, with EDA completely eliminated by washing with 100 mL of methanol.

The resulting product was then dried, producing a yellow oil with a yield of 43 g (95% yield).

H,N

NH, z
H,N. NH,

NH

H2 HN
< \LNHZ
(0]
HN (0]
1H " : 1 ﬁ o NMR
NH, H,

(MeOD, 400 MHz): & ppm 3.29 (t, J=7, 24H), 2.81 (t, J=6.8, 32H), 2.74 (t, J=7, 156 H), 2.61 (t,

J=7, 32H), 2.38 (t, J=6.6, 56H) 13C NMR (MeOD, 101 MHz) § ppm 171.83, 172.31, 53.21,
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48.69, 46.52, 40.69, 39.89, 37.12, 32.51 FTIR (cm '), 3289 (NH amide, stretch), 3090 (C-H,

stretch), 1636 (C=0) 1569 (N-H amide, bend), 1484 (CH2, bend). (MALDI-TOF) m/z= 3257

9.9.9. Synthesis of G 3.5 PAMAM dendrimer

A third generation PAMAM G3.0 (32 g, 9.8 mmol) was dissolved in methanol (120 mL) and
agitated. Methyl acrylate (127 g, 1.4mol) was then added slowly over 45 minutes, and the
mixture was allowed to react for 5 days. To remove excess methyl acrylate and solvent, the
mixture was then subjected to reduced pressure at 4 °C, generating a G3.5 product that

resembled a sticky yellow/brown substance to a weight of 90 g (85% yield).
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Molecular Weight: 6011.12
1HNMR (MeOD, 400 MHz): 6 ppm3.69 (m, 96H), 3.39-3.27 (m, 56H), and 2.9-2.36 (m, 300H)
13C NMR (MeOD, 101 MHz) 6 ppm 174.5, 173.5,52.7,52,51.3,49.7,49.0, 37.3, 37.2, 33.4,
and 32.1. FTIR (cm'), 3298 (N-H amide, stretch), 2953 (C-H, stretch), 2833, 2105, 1734 (C=O0,

ester), 1643 (C=0, amide), 1549 (N-H, amide bend), 1439 (CH2, bend), TOF MS LD+ 6012
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9.10. Synthesis of neutral PAMAM dendrimers

9.10.1. General procedure

As an example, procedure, a half-generation dendrimer was introduced into DMSO in a 250
mL round bottom flask. Subsequently, potassium carbonate and ethanolamine were added
dropwise to the mixture. The resulting mixture was stirred and refluxed at 0 °C for 3 days prior
to the crude mixture undergoing filtration under reduced pressure to eliminate any potassium
carbonate residues. The filtered product was then purified by washing three times in 200 mL
of acetone, which caused an oily product to settle at the bottom of the flask. The acetone layer
was then carefully removed, and 5 mL of distilled water added to dissolve the product. After
the product was allowed to precipitate and settle for 1 hour, the upper layer was poured off.
The remaining product was then dried in a vacuum oven, resulting in the formation of

PAMAM-OH dendrimer.

9.10.2. Synthesis of G0.5-OH PAMAM dendrimer

A half-generation PAMAM dendrimer (4.7 g, 0.0031 mol) was dissolved in 10 mL of DMSO,
with potassium carbonate (4.25 g, 0.029 mol) and ethanolamine (1.90 g, 0.0312 mol) then
added gradually to the solution. The resulting mixture was stirred and heated at 50 °C under
reflux for 3 days. The standard purification process was then carried out, yielding a final
product, G 0.5-OH, that appeared as a yellow oil after drying; the quantity generated in this

manner was 8 g (80% yield).
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IH NMR (D20, 400 MHz): & ppm 3.57 (t, J=7, 8H), 3.24(m, 8H), 2.74(m,8H), 2.54(t, J=6.5,

H

4H), 2.37(t, J=7, 8H) 13C NMR (D20, 400 MHz)  ppm 175, 173.5, 60,33. FTIR (cm '), 3295

(N-H stretch), 1653 (C=0), 1560 (N-H), 1445. ES-MS 521

9.10.3. Synthesis of G1.5-OH PAMAM dendrimer

G 1.5 PAMAM dendrimer (4.8 g, 0.0039 mol) was dissolved in 7mL of DMSO. Ethanolamine
(1.9g, 0.0312 mol) and potassium carbonate (4.31g, 0.0312mol) were then added gradually
subject to continuous stirring. The reaction mixture was then refluxed at 50 °C for 3 days, and
the resulting the crude product was subject to purification using the method described earlier
in this chapter. Finally, the product was dried under vacuum overnight to give 8 g of G 1.5-OH,

a yield of 75%.
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1H NMR (D20, 400 MHz): & ppm 3.50 (t, J=6.5, 16H), 3.17 (m,24H), 2.68 (m, 24H), 2.49(t,
J=7, 12H), 2.31 (t, 24H). 13C NMR (D20, 400 MHz) & ppm 1754, 174, 61, 52.0, 50.0, 46.0, 40.5,
36.0, 32.0. FTIR (cm 1), 3295 (N-H, stretch), 3134, 2958, 2847, 1583 (C=0), 1562(N-H),

ES-MS 437

9.10.4. Synthesis of G2.5-OH PAMAM dendrimer

A solution containing 5.3 grams (0.0018 mol) of PAMAM G 2.5 was prepared in 7 mL of
DMSO. Ethanolamine (1.75 g, 0.028 mol) and potassium carbonate (3.98 g, 0.028 mol) were

then gradually added to this solution, and the resulting mixture was stirred and refluxed at 50 °C
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for 72 hours. Subsequently, the mixture underwent the standard purification process, yielding

5.76 g of dendrimer (80% yield).

S

1H NMR (D20, 400 MHz): § ppm 3.62 (t, J=7, 32H), 3.33 (m, 56H), 2.80 (t, J=6.8, 56H), 2.1
(t, J=7, 28H), 2.41 (t, J=7, 56H) *C NMR (101 MHz, D,0) § 176,2, 175, 52, 48, 42, 38.5, 36,
32.5. FTIR (cm '), 3420 (N-H, stretch), 2947 (C-H, stretch), 3924, 1640 (C=0), 1549 (N-H,

amide bend), 1443 (CH2, bend), TOF MS LD+ 3272
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9.10.5. Synthesis of G3.5-OH PAMAM dendrimer

A quantity of 7 mL of DMSO was used to dissolve 2.3 g (0.00038 mol) of G3.5 PAMAM
dendrimer in a round bottomed flask. Subsequently, 0.74 g (0.0122 mol) of ethanolamine and
1.68 g (0.0122 mol) of potassium carbonate were introduced into the dendrimer solution. The
resulting mixture was then stirred and refluxed at 50 °C for 3 days before the product was

purified and dried using a standard procedure to form G3.5-OH. This process offered a yield

of 4 g (98%).
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1H NMR (D20, 400 MHz): & ppm 3.52 (m, 64H), 3.21 (m, 120H), 2.71 (m, 120H), 2.52 (m,

60H), 2.33 (m, 120H) '*C NMR (101 MHz, D;0) § 175.5, 174, 58.68, 60, 52.5, 49.5, 47, 41,
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37,33 FTIR (cm '), 3264 (N-H , stretch), 3071, 2917, 2824, 1639 (C=0, stretch), 1548 (N-H,

amide bend), 1437 (CH2, bend), TOF MS LD+ 6940
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9.11. Synthesis of aromatic hyperbranched polymers
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9.11.1. Synthesis AR-HBP (intermediate 3 and monomer 1)

0 O N
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2 3 1

A total of 5 g of MA, equivalent to 0.058 mol, was added to a solution containing 3 g of 4-
aminomethyl benzoic acid (0.019 mol) and 3.94 grams of triethylamine (0.039 mol) dissolved
in 60 mL of methanol. The resulting mixture was stirred for 5 days before the solution
underwent filtration. The filtrate was then subjected to concentration using a rotary evaporator,
resulting in the formation of intermediate 3, which demonstrated ester terminations.

Intermediate 3, which weighed 6.11 g, equivalent to 0.0188 mol, was introduced into an
abundant quantity of EDA (22.6 g or 0.37 mol) dissolved in 55 millilitres of methanol. The

mixture was then agitated for 15 days, facilitating the formation of monomer 1
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9.11.2. Synthesis of Ar-HBP (hyperbranched polymer 4)

H2N€N (0] X
<

T
A

H,

polymer 4

Monomer 1 was subjected to vacuum heating at 165 °C for 48 hours before being allowed to

naturally cool to room temperature. The resulting crude product offered a quantitative yield

with a dark, honey coloured, glass-like appearance.
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9.11.3. Synthesis of an intermediate ester-terminated hyper
branched polymer.

Jj
Y©/ﬂ
%HJ@

NH\/\ é

OH
5

A total of 0.5 grams of HBP compound was dissolved in 15 mL of methanol, to which 5 grams
of MA (0.058 mol) was introduced. This mixture was then stirred overnight before reaction
undergoing purification by being washed six times with 50 mL of methanol. Any remaining

solvent was then removed using rotary evaporation, resulting in a sticky brown solid.
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9.11.4. Synthesis of a hydroxyl ester-terminated hyper
branched polymer.

o

OH

(o]

An ester-terminated hyperbranched polymer (1 gram) was dissolved in 5 mL of DMSO, with
1.32 grams (0.0217 moles) of ethanolamine and 3 grams (0.0217 moles) of potassium
carbonate then introduced to the solution. The reaction was then kept at reflux temperature
(50 °C) for a period of 5 days, after which purification via acetone washing resulted in the

formation of a sticky brown solid.
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9.12. Solubility and the Beer-Lambert law experiment for
Ibuprofen

The solubility of Ibuprofen was assessed by introducing an excess amount of Ibuprofen into
a 100 mL conical flask containing 60 mL of phosphate buffer solution at a pH of 7.4. The flask
was covered and agitated at a temperature of 25 °C for 30 minutes. The resulting sample was
then purified by passing through a 0.45 pm syringe filter. After appropriate dilution, the
concentration of Ibuprofen was gauged using UV spectrophotometry. To create a stock
solution, 206 mg of Ibuprofen was then dissolved in methanol within a 100 mL volumetric
flask: the concentration of this stock solution was determined to be 1x10~ mol/mL. Various
standard solutions were subsequently prepared using different known concentrations (0.1, 0.3,
0.4, 0.7, and 1 mM) derived from the stock solution, and the absorbance of Ibuprofen was
measured using UV/Vis spectroscopy, with differences in absorption values (A absorbance)

determined across wavelengths ranging from 273 to 278 nm.

9.13. Phosphate buffer preparation

Sodium phosphate dibasic (1.99 g) and sodium phosphate monobasic (0.29 g) were effectively
dissolved in 1.0 L of distilled water. The pH was then carefully set to 7.43 using either HCI or
NaOH as appropriate in each case, resulting in the creation of a buffer solution with a

concentration of 0.01 M.

9.14. Encapsulation procedures

Preparations of PAMAM dendrimers featuring hydroxyl end groups (G1.5, G2.5, and G3.5)
with excess quantities of Ibuprofen were developed using methanol as a solvent. Subsequently,
these solutions underwent a 10-minute shaking process before the solvent was eliminated by

utilising a rotary evaporator. The resulting dendrimer/ Ibuprofen complexes were then
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reconstituted in a 20 mL solution of pH 7.4 phosphate buffer and subsequently filtrated to
eliminate any unbound Ibuprofen. Finally, all samples were subjected to analysis using UV-

Vis spectroscopy.

9.15. Preparation of different generations of hydroxyl
terminated PAMAM dendrimers with
concentrations of (1x10 M).

To create a concentrated solution of G1.5-OH at a concentration of 1 x 10 M, 13 mg of G1.5-
OH was dissolved in 100 mL of methanol. In contrast, the G2.5-OH solution was formulated
by dissolving 31 mg of the compound in methanol in a 100 mL volumetric flask, while the

(G3.5-OH solution was prepared by diluting 69 mg in 100 mL of methanol.

9.16. Preparation of G2.5-OH PAMAM dendrimers with
different concentrations (1x10°, 1x103, 1x10*“and
1x10-3 M).

G2.5-OH solutions of varying concentrations were created by dissolving 0.00031 mg,
0.0031mg, 0.031 mg, and 0.31 mg of the compound in appropriate 100 mL volumetric flasks.
This process yielded solutions with concentrations of 1x10° M, 1x10° M, 1x10* M, and 1x10-

3 M, respectively.

9.17. Preparation of G2.5-OH PAMAM dendrimers with
different concentrations (1x10, 2.5x10™, 5x10-
47.5x10, and 9x10* M).

Samples of 30 mg, 80 mg, 158 mg, and 238 mg of G3-OH PAMAM dendrimer were
individually mixed with methanol in 100 mL volumetric flasks to yield the desired

concentrations.

184



9.18. Synthesis of 5,10,15,20-tetrakis(3, 5S-dimethoxyphenyl)
porphyrin (TMPP)

A solution was prepared by combining 6.23 mL (0.09 mol) of freshly distilled pyrrole and 15
g (0.09 mol) of 3,5-dimethoxybenzaldehyde in a round-bottom flask containing 320 mL of
propionic acid. This mixture was subjected to reflux at 150 °C for 30 minutes. After the reflux
period was complete, the mixture was allowed to cool to room temperature, before being left
in this state for 2 hours. The resulting mixture was filtered and subsequently washed thoroughly
using propionic acid and methanol. The product obtained from this process was then dried
overnight using a vacuum oven, resulting in the formation of purple crystals; the yield was 9 g

(60%).

OCH; H,CO

1H NMR (400 MHz, CDCI3): & 8.89(s, 8H), 7.41(s, 8H), 6.94(s, 4H), 3.96(s, 24H), -2.99 (s,
2H); 13C NMR (400 MHz, CDCI3): § 1589, 143, 118.9, 112.9, 102, 25.9; IR: vmax/cm™") 1150

(OMe); UV absorbance (nm)= 420; MH" (ESI-MS) = 854.5 ( 855 gmol™! calculated).
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9.19. Synthesis of 5,10,15,20-tetrakis(3, S-dihydroxy phenyl)
porphyrin (THPP)

A round-bottom flask with a capacity of 250 mL, equipped with two necks, was filled with 0.5
g (0.00058 mol) of 5,10,15,20-tetrakis(3,5-dimethoxyphenyl) porphyrin and 10 mL of dry
dichloromethane. A dropping funnel was then attached to the flask and the entire setup was
purged with nitrogen gas. After precise adjustment to the dropping funnel, a solution containing
2 mL of Boron tribromide was slowly introduced to the reaction mixture, which was then gently
stirred under a nitrogen atmosphere at room temperature for a 5 hours. Subsequently, the
reaction was gradually neutralised by the addition of 5 mL of distilled water before being stirred

for an additional 15 minutes.

Yield 1.3 g, 97%;" 1H NMP (400 MHz, CDCI3) & 8.90 (d, J=2.5, 8H), 7.49 (d, J=2.5, 8H), 6.89
(t, )=2.5, 4H), 4.89 (s, 8H), -2.87 (s, 2H); 3C NMR (400 MHz, CD30D) § 155, 139.8, 119,

115.5, 99.8, IR (cm™) 3429 (OH group); UV Absorbance (nm) = 417, MH* (ESI-MS) =743

(743 g/mol calculated ).
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9.20. Synthesis of Zn-THPP (zinc-porphyrin)

A quantity of 0.16g (equivalent to 0.00021mol) of THPP was dissolved in 80 mL of
dichloromethane within a round-bottom flask. Separately, an amount of zinc acetate sufficient
to create excess was dissolved in 5 mL of methanol. Subsequently, the zinc acetate solution
was introduced into the flask containing the THPP solution, and the reaction mixture was then
heated to reflux and stirred for a duration of 1 hour at 45 °C. Any remaining unreacted zinc
acetate was then separated by filtration under reduced pressure, and the solvent was eliminated
by means of a rotary evaporator. The resulting product was subject to purification through
recrystallisation: the crystals were then subjected to drying, yielding dark purple Zn-THPP

crystals.

'H NMR (400 MHz, CDCI3) § 8.99(d, J=2.8, 8H), 7.49(d, J=2.5, 8H), 6.92(t, J=2.5, 4H), 4.88(s,
8); 13C NMR (400 MHz, DMSO) § 155.4, 143.2, 119, 112.5, 100. UV Absorbance (nm) 423,

mass spec MH(ESI-MS) 808 (808 g/mol calculated).
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9.21. Beer-Lambert law for THPP and Zn-THPP

Dissolving 4.5 mg of THPP and 1.9 mg of Zn-THPP in 1L of methanol in a volumetric flask
yielded stock solutions with concentrations of 3.2x10-6 M and 1.6 x10-6 M, respectively. A
UV spectrophotometer was then employed to gauge the absorbance of these compounds at their
characteristic wavelengths, which are 417 nm for THPP and 423 nm for Zn-THPP, using
methanol as a reference. Subsequent dilution series were then created at different

concentrations to construct an appropriate Beer-Lambert graph.

9.22. THTP and Zn-THTP encapsulation in different
generations of PAMAM dendrimer.

All hydroxyl terminated PAMAM dendrimers were maintained at concentrations of 1x10-4 M.
The solutions of these complexes were created in 10 mL methanol vials, with the dendrimer
solutions dissolved using equal amounts of TDHTP or ZnTDHTP in methanol. The methanol
was subsequently eliminated using a rotary evaporator (rota-vap), and then a 10 mL solution
of phosphate buffer with a pH of 7.4 and a concentration of 0.01 M was introduced to the
complex solution before the mixture was filtered. The absorbance of the solutions was then

gauged using UV/Vis spectroscopy at wavelengths of 417 nm and 423 nm.

9.23. Stability of drug-dendrimer complexes

Equal concentrations of various PAMAM dendrimer generations (G1.50H, G2.50H, and
G3.5-OH) were maintained at 1x10* M. To assess dendrimer stability, surplus Ibuprofen was
then introduced in 20 mL of pH 7.4 phosphate buffer, and samples of this mixture were stored

at room temperature for up to 10 days under two conditions: darkness and exposure to light.
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Subsequently, the degradation of Ibuprofen in the phosphate buffer solutions was quantified

by measuring their absorbance values at 273 nm using UV spectrophotometry.

9.24. Zn-THPP 14 release from the G2.5-OH dendrimer
and Ar-HBP

A Zn-THPP 14/dendrimer complex of 1)X10**M in both dendrimer and porphyrin was prepared.

A sample of 20 mL of the complex was placed into osmosis tubing with a molecular weight
cut off of 2,000. This was then deposited in a beaker containing 200 mL of pH 7.4 phosphate
buffer. Samples were removed from the dialysis bag and analysed by means of UV at t=0, then
periodically every 24 hours for five days to measure the absorption of the porphyrin’s Soret

band at 430 nm.
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