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Abstract

Synthesising deliverglatforms for poorly soluble, cytotoxic chemotherapeutics remaans
crucial challenge in modern medicine. Biomimetic polymer nanocarriermbine
biocompatibility, biodegradability and structural tenability, making themeal for stable
transport and contrded release. This thesis investigates the synthesis and optimisation of
functional poly(amino acid) and pohydroxy acid) systems for the encapsulation and
conjugation of therapeutics, producing welkfined polymeric platforms capable of self

assembly ad of controlled release of their respective payload.

Monomer synthesis was addressed through preparation of a library -ofamddl O
carboxyanhydrides (NCA, OCAluding Fmog¢ Z and Boeprotected lysine NCAs and
mandelic acid OCA. Traditional phosgeasvated synthetic strategies were evaluated
against modern phosgerieee alternatives, revealing distinct differences in safety, purity and
robustness to undesirable side reactions. From these monomeis, ring-opening
polymerisation (ROP), were synthesistwo complementary amphiphilic block copolymer
platforms. In the first, mPEG-poly(mandelic acid) copolymers were synthesised under
systematically varied reaction conditions. The products exhibited narrow molecular weight
distributions and sefassemblée into sub200 nm nanoparticles with low polydispersity.
These platforms were capable of encapsulating doxorubicin with high efficiency and
demonstrated slow, pHesponsive release behaviour with no unwanted burst release and
limited leakage at physiologit pH. This highlighting the potential of the PMA backbone for

pH-sensitive drug delivery.

The second system utilised mRB®Lys block copolymers, synthesised under extensive
kinetic and mechanistic investigation includimgsitu FTIR monitoring. Chatiges with the
Fmoe and Zprotected systems were addressed, with Bwotected championed for its
robust synthesis and rapid, simple deprotection. Subsequent -polsimerisation
modification introduced oligo(ethylene glycol) grafts to relieve steric cetige around
lysine pendant amines, enabling efficient carbamate conjugation to SN38. The resulting
conjugates formed uniform nanoparticles that exhibited excellent stability and sustained

release under physiologically relevant conditions.
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NH.TFA]J-O20NH.TFA. For simplicity, the product is presented in neutral forr
opposed to thelTFA salt.

Figure 6.10 Overlaid'H NMR spectrgd500 MHz, BO) of BC224D and BC22¢
highlighting the changes in relevant integral ranges in comparison to a norme

PEGCH integral ( ).
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Figure 6.11 Overlaid'H NMR spectrgd500 MHz, BO) of BC225D and BC227
highlighting the changes in relevant integral ranges in comparison to a norms
PEGCH integral ( ).

Figure 6.12Comparative SEfhalysis pairs of BC224D/226D.

Figure 6.13Comparative SEanalysis pairs of BC224D/225D.

Figure 6.14'H NMR spectruni500 MHz, DMS@) of (10-O-(p-nitrophenyl
carbonate)SN38.
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Figure 6.16 Overlaid GPC Chromatograms for miE& macroinitiator, BC234
BC235 and BC236. Samplesewvabtained in DMHLIBr eluent.
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Figure 6.18Overlaid GPChromatograms for mPERH macroinitiator,BC224and
BC238 Samples wer obtained in DMHIBr eluent.
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Figure 6.200verlaid GPC Chromatograms for mM#& macroinitiator,BC227and
BC242 Samples we obtained in DMFLIBr eluent.

Figure 6.21 Overlaid GPC Chromatograms for miNE® macroinitiator, BC236
BC239andBC242 Samples were obtained in DMIBr eluent
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Figure 6.23 Transmission electron microscopy images depicting nanoparticle
BC234 mPE&-PLys(CE&N38y, showingcomparison of shape and size.

Figure 6.24 Drug release profiles for samples of mPEBLysco-SN38 graftec

copolymers, takemver 10.5 h of incubation.
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Chapter 1: Introduction

1.1Drug Delivery
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The route from amino acid (AA) and hydroxy acid (HA) raw materials to functional polymer
products is detailed within this report. This includes the cyclisation of AA and HA molecules
bearing hydrophobic pendant chain functionalities into reactivea@émberead heterocycles,
followed by their polymerisation. By using nucleoph#eminated hydrophilic
macromolecules such as polyethylene glycol methyl ether (MPEG) to initiatepaming
polymerisation (ROP), it is then possible to develop btmpolymer prodets with
amphiphilic properties. These functional materials are then capable ofassémbly,
resulting in the formation of the encapsulant nanoparticles that can carry therapeutic
payloads to their destination. To understand this process in greater Idétai mechanistic
background for the synthesis and preparation of these blomolymer amphiphilic

nanoparticles has been recounted within this chapter.

1.1.2 Amphiphilic Block Copolymers

Polymers consist of a covalentlgked sequence of monomer dding units (repeat units)

and can be classified depending on the number and arrangement of these units. Polymers
composed of a single type of repeat unit, such as PEG, are referredhtonaspolymers
Homopolymer physicochemical properties remain consistaroughout the chain and are
often similar to those of the constituent monomeihis is exemplified by the hydrophilicity

of PEG, owed to the significant quantity of hydrodemd donating oxygen atoms within the
polymer backbone. Polymers with two prore repeat units are referred to aopolymers

and exhibit physichochemical properties intermediate to those of their constituent
monomers, depending on their relative sequencimjffering classifications of copolymer are

outlined inFigure 1.2oelow.

Block Copolymer Graft Copolymer

Q000000000 .8..80008.
@) @) (@)

Alternating Copolymer Statistical Copolymer

000000000 0000000000

Figure 1.2 Graphical representations of differing copolymer classifications



Block copolymer sequences are often exploited in drug delivery science as building blocks for
nanoparticles. Combining the hydrophilic properties of a polymehsas PEGiovalently

linked to a block with hydrophobic properties, creates a single chain \aittphiphilic
properties, leading to sebissembly into a particle under aqueous conditions by heteain
association of multiple hydrophobic blocks into a core, surr@athdnd compatibilised b
corona ofexternal hydrophilic blocks. Block copolymerisation can be achieved by either
covalent linkage of two existing blocks together, sequential monomer addition during
polymerisation from a smatholecule initiator, or by usg one polymer block as a
macroinitiator, propagating the next block from this reaction. There is theoretically no limit

to the number of blocks that can be added to a polymer system.

PEG is widely utilised in the synthesis of hybrid block copolymeétable for biomedical
applications, due to in part to its commercial viability, but also to its high biocompatibility,
hydrophilicity and pharmacokinetic properti€3® The endgroups of the PEG chain can
undergo a wide variety of functional modificatis, allowing a broad assortment of linkages
and chain terminals to be made from the homopolymer framework. Specifically, substitution
of the hydroxyl terminals of one PEG chain, one for a methyl and one an amine group, affords

a singleterminal functionalsed nucleophilic macroinitiator, shown kigure 1.3elow.

H3C£O\/9ENH2

Figure 1.3Structure of nethoxy-poly(ethylene glycoliNH.

According to a review by Knep al, all marketed polymer therapeutics brought to the market
up to 2010 containedPEGunctionalised therapeutics, with no other synthetic polymer
having reaching that statud.This readily exemplifies the benefits that PEG macromolecules
provide within the development of polymeric drug delivery platforms in general and,

importantly for this work, for seHassembled amphiphilic block copolymers systems.



1.1.2Block Copolymer Self Assembly
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1.1.3Optimisation of Nanoparticles

The properties of block copolymer amphiphiles as platforms for druzaesulation and
controlled release can be altered by fitumning both the constituent functional domains and
chemistries of the constituent blocks, as well as by varying the method edssdimbly those
polymers undertake during nanoprecipitation. Relathlock size (degree of polymerisation),
solubility and interchain interactions have significant impact upon the resultant drug loading,

stability and controlled release of the delivery platform.

With increasing nanoparticle drug loading, fewer nanomdes are required to deliver the
necessary dosing of active pharmaceutical ingredient (API) to the targesite. L Qa | a |
component of therapeutics typically represent the greatest investment of time, resource and
cost in the preparation of such matel$aand hence higher drug loading offers greater value

to the manufacturer, practitioner and patieAf.This was exemplified by Sabatedfeal. who

used ultrahigh-drug-loaded (UHDL) paclitaxel nanopatrticles to increase sustained drug levels
in the peritaneal cavity compared to those treated with the low daegding formulation
(PTXC/E), and to increase median survival rate from 53 days in theCHH group to 81 days

after a single UHDL dose, and to 122 days after 2 df§dd¢swever, research by Clai al.
disputes this narrative, wherein mice treated with 9 wt% docetddel (BNP) formulation
experienced reduced docetaxel exposure in the organs of the mononuclear phagocyte system
(MPS), and an increased plasma/tumour docetaxel concentration when cothpartose

that received 20 wt% IDIP, resulting in increased therapeutic efficieAZ¥hese contrasting
results highlight the complex physicochemical balance that is faced when tuningalnidh
low-drug-loading during payload development, between increhs#osage efficiency and

improved pharmacokinetic profile.



Nanopatrticle stability is paramount to the synthesis, storage, intravenous introduction,
plasma transport and controlled delivery of therapeutic payloads by amphiphilic block
copolymer systems. Pugularly as synthesis and nanoprecipitation are scaled to meet
AYRAZAGNRA Lt YIFydzFlF OGdzNE OF LI OAdes LI22N) dzyA¥2N
assembly (PDI) can leadgarticle inhomogeneity, which increases the risk both burst release
upon exposure to blood plasma and payload leakage during either storage or transport,
negating the purpose of controlled releadeThese effects are of specific interest to this
report, which investigates the controlled release of SN38, a potent topoisomérak#itor

with poor physiological solubility and limited therapeutic capability in its native form. Spiking
concentrations (kax Of native SN38 upon intravenous delivery or burst release leads te dose
limiting toxicities such as myelosuppression andstgantestinal damage, as well as
promoting rapid glucoronidation, which expedites drug clearance and elimination from the

plasma???4 Nanoparticle stability is therefore of paramount importance to this work.

Sensitivity of nanoparticle systems to physgical stimuli plays a key role in the selectively
triggered release mechanism of many delivery payloads. Selected stimuli include
temperature, enzymatic activation, redox potential and the presence of biomarkers on
affected cells, such as receptors argogproteins?>28 Of specific interest to this research is
the pHsensitivity of ester linkages within drug delivery platforms, the hydrolysis of which is
acidcatalysed® This makes them viable for triggered release under the acidic conditions of
both the extracellular tumour microenvironment (pH 6@ 6.8) and the intracellular

conditions of endosomes and lysosomes (pH¢H®b) 22

Finally, size represents a potential limiter for the application of nanoparticle delivery systems
to specific sites arouh the body. The diffusion of these platforms across biological
membranes and barriers is vital and requires that the-asfembled nanopatrticles fall below
specific thresholds. For instance, there is a ca. 100 nm diametesfictdr nanoparticle to
diffuse across the blocldrain barrier. A summary of potential routes for nanoparticle
therapeutic administration within different size thresholds is provided able 1.1 adapted

from Danaeiet al.1?
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Route of Administration / Dosage Form Particle Size Range
Long-circulating carriers (brain, tumours) 50 - 200 nm
Transdermal 10 - 600 nm
Intravenous / intramuscular 200 - 2000 nm
Ocular 100 — 3000 nm
Aerosol 1-10 pm
Nasal 8-20 um
Lymphatic (Reticuloendothelial System) 10-50 nm

1.2 Poly(amino acids) for Drug Delivery

In recent years, drug delivery science has benefited from the implementatibrowfimetic
materials in the development of its encapsulant nanopatrticles. Biomimetic materials combine
chemistry, biology and engineering in an effort to emulate natural materials, mechanisms and
systems in order to tackle human problems. This appropgatidscribes the role that
poly(amino acids) can play as biomimetic drug delivery materials. The ability-assetble

into complex, biocompatible conformations, makes these materials promising candidates for

the targeted delivey of anti-cancer therapetics 3°

1.2.1Amino Acids

Amino acids are the constituent building blocks of two vital groups of macromolecules in the
human body. These include peptides, such as insulin and oxytocin, and proteins, such as
trypsin. These polymeric structures occoaturally in the body in unique combinations,
specific to the role of the molecule. This is made possible by the highly functional nature of
the amino acids, which enables them to leverage intramolecular folding interactions {o self
assemble into externallhydrophilic nanoparticles, thereby improving intestinal uptake and

overall biocompatibility.



In addition, poly(amino acid) macromolecules are biodegradable under homeostatic
conditions, subsequently reforming amino acid molecules which are easily misgdhor his

combination of improved vehicle uptake and disposal makes poly(amino acid) based
nanomaterials an enticing opportunity for pharmaceutical and biomedical applications,

specifically as biomaterial scaffolds for controlled drug delivery and tissgimeering?!32

Furthermore, the commercial production of amino acids for poly(amino acid) synthesis
obtained via enzymatic biosynthesis is attractive from an environmental sustainability
standpoint®3The majority of amino acids are biosynthesisedhyliferating microorganism
cultures, via the fermentation of simple sugar syrups obtained from grains or mof4sgs.

use of a renewable raw material, processed by cultured microorganisms that can be grown to
scale, is a great benefit in the case sing poly(amino acid) materials over more econcally

linear, petrochemicasourced polymer alternatives.

The generalised structure of ah-famino acid is illustrated iRigure 14 below. Bonded to

the h-carbon are an amino acid and a carboxylic adichieal, as well as a pendant side chain
group which can bear a multitude of functional domains. These include hydrophobic,
hydrophilic, acidic, basic, polar and npalar domains. Furthermore, amino acids produced

by biosynthesis are usually of thec@nfiguration (or Eby latin nomenclature).

O

H;IN Qa
OH

R

Figure 14: A generalised amino acid molecule

For a nanoparticle to be capable of both encapsulating a drug molecule, as well as exhibiting
biocompatibility within the body, it is necessary that the constitupotymer materials of
those nanoparticles are amphiphilic in nature. By exploiting the wide functional diversity of
the available amino acid monomers, it is possible to influence the physicochemical properties
of the subsequent poly(amino acid) materiatsas to achieve this criteriott Table 1below
illustrates the 20 proteogenic amino acids commonly found within the body, with the

functional varieties of their respective side chain groups highlighted.



Table 12: The 20 proteogenic amino acids.

Glycine (Gly) Alanine (Ala) Tryptophan (Trp)
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H,N HoN HOOW
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@
NH;
4(' HoN
COCH COOH H,N
COOH
Proline (Pro) Isoleucine (Iso) Arginine (Arg)
Q Q"\ FNHZ
HN
COOH HoN H,N HoN

COOH

COOH

Serine (Ser)
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OH
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HoN
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HoN
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Glutamine (GlIn)
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HOOC
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In Tade 1.2 the wide range of exploitable functionality available to amino acids and to
consequent poly(amino acid) materials can be visualised. In the literature, the applicability of
these amino acids as repeat units in amphiphilic copolymers has beenigatest already,

with the conjugation of hydrophilic poly(glutamic acid) to polybutadiene by KiRalag the
seltassembly of poly(ethylene glycdi)poly(phenylalanine) copolymer by Castelletfdhe
mechanism for this selissembly is owed to the samigological processes by which
polypeptides synthesised within cells undergo folding into discrete and complex shapes,
specific to their functior?® These levels of folding and some specific polypeptide and protein

conformations that demonstrate them can Iseen inFigure 1.5elow.

1° Structure 2° Structure 3° / 4° Structure
Bound by Folded by Folded by
Covalent Peptide Bonds Inter-chain H-Bonding Pendant Group Interactions
Hydrogen Bonds
o "'43 Hydrophobic Interactions (rt-1)
R lonic Salt Bridges

H
HZNL -~ )\WNHZ
:\ 0 R
OH

—(Tyr)—(Ala)—(Ser)}—Gly)—

Helices
bound by Hydrophobic
salt bridges binding pocket

Figurel.5: Theprimary, secondary, tertiary, and quaternary structucépolypeptides.

Importantly for the work conducted within this report, key secondary structure folding
interactions in polypeptides can be translated to the ss§embly of stable conformations in
poly(amino acids). In polypeptides, the formation of conformational domains sucheds th
helices inFigure 1.5allow for hydrophobic residues in the chain to be internally directed,

stabilising them under aqueous conditioffs.
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This is achieved via hydrogen bonding interactions between the-clmaign NH donor and
C=0 acceptor pairs, sitieal within each of the amide bonds connecting adjacent amino acid

monomers.

For poly(amino acid) amphiphiles, the internalisationnoh-polar aliphatic and aromatic
residues is imperativein order for the polymers t@ncapsulatebulky, hydrophobiecored
molecules, such as therapeutic drug compouffighese interactions stabilise the
nanoparticle, improvingooth stability during storage and during bodily transit, thereby
increasing the eftiency of drugmolecule delivery to target cells under biological

conditions#*!

Further to this secondary folding, as exemplified in part IlIFgfure 1.5 vital tertiary
interactions within the folded polypeptide structure can also be transposed into the bonding
interactions involved in the incorporation of druijgo polymer nanoparticle4? Specifically,

this may relate to the hydrophobic interactions that can occur between hydrophobic residues
such as leucine, isoleucine, in their entropicédlyourable exclusion of water molecules from

a folded pocket, into wich an external molecule may be consolidated. This could also relate

G2 AYOUSN¥Of SgdSNNIOWA2ya GKFG 200dzNJ 6S6SSy
centres in the side chains of phenylalanine and tryptophan residues and the large, aromatic

coresof drug molecules such as doxorubicin.

In addition to the hydrophobic tertiary interactions exhibited above, polypeptides leverage
the charged and neutral amino acid residues outlined ale 12 to further anchor their
structural motifs and increase aility*? Specifically, ion salt bridges between charged
residues such as arginine and histidine, as well as disulphide interactions between cysteine
residues, add significant stabilisation to tertiary folding and to the binding of functionalised
externalmolecules. This is extremely relevant to the research of functionalised poly(amino
acids) for the design of present and future drug delivery vehicles, through the deployment of
post polymerisation modification strategies. Recent examples of this techmalofyide work

by Byrneet al. who, through the strategic protection and deprotection of lysine side chain
functional groups, were able to synthesise wagffined starshaped polymers for use as gene

delivery vectorg?

11



Another example is the work of Rese et al. in their use of thiolene chemistrywherein
cysteine residues on poly(amino acids) were bound via sulfiratkene bonds to a number
of components, to improve their sustainability and performance in coating formulaftons.
Clearly, the use ohighly-functionalised poly(amino acid) materials in the pursuit of drug

delivery vehicles presents a variety of avenues to develop and optimise an effective solution.

However, it is important to first discuss the synthesis of these materials, starting tfie
cyclisation of amino acids into highly reactive monomer materials known as N

Carboxyanhydride@NCAS).

1.2.2N-Carboxyanhydrides (NCAS)
The general structure adin NCAs depicted inFigure 1.6 Cyclisation of amino acids by the
methods outlined in the subsections below produces a strainedefnbered heterocycle,

bearing an anhydride functional group and an NH functionality.

Figurel.6: A generalised structure of anGarboxyanhydride mogeile.

In addition, the pendant side chain of the precursor amino acid is conserved, bound to the
ring. By cyclising trifunctional amino acids such as lysine and aspartic acid, functionality can
subsequently be imparted to the resulting polymer followinggropening polymerisation of

the molecule. This in turn necessitates the careful application of protecting species, such as
fluorenylmethoxycarbonyl (Fmoc) and téstitoxycarbonyl (Boc) esters, to prevent unwanted
sidereaction during polymerisation. Thegeotecting groups are illustrated as appendage

to the side chain of lysine NCAFigure 1.7below.
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Figure 1.7 Structure of Fmoc and Boc protecting groups.

Polymerisationfrom N-Carboxyanhydrides also represents a promising alternative to-solid
phase peptide synthesis (SPPS), which is currently utilised to manufacturessai@jlshort

chain peptides in a highly controlled manner in the present literafaré.

This is beause SPPS is achieved by the sequential addition of amino acid molecules, via their
h-amine groups, to the unprotected-t€rminals of growing peptide chains, immobilised on

an inert support material*’ This process is lengthy and laborious, as each additf a new

amino acid monomer must be followed by a subsequent wash of any unreacted material, as
well as deprotection step for the newlyound peptide @erminals, before the next intended
amino acid monomer can be added to the surrounding solution pHasehermore, it was

noted by Deming that with an increase in the number of added amino acids, the likelihood of
sequence errors in the chains increases exponentially, due to unavoidable deletions and
truncations that occur as a result of the failure bése coupling and deprotection reactioffs.

As a result of this, and of the high expense in using a specialist technique such as SPPS, it is
avoided in industry for the largecale production of poly(amino acid) materials over 100

repeat units.

N-Carboxyahydrides were first synthesised by Hermann Leuchs in 1906, by hdsting
ethoxycarbonyor N-methoxycarbonyl amino acid chlorides under vacuum between 50 °C and

70 °C*¥5The mechanism of this cyclisation reaction is illustrated belo8cimemel..1.
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Schemed.1: Mechanism of Leuchs carbonylation between an aminoawitla chloroformate
molecule, followed by phosphorous pentachloride to form an acid chloride. This is then

followed by cyclisation. Ramino acid side chain, R typically Ph.

This method was not very effective, however, resulting in low yields andrenmpoducts.
This was because the architecture of the NCAs was fragile and, under the high temperature
conditions in the presence of moisture, they underwent royening hydrolysis back to the

original amino acid!>?

It should be noted that thiging-opening reaction is entropically favourable for the NCA
molecule. This is partly due to the release of ring strain upon opening, as well as the release
of a molecule of carbon dioxide during the process. Whilst this process is detrimental for NCA
preparation, the positive entropy change is what make€arboxyanhydrides desirable for

well controlled ringopening polymerisation, even under mild conditions.

In 1922, Fuchs published a report on NCA synthesis, whereby an amino acid was coupled to
phosgenein situin order to activate it towards ring closure, which greatly simplified and
cheapened the preparation of the NCZ*The Fuchdarthing method removed the twstep
preparation process of the Leuchs method, shown Soheme 1.2, whereby benzyl
chloroformate and thionyl chloride were conjugated to the amino acid to promote cyclisation.
This was beneficial both to cost and to purity, as the benzyl chloroformate adduct could not
be purified by distillation, resulting in the format of impurities in the final NCA product. In
addition, the use of benzyl chloroformate resulted in the side production of benzyl chloride,

more material that had to be removed via increasingly expensive purification strategies.
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The Fuchs$-arthing methodeliminated these impurities, with the only side product from
phosgene being two molecules of HCI per molecule of NCA. Clearly, this method was the more
efficient in both cost and resources, and so it is still used in modern NCA syntheses. However,
severalimprovements have been made to the Fudferthing method over the course of the

20th century, most significantly being the application of liquid diphosgene and solid
triphosgene in the place of phosgene §gadhis was done to avoid hazards when handling

the materials, due to the toxicity of phosgene, which will be discussed.

Schemel.2 details themechanism of the FucHsarthing method, with generalisations for the
amino acid used, anstructures for the phosgene derivatives, diphosgene and triphosgene,

provided.

o
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NH cl HZ a cl -CI,-H* C m cl
HO 2 —> 1o oG ——> HO'y \”/
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Schemel.5: Mechanism for the Fuchs Farthing carbonylation reaction of an amino acid with

a phosgene derivative, here shown agast-derivativedegradation phosgene molecule.

The use of phosgenrgerived reagents in the Fuciiarthing method, as shown Bcheme

1.2, presents a number of obstacles for the operator, especially in the interest of industrial
level scalaup. Phosgene ithe gaseous form is extremetgxic andused in the First World

War as a chemical weapon. Its weaponisation is attributed with the deaths of around 85,000
people>%6 For this reason, crystalline solid triphosgene and liquid diphosgene, which
undergo degadation pathways to phosgene gas under reflux conditions, are usestu
instead?32**These derivatives are effective at reducing the exposure of operators to phosgene
gas to safe levels, less than 2 ppm in air, as defined by the National Instit@edopational
Safety and Health (NIOSH).
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Use of these derivates does not, however, reduce the negative impact of the two molecules
of HCI generateth situduring the synthesis of one molecule of NCA. The presence of HCI in
high concentration during thiseaction can be detrimental not only for the scalp of NCA
synthesis, but also for the purification of the products and in their subsequent utilisation in
ring-opening polymerisatio® According to Smeetst al., scaleup of the Fuchd-arthing
procedue slows the liquito-gas mass transfer of the HCI molecUi€Bhis results in a build

up in the concentration of the HCI molecules, which can then protonate the free amine
functional groups of the unreacted amino acid, reducing their nucleophilicitytaedtby

retarding the rate of reaction.

Furthermore, the increased concentration of HCl molecules increases the probability of their
interaction with the newly formed NCA product molecules, resulting in the degradation
reaction shown inSchemel.3, and the subsequent generation of amino acid chloride
molecules’* These molecules can further react with phosgene or the NCA to produce a wide

range of byproducts, driving down the yield and overall purity of the reaction.

.'O/
/O®

|
/
SN oo M 0®
>:O +H* :[ >:O +H, -H* HO— [\ >:o
—_— —_—
R™ N R~ N R~ N

o)
-H” N_ _OH
™ Ho \ﬂ/
R O

Schemel.6: Mechanism for the hydrolysis of an NCA molecule under acidic conditions.

H

HOD H

In order to mitigate the effects of high HCI concentration, it is necessary to employ a radical
scavenger such &spinene orlimonene. These are monoterpene molecules that are capable
of binding to free HCI in solution during reaction, preventing thesasisociation into protons

and chloride ions and effectively removing them from the system. This action both reduces
the effective proton concentration in solution, vastly reducing the potential for-aatdlysed
hydrolysis reactions, as well as relievilhg mass transfer traffic of the reaction vessel to

allow more HCI| molecules to enter the gaseous phase and be removed.
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Overall, this results in a notable decrease in the probability of-medetions during NCA

synthesis, thereby improving the purity thfe product.

In addition to the health and safety risks associated with phosglmaed reagents, the
harshly acidic conditions of FueRarthing carbonylation limit its application in the presence
of acidlabile functional groups, such as thert-butoxycarbonyl (Boc) protecting group.
Pertinent to this research, protectdd & aBacjis incompatible with this method, highlighting

the practical need to explore safer, phosgeinee alternatives?

In 2021 Lacondeet al. published research ocarborylation reactions using propylphosphonic
anhydride (T3R)providinga phosgenédree route to NCA& Using an amino acid with a Boc
group protecting the'-amine, the mechanism of action for this process varies dependent on
the method of activation for thél'3P. Generalised outlines for each of these methods are

illustrated inScheme 1.4€elow.
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This method provides a highelding, highpurity and phosgendree alternative to the Fuchs
Farthing carbonylation reactions typically employed in the synthesis of NCAs. With significant
reduction in personal and environmental safety ramifications, thethod is also far more
suitable for scalaip and use in an industrial context for the production of NCA monomer

materials within similar timescales.

1.2.3N-Carboxyanhydride Rin@pening Polymerisation (NCA ROP)

N-Carboxyanhydrides are converted to paly(ino acids) via a chagrowth, ringopening

polymerisation (ROP) reaction. The reaction features an initiation step, in which an active
17



molecule is generated by one of two reaction routes. This activated molecule then proceeds
to attack the NCA rings apropagation step, opening them and generat@agve chain ends

which canundergo further propagation, extending tlaain. ROP reactions céae initiated

using a variety of activated species, including radicals, anions and cations. In the case of NCA
polymerisation, literature sources have traditionally utilised nucleophilic and basic functional
groups such as primary amines and alkoxide ions as initiétét3his is no different for the
preparation of amphiphilic block copolymers for nanoparticlé-assemblyBlock copolymer
synthesegan also utilisenacroinitiator species instead of small molecule initiaj@ifowing

for expedient synthesis and facile control over the relative sizes of each block.

In the late 1980s, Hans R. Kricheldorf defined two synthetic pathways for the polymerisation

of NCA$184¢ KS TFANRG 2F GKSasS> (y2s6y la GKS Wy2NY
Scheme 1.%elow, and involves nucleophilattack by the initiator species into the more
electrophilic carbonyl carbon of the NCA ring, which sits opposite the nitrogen atom.
Following this additiorelimination reaction at the carbonyl carbon, the NCA ring opens and
undergoes proton transfer to yig an unstable carbamic acid intermediate. This is quickly

ensued by the elimination of a molecule of carbon dioxide from the terminal of the chain,
exposing a terminal primary amine group, which is capable of further nucleophilic attack,

propagating polyrarisation.

A\j\: /Eo—’ Hoj: /Eo—’ R” H\Q)Ri”j\OH
APl %Nf\ = Ny

R1

Scheme 1.5Mechanism for the normal amine routdf NCA ROP.

Due to the nucleophilic nature of the initial attack of the NAM route, this mechanism is

favoured by primary amine initiators and, conversely, the effective rate of initiation is
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determined by the nucleophilicity of the incident functional grotf.he rate of initiation for

the NAM route is in fact higher than that of propagatidhough this reportedly does not
adversely affect thelispersity of thgproductpolymer chains

¢tKS a4SO2yR YSOKIYAAGAO LI GKgl &z NBEFSNNBR
describes a basic role of the initiator, deprotonating an NCA to generate the nucleophile that
initiates chain growth. The AM mechanism is illustratedSicheme 1.6 This raite is

particularly preferable for tertiary amine initiators, although it would be more apt to describe

their role as catalytic here®
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Schemel.6: Mechanism for the activated monomer route of NCA ROP.

According to Demingt al., the two mechanisms prestatd above are side reactions of one
another and a given system is capable of switching between the two modes multiple times
over the course of a reaction. This represents a challenge in the synthesis of block copolymers
using NCA monomers, with product wttures varying significantly from monomer feed
compositions and considerable levels of homopolymer contamin&fidtertinent to the
research conducted for this report, this may prove detrimental in the synthesis of poly(amino
acids) via ROP of NCAs framacroinitiator species, if the AM route proves to be prevalent.
Additionally, it should be noted that the rate of initiation (or more accurately deprotonation)

of the NCA molecules by tertiary amine initiators is much slower than the rate of propagation,

likely owing to the high steric bulk of such initiator species.
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As such, products of the AM route have higher molecular weights, but suffer from broad
dispersity values, a quality that limits the efficacy of this reaction mechanism in the pursuit of

highlyregular nanoparticle structure®-62

Another inherent hindrance in conventional NCA polymerisation is the lack of control over
the reactivity of the active chain end during reaction. Once the initiator has reacted with an
NCA monomer the resulting primaamine, carbamate ion or NCA anion is free to undergo a
number of undesirable side reactions. Furthermore, low purity of the NCA monomers can also
be a considerable problem. Impurities include traces of acid from improper HCI scavenging
during phosgenatin and ring closure of the parent amino acid, as weld&ad chlorides and
isocyanates.These impurities are capable of quenching the propagating chain, limiting
molecular weight control and resulting in high dispersity values, which is detrimental ito the
ability to form effective nanoparticles for drug delivery. Finally, the presence of other
adventitious impurities, such as water, can damage polymerisation by acting as chain transfer
agents, as well as engaging in acadalysed hydrolysis of the produpoly(amino acid) chain,

yielding oligomeric homopolymer contaminarfs.

A number of synthetic strategies are available to improve monomer conversion, increase
polymer molecular weight, and narrow polymer dispersity values when undergoing ROP of
NCA monmers. One example of such optimisation procedures is to work under high vacuum,
used to remove contaminating species such as water, carbon dioxide and volatile carbamates
from the reaction mixturé3 Another example is the use of low temperatures during ROP
reaction. According to the literature, the degree of polymerisation decreases as higher
reaction temperatures are reached, which suggests a dominance in the rate of propagation
at low reaction tempratures, and the increased prevalence of chain transfer and termination

reactions as temperature increasg&®’

1.3 Poly(hydroxyacids) for Drug Delivery

Poly(hydroxy acidspose an exciting alternative to poly(amino acid) materials for biomedical
applications, personal care products, and therapeutiosthe therapeutic landscape, these

materials are extensively exploited fdrug delivery gene therapyand tissue engineeringy.
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This is again due to the biomimetic behaviour of polyester materialsefisw/their ability to
undergo enhanced degradation of mashain ester linkages in the presence of pH and
enzymatic stimuli, which makes them excellent conveyors for anticancer therapé&utics.
However, synthetic complications in the pursuit of these mials have left an opening in the

literature for further developmergto be made.

There are three major methods for the synthesis of aliphatic polyesters. The first is
conventional direct polycondensation of a diol and a diacid, expelling water as anzatdé’

Due to the wide availability of difunctional starting materials, this technique offers a range of
functionallyversatile polyester products, which would suggest that it is a suitable source for
therapeutic polyesters. However, the stgpowth polymerisation mechanism used to
combine these difunctional reagents poses significant drawbacks. Firstly, these reactions are
incapable of exceeding low values for the degree of polymerisation prior to achieving 99 %
reaction completion, which can result i molecular weight polymers:’2Additionally, the
required combination of large polymer chains late in the reaction can have significant adverse
effects on the final dispersity values of the product polymer. This lack of control could render
most stepgrowth polymerisation products unsuitable for the purposes drug delivery, due to
the very specific size requirement put upon materials crossing the digestive membranes of
the body. Furthermore, the mechanism of step growth polymerisation requires two
bifuncional monomer units to be combined in an alternating pattern to build the chain,
removing the possibility of synthesising amphiphilic block copolymers for drug delivery using

this method.

The second method of polyester synthesis is to utilise enzymatiergoisation methods,
avoiding the need for harsh reaction conditions and toxic reagents in lieu of a specialised and
(occasionally) recoverable biological catak$turthermore, the stereeand regioselectivity

of the enzyme affords the opportunity falirect synthesis of functional polyesters and block
polyesters without the need for orthogonal protecting groups or their incumbent
deprotection procedureg*However, enzymatic reactions also suffer from a somewhat major
flaw, in that they also produce pamers with such low molecular weights that they may not

be suitable for use in nanoparticle formation and drug molecule encapsul&ibme third
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method, which must be further investigated, is the use of fopgning polymerisation

techniques from the aglisation products of hydroxyacid (HA) starting materials.

1.3.1Hydroxy Acids

The general structure of a hydroxy acid is presente#ligure1.8 below. Similar to amino
acids, the tdsubstitutedh -carbon is flanked by an adjacent carboxylic acid functional group.
However, on the opposite terminal, hydroxy acids bear a tertiary alcohol group instead of an

amine.
@]

HO._h
OH
R

Figure 1.8 A generalised hydroxgcid molecule.

Whilst fewer hydroxy acids have been investigated as potential monomers for amphiphilic
block copolymer synthesis, there are a number that have some precedence in the existing
literature. lllustrated in theFigure1.9 below are examples of the hydroxy agithat have

been used in the production of such copolymers including lactic meddelic acid, and malic

acid /680
0) O
0 o)
HO HO
OH OH
CHj H
o)

Lactic Acid Glycolic Acid Malic Acid Mandelic Acid

Figure 1.9 Structures of the prominent hydroxy acid monomarsecent literature.

Notably, the first three of these examples are direct analogues of the amino acids alanine,
glycine and aspartic acid, with mandelic acid closely resembling phenylalanine. The lack in
functionality of lactic acid and glycolic acidde them the ideal starting points for the initial
attempts to synthesise polyesters by Kricheldorf in the 1980%hilst hter forays conducted
by Doveet al. in 2010 using €Bn protected malic acid were less succes¥fdfforts by
Buchardet al. derived poly(mandelic acid) from @arboxyanhydride (OCA) molecui@g!
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Despite their visual similarities to NCAs, the technologlyind OCAs was not pioneered until
around 50 years lateAs such, a wide range of opportunity is still available for the apita

of hydroxy acids in the field of therapeutic drug delivery.

Prior to the implementation of OAtechniques, initial methods of developing polyesters
involved the formation of cyclic diester molecules from {amctionality hydroxy acids such

as lactiaand glycolic aci§“8*This process is outlined 8cheme 1.below.

0]
R R
OH -2H,0 . \HJ\O Lactide, R = CH,
2x HO . o) R Glycolide, R=H
(0]
0]

Scheme 1.7Combinationof two hydroxy acid molecules into a cyclic ester molecule.

Whilst this method was effective for the preparation of kwnctionality monomers for
polyester synthesis, the introduction of functional groups proved to be a significant challenge
for prior investigators. It was found by Doskal.that, during the sythesis of the cyclic ester

of L-malic acid, the yield of dimerisation of the correspondinlgydroxy acids catalysed lpy
tolunesulfonic acid under reflux was only 36®®According tathe authors this was due to

the formation of undesired oligomer gyroducts via transesterification reactions. Attempts

were made to mediate these sigdeactions using high dilution techniques, without success.
As a result, more recent literature has avoided the use of these cyclic esters, instead applying

O-carboxyanhydrid technologies to greater success.

1.3.20-Carboxyanhydrides (OCA)

The first synthetic preparation of-€@arboxyanhydrides was demonstrated by Davies in 1951
who, in a similar fashion to Leuchs, reacted amydroxy acid with phosgene to form a

cyclicanhydride®The general structure of an OCA is illustrate&igure 1.10.

Lo

Figure 1.10 The generalised structure of an OCA molecule.
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The preparation of a generalised OCA molecule is presenté&itlieme 1.8elow. This
method also bears similarities to the Fueharthing method, utilised to synthesise NCA

molecules.

A notable difference in the technique used, however, is that OCA synthesis generally occurs
under ambient conditions. For this reason, triphosgene is notlusdhe synthesis of OCAs
as its breakdown to phosgene under ambient conditions would be too-tomesuming. As a

result, the dimer diphosgene is used instead alongside activated charcoal.

o I
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Scheme 1.8The Fuch&arthingmechanism for OCA synthesis

1.3.30-Carboxyanhydride RingdDpening Polymerisation (OCA ROP)

Similar to NCAROP of OCA monomers occurs eitieri KS Wy 2 NY I £ F ofAy SQ
0KS WIFOGAQGI ISR YAy vy Sodl presiquilythe” Activated moomer
mechanism is not useful for the formation of amphiphilic block copolymers and increases the
risk of homopolymer contamination withithe product. However, this can baitigated by

using a nucleophilic initiator species, atidough a range of catalysiptions, with specific

examples discussed below for their relevance to this research.

As forNCAROPMolecules, the driving force behirfdCA ROR the loss of a molecule of O
following the opening of the OCA ring. The loss of gaseou®oliving this elimination step
prevents the possible (although unlikely)}egclisation reaction, meaning reformation of the
OCA is not possible, and the only available forward step in the reaction is to attack another

OCA molecule.
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the ROP reaction of OCA molecules is vast, when compared with the reaction of lactide and
glycolide cyclic esters. In 2015, iasvdemonstrated bfourissolet al. that the ringopening

process ofthe lactic acid OCA molecule is thermodynamically more favourable than that of

the lactide cyclic estef. This was determined computationally using density functional

theory (DFT), which modelled the reactions of both of the cyclic lactic acidatiggs. This
thermodynamic penalty to the opening of lactide is another supporting argument for the use

of OCA molecules for synthesising polyester materials, as they can undergo ROP reactions
under mild conditions. However, this does not mean that catabptions are not available

for the ROP of OCAs.

The most common example of an organocaalyfor the ROP of OCAs is 4
dimthylaminopyridine (DMAP). DMAP is a wealbwn catalyst for acylation and
transesterification reactions, and was used in the piomagvork of Hedriclet al. in 2001 in

the ROP of lactide without metal contaminariffnother piece of prominent research in this
field is the work of Bonduellet al. who, in 2008, developed a computational model for the
mechanism of action of DMAP within the ROP reaction of lactic acidfGias found by
Bonduelleet al. that two competing mechanistic options were possible for DMAP. It could act
either as a nuclephile, attacking the carbonyl group adjacent to the OCA pendant chain and
forming an acylpyridinium intermediate before being substituted for the attacking alcohol, or
via basic activation of the initiating/propagating alcohol, faciiitgtits attack oflhe OCA ring.
The detailed computational study performed by Bourissstual. upon these possible
mechanisms determined not only that a slight energetic preference existed for the basic
route, but also that DMAP was capable of simultaneous activation ofthetmcident alcohol

and the target carbonyl of the OCA molecule, via a weak nonclasdicaiding between the
ester carbonyl of the OCA and artho H of DMAP/ This bifunctional basic activation route

by DMAP, with concomitant activation of the propdigpg chain end and the monomer is

illustrated inSchemel.9 below.
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Scheme 1.9Reaction scheme for the bifunctional catalysis of OCA ring opening by DMAP.
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Other recent developments in the literature for OCA Ri@ganocatalyst options include-N
heterocyclic carbenes (NHCs) and thioubesed organocatalysts, as well as acid/base
adducts of OCA moleculé¥While the work of Léet al.in NHC catalysis did yield promising
results, producing polymers with dispersitplues between 1.10 and 1.16 and achieving
degrees of polymerisation as high as 200. This was because of the stereochemical control
achieved by these reactions. In 2014, Buctetral.found that crystalline adducts of mandelic

acid OCA (manOCA)and pyr&liwere capable of both catalysing the ROP of manOCA
monomers, as well as suppressing the epimerisation of these OCA molecules that could be

expected from DMAP catalysisThis yielded higher isotacticity in the product polymers.

1.4 ComplexPolymerArchitectures forDrug Delivery

Theutilisation of complexpolymer architectureto enhance the encapsulation, stability and
selectivity of therapeutic delivery platforms remainbargeoning area of development in the
current literature 8% Such topologs are achievedia the employment of multifunctional
motifs during polymer design to create branch points, from which more than one chain can
extend?®' This can significantly vary the resultant product, depending on when this motif is
deployed during mti-stage synthesis. Examples of this architectural variety, achievable with

only 2 distinct blocks, is illustrated Figure 1.11below.
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Compared to linear polymerspmplex architectures such as branched, hyperbranched and
dendrimeric polymers offer advantageous properties for greapsulation and delivery of
smaltmolecule payloads. This includaebigh densityof surfaceactive functional groupkey
to biomimicry and compatibilisatiom vivg as well as an extensive void spagghin the
branched architectureto house guest moleules®%4 Early success of highly complex
encapsulation systems was demonstrated by Jaesah in 1993, wherein DAB(PA)64, a fifth
ASYSNI GA2Y RSYRNAYSNI 2F LIt EO0LINRLERfSYS AYAYS
range of small dye moleculesijth marked improvement over linear equivalerffdJpon dye
encapsulation, variations of bulky amino acid residues [ Bo€lyr, Bo€Trp) were
attached to the terminal amine groups of thiendrimervia NHSactivated ester amidation.
According to theauthors, this locked the encapsulated dye molecules into place within a
dense shell with soligphase characteristics, demonstrating markedly improved retention
OSNRdza y2y aedaidSvyao 5AFFdzarazy 2F ReS Y2t SOdz
weeksin solution and after extensive washing and solvent exchange. This pioneering system
laid the groundwork for subsequent developments in branched polymer architecture, utilising

complex topologies for encapsulation of small molecules and extending thisigerao

therapeutic payloads.
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1.4.1Branched and Hyperbranched Polymers

Branching in polymer synthesis can be introduced at several stages, depending on when and
how the multifunctional groups are incorporated into the chain. For NCA ROP, the use of
multifunctional initiators such as poly(ethyleneimine), PAMAM dendrimers or derivatives of
pentaerythritol allows for severalmultaneous sites of propagation, yielding staanched
poly(amino acid)s with wellefined arm numberg®® A notable example ofush star
branched polymers applied to therapeutic applications in the literature was reported by
Walshet al., who synthesised bimspired stafPLLviaNCAROP from PAMAM dendrimet%.
Deprotection of the product generated cationic primary amine termini for nudeid
complexation, with the goal of improved transfection (remal delivery) of DNA to
mesenchymal stem cells (MSCs), in comparison to both linear PLL and branched PEI (a

prominent but cytotoxic industry standard).

Within these MSCs, st&tLL achieved ca. 50 % transfection efficiency, greatly surpassing the
ca. 10 % efficiency of the linear PLL, and achieved a ca. 40 % improvement in cell viability
versus the PEI benchmarkndicating significantly reduced cytotoxicity. This system
highlighted not only the improved biocompatibility of poly(amino acid) polymer systems, but
the significant increase in functional density that can be afforded by application of branched
polymer achitectures for therapeutic complexation and encapsulation. Conversely,
branching can also arise during propagation when the monomer itself bears a latent
nucleophilic group, as in the polymerisation ofsallyloxycarbonyl-lysine NCAs, wherein
pendant anine groups initiate secondary RQ® yield hyperbranched architecturéd.A
prominent therapeutic example from the literature is the wook Kadlecovéet al., who
synthesised hyperbranched polyiftsine) (hbPLLYia NCAROP b¢-carbobenzyloxy-lysine
N-carboxyanhydride Ly$Z}YNCA) After partial deprotection, LIS y R | -gfriines then
underwent reinitiation, producing a hyperbranched topology, which was then evaluated
against commercial linear PLL and PAMAM dendrimers of similar charge density for the
compexation and transfection of enhanced green fluorescent protein (EGFP) into CHO DG44
cells (a welestablished mammalian model for gedelivery). At similar molecular weights

to the linear PLL, but with significantly higher branching densityRllb formd smaller and

more stable polyplexes, translating to a#idd increase in transfection efficiency.
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This was comparable to the branched PEI alternative, which was again improved upon by the

increased cell viability (ca. 35 %) of the biomimetiePlb..

Despite the clear functional benefits presented by branched and hyperbranched poly(amino
acid)s, several challenges are presented in their synthesis, stemming from an intrinsic lack of
control over their topology. For uncontrolled, branching NCA ROP, ioftiahd propagation

can occur irregularly across the available nucleophilic amine sites, creating a greater risk of
molecular weight broadening and inconsistent branch density, which in turn harm the
reproducibility of the final product® This contrastsith linear NCA ROP, where all chains
initiate simultaneously from a fixed number of initiator molecules. For hyperbranched
systems, stochastic initiation throughout the reaction duration continuously alters the growth

population, reducing uniformityp % 1.5-2.0) and structural homogeneity.

In contrast, the synthesis of dendrimers occura stepwise generational growth, wherein
branching and termination are more closely controlled, vyielding monodisperse

macromolecules with uniform size and functionality.

1.4.2Dendrimers and Telodendrimers

Dendrimers represent the pinnacle of control in branched polymer architectymrethesised
through stepwise, generational addition of defined branch points and terminal groups, to
yield monodisperse, globular maxnolecules with predictable molecular weight, diameter,
and surface functionality. In divergent dendrimer synthesis, a multifunctional initiator is
utilised at the core, followed by an iterative process of attaching protected bioaksupling
reactions, deprotecting and repeating to layer additions of the growing cRaifhis allows
stoichiometric control of chain growth, as well as temporal control of branch location and
frequency. The generational growth and notable architectural domaihsa ogeneric

dendrimer is provided ifrigure 1.12elow.
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Functional Core Internal Cavities

Monomer Branch Points

Figure 1.12 Structural features of a generic dendrimer.

The internal cavities angeripheral functional groups of the dendrimer can be furnished
independently, providing distinct domains fencapsulation, conjugation, or targeted ligand
display?>193.104 This functional and spatial organisation allows dendrimers to act as
unimolecularnanocarriers, with their respective drug loading capacity, release rate and

biological interaction tuneabléhrough architectural desig#.>196

Recent developments in therapeutic applications of dendrimer technologies have employed
poly(amino acidpased dendrimers and telodendrimers, which combine a dendritic head
with a linear or amphiphilic tail for enhande selfassembly and assisted
biocompatibility’?”198  These systems leverage the functional density and
compartmentalisation of dendrimers, whilst improving physiological stability and scalability
for therapeutic use. A recent example of this is the work.wo and Lam, who synthesised
PEGoligo(cholic acid) telodendrimers for the encapsulation of gambogic acid (broad
spectrum anticancer therapeutic) contrasted against linear -RiEenin E (PEG5KE) and
TPGS (PEGME)’ During encapsulation, the lineazontrols aggregated when loaded
(GA/polymer = 1:10 w/w), whereas the optimised telodendrimers formed stable,
monodisperse nanoparticles with high drug loading (GA/VET = 3:10f w/w 0). They also
reported high loadings of paclitaxel, up to 36.5 wt%ijack exceeded typical linear PEGLLA
micelles (ca. 25 wt%) and remained stable for far longer than the linear benchmark (ca. 24
h).109
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Complementing this is the work of Khandateal., who developed poly(lysine) dendrimer

PEG conjugates for doxorulmcdelivery, in which the payload was covalently and -non
covalently associated within the PEGylated dendritic cattfeFhe resulting formulation

showed a >14dold increase in solubility over free DOX and a marked improvement over the

linear PLL contro KA OK aK2 @SR L}222NBNJ RNHzZZ Ay O2NLJ2 NI &,
STTSOUAQPSteéd CANIKSNYV2NBzZ | O0dziS G(2EAOAGE ¢
tolerated in comparison to linear PDOX formulations, and significantly reduced body

weight losgs for mice receiving the formulation. Circulation Hd# was also improved

markedly, showing over-®ld increase over the linear alternative. Finally,-Histribution

studies evidenced that the dendrim@®EGDOX system achieved ca. 2x higher tumour
accumulation at 24 h relative to the linear carriers, attributed to the more compact and
biocompatible scaffold of the dendritic system. These examples demonstrated how precise,
generational control of dendrimers enables a level of structural definition famdtional

tuning unattainable within linear and hyperbranched architectures.

However, dendritic delivery systems are not without drawbacks. The hoghmirolled,
multistep nature of their synthesis presents a significant challenge to industrial ttexmsla

and largescale manufacture.

Each generation of growth typically requires iterative protectaaprotection and coupling
cycles, with neaguantitative conversion, making the process labouensive, time
consuming and reagestemanding, relative tdinear or hyperbranched polymets! This also
contributes to high production costs, as the risks of incomplete reaction, purification losses
and defect removal accumulate with increasing generation numteFurthermore, the
requirement of tight reactia control and successive chromatographic purification steps limits
scalability also, restricting dendrimer synthesis to specialised facilities with small batch
sizes'3These synthetic and operational limitations present a significantweald obstacle,

preventing widespread commercial deployment of dendrirbased therapeutics.
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1.4.3Graft Copolymers

Graft copolymersepresent a broad class of products in which functional pendant side chains,
the same utilised for branching in hyperbranch and dendrimer syntheses, are exploited to
introduce additional functionality and topological featurg4. This architecture sits
conceptually between linear amphiphilic systems and the highly branched and complex
architectures described above, both in terms of customisability, synthetic complexity and
resource requirement!® The modularity of these systems allows for properties sash
hydrophilicity, sensitivity to stimuli and drug loading to be independently tuned, through the
choice and density of grafted segments. This culminates in a platform that is versatile, and yet

simplified compared to hyperbranched and dendritic systems.

A prominent example of graft copolymerisation for therapeutic applications is the work of
Lim et al, in which hydrazondunctionalised side chains were grafted onto a
poly(aspartamide) derivative (PASPAM), for the subsequerdsepiditive conjugation of
DOX!6.117The authors found that the pilensitive PASPAM released substantially more DOX
content at pH 5.0 (55%70%) than at physiological pH (10%5%), contrasting with the nen
cleavable controls which achieved minimal pH discrimination, with higaseline leakage at
physiological pH. In addition, the ngmafted PASPAM saw poor saffsembly, lower drug
association and significant aggregation in sercontaining conditions, versus the stable and
uniformly sized nanocarriers achieved through graftiThese properties culminated in an
overall 2 to 4fold increase in cytotoxic potency vs. noleavable conjugates highlighting the

significant benefits available through architectural fitming.

Whilst this example represents only one potential apgimn of graft copolymer technology,

it illustrates how significant therapeutic benefits can be achieved through the installation of
functional moieties onto the side chains of multifunctional monomer units. This mirrors the
principles behind dendritic si@mms, whilst reducing synthetic complexity and greatly
improving the scalability of the resultant product for largeale manufacture. In practice,
grafting techniqgues make up one part of the wider scope of jpatymerisation modification
(PPM), in whiclpre-formed polymer backbones such as those of poly(amino acids) are
diversified through chemical alteration, rather than through {oletermined architectural

design.
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A more complete discussion is therefore better situated within the broader context of, PPM
where protectiordeprotection strategies, sidehain enhancements and polymdrug

conjugation underpin the modularity exploited in modern poly(amino acid) therapeutics.

1.5PostPolymerisation Modification

Instead of relying on complex architecturalsitgn during NCA ROP (or alternative polymer
synthesis methodologies), PPM enables precise tuning of polymer functionalisation and
spatial arrangement through chemoselective transformations on existing side chains,
reducing the burdens on labour and resoeicuring synthesis. The approach of PPM underpin
many of the recent advances in stimuisponsive delivery, biorthogonal conjugation and
architectural refinement in PLysntaining system&®'20 For their relevance in this
investigation, specific cag@risation has been provided below to detail functional group
protection strategies, chain extension and architectural modification, and pokgney

conjugation.

1.5.1Functional Group Protection Strategies

A central requirement in pogptolymerisation nodification of poly(amino acidsparticularly
within the application of multifunctional monomers, is the ability to temporarily mask
functional domains from participating in reaction with other functional groups. Lysased
systems, in particular, presé a densely packed arrangement of primary amine groups
capable of nucleophilic attack, risking uncontrolled branching, acylation, alkylation or

crosslinking pathways during NGROP.
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By selecting protecting groups with distinct stabilities against specific reaction conditions
(acidlabile, basdabile, redoxsensitive), polymer uniformity during navigation of mxgtep
modification schemes controlled. Orthogonal protection is also esthby blending synthesis

and protection strategies, a key tool used in SPPS that is adapted in the asymmetric
functionalisation of PLys block copolymers, as demonstrated by Deshmlg?°An example

of such protection strategies is provided $ection 12.2 (Figure 1.7, which details the
structure of the Fmoc and Boc protecting groups. Synthetic profiles for the protection and
deprotection of these group, as well as for the benzyloxy carbonyl protecting group (2), are

illustrated inFigure 1.13elow.

(0]
RHN)J\O I Fmoc-Cl, Base (DIPEA) Boc,0, Base (NaHCO3/TEA) o J<
O

= R—NH, > P

RHN
20 % Piperidine/DMF TFA/DCM, TIPS

Cbz-Cl, Base (Na,CO3/TEA) H,/Pd-C

0

RHNJ\O/\©

Hgure 1.13 Synthetic strategies for protection and deprotection of a primary amine with

Fmoc, Boc and Cbz (Z) protecting groups.

The necessity of functional group protection has already been demonstrated within this
chapter, in both the T3iediated synthesis of NCA molecules and in the ROR of
multifunctional monomers. Likewise, sequential dendrimer synthesis, as outlinBddion

1.4.2 required orthogonal protection to achieve generational coupling within crosslinking or

loss of fidelity. This same principle underlies more recent research in the literature, such as

the work of Athanasiouwet al, in the synthesis of orthogorgl protected lysine block
copolymer, PLysb-(PLyso-g-PHigs)viao f 2 O1 O2 L2 f e-BdsINKyshl G A 2y R2 B s b ¢
FmocL-LysNCAL22 With subsequent baskabile Fmoc deprotection, the freshy E LJ2 8 SR ©
amines were then used to initiation NCA ROP 8fNt-L-HisNCA, a protected NCA of

histidine. Histidine residues were then deprotected under basic conditions, yielding pH
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buffering Phs grafts, and finally Boc deprotection was performed under acidic conditions to
yield cationic PLys features. The resulting architecture presented a versatile gene/drug
delivery platform with responsive buffering and complexation functionality, enabled by
conscious protection/deprotection design. These examples highlight the vital selectivity that
protection strategies provide, enabling complex ppstymerisation workflows. From this
foundation it is possible to synthesise practicable alternatives to cexpphultigenerational
dendrimer architecturewia the spatial modification of polymer side chains, using grafted

chain extender molecules such as those discussed below.

1.5.2Chain Extensiomand Architectural Modification

By appending short, wetlefined segments onto the deprotected side chains of a-pre
polymerised poly(amino acid) backbone, it is possible to tune both the functioneadatahl
architecture of the resultant amphiphile, thereby influencing downstream conjugation, self
assembly and triggred-release behaviours. Alongside the installation of stimuigponsive

and cationicallybinding functional domains, it is also possible for these segments to provide
spatial extension to the pendant side chain, thereby increasing conformational freedom
around active residues and correspondingly reducing their steric occlusion. Such chain
extension has been used previously to relieve steric congestion for the conjugation of
fluorophores, with remarkable success (ca. 90 % labelling efficiéfiéynumbe of distinct
extender classes are prominent in the surrounding literature, each providing a functional or

spatial enhancement to the backbones of their respective polymer chains.

Already discussed above by Athanasabal. is the use of histidinbasedextenders. These
imidazolecontaining residues are introduced to impart pébkponsive buffering, whilst
avoiding high densities of charge loading that which cause toxicity in the bloodstféam.
Histidine is uniquely relevant to drug delivery, in that mmuation under lowpH
environments, attracts counter ions that in turn increase osmotic swelling and rupture
endosomal membranes, expediting endosomal escape, a crucial step in the cytosolic delivery
pathway?2 Another family of chain extenders is derivétbm glutamic acid,g A G K ¢
carboxylatecontaining units thatenhance solvation and drug interaction (through either

increased hydrophilicity or increased opportunity for conjugation).
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This technology was previously employed bye$ul. in the preparation of poly(Lglutamic

acid) based polypeptides, conjugated to D@&& K 2 litamyl spacerswhich increased

local hydrophilicity and conformational flexibility around the conjuigafiéh.This
subsequently reduced steric hindrance and increased drudingaby controlled access for
installing pHabile hydrazone linker&sromatic amino acidlerived extenders, including short
PPhe and PTyr segments, offer a contrasting effect by increasing the rigidity of their respective
block through™ -~ stacking interations. These stacking also acts to increase hydrophopbic

drug association and modulate nanostructure packiftg.

Beyond amineacid mimicking spacers, zwitterionic spacers such as carboxybetaines and
sulfobetaines have emerged as highly effective clexirenders for modifying the interfacial
properties of poly(amino acid) systems. These extenders generate robust hydration shells
through electrostaticalhdriven water structuring, which increases local solvation and softens
packing density around adjacenesidues, thereby diminishing aggregatiBf. This is
especially relevant for serwmontaining environments, where nonspecific adsorption can
compromise colloidal stability. In addition to this antifouling behaviour, zwitterioninc
extension also increasesonformation flexibility along the polymer chain, reducing
electrostatic selinteractions within cationic segments such as PLys.ebuah utilised this
technology in the application of sulfobetaine chain extenders on polypeptides to markedly
decrease onspecific protein binding and maintain narrow size distributions during self
assembly, demonstrating their potential for stabilising nanoformulations under physiological
conditions*?® The final pertinent example of chaextenders is oligo(ethylene glyigOEG)
spacers, particularly short chain units such a@-aminoethoxy)ethoxyacetic acid (AEEA),
such as those previously alluded to in the publication by Hnedzkd'?22OEG spacers are
among the most widely used in poly(amino acid) chemistry dukdo high flexibility, strong
hydrophilicity and excellent steric accessibility around lysine residues. This increase in
segmental mobility and accessible reaction volume substantially increases the efficiency of
OEGextended systems in surface modifiaatiand drug conjugation. These properties can
then be exploited to create tightigontrolled delivery platforms with improved drug loading
and colloidal stability versus linear amphiphiles, whilst avoiding the synthetic complexities of

comparative dendritt systems?’
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1.5.3PolymerDrug Conjugation

SN38 and doxorubicin aretive pharmaceutical ingredientgeferenced within this chapter

and are of primary importance to the research conducted throughout this report. They are
each inhibitors of topoisomegse | and Il, the enzymes responsible for relieving torsional strain
and untangling DNA during transcriptiéhBy trapping the enzymBNA complex, these
drugs induce lethal DNA strand breaks that trigger apoptosis in rapidly dividing cancer cells.

The strictures of SN38 and doxorubicin are providedrigure 1.14elow.

SN38 Doxorubicin

Figure 1.14 Structures of SN38 and Doxorubicin

While potent, these molecules are demited by their poor solulbity, rapid clearance from
blood plasma and substantial toxicities following IV administratign)@>?3These toxicities

lead to symptoms such as gastrointestinal damage and myelosuppression, which are typically
associated with chemotherapy. Since its conceptualisation in 1975 by Ring$darf the
conjugation of these APIs directly to delivery platforimss been utilised to moderate
pharmacokinetics and dynamics, loweringafand prolonging circulation halife (ti2) of
these chemotherapeutic agents, to improve tumour exposure and reduce systemic
injury 12%3Compared with supramolecular encapsulatip covalent polymedrug
conjugation provides substantial benefits, guaranteeing minimum drug loading and
protecting against burst release and undesired leakage during circulation. In addition,
association of the conjugated drug molecules during amphgbédlfassembly can provide a
highly-effective hydrophobic domain for the encapsulation of additional drug molecules,

delivering a baseline payload whilst hosting additional-somalent cargo.
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This has been exemplified recently in the literature by therkwof Englandet al., who
synthesised a poly(sarcosine) and Bhated telodendrimer system to conjugate fulvestrant,

an exemplary drug with extremely poor aqueous solubifity The seHassembled
telodendrimer micelles demonstrated good colloidal st&#pi(CMC < 2M) and uniformity,

were able to solubilise additional fulvestrant to yield an excellent overall drug loading capacity
of up to 77 wt% total drug loading, and were tuneable in size betweelb2onm. This system
illustrates the gold standard fgpolymerdrug conjugation, and a benchmark for the work

conducted within this report.

Conjugation relies on linker chemistries to provide a connection between polymer and drug
that is stable during storage, administration and circulation, and yet ialdapf release at

or inside of the target. One prominent example of a stimtresponsive linker discussed
previously is hydrazone, formed by conjugation of a hydrazide with a carbonyl group (typically
an aldehyde or ketone)¥?133Hydrazone hydrolysis iexpedited under lovpH conditions,
whereby protonation of the imine nitrogen increases carbonyl carbon electrophilicity, making
it more susceptible to attack by water. Similarly employed are disulphide linkages, which
remain stable under extracellular eimonments, but are susceptible to reductive cleavage
within glutathionerich cystosol, making them ideal for intracellular delivery strategies such
as transfection:3*Selfimmolative spacers (SIS), provide another example of selective release,
with exampes such as paraminobenzyloxycarbonyl (PABC) adapted from antibdryg
conjugates intro polymebased delivery systems over the past two decatiédnder
exposure to lysosomal enzymes (such as cathepsin B) SISs undergtirmifb@ion cascade,
yielding the active drug alongside benign eliminatiordsgducts. Of specific relevance to this
research work is the utilisation of carbamate linkages, as one of a wider carbonyl family
(esters, carbonates), in the coupling of SN38 to amine groups. The SM$8rbyl group is
commonly derivatisedia carbonate activation (e.g.-pitrophenyl carbonate) and coupled to

the amine to furnish carbamates that slowly hydrolyse in circulation, thereby releasing active
SN38 over therapeutically useful timescales. Eacthese simple linker chemistries was
evaluated by Maedeet al., utilising them within mPE{ker-O-SN38 conjugates and

evaluating their hydrolysis over timé®
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Whilst ester linkage achieved controlled release, they exhibited partial premature hydrolysi

in serum (ca. 30 % in 12h) which limited their plasma-lifalfand led to undesired burst
release after IV dosing. Subsequent replacement with carbamate demonstrated only ca. 15 %
release over 24 h at pH 7.4, versus > 70 % after 48 h under mildly aciditzymatic
conditions. This resulted in a controlled and predictable hydrolysislifalbf 4050 h,
prolonging systemic circulation, tumour accumulation, and intracellular SN38 concentration

by comparison.

In the literature to date, no examples habeen reported of PEG-PLys block copolymers
bearing OEA NI ¥ i SR & LJ OS N& -ariires, éoijgMddi@darbdmate INBadger S @S
to SN38 for controlled deliveryClose neighbours do exist, with REBGGIuSN38 conjugated
systems, linear PESN38macromolecular prodrugs, Pblased dendrimefSN38 conjugates

and OEGethered SN38 prodrug polymers reported previousi~:38The research of such a

novel system would fill a gap between simple PEN&B8 conjugates (good control, limited
modularity) and eéndritic PLys systems (excellent loading but high synthetic complexity),
exploiting OEG chaiextension to improve conjugation efficiency and assembly, whilst

retaining linearBCP scalability.

39



1.6 Research Aims and Thesis Outline

This researchs focused on the creation, development and optimisation of functionalised
poly(amino acid) and poly (hydroxyl acsystems for the encapsulation of (or conjugation to)
chemotherapeutic agents with poor aqueous solubility and high toxicity, for the broaat

goal of their stable and secure transport and controlled release. Early optimisation of
monomer synthesis has been performeah evaluation of both traditional FucHsarthing
carbonylation and T3Pediated cyclisation, comparing synthetic complexitgcessary
hazard prevention and final product yield and purity. The primary goal of this is to establish
a facile and repeatable synthetic protocol for the initiation of mandelic acid OCA ROP (and
NCAROP of protected lysine NCAs), using metHokgEbasal macroinitiators, to produce
amphiphilic BCPs with high a degrees of polymerisation and narrow valuesFallowing

this, the research aims to evaluate the resultant BCP platforms for their properties in post

polymerisation modification, sedissemblyand subsequent controlled release.

Chapter 4 includes the synthesis of mREoly(mandelic acid) (mPE&PMA) block
copolymersvia OCA ROP of MaBCA from mPEG (5000 g molPolymerisations were

conducted under nitrogen atmosphere using DMAP catalysith varying catalyst
concentration, [M]:[l] ratio, temperature and reaction dilution systematically investigated.
Copolymers were synthesised with narrow dispersitkts ( M®0o 02X YR Y2t SOdzt | |
GSNE RSGSNNXAYSR 6AGK 32 BWR AILIBNRINESYOR LB DG ¢ IS ff
RFEGEF @ ./ thda a6SSYNNS SRS fofe Yy F Y2 LINBOA LA Gl GA2Y (2 T3
t5L f nNnd®HO AY t.{ 0dzFFSNE NBLINBAS ykiaraySy ot KSR F
Y6Iy2aidNUuzOGdzNEwnt FHRYIG6KS® YAARAY (G(KS 2y8 2F G
oFbasS gl a STTAOASY E ey ClylQa dzfaldzd X FinErRBE® Haityk S 6 O & (
and its release behaviour was monitored under physiological (pH 7.4) and acidic (pH 5.0)
conditions. The nanoptcles demonstrated excellent stability with no burst release, and a
significantly increased release rate under ipi conditions, confirming the acldbile nature

2T UGUKS ta! olF0l10o2ySQa SaidSNI tAy{Fr3Sa-IryRrR O

responsve therapeutic delivery of chemotherapeutic agents.

Chapter 5 includethe ROP of Lys(FmeICA and Lys@)CA, initiated by mPEG (5000 g mol

1) under mild, anhydrous conditions and in the presence of DMAP catalyst.

40



Products were analysedaH NMRDOSY NMR and SEC analysis, and successful deprotection
of the benzyloxycarbonyl protecting group was recorded. In the interest of simplifying
deprotective purification strategies, attention was shifted to NCA ROP of Ly$\B&g)
initiated by mPE@H in DMF under anhydrous conditions, witin situ FTIR monitoring
utilised to confirm total monomer consumption. A suite of mRERLys(Boc) BCPs, with
systematically varied hydrophobic block lengths, were synthesised and characterideld by
NMR and SEC analysiemonstrating successful ROP with veslhtrolled uniformity 7 £

m @ ®@éprotection of these products was performed using TFA, confirméd bR analysis

of the products. HigtM.W. impurities were detected in the chromatograms of some samples,
leadingto an investigation into reducing side reactions that may have been the cause.
Investigation of THF solvent and low reaction temperatures was performed, highlighting clear
reduction in unwanted impurities at low temperatures. These conditions were appbied
subsequent NCA ROP for BCP of PLys lengths above 10 repeat units, which were subsequently

deprotected.

Reported in chapter 6 is the poepblymerisation modification of mMPEGPLYS[NHTFA]

block copolymers, investigating the impact of chain extemsiging OEG spacers on the
subsequent conjugation of SN38, nanoparticle -asembly and controlled release.
Protected OE& chain extenders (O2Boc, O2E@D20Boc) were attached to the PLys
pendant aminesiaamide coupling (PYBOP/DIPEA), with high iga&fficiencies (8Q 97 %)
confirmed by'H NMR spectroscopy and corroborated by SEC. Subsequent TFA protection
successfully yielded free amine chain ends on the spacers, again confirmeéHiBIMR and
corroborated by SEC. An activated intermediate BB& (prepared in 74 % yield) then
underwent carbamate coupling to linear, OfBd OEGgrafted mPE®-PLys polymers of
systematically varied hydrophobic block lengths, with increases in molecular weight verified
with 'H NMR and SEC. Comparison of conjogatefficiencies confirmed improved
conjugation for chairextended systems, lending credence to the steric relief hypothesis. All
conjugated samples were then selésembledvia nanoprecipitation in PBS buffer, with DLS
analysis confirming uniform nanosttures. Subsequent controlled release tests showed
sustained SN38 release under simulated physiological conditions, with good stability and no

burst release.
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Chapter 2: Instrumentation, Materials and Methods
2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

H and'3C NMR spectra for macromolecular samples were recorded on a BrukeE@\600

MHz NMR spectrometer equipped with a 5 mm DCH cryoprobe. Small molecule samples were
analysed on a Bruker AV3HD 400 MHz NMR spectrometer equipped with a 5 mm BBO Probe
for polyme's and small molecules respectively. Chemical shifts (in ppm) were referenced to a
trimethylsilane (TMS) standard whose chemical shift is O ppm. Norel§& XIRIR tubes and
WILMAD 528P NMR tubes were used for the 400 MHz and 500 MHz spectrometers
respectvely. NMR spectra were analysed using MestreNova® Research Lab software. The
following abbreviations are used il NMR analyses: s = singlet, d = doublet, t = triplet, g =

guartet, m = multiplet, dd = doublet of doublets, J = coupling constants (in)Hertz

2.2 DiffusionOrdered Spectroscopy (DOSY)

DOSY samples were prepareehibuse by the author in accordance with practices described

in Section 2.1 Acquisition of DOSY data and presentation in 2D form were provided by Alex
Heyam within facilities at th&Jniversity of Leeds. Subsequent interpretation of data was
perfomed by the authorDiffusionordered'H NMR spectra (DOSY) were acquired on a 600

MHz NMR spectrometeequipped with a 5 mm broadlmal probe. Samples were prepared

DMSQds and equilibratedfor at least 10 min in the magnet prior to acquisition. DOSY
experiments used a stimulategcho bipolar gradient pulse sequence with convection
compensation, with 1632 linearly incremented gradient amplitudd® A F F dza A 2 y¢ RS | &
150 ms and gradient flud S R dzNX4ins.Bgtween 16 and 64 scans were collected per
increment, with a relaxation delay o2 s. The temperature was regulated at 298 K and
calibrated using methanalj @ 51 G ¢ SNB LINRPadddkffas®riRcoadigienty 3 ¢ 2 L.
(D) wereobtained by moneexponential fitting of signal attenuation as a function of gradient

strength using the budin DOSY analysis module.
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2.3 Fourier Transform Infrared (FTIR) Spectroscopy

Samples were dried in a vacuum oven (50 °C) for a minimum of 24 poargo infrared
spectroscopic analysis. Spectra were recorded for solid samples using a Perkin Elmer
Spectrum One equipped with Bruker OPUS 7.0 software and a Specac Golden Gate
Attenuated Total Reflection (ATR) diamond top plate, accumulating 100 sé¢idmational

frequencies are expressed in &ém

2.3.1 FTIR Hsitu monitoring

A Bruker MATRIK FTIR spectrometer equipped with an IN355 diamond ATRdigterprobe

(@ 6.3 mm) was used for in situ monitoring of reaction progress. The probe was immersed
directly into the reaction mixture such that the diamond ATR tip was fully submerged and
positioned away from vessel walls and stirring components. Spectra were collected
continuously at a rate of 256 scans per minute using Bruker OPUS software, with a
background spectrum acquired under identical solvent and temperature conditions prior to
reagent addition. Timeesolved spectra were processed and analysed in OPUS, and
characteristic absorbance bands associated with reactants and products were usedwo foll

conversion throughout the reaction.

2.4 SizeExclusion Chromatography (SEC)
AstraZeneca Aqueous Method

Multi-detector size exclusion chromatography (MHEC). MESEC was performed on a
Malvern Panalytical OMNISEC instrument equipped with RI, UV, BAISSahd viscometer
detectors and analysed using OMNISEC software V11.36. Two PSS Novema Max columns (100
A (10 pm) + 30 A (5 um)) were used in series with an aqueous eluent of 50 mM NacCl after pre
equilibrating the columns with 0.1% TFA in water overnighange of narronPEO standasi

(1-24 kg mdf', dn/dc= 0.132 for aqueous) was used as the calibrant. Samples were made up

at 5 mg nit.,
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AstraZeneca Organic Method

Multi-detector size exclusion chromatography (MHIEC). MESEC was performed on a

Malvern Panalytical OMNISEC instrument equipped with RI, UV, RALS, LALS and viscometer
detectors and analysed using OMNISEC software V11.36. A PSS Polarsil linear M analytical
column (4.6 mm x 300 mm) was used in combination with DMF containing 50 mibltigr

mobile phase, operated at 70 °C after full equilibratiomaAge ofnarrow molecular weight

standarcsl LILINR LINA F 0 S FT2NJ 5aC ¢l a dzaSR FT2NJ OF £ A 6 NI

and injected at a volume of 100 pL.

2.5 Advanced Polymer Chromagoaphy (APC)

APC analyses (DMF solution phase, 1 g/L LiBr) were carried out using an ACQUITY APC AQ
(200A, 2.5 um) column packed with bridged poly(ethylene) hybrid particles, on a Waters
ACQUITY APC system, equipped with an ACQUITY refractive indeR)(d€@ctor. The

column temperature was maintained at 40 °C and the flow rate was 0.4 mL/minute. System
calibration was carried out using PEG standards and data were process using Empower 3

a2FG6F NS (2 LINPOARS LRfeYSNI 7 Ol fdsSao

2.6 Matrix-Assisted Laser &orption/lonisation ¢ Time of Flight Mass Spectrometry
(MALDITOF MS)

Matrix-Assisted Laser Desorption/lonisation THEFlight (MALDTOF) Spectroscopy Mass
Spectrometry was carried out using a MAIIQIF spectrometer (Shimadzu AXIMA
performance) inposi A @S Y 2@&ed-hydgbxytinnamic acid matrix was used with Nal

salt as a cationisation reagent andloroform used as the solvent.

2.7 Liquid Chromatographyg Mass Spectrometry (L-®IS)

LCGMS analysis was performed using a Thermo Scientific Ultimate 3000 HPLC system (Thermo
Fisher Scientific, Waltham, MA, USA), interfaced with a mass spectrometer equipped with an
electrosprayionization source operated in the positive mode (Bruker ama3oeed, Bruker
Daltonik GmbH, Billerica, MA, United States). Chromatographic separations were performed
using a Kinetex C18 (2.1x50 mm i.d.,>h6particle size; Phenomenex, Torrance, CA, USA) at

a column temperature of 40 °C.
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The mobile phases were (A)l@ Formic acid in water and (B) 0.1% Formic acid in acetonitrile.
A gradient was used starting at 98% of A and 2% of B over 1.2 minutes, ending with 2% A and

98% B at a flow rate of 1.3 mL/min.

2.8 Centrifugation, Sampl®rying and Lyophilisation

Sampls were centrifuged using a HERMLE Z 326 K centrifuge unit, maintained at § °C (0
4500 rpm). Samples were dried for a minimum of 24 hours in a Fistreem vacuum oven,
equipped with a variable temperature control unit (0 €200 °C) and a pressure gauge (0
mbar¢ 1020 mbar). Samples were lyophilised using a Thermoelectrion Heto Powerdry LLI500
freezedryer, equipped with an Edwards two stage vacuum pump. Samples were lyophilised

in deionised water in 50 mholypropylene centrifuge tubes.

2.9 Preparation of Rosphate Buffered Saline (PBS) and Sodium Acetate Buffer Solutions

One PBS tablet was dissolved in deionised water (200 mL) under vigorous stirring to obtain a
PBS buffer solution (pH 7.4). A sodium acetate buffer solution (pH 5.0) was prepared by
homogenausly mixing 0.1M acetic acid glacial solution (357mL) with 0.1M sodium acetate

trinydrate solution (643mL).

2.10 Dynamic Light Scattering (DLS)

DLS analyses were conducted using a Malvern Zetasizer Nano ZSP instrument equipped with

a 4 mW HeNe laser, opmating at a wavelength of 633 nm, and an avalanche photodiode

(APD) 59 detector. The nanvasive baclscatteroptic arrangement was used to collect the

light scattered, at an angle of 173 25 °C. Samples were equilibrated for two minutes and then
analysedat 37 °C in disposable 12 mm poly(styrene) cuvettes. Data were processed by
cumulative analysis of the experimental correlation function. The diameter of particles was
computed from the diffusion coefficients, using Stoled Y A G SAy Qa SljdzZt GA2y @
were carried out in triplicate. Analysis of the results was carried out using the Malvern

Zetasizer Software.
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2.11Ultra Violet ¢ Visible (UWis) Spectrophotometry

Absorbance readings (200 800 nm) were performed on a dual beam Varian Cary 50
UV0902M12 U\vis spectrophotometer (Agilent Technologies), equipped with a xenon pulse

lamp and Varian Cary WinUV 3.0 software. Samples were analysed in UV micro quartz
cuvettes (10 mm, 700 pL and 1700 pL, bladk t £ SRONMB WRA Y LI B FAESR 41 O
caried out using a Jenway 6305 spectrophotometer (Rdemer Ltd). All of the readings

were taken in triplicate.

2.12Transmission Electron Microscopy (TEM)

TEM micrographs were obtained as follows; TEM was carried out using copper TEM grids that
were suljected to glow discharge for 60 s. Following dialysis, the samples were diluted in
deionised water to a concentration of 10 mg/mL. A drop of suspension was placed on the

freshly prepared grid and the excess liquid was absorbed with filter paper.

The gridwas subsequently washed with deionised water and a drop of uranyl formate
solution (0.75 % w/v) was placed on the grid with excess liquid absorbed using filter paper.
The grids were then left to dry under a lamp. TEM characterisation was performed at room
temperature by using a FEI Tecnai TF20 operated at 200 keV. The FEI Tecnai is equipped with
a field emission gun FEGTEM/STEM and a Fischione HAADF detector and Gatan Orius SC600A

CCD camera

2.13Drug Encapsulation Efficiency and Drug Loading Content

The dug encapsulation efficiency (EE%) of nanoparticles and the drug loading content (LC%)

in the nanoparticles was determined using the following equations;

Oo® —_— pTT

0P — pnum
®

Where: Wo = total mass of payloadministered during nanoprecipitation, Wn = total mass

of drug not encapsulated within the nanoparticles, Wnp = mass of-ldaded nanopatrticles.
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Quantification of doxorubicin was performed by W spectrophotometry, via

measurement of the dialysate dettedduring drug release analysis.

Absorbance values were compared against a calibration curve, prepared from serial dilutions
of a doxorubicin stock solution of known concentration, allowing determination of Wn. All

remaining variables were determingpavimetrically.

2.14Drug Release Analysis and UPLC Evaluation of SN38 Content

Nanoparticle preparation via nanoprecipitation and subsequent drug release analysis of
SN38conjugated mPE®-PLys polymergynthesised ifnouse)was performed externally at
AstraZeneca facilities in Macclesfield, as these capabilities were not available at the University

of Leeds. Drug release data generated from this analysis were provided by AstraZeneca.

A stock solution of the test sample was initially prepared by disspivi dimethyl sulfoxide
(DMSO) to achieve a final concentration of 10 mg/mL. From this concentrated solution, a 25
pL aliquot was transferred into a 250 pL hjggrformance liquid chromatography (HPLC) vial
insert. To this aliquot, 25 pL of an agueous BlZodium hydroxide (NaOH) solution was
added. The resulting mixture was homogenized by repeated pipetting to ensure thorough
mixing of the organic and agueous components. The sample was then incubated at room

temperature (RT) for a period of one hour tiboav the reaction or to proceed.

Following the incubation step, 50 pL of an acid quenching solution, prepared as a 10% (v/v)
solution of acetic acid in acetonitrile, was added directly to the vial. The addition of this acidic
mixture was intended both to eutralize the previously added NaOH and to stabilize the

analyte prior to chromatographic analysis.

The prepared sample was analyzed using a Waters Acquity-pdtfarmance liquid
chromatography (UPLC) system. Chromatographic separation was carried aui\arers
Acquity UPLC BEH Phenyl column with dimensions of 2.1 x 50 mm and a patrticle size of 1.7
pm. The mobile phase consisted of water (containing 0.1% trifluoroacetic acid, TFA) as solvent
A and acetonitrile (MeCN) as solvent B. A linear gradientoslutnethod was applied,

beginning at 5% solvent B and increasing to 90% solvent B over a total run time of 5 minutes.

Detection of the analyte, specifically S8, was performed using a photodiode array detector

set to a wavelength of 360 nm.
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Quantificaton was achieved by measuring the integrated peak area corresponding38 SN
and comparing it against a calibration curve. The calibration curve was generated from a
series of standard solutions prepared by diluting a concentrated stock solution-88 $N

DMSO into acetonitrile, with absorbance also monitored at 360 nm.

2.17. Materials Inventory

All of the chemicals listed ifiable 2.1were used as received from suppliers unless otherwise
specified.

Raw feedstock of mPBE&@+: (5000 g mot) was suppliecdoy Thermofiger for activities
performed throughoutSections 5.2.%.2.4 Suppliers were changed following SEC analysis of
the raw material at AstraZeneca, which revealed significant shoulder peaks tailing towards
low retention time on the mPEG peakis Biotech GmbH was selected as an alternative
supplier, as a specialist manufacturer of PEGylation reagents and drug delivery polymers
whose products are specifically characterised and qualified for pharmaceutical applications,

in contrast to the broad reseah-use portfolio of general laboratory chemical suppliers.
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Table 2.1 Chemicals used within the research conducted.

Chemical Supplier Chemical Supplier
Acetate buffer Fluorochem Magnesium sulfate SigmaAldrich
I OSGAO I OAF
SigmaAldrich Mandelic Acid Fluorochem
99.9%)
Activated charcoal ACROS | N,Ndiisopropylethylaming  Alfa-Aesar
Bis(4nitrophenyl)
SigmaAldrich n-Hexane SigmaAldrich
carbonate
Chloroform SigmaAldrich PBS tablets SigmaAldrich
PEG methyl ether
Chloroformd SigmaAldrich Fluorochem
(5000 g mot)
PEG methyl ether aming ThermoFiker/
Dichloromethane (DCM)| Fluorochem _
(5000 g mot) Iris
5ASGKef Si#f Fluorochem Propylene oxide SigmaAldrich
Dimethylformamide (dry) | Fluorochem PYBOP SigmaAldrich
_ 7-ethyl-10-hydroxy _ _
Diphosgene Fluorochem . SigmaAldrich
camptothecin (SN38)
DMAP SigmaAldrich T3P Fluorochem
tert-Butyl methyl ether
DMSQGd6 Euristop SigmaAldrich
(TBME)
Doxorubicin hydrochloride _
) | SigmaAldrich|  Tetrahydrofuran (dry) ACROS
0X piz0
HBr/Acetic Acid (33 wt%)| SigmaAldrich Triethylsilane SigmaAldrich
L-lysine(Boc) Fluorochem Triflouroacetic acid SigmaAldrich
L-lysine(Fmoc) Fluorochem Triphosgene SigmaAldrich
L-lysine(Z) Fluorochem h-pinene Fluorochem
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Chapter 3: Monomer Synthesis

As discussed i€hapter 1 cyclisation of amino acids and hydroxyl acids into NCA and OCA
molecules is a crucial step in the process of developing biomimetic nanocarriers for
therapeutic delivery, as their strained;rbember heterocyclic structure enablesntrolled,
efficient polymerisation via ROP under mild conditions. Phosgependent methodologies
remain the primary synthetic pathway for the production of these monomers, making up the
majority of protocols reported within this chapter. However, thealth and safety hazards
posed by these toxic materials presents a significant limitation for future uptake by the
pharmaceutical industry, leading to the investigation of alternative methods, reported for

critical evaluation below.

3.1 Experimental Detils

3.1.1 NCA Synthesis

3.1.1.1 Phosgendediated NCA Synthesis
Synthesis of Lys(Fmce&)CA

O ®
o~
w1
° N ~ © O
Figure 3.1 Lys(FmoeNCA Structure.
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T3RMediated Synthesis of LysfAICA
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3.1.2 OCA Synthesis
3.1.2.1 Phosgen®ediated OCASynthesis
Synthesis of Mandelic Acid OCA
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Figure 3.4 Mandelic Acid OCA Structure
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Figure 3.6'H NMR(400 MHz, DMS@s) Spectrum of Lys(ZYCA
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Figure 3.7 'H NMR Spectrunt400 MHz, DMS@s) of Lys(ZNCA, synthesisedlia T3P
mediated methodoloy.
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Scheme 3.1By-products eliminated during the deprotection of Fm@e and Boe protecting

groups, respectively.
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Figure 3.8 'H NMR Spectruni400 MHz, DMS@s) of Lys(BoeNCA, synthesisedia T3P
mediated methodoloy.
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Figure 3.9 'H NMR Spectrunf400 MHz, CDglof SarNCA, synthesisedlia phosgene

activatedmethodology.
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Figure 3.10'H NMR Spectrun4d00 MHz, CDglof SarNCA, synthesisedia triphosgene
activated, P@nediated methodoloy.
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Figure 3.11'H NMR Spectrun400 MHz, CDglof SarNCA, synthesiseda T3Pmediated
methodology.
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Figure 3.12'H NMR Spectrurt00 MHz, CDg}lof Man-OCA
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Appendices
A.3.113C NMR Spectra
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Figure A.3.11: 13C NMR (400 MHz, DMSIg) spectrum of Lys(Fmo&yCA.
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Hgure A.3.1.213C NMR (400 MHz, DM8Ig) spectrum of Lys(Z)CA.

81



e

180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O
f1 (ppm)

Figure A.31.3: 3C NMR (400 MHz, DMS&¥) spectrum of SaNCA.

b

. J

190 180 170 160 150 140 130 120 110 %00( 95) 80 70 60 50 40 30 20 10 0
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Figure A.31.4: 3C NMR (400 MHz, DM$¥) spectrum of SaNCA (P@nediated synthesis).
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210 190 170 150 130 110 90 80 70 60 50 40 30 20 10 O
f1 (ppm)

Hgure A.3.1.513C NMR (400 MHz, DMS8Ig) spectrum olLys(ZNCA(T3P synthesis).

l L

190 180 170 160 150 140 130 120 110 1190( 9(; 80 70 60 50 40 30 20 10 0
1 (ppm

Fgure A.3.1.63C NMR (400 MHz, DM$Ig) spectrum olLys(BoeNCA(T3P synthesis).
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180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Hgure A.3.1.7%3C NMR (400 MHELDG)) spectrum ofSarNCA(T3Psynthesis).

I

léO 1‘70 léO 1‘50 1;10 150 1‘20 1‘10 130( 93) éO 7‘0 éO 50 40 Z;O 2‘0 iO
ppm
Hgure A.3.1.83C NMR (400 MHZDGJ) spectrum oMan-OCA.
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A.3.2 FTIR Spectra
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Figure A.3.2.1FTIR spectrum of Lys(FmdETA
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Figure A.3.2: FTIR spectrum &arNCA
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Figure A.3.23: FTIR spectrum dflan-OCA
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Chapter 4:Synthesis and Application of mPHEE=PMA

Abstract

al yRIIOWR & AyOSBIAEAEREIRILIK20A 02 O2VYRIKEYWIKAL AO
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4.1 Introduction
alyRStAO FOAR o6a! 0 Mk RINR Fé ( dzA REE RISNIWB IRy (O
0SYyT It RSKERST 6AGK YI22N) FLIWIX AOFIGA2YyA AY L

A N Y oA A v oA o~

LINE RdzOG A2y SEOSSRSR PmMppYX gAGK LIKFNYLF OSdziA
HAHT ROGKAY GKS LIKIFNXEFOSdziAOFt AYyRdzAGNEE a! KI

AYyOt dzRAY 3 FydAoA2GA0 "W KBNS 1LY $\&E @BHRONITININI
GK2aS RSNAOGSR FNRY fFO0GAO IyR 3te02tA0 I OAR
SEGSyargsSte "\ RNHBORESYOSREB®Ee (KS AYyONBI &S
2E@3ISYy [G2Ya S6AGKAY LRt OGNIARNRER vy ORRE KSa & ¥N
L2feolYAy2 | OARAVI | IANBFGSNI SFFSOUABS ydzOf
02YRAY3 St SOGNRYya 2F 2 EIShI ONS I @SRLIRNE 52 y2 Vil
GAGKAY (KS3ISBEIGENSHRSRIINESa RSyaride Ay GKS 02y
YFE1TAy3a GKS tAy{1F3S Y2NB adzaOSLIiAofS G2 ydzOf
NBI a2y> LR2teSaatdSNr LINBaSyid Iy FGGNF OGA@S 2
G§SOKy2f 23A SR 4rAQAKR MyFOMEIAZI & Fft26Ay 3 F2N 3N
Ay 1fl2®» Ay Of dzZRAYy 3 (GKFG 2F GKS Gdzy2dzNJ @13a Odzt +
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RAZNB Y BhNAF DSy Ay3d Aa F2f{f26SR 08 0KBISSI NEBAPH G
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OKFAY SyYyR 2N Y2y S¥EKRA & KIS O NS/ ODPRYY Hz8f O A 2 Y
Affdza {OIKEIB 2 A & OKI LJGSNE (GKS STFFSoua 2F QI N
NFGA22 GSYNBINOGHANBIRATfYRIAZ2Y oAt 0SS Ay@dSaidaiid
NBadzZ GFyd LldzNAGEeS RSINBS 2F LRtEYSNRAlIGAZ2Y |
LINE RdzO( & @
88



4.2 Experimental

4.2.1 Monomer Synthesis

al yRSEAO FTOAR h/! VYA2YSRYSANE IBCABNRI&YIXK SEA G K
LINEAONABSORAZB adldmodwsl & a8yiKSaArAaSR Ay 3I22R &
RSGSNXYAYyDRWE YR C¢ L 931IS O pBFEmOSLIXBNR OKSY VU 6|
a YI ONRBAYAG @2 Na®YNIKISERIS &Yt 9 D

4.2.2 Block Copolymer Synthesis

o)

(0]
H,eTO"on + 1 g _4§ e ck© \V/Aﬁo 2+ 0 co,

13 CHCl, RT, 96 h 13

Scheme 4.10CA ROP of mandelic acid from mPEG (5000-f.mol

I 3SySNIf YSGK2R2f 2 o a¥2 Nt ROy O2yieK SaASANE2 T at
LISNIFAya G2 SFOK 2F GKS hi/! wh t NEIF OGA2ya
O2YLINBKSyaAdS oNBIlI | R2¢gy 2F GKS ljdzr yGAGASE 27
GSYLISNY GdzNB 2 F 0 KSY NGBt 1020yS 2 ded@o Mkl difl $ dB A TWBRNB Y (
GKS O2yRAGAZ2YyAa TFT2NJ SIFOK NBIFOUGUAZBOILNSWI mad RA
al#i/ 1¢l®fE Ny ¢F D16 aPNME | RRERRABR K YK2BYY  dz
GAUK TRSEBREB RNX SR dzy RSNJ O Odzdzy 6m KOo® ¢KS &a2faA
0STENEDa 2 ® pARhoBIEY2aRMAA2E OSR ZS W KW § RRERA X §
FfAld2d yR GKS a2t deliny22yd LK SINBA (RACNSNS Ri Kd3y RONIEZN
6pc KUOU® 5dNAYy 3 (KS  , RRANASI 2 TLIENIS2 REOIOiAR yXY b
GMIyaildlttriAzy 2F | yid 2Hdel t BT YIS RN GiyA AyK SO Sz
KIR NBIF OKSR: Oa K8 SNHZRS LINRRdzOAt Bl RA BB OR LIS |
Y[UOU YR OASY BN BRIS 04SS {SOGA2Y HPoUODP ¢KS O
A@RtR RASGKet SAGKSNI 60 E on Y[O0O YR RNASR

A XL, A A ML A

Polymer 1¢ PEGb-PMAs5
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Yield: 72 wt%

IR €/ cm?): 2888s (€ stretch), 1756s, (C=0 ester), 1648s, 1600s, 1562m (C=C stretch,
aromatic) 1466s, 1456m, 1360s, 1343m, 1278s, 1242s, 1150s.

IH NMR (400 MHz, CRCV.407.12 (m, 75H, AH), 6.585.78 (m, 15H, (C=@)H), 3.7:3.42
(m, 452H, 2 x PEG £}8.31 (s, 3H, PEGH)

13C NMR (400 MHz, CB)CIL29.77123.93 (90C, phenyl carbons), 70.57 (226C;&EeHns),
59.05 (1C, PEG gidrminal).

Polymer 2¢ PEGh-PMAw4
Yield: 74 wt%

IR €/ cmt): 2884s (€H stretch), 1756s, (C=0 ester), 1647s, 1640s, (C=C stretch, aromatic)
1468s, 1456m, 1360s, 1342m, 1281s, 1242s, 1149s.

IH NMR (400 MHz, CB)CI7.247.20 (m, 70H, AH), 6.595.16 (m, 14H, (C=@H), 3.57 (m,
452H, 2 PEG G 3.31 (s, 3H, PEGH)

13C NMR (400 MHz, CB)CIL28.81124.55 (84C, phenyl carbons), 70.57 (226C;&EeHns),
59.05 (1C, PEG g&tdrminal).

Polymer 3¢ PEGh-PMAL3
Yield: 55 wt%

IR €/ cm™t): 2885s (€H stretch), 1757s, (C=0 ester), 164G C stretch, aromatic) 1468s,
1359s, 1341m, 1278s, 1241s, 1149s.

IH NMR (400 MHz, CBCI7.247.20 (m, 65H, AH), 6.595.16 (m, 13H, (C=@H), 3.57 (m,
452H, 2 x PEG @H3.31 (s, 3H, PEGH)

13C NMR (400 MHz, CB)CIL28.81124.55 (78C, phenyl cavhs), 70.57 (226C, PE@rbons),
59.05 (1C, PEG g¢tdrminal).
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Polymer 4¢ PEGh-PMA
Yield: 69 wt%

IR €/ cm™): 2890s (€H stretch), 1756s, (C=0 ester), 1648s, 1640s, (C=C stretch, aromatic)
1468s, 1456m, 1360s, 1342m, 1281s, 1242s, 1149s.

1H NMR(400 MHz, CD§ 7.247.20 (m, 100H, AH), 6.595.16 (m, 20H, (C=@)H), 3.57 (m,
452H, 2 x PEG @H3.31 (s, 3H, PEGH)

13C NMR (400 MHz, CE)C128.81124.55 (120C, phenyl carbons), 70.57 (226C;d2i@®ns),
59.05 (1C, PEG ©drminal).

Polymer 5¢ PEGhb-PMAss
Yield: 75 wt%

IR €/ cmt): 2890s (€H stretch), 1756s, (C=0 ester), 1648s, 1640s, (C=C stretch, aromatic)
1468s, 1456m, 1360s, 1342m, 1281s, 1242s, 1149s.

IH NMR (400 MHz, CB)CI7.247.20 (m, 240H, AH), 6.595.16 (m, 48H, (C=@)H), 357 (m,
452H, 2 x PEG @H3.31 (s, 3H, PEGH)

13C NMR (400 MHz, CEB)C128.81124.55 (288C, phenyl carbons), 70.57 (226C;d2i@ns),
59.05 (1C, PEG ¢tdrminal)

Polymer 6¢ PEGb-PMAio
Yield: 65 wt%

IR €/ cm™): 2890s (€H stretch), 1756s, (C=€3ter), 1648s, 1640s, (C=C stretch, aromatic)
1468s, 1456m, 1360s, 1342m, 1281s, 1242s, 1149s.

IH NMR (400 MHz, CBCI7.247.20 (m, 50H, AH), 6.595.16 (m, 10H, (C=@)H), 3.57 (m,
452H, 2 x PEG @H3.31 (s, 3H, PEGH)

13C NMR (400 MHz, CB)C128.81124.55 (60C, phenyl carbons), 70.57 (226C;&iFeHns),
59.05 (1C, PEG g¢tdrminal).

91



4.2.3 Preparation of mPEG-PMA Nanopatrticles
Yt o2t @0YlI YRSEAO | OARUO O2L1Rf@YSNI yly2LIl NIAOf

SAGFof AAKSRAZY yERINEBR @RTIRVSNI omn Y30 61 & RAZ
Y[O FYR GKS &ad2ftdziA2y FRRSR RNRLIWAA&AS (2 RSAZ2Y
RAGLISNEA2Y A 6SMIKAL BANNKE 20K MNRESEY Y S PE RIZ NB

SyadNSS KIS y2 @GrarofsS 2NEIYAO LKFaSe 1 tf vy
02y OSYy N} GA®Y 2F m Y3 Y]

4.2.4 Preparation of Dox Free Base

52E K@RNROKf 2 NWWRS 0o wdmn ' RRSRo i@t | SRIdzgp2y
>Y2f0 Ay | yK&@RNRdza OKf 2NRF2NYXY 60 Y[O0UP ¢KS a2
NE2Y OGSYLISNIGdzNE F2NJ n K2dzNB P

4.2.5 pHmediated release of doxorubicin from Delxoaded Nanopatrticles

t2f eM6MMI Y30 461 & RAAA2t OGSR AN ACK fd2iNE2RB 8IORD &RV
32f dzi A2y sop¥EAOYPSNE GKSY FRRSR aAvydz dFyS2dz
GAIA2NRdzat & AGANNAY3I t.{ 0dzZF FSNJI a2 {dAIASR OH.d n .
3 YaR /ho F2N GKNBS yREy Al LPR2NERZWRROGSO® RZAER S R

Y Iy 2 LIRMIBALGESNGAA 231 A G Ayd2 Gg2 Sldaf LR2NIA2YAE
RAFIf@&A&d (dzoAy3d ovmaNRSR @Oy @LINDI O By RARZIS N
FAFLAYAd manTSN 6 OSGpdBOOEAFT dziA2y > gKAfad GKS
t.{ O0dzZFFSNJ a2fdziAz2y oLJI T1Todnvd ¢KS @SaasSta oS
O2yadlyd FTaAGFEIA2YS G oTtc/ @ ' LINBRSUSNIWAYS
RAIFIf@AIGS YyHBABYAIBAOSRRPDBIE2N12YSUNED® ¢KS 02y O0S
Fd SFOK GAYS LRAYGA DI &LI§ azd NB WA BRY SENE +dza A Y -
Ol £ A 0 NJ AKRSS NBXIENIASA S FNRY (GKS yIye2uzNES Of $a md
K 2 dzZNB ®
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4.3 Results and Discussion

{ dz00Saa 06é& YNAROKSEtR2NF Ay (KS wmdoyna Ay aeyik
OKSA®BESYAYy 3 LRTeYSNRAFGA2Y 2F GKSANI NBaLISOG
I LILX A OF G ALRYE & 0 Ké RNR B8l 2[6BAFEINE Y ISOSNR & dNB OSy i
fAYAGIGA2YEa 2F Y2NB FdzyOlA2ylrftAadaSR 0eoft Aol

RSY2y&iNI GSR o6& OKIf {SSw3a %y REWMSNREKIIRRD RS2
{ SOUYA Mbdoyd MY 2 NE NB OSySit BIFIRDNEXIF WAPOXKY NRNI § SR 3N
4dz00Saa Ay (KS deyiKSara @mhitlR2 2&o Wi yRSEAOD It @
tKS&aS LRteoKeRNRE&t | OAR&A0 NBLINBaSyd I araya
G2 GKSANI 0A2RSANI RIOAT A(& KISYKRI osyozs0EIAIgEA o A
KeRNRfeara Ol yiwv88ABHBRZ A OSSUAINPANINSR Sl kaSNG LI

4.3.1 Synthesis of mMPEGPMA Block Copolymers

al#i/! gra KSNB LRfeYSNAAaSR dzyRSNJ I @F NARSGe
of 201 O2LR2ft & Y'SND amySIXiaERSORAUBD § NRVERD2ER{ | yI { @&
t2f @YSNR AL GAZ2Y o a ORdRRIZNISHR aALYK S NECE RRN2SIME |/ |
K2dzZNBE® ¢KS NBFOUA2Y O2yRAGA2VE 0DISNEMPBDPSAGKAY

¢l of WSt DV 2y O2yRAGAZY A FaONIARIWBRSE A O 1 C

Initiator Monomer Catalyst Solvent T/
No. |Mass/| Mol/ |Mass/| Mol/ |Mass/| Mol/ o

mg mmol mg mmol mg mmol Vol /mL ¢

1 168 0.034 300 1.68 20.6 | 0.168 10 25
2 168 0.034 300 1.68 41.2 | 0.336 10 25
3 168 0.034 300 1.68 20.6 | 0.168 15 25
4 168 0.034 300 1.68 20.6 | 0.168 10 30
5 168 0.034 600 3.36 41.2 | 0.336 20 60
6 280 0.056 300 1.68 20.6 | 0.168 20 60

A ~oAa

5alt f@aiilr 02y Sy id #t & YiRRNE VANINS RS GIF F &Oii S dzi e §
0KS RSAINBS 2F LRteYSNRAlIGAZ2Y 2F (KSGGkMY of 2
I OdaAz2y 2F 5alt & | OFdrfead A& o0ATdzy OGAazyl ¢
GF NBSG OFNbz2yeft 2F (KSE hd ®RORA FAdx S OAL 5SS
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LYONBFaAy3a GKS O2yaGSyd 2F GdKAa OF GING&SBL 28y
LINR LI 3L GA2YyE Fa ¢Sttt a GKS5S WNriSy2fFol et aRi
ONHzOA I f FaLISOG oA @KAy2 hSGI twhalt i IR KRIDBB YAASINS U
NBII OGA2Y GSYLISNI GdzNBE | YR RBERdzBA2 ydzLI2lya GKSE £ NJ
O2L12t 8YSN® wSIFOGA2Y UGSYLISNI{GdzNE ¢l a SO f dzk G
SYSNEHe& 27F GKS Y2t 256002 SNEO Ay afed @AW 2 Yy KOOI KS NI
adzN¥2dzydAy3a GKS + OGADIGKERKSNB/SNA Ry KNS SN
LINR LI 3 GA2Yy D | 26SOSNE +a GKS AYyONBFasS Ay NI
GKAAd ¢2dz R I faz2 AyONBlFasS (KS RIEBAYIH &KADKOG
fAYSENI YFYRSEAO | ONVR I WAWZ BYINGEIOANIXRIR YENRIP A
Ay GSYLISNI GdzNB £ a2 Ay ONBhaA w3 ONeS yAKIIAN i 2WZ 0
Y2NB NB3IdzE | NI O2y G Ol 2F GKS | OGAGS OKIFAYy Sy
g2dzZ R FTANRGNRERSAV208S RINERIZOU lFylfeéearar K2g
GKA&a NBaSFNOK® 2KAfald AyONBlFaAy3a GKS RATf dziA
SELISOGSR (RBADIMROITAAARS t BB @ BHISNIGKS SWIBENIG R
KS NIGS 2F LINRBLIIFTGA2Y YR aARS NBIOUGAZ2Y o8
FyR OFGlrfead OFy KSNB 06S Ay@SadAaalrdSRd CAyLIf
GSYLISNY 0dzNBX FNRY pnd 288 WPNKel ESNBOBSBAIIcinS |
RSGSNN¥AYS FANRG S6KSOKSNI AG Aa LlRaaAirof & G2 | C
ot a! Ay GKAA a2t @Syd aeadsSysz IyR (2 RSUOSNNAy
Fff2 GKAa G2 KFILIWSYS>S IAGFYONBRNRIBSBFEO2Y AF G
AYLINRPOSR az2fdoAftAlGeo

t2f 8 ViB &k off 8B SNB  OKI NI Ol S etk R dzNtnabyi DMy R C¢ L w
ALISOUNEZAQ2ANE Gm0 PO HSPMINA YI NBE 20aSNBFGAZ2Y G |
YSI ad2NBYSWHBAX ADSVEBG 2F GKS | yKEBRNWMRY/ O 3
20 SN Ay (GKS aniSIONEHNG 2 éd ®mh Y AAY Idzf F NI S&GSNI /

OYOE aAradayAaFTeayd (KS adzwdSaaRdzz YNONET +2/1RS yiAKyST C

0KS wht NBIFOGA2Yy ®
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CKS LINRG2Yy SY@ANRYYSYlG 2F (GKS GSNXAYIlLE YSGK
NBLINBaSYyTSRanp Obmbzy aAiAyItodd WRIVIE KADISO G KS !
F'NBE NBLINB&Sy(SRINRLIS T | INBISINEA L BaSKEBhANG y2IS0 R Tl |
I SN 38 Y2t §0dzt I NI56 SIAaX (it 92DF opt2nOnl 2 Fy2ifKSa s |
F SN} 3S 2F wmmo NB L3S LS NdzyNiSiLASH (224 GAKGD na GUINERGE2 Vi K |
aK2dzf R Sljdzrf npHX NBfloWA @KSINIWKE YVSiiwdSSy LIS
431S6SRZ LI NILAOdzZ  NY @ Ay G(KS OARXBI ddSBRKEe ad 2
LINEA 3§ O8 BLAENAYRM a G dzNBX 2NJ Fa M IDNNE& dzE eizeFY & y i
ddzOKZ F2NJ Ly SalbGAYlIlGAzy 2F (GKS ydzYoSNI 2F LX2f
LINE RAZOG A O2YLI NRaAzy Aa GELAOKTE & ™ilINESG2yIl Ay
AyGSaNIta FNB KSNB 204a§NUIRE AR/S WIS yNE §HAIS HyS (1i6FS!
OKNSB AaLISOGADBS NBLISIG dzyAld gAGKAY (GKS L2t &YSNJ
GAOGK GKS t 9D SiKet AYyaGSaINI T diya & a0 x bl § $IKEK S €
LIS 1a FNB 20aSNWSR carydlpilksS WNKFIBY @ F I NITIOnD HLILIV
RAGARSR 0@ p (2 LINPOGARS | aSO2yR SaidAYlFiAzy
G2 GKS @I t dzS hoNP iA2yyS /] RINBRSYP KISK SINB 2y @S yaAiF LK ¢
GAGKAY GKA& FNRYFGAO NBIA2YyS>S aSt SOGAGS adzmiaN
AYGdSaNIt @gFrftdzSaod 'a | NBadzZ G Fff | NR2YFF GAO )
GKSANI GNIBO B §d550F 6 &2y YSGIK2Ra NS GKSNBF2N
FTNRY a2t @Syd LISF] 20SNIFo 2N FNBY GKS Ayail o
0St2¢ aKz2dz R

@t dBSRIDOSNT | bRw & LISDfiNWSINEF & ¢Sttt & GKS 02vY
Ol t OdfOPipE HzS & (2 K DX B NONBE S YENERENSYRI 6601 S n dH

below.

VY R -
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Figure 41: Stacked'H NMR Spectrun500 MHz, CDglof mPE@&-PMA 1-6, highlighting
aromaticGul Yy R 1 9 (DK @ugréton environments.

Table 4.2 [M]:[1] ratios of Polymersl-6, versus calculated D.P. values.

Number [M]:[1] Calculated D.P.
1 50 15
2 50 14
3 50 13
4 50 20
5 100 48
6 50 10

/ 2YLI NBRYyUGSyRER2 NIRI2ZK & AR O £ OdzAf G SR o% t dzS a
4dzZ33Sa0Ay3 Y2y 2YENILR2ZEFISNBE RFY YR2NIRSBOIGKI Y nn
FANBS 6A0K GKS adzaA3Sa0GSR NBFOUA2Y O02YLX SliAzy
NBEaARdzZ f Y2y2YSNI 6l a4 NBY2QOSR RodaNGeyt 3 SLINKESONSPLIA (i

96



¢CKAa 20aSNBIGAZ2Y YIe | f&az2 0ol SEBNE RFORAE 22 NV 2R
fA1SHYRt8DdzA | NI gSAIAKE 2t vASYSOIdZS RadMNBdyNEN BIRS %0
NEBFOGA2Y LINPOSRAz2NB ®

Li aK2dzZ R 0SS y2i0SRiiRSNSRERTINHDKESHNS0 $LuB3 WI i
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Y KAIKSNI GKFYy (K2a$8S 2F (KS 20KSNJ L2t e@YSNAR ¢

fA1S8te 06S IGiiNROdziSR G(KS AYyONBIF&ASR NBIOGA2)
LINE LJ- 3 G A Sy 20SMNINBRMB I OGA2y (GAYST 2FFSNAYy3I |
AYLI OG Y2y 2YSN)I O2yOSYGNY GA2Y YR NBadzZ GAy3 A
GKS AYAGAFOG2NXYOFGFtead NIXGAZ ol a Ffaz2z KAIKS
t 2f @ ESMIKAR OK RAR y2i0 SELISNASYyOS Iyé AyONBIl as$s
2 KAfald GKS RCADIdAINPARSIAI$BeABIARSYOS F2NJ (K
GKS KeRNRLIK20AO vmex 2 OKS 202 VLRSIV S HK & a W ER  dnddl
O2YLX AYSHEIONBzZARYS OKNR Y| G23aINF LIK& 6{9/0 RIGI
F LILJ- N> Gdza 6+ & YIRS F@FAtLFotS | LILNRPERYAHGSE &
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ONBI RSYAY I LIRIF a&EK adzZ33SadAdS 2F |+ YAYAYL (
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GKFY GKS YIAY OKFAY LRLWz I dA2yE YR Aa (KSNI
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FYA2VBRISNA YA LI2feYSNARAlIGAZY 2F SikKéetSyS 2EARS
OKI N} OGSNAAaSR Ay GKS tfAGSNY GdzNBod LT NBAARdZ €
I 0AFdzy OG A2yt Ayosdi A IRA22NE QBNRAREZO ARfIY i A RS
LINE RdzOG YR @ASEtRAY3I I KSUGSNRPIASYS2dAIMRE &4 G NA O
YtoiDl FOGa F&a (§KS YuhQNPKASNEIE Siy2ENG KFQKIB Aaglt! | G A 2 y
GAGKAY GKS aAGFNIOAY3I YI GSNASADK GA yFOL daRIMY2T/ 20 K AN
AYAGALFGA2Y® ¢KS aK2dzZ RSNJ Aa GKSNBEARNB oXKHKY (K
AaK2dzf RSN) aKAFOGAYy3I G2 €26SN) Stdziazy GAYSa Ay
4ddz00SaaFdzx OKIFAYy G2 SHNIMNFGM FFYWNESK | (0 R diNE RS NDA
AYSOUABY g KSNBo | yIf 232dza aK2dzZ IMBE TSI GdzZNBE Ay
20K 2F KS&AS 20aSNBIGA2ya Oly 0SS S@BIRSYDHSR
Y2t SOdzt I N B S 5B & 8 MFeHSS Odzt | NJU 6 S Y RK RAGAISNAEA G & ¢
L2t BYSNEZCLIDZ BERORDPAY

¢Loft® hBDYLI NI GAGBS Y2t SOdzE F W) dEMWIKSHEGRIVE I A2 § 0|
Fylrtearas Fa ¢Sttt Fa RAALISNARAAGE @I fdzSa OF f Od
Polymer |M.W. (est.)/ g mol'| M, /g mol* | M,/ g mol b

mPEG-OH 5000 6563 7816 1.19

1 6996 7646 9053 1.18

2 6863 7093 8782 1.24

3 6730 7581 9028 1.19

4 7661 7472 8986 1.20

6 6331 6604 8472 1.28

Li aK8dz¥ RGSR KSNB GKFG 0KS RRISNS NY2YSAS IO  &zSE

FTNRY (GKS SELISOGSR a2 b a@ldf deKad aa dehI SINRSR N &
LI2feadeNByS OFfAONIyYy(d F2NJ GKS {9/ I LI NI {dza
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YAYAYdNi SEOSaa 20SNI iKS O2yOSYyidNIGAz2Y 2F AYyA

hyS LRGESYGALE SELXFYyLFdA2y O2dAZ R AyaiaSIR 685
GKS G201t NBtlIGAGS @2fdzyS 6wz 2F a2t R YI (!
g a KAIFKSINI2TKINW @ KRT GKS 20KSNJ NBFOGA2yad LT
GKS az2fdooAftAile 2F GKS NBIFOGA2Y mWIATISNNI2INEEZ (K«
ddz0 aS1jdzSyd RSONBIFaS Ay NIGS 2F AyAdiAfdiSey
CdINI KSNXY2NB> (GKAa OlFy 0SS f AYY&PDa i 10zS0EK S 21 NIILIBZ2N.
HAY O2YLI NRamyyd2 NHIgt e WSKHEKS al YS GSYLISNI (dzNB
GKS T O0ABS OKIFIAY SyR Yleée |fa2 NBadzZd Ay NBGI
GAGK GKS AYONBFaSR NIGS 2F AARS NBIFOlA2Yy RdZ
GKS ITOKBSARSIANBS 2F LRtEYSNARalIGA2YZ O2NNBaLX
NBLISIG dzyAda Ay (GKS LINPRAzZOG P ¢ Kd&a FRMWNI SXIR OKF
N

RSONBIFaSR NBF3ISyd O2yOSYyiNYGA2Y KIF& AYLI NLS
RA320Odz2aSR SIENIASN®D {f26SNIJ LINRLI TIFIGA2Yy NrXridsS O
Al YLX ST AAGAY3I £ NHSNI GFtdzSa F2N 70

101



CdZNI KSNXY2NB>X GKS AYONBlFaSR NBFOGA2Y (SYLISN]
SEFOSNBIFGAYy3a AyO2yakKka&sia LM FERMEWRESIIKI AlyKI\eR d
AYONBI AAy3 (GKS LRaaroAfAde F2N awRYadBHOGAS
AYLIzZNR GAS&as NBadzZ GAy3a Ay LINBYIF Gdz2NE OKIF Ay GSN
0KS N}Yy3aS RFYLIRBEUOSANRYEINSLRZ2NISR KSNB>X 7 @ f
Fff tAS 0St2¢ mMdoX adzaA3ISAGAY3T GKIFG yINNRgE &

ly SELI YRSR @AS¢6 2F (GKS {9CA 1YY 4Kt &t &5 SHN.
RAGAYOGA2Yy 06SG6SSy GKSY | yRI ViR, 8 dzldtSHENIR 6liK 3 y
LYLRNIOIFIyGfes gKAfAG Y2t SOdz | NJ gSAIAKEG @It dzSa

dzLl2y ljdzt t AGlF GAGBS O2YLI NR&2Y |3 AyaldSyyyBKS y2i
gt dzSa 27F @a8ad YN M3HVSRNBE LIS 1 dbyaaviis SkayliR YU KIS 2¢
RSGSNXYAYSR o6& {9/ @

az2zal yz2iGlrofeéx (GKSaS RATFTSNEY TN GlkyA QFaSa NBO2 HN
AAIYATFAOLIylt e 26 NYy®EKIOR yilimg &8 A8 18AfG&KY SINES

M bawX FYRMF2ZN2MNRPDEVERHa adza33Sad  aAYAL I N
L2 f e MISNIE RSALIAGS SMadBaw iAPRA GINRAE I NB LISA TF SIyB

0S06SSy GKSY®D AW FNROG =i KOS f ddif 8z8iv SIMB BXRSEER 06
GKS LISF1 Y2f POdNIyYWI AgySH IKNER Yo amp dndp YAY (2 wmp®
2001 AYySR FTNRBY {9/ SEKAOAGSR al) @I fdsSa Of2as$

GAadz- t AaSRI0R2 D8 K GAIRIEMA (S M AS&ES REGES Al (
GKSNBE Aa | aA3IYyATFAOLIYG RAALIMAIAOawo EYRSERSH B
200 AYSR FTNRY {9/ ® 2KAftad GKAa Oly G2 az2ys$sS S
AyGiSaNrtt Nry3IS &aStSOGA2Yy AY baw FylFfearazr
LINS &Sy 02 250dzi219NJ ¢ SA I K 20 AKS aNRA dzkd RESEY 285S5 YL &iA
YR Ke@RNRfe&aSR YIYRSEtAO I OAR Y2fSOdZ Sa RA&O
RAAGAYIdZAEAKSR FTNRBY GKS LINERdr@ivI LID A Y SIND Myad S
GAradz- £t AaS (KSadbAla Sk Ndrii B Ro & LIEDASAY K25 SOSNE
f2¢6 Y2S0dzZ I NJ 6SAIKG O2NNBaLRyR G2 | NBGSy(A
2T GKS LRteadieNByS adlyRINRa FT2N GKAa {9/ |y
| 26 SOSmB219SA 4 a Ol y 0S5 EOLASNIBSR {A9y (8KLSS OG NI L
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A JdzN® 2nAdHK 2 dzi Fye YI G.SINddA GO @2 WRdrO L2 E&/A 02 B
gKIFG SEGSYOH LRtevYSNrRaliGAzy KFER 0SSy | OKASOSR

2K bRBNAISR 5t SadAYF(GIS 2F nyo

¢KS NBadzZ §a 200FAYySR R®8Y2y 2FNIVE §F REK IAD rd DR RN
hl KFa KSNB 06SSy | OKAS@GSRI NBLINBtaSly daf A0

O2L12t 8YSNI I YLIKALIKATSE 6AGK yINNRBg RAALISNEA G
agtFasSyote Ayidz2z GKS yry2LI NIAOEt Sazx OFLIoOfS 2
LI 2 t@RHaR SBEYdzZ- i SR { K2dzZ R Sy Ol LJadzt  GA2Y LINR ¢
SOl fdzr S GKS adloAftAde 2F &dzOK yl y2L) NIGAOES
O2y i MBfESIRS LINPLISNIGASE GKFEG YAIKG @B  SELIS
SYSBANBYYSKEyl1a 2 GKS LRf{eoSaidSND o6l 01o2yS 2
4.3.2 Preparation of mPEBMA Nanoparticles

AAAAA

91 OK 2 Fortdak!S Q20L0vic® YNSBIEX MIOSIR 28/ an ®odeovie SOG4 SR 2
08 5[{X G2 o0SGAOSNI oAmdzZn EXatsS (KPR IEKIER DA i 8 3
YEYy2LIE NOAOEf Sad ¢K53aSBaKRR2F2HNKEBEKS vISYFLI NI AC
AY SOGAYy énkdAntdiol GKI G 2BO6R @yAMPIUINR[OA RISRI A4 A
LI2aadA0fS (02 RSOSNNAYSOAFIKI YR SIHAENIONTS yVIRF NI2X
6t5L0 F2NJSIFIOK 2F GKS LINPRdAzOG&a® b20S KSNB (K
LINA YONPKINZ VI 023N LIKAO YSUK2Rad 2KAES GKS 5] {
ANF LIKAOLALB Y RoBpiKS NBtFGAGBS &AT S YR t5L ¢
RAALI EESRESH DB O

Qx

0 ﬁ{x NS dlyiR&Ea O f dzSa wad2 NJnggffaa)mx ¥ lall SR
St

B LIS dyAdeda NBLINBASYy(d GKS YSIyYy 2F GNRLIX AOL
Polymer Number Ca:::La:teS:iI::A AverageSize /nm | PDI/a.u
1 15 188.3 0.128
2 14 188.5 0.147
3 13 145.7 0.163
4 20 211.8 0.133
5 48 173.7 0.164
6 10 179.3 0.187
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CNEReY 0 & n Oy 06S aSSy GKIFIG SIFOK LRfevYiISNI KI a
yEy2a0FtS LINLHAOEST (K283Kay#2 4idKES NS yali NHAO
L2t @ YSINEZYNI 0KSANI Y2NLIK®RAPZ2S@ 0O a pyal-GyNIR A NI F &
NBYFAYSR 06St2¢6 wnn YY Ay &A1 ST FyR Ittt 6SNEB
4dz33SadA@S GKFG GKS LRfteYSNAE REBBEA{YVERSYA OG22 f |
NI GKSNJ Y2NB O2YLX SEx eSi @aniS ttk SywAidrorAz R aSASY
Yt oax a! OKRIAYAH fFAR fAYSENIes OFy oS O f Oc
SEGNI LIREFGSR G2 F YIFIEAYdzY RAIN&( SHIRDT NBh t ® 4 +
F2NJ I ALIKSNAOFE YAOSTt t BSNGEIEL) 60SS (BB  aNSILISEF Si
KERNRLIK206AO O2INFI IOH AlY INBaydafSINI 20T A 2ya 060S06SSy
2 KAES (GKS tSy3dkK aolfsSa 20aSNUWSR Ay GKAa |yl
2F I LRfTEYSNA2YSLRZ2NAYFNARE(ARYa2xaliKSIKE & dzy
SOKyAljdzSa &dzOK a (GN}Xyaviraarzy St SOGNRY YAl
NE NBIFIfA&AGAO SELIXIYIGAZYy 27T RSFS yEBIRG H IEANSEN
JSOASad IRBS@SHE GaHKSEEE NBTESOG LRaaAGA@Ste 2
C2NJ GKS aLISOAFTAO LIzN1}2aS 2F RNHA RSt AQGSNE 3
LN} AaSa BRWNwmQf F& @t OKS AR NRAAIR GAY 3201 NNA S
aAGSa 6KSNBdzZLRy (KSe Oly dzyRSNH2 aStSOG0ABS N
SYKIyOSR LISNYStiaA2y |yR NEKEEPEReye 00Kiva &M
LINE GARSR GKSNB NB YAyAYLHf OKIy3SaLSyzimal s
Y2t SOdzt S YIe AYRSSR 0SS adaAidlotS F2NJ FyidAOly
FdzNIG KSNJ addzReéz GKS RFEGF LINBaSyiSR Fo2@0S adz
NRdziS& 2F RNHzZZ FRYAYAAGNI G ASNY (1 KOSNG 2 ySRiz( i O& = |
I At ofS (G2 RNHZA Y2¢K8DAA SAREFY NKANT (aMAyS NN
NBIljdZA NBR LI NIGAOfS aAi S¢NdD{YVAESAEPF2 NI RKEBYSRNBNER
SGud | f
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CFrof8 wOPIdZANBR LI NLAOES aAl SHOAFEHE NQALA (RA D ES
FRYAYAAUNI GA2Y YR R2éIMS NRdziSad ! RILWSR TN

Route of Administration / Dosage Form Particle Size Range

Long-circulating carriers (brain, tumours) 50 -200 nm

Transdermal 10 - 600 nm

Intravenous / intramuscular 200-2000 nm

Ocular 100 — 3000 nm

Aerosol 1-10 pm

Nasal 8-20 um

Lymphatic (Reticuloendothelial System) 10-50 nm
| SNE AG OFy o6S aSSy GKIFG | @FNRASGe 2F LRGSy

0KSNIY LISdzi A O adesaniyShitie ORBESB BTSSRI SR y I y2 LI NI A Of S
Y2USR ONASTie K2gSOSNE (KF(d gKAES (GKSasS yly?2
f 2PANDdzf  GAYy3I OFNNASNARX (KSe R2 y2i0 YSSG (GKS

A L. M oA

ABYRSR (12 ONEBNIaA yi KoSH NONRZENS 6 G KA & dAa |y dzy F2 NI
L2 GSYGAFE FLIWX AOFGA2yaE 2F GKS YFGSNRALFf A LINPE
t 9@t a! aeaidsSy vYle S@gSyildztte @8SAR &ML G F azi SN
gAft Yz2ald tA1Ste 0SS | OKASOSR o0& aBISIVOYREIA WKA

g2dzt R I ftt2¢ 0GKS | YLIKALKAEAO YIFIONRY2ft SOdzZ Sa
R2 a2 Y2NB O2yairadSyiitSe 2 AaBKS NE o6 & ANBSt RIF6 fisk SNR
WSUdINYAYyBlIomBSKOeald2dZ R 6S y20SR GKIFI{d GKS t&
GKS&aS LINPRdzOGA& A& SEGNBYSt e S yWERGISNNRHNSYRS ({ LIS
AONROSaAyYyaepA TSNEK ( &F28FA 1S LR NIIRNY Sdzii Aey > OF

Pl
(0p))

LI NI YSGSNI FAG (2 GKS O2NNBHIKSBA 20 RISEHIZ To HIKS  (
GKFG SEGNBYSte Y2y2RAELISNES &l YLX S& | SMINR | OK
GKFY nod1 AYRAOFGS& GKFG F &AFYLXS KIFa &adzOK |
dzyt A1 Sfte& G2 0SS adzAadGlrofS F2NIS5[{ lylrfearaod
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laAy3a GKAA aolftSs Ad Ory 0S SOARSYOSRmoeé (K¢
laasSyofte LINPOBR&NBANR2XY (KEK&AA

LIN2 RdzOS vy I W2 ININRIGA @A 81 NBXYy 3 GKSANI LROGSYGAlLf ¥
2F RNMXz3 Y2t SOdzZ Sao

A

CAYylLt 20aSNWIGA2ya OFy 06S YIRS FNBY OKK2 Fi MKES
L2t @YSNI yIy2L) NOIAOf Sax NBfFGAGS o62GK G2 GK
RSGSNYAlYy SoRAWISOI NP 4 YRLIET 2 GKS ljdz t AGHGADBS RIEGI
CANRGfes GKS @l fdzSa 2060FAYySR R2 y20 FtA3y A
aSSy o0& GKS aArAayAFTAOFy G Any20NBNJa dps ehAvsS NS 6 R a
AaAABONBLF 48 20aSNIBSDOR ydS (eekSSy QayideNTtSNBA oA G K (G F
LANI S@ I QK@A K Y¥I LI NI WG HB NTp BlpdzimBne eSS A a Ay
LINE L2 NIOAZ2Y I (G2 (GKS fSYy30K 2FC¢CRKRESAEAT HRAIREO .
SYGANBte LkRraaArofS GKIG (GKAAa Y2RStxX RSaA3aySR
F33INB3IFIGS RAALISNAAZ2ZYa adzOK Fa GK2aS 20aSNUSR
/| 2NNRPO6 2Nl GAy3a SOARSYyOS Oly 6S 3AIGKSNBR 6KSy
LINE & SWik SRS @#0mOK & dz3 3 Mk fdaKRlda RLIZATYEBAYISNER 02 NNF
fIFNBSad | @SNIF3IS &aAT S ylLy2LI NIAOESd ¢KS O2yil
OKFGY deld22ySYas®RET GKS o0f201 0202t & YSNNIe LKA LI
RSTAYSR F33aNB3AFGS adiNWzOGdzNBas a 2LILRaSR G2
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4.3.3 pHmediated releag of doxorubicin from DOX.oaded Nanoparticles
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of polymerl, incubated at 37 °C under physiological control conditions (PBS buffer, pH 7.4)

and simulated acidic conditions (actauffer, pH 5.0) are presented Figure 43 below.
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Figure 43: Drug release profiles for mP#3?MAPolymer 1, incubated under pH 7.4&( and
pH 5.0 ¥) conditions.Each data point represents the mean of triplicate measurements, with

error bars denoting the standard deviation.
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4.4 Conclusions and Future Work
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Appendices
A.4.1'H NMR Spectra
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Figure A.4.1.1'H NMR spectrum (500 MHz, CH©f Polymer 1 mPE&-PMA;s
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FigureA.4.1.2 *H NMR spectrum (500 MHz, C§)©f Polymer 2 mPEG-PMA4
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A.4.213C NMR Spectra
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A.4.3 FTIR Spectra
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A.4.4 Size Exclusion Chromatography
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Figure A.4.4.1SEC chromatogranf Polymer 1 mPEG-PMAss
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Figure A.4.42: SEC chromatograof Polymer 2 mPE@&-PMAw4
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A.4.5 Dynamic Light Scattering
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Chapter 5:Optimisation of the Synthesis, Deprotection and Purification of mREBLYs
Block Copolymers.

Abstract

The optimisation of the NGROP procedure for LY$CA is reported in thighapter.
Specifically, the procedures and associated complications involved in ROP-NCAys
monomers under the protection of Fmagand Boc groups are evaluated. These groups each
present potential benefits for the resultant BCP system, such as théitigypaf Fmoc groups

to undergo green thermal deprotection, the robustness bfroups to acidic and basic
environments duringROR and the technical simplicity of B@ggoup deprotection, which

requires minimal purification strategies in comparison to the former two groups.

Long reaction timescales and the combination of pooelgctive mPE®H initiator with
DMAP catalyst lead tche in-situ deprotection of Fmoc units, as determined By NMR
kinetic analysis. These features also lead to the-sidetion of Lys(ANCA monomers, and

the formation of homopolymeric side products, as determined by DOSY NMR analysis.
Lys(BocNCA provedo be the most effective monomer of the three. NCA ROP was achieved
successfully, as was evidenced byine FTIR spectroscopic monitoring, which determined
full monomer conversion. Furthermore, deprotection procedures for the resulting products
were mace substantially easier, due to the formation of-pgoducts as volatile organics,
removed during the procedure, leaving minimal purificatibherewas complicationwith the

ROP procedure for BCPs of 10 repeat units and gbiovthe formation of highM.W.
impurities. Whilst several potential causes for these species were identified, and
experimentation was performed to minimise their impact (redud¢ethperature reactions,

use of noninteractive solvents) this problem persisted in a number of the final petel As
such, this problem has been scrutinised throughout this chapter, and remains the primary

candidate for future work related to these products.

127



5.1 Introduction

Similar toPAAgliscussed prior i€hapter 1 PLys$as beerreported extensively thoughout

the literature in the synthesis of polymeric drug delivery vehicles, as both a homopolymer and
as part of an amphiphilic block copolymer systehWhat sets P(Lys) apart from other PAAs

is the functionality of its pendant primary amine group, whiallows for both cationic
complexation with, and nucleophilic conjugation to, a broad spectrum of additive species,
from active therapeutics such as oligonucleotides and drug molecules to further PAAThains.
5> The latter of these contains within itselfraultitude of customisation fomulti-functional
PAAsppening the door to polymer branching and more complex architectures, themselves

an avenue to greater functionality and therapeutic impact.

One of the earliest documented cases of lydmased therapatic delivery agents was
performed by Kataokaet al. in 1996, wherein chains of cationic P(Lys) underwent
electrostaticallyinduced polyion complexation with the antisense oligonucleotid¢agas.?

This system was relevant to the development of a nowelvivo vector system for
oligonucleotides in general, and demonstrated significant potential thanks to the inclusion of
a PEG block in the polymer backbone, which compatibilised the otherwise insoluble polyion
complex by forming a soluble corona, as conéichby DLS analysis. This worked paved the

way for further PE@®-PLys block copolymer systems, as discussed below.

Whilst lysine is intrinsically pi¢sponsive, as was demonstrated here, what has been further
explored is the conjugation of PEEPLyssystems to other functional species, imparting
smart stimuliresponsive activity to triggers such as pH, temperature, hypoxia, redox, and
enzyme activity:? Recently, this has been demonstrated by authors such as latrauwho,

in exploring pHresponsveness, grafted short histidine chains to a P(Lys) backHbrtes was

done using orthogonal deprotection, which has been discussed in greater degsiction
1.4.1.1 In grafting histidine to this lysine backbone, the authors imparted substantial pH
responsive effects into the resultant nanoparticle, including transitions in secondary structure
from random coil to -sheet, and changes in size of over 100 nm as pH was tuned. These
effects represent tremendous versatility in the products of P(Lys) catijug a facet of the

technology that has been a core motivator of the work conducted throughout this Chapter.
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Similar inspiration for this research was derived from examples of conjugative drug
SyOl LladzZ  GA2Y sAGKAY GdnBefdndtionsl NbupsdaieBavaledtlt S NS 6 &
linked to drug molecules. These linked drug molecules often stimulateassdéimblyvia
K& RNE LJK 2 ésthoRing linjeiactions, thus avoiding thocesses of amphiphilic BCP
synthesis anéncapsulationln doing sotheseconjugative nanopatrticle systems sidestep the
commonlyassociated challenges with typical delivery systems. Whilst drug loading capacity
is often limited to less than 20 wt% for most platforms, including polymeric micelles, drug
conjugation sets a minimutonading at the number of drug molecules linked within, providing
consistent dosing for therapeutic udeFurthermore, whilst the polymedrug linkages of
these systems areapable of tuningfor controlled release, they remain robust under
physiological anditions, ensuring triggered release under the desired circumstances and
F@2ARAY 3 LINBYFGdzNBE 62N daodzNEGEO NBESFHaSsz 27
notable example of these conjugative delivery systems was performed by &taalg in
20182 Doyorubicin was conjugated alongsidecdrboxybenzaldehyde to lysine side chains of
PLysb-PMPC BCPda pH-sensitive imine linkages. Once safisembled, BCPs were then
capable of both chargeonversion for enhanced dedjssue penetration, as well as pH
mediated release of doxorubicin under acidic conditions. Another example of polgmegr
conjugation for improved delivery, and a direct precursor to work conducted in this report, is
that of Englandet al.*? For this work, the authors utilised a lineRBSarmacroinitiator as
opposed to traditional PEG, from which they buitutli-generational, hyperbranched
dendritic PLysblocks to conjugate fulvestrant. This was doi@Steglich esterification of its
3-position phenol group with -butyl succinate and subsegnt deprotection to yield a
succinic acid functional group, before conjugatiGmamide coupling to the amino termini of
the lysine dendron using DMTMM as the coupling reagent. Furthermore, the high
compatibility of the fulvestrantomposed hydrophobic ace provided an excellent
environment for further fulvestrant encapsulation, with the authors achieving up to 77 wt%
total drug content within the micelles (conjugated + encapsulated), and an encapsulation
efficiency of over 98 %. This conjugation alsoSoMS R (G KS YA OStfSaQ [/ al
stability of the platform in dilute conditions such as physiological administration. This work
represents the gold standard for the potential of drognjugated polymer systems, a
standard that this work aims to emu&a
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5.2 Experimental

5.2.1Monomer Synthesis

LysNCA with different protecting groupsspecies were synthesised for this investigation
according to the preparative methodologies described®eattion 3.1.1via both phosgene

mediated and phosgenf&ree synthetic routes. Each NCA monomer was synthesised in good
yield and high purity, as was determined Y NMR and FTIR spectroscopies. The attached

protecting groups were maintained throughout the process.

5.2.2NCA ROP of Lys(Fmad¢LCA
Non-monitored Synthesis of PEG-PLys(Fmoc)

[ao@Y2®Y ! o6nnn YIS mMPAp YY2120 pHYYWR WIED 1déDanaw
6SNB | RRSRRNRSR y{ @uISYy | 1 dooSIst >F AHGYIRS RR NMSIFK  dzy
O6mM K@R®RNRgZH 5aC 6c¢c Y[U gla IRRSR (2 RAadazftg
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5.2.2.1Kinetic Investigation of Lys(Fmo&yCA ROP
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5.2.3NCA ROP of Lys(RCA

DMARCatalysed Synthesis of mPEEPlys(Z)
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Reaction | Temp/°C Reagent Equiv. | Mass/ mg | Moles/ mmol
Lys(Z)-NCA 30 600.0 1.950
BC115 25
mPEG-NH2 (1000 g mol-) 1 65.3 0.066
Lys(Z)-NCA 30 600.0 1.950
BC116 60
mPEG-NH2 (1000 g mol) 1 65.3 0.066
Lys(Z)-NCA 100 600 1.950
BC118 60
mPEG-NH2 (5000 g mol") 1 19.6.0 0.020
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5.2.3.1Deprotection of mMPE-PLys(Z)
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5.2.41nitial NCA ROP of Lys(BediCA
A generalised preparative methodology is here presented for initial ROP reactions of Lys(Boc)
NCA from mPEGH, (5000 g mdf). Reaction quantities, conditions and product yields (as

calculated from expected M.W. valuedurther discussed ilsection 5.3.3 are presented in
Table 5.2below.
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YUNRFTAdZES O 2 0t®E 02t t SOGSR a2t Rt B RA S KISy
GKSNJ 6u E on Y[O0O YR RNASR dzy RSNJ @I OdzdzY 2@
Fd | RBEKEASS 2HF 6 RS NI

¢oftB wHHIASY G ljdzr yiAGASAET NBIOWAGYye DEGYRAGIAR ¢z
0KS aeyikKSHBaeas. povt ODRLIZT @ YSNA P

mPEG-NH, (5000 g mol?) | Lys(Boc)-NCA | Solvent Product
Experiment Title Mass /g ernﬂr:izl/ Mass /g “::;f;ll Vol / mL |Mass / g| Yield* / %
BC183 - mPEG-b-PLys(Boc),, 1.82 0.37 0.99 3.68 22 1.88 69
BC191 - mPEG-b-PLyS(Boc)m 0.91 0.18 0.50 1.82 17 0.91 68
BC180 - mPEG-b-PLys(Boc),, 0.75 0.15 0.80 2.94 17 1.05 71
BC184 - mPEG-b-PLys(Boc)s, 0.29 0.059 0.80 2.94 17 0.82 81
BC181 - mPEG-b-PLyS(Boc)100 0.15 0.030 0.82 3.00 17 0.66 75
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5.2.4.1Deprotection of Initial mPE&-PLys(Boc) Copolymers

Products of Lys(BotyCA ROP were synthesised, collected and purified as per the preparative
procedures specified above. For each of these products, the following generalised method
describes howBocdeprotection was performed, and how the subsequent mREG
PLys[NHTFA] salts were obtained and purified.
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5.2.5in-situ FTIR monitored Syntheses of mPHB&ys(Boc)
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mPEG-NH; Lys(Boc)-NCA Solvent Product
Experiment Title Mass / mg M"?:ZII r:glnccl;r‘l/'i M:IS;/ I\:::zll n?gln:;'n/a Vol / mL | Mass / mg | Yield* / %
BC195 — mPEG,,;-b-PLys(Boc) 450 0.090 0.008 123 0.45 0.0375 12 490 88
BC196 - mMPEG,,;-b-PLys(Boc),, 420 0084 | 0012 | 229 | 084 0.120 7 477 83
BC197 - mPEG,,,-b-PLys(Boc),, 315 0.063 0.009 343 1.26 0.180 7 496 90
BC198 - mMPEG,,;-b-PLys(Boc)s, 200 0.040 0.005 | 545 | 2.00 0.250 8 481 84
BC199 — mPEG,,4-b-PLys(Boc) 480 0.048 0.008 65 0.24 0.040 6 461 88
BC200 - MPEG,,¢-b-PLys(Boc),, 480 0.048 0.008 131 0.48 0.080 6 504 88
BC201 - mPEG,,;-b-PLys(Boc),, 420 0.042 0.007 229 0.84 0.140 6 476 82
BC202 - mPEG ,,;-b-PLys(Boc),, 360 0036 | 0006 | 490 | 1.80 0.30 6 444 86

5.2.5.1Deprotection ofin-situ FTIRmonitored mPE&»-Lys(Boc) Products
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5.2.6Lys(BocNCA ROP Reaction Optimisation

5.2.6.1InvestigatingTHFSolvated Lys(Bod)CA ROP
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mPEG-NH; Lys(Boc)-NCA Solvent
Experiment Title Moles / Moles /
Mass / mg mmol Mass / mg mmol Vol / mL
BC212 - mPEG,,;-b-PLys(Boc); 60 0.012 32.7 0.12 0.8
BC213 - mPEG, ;,-b-PLys(Boc),, 60 0.012 16.3 0.06 0.8

- A L oA o~ s

¢C2tf2¢ WIKAZABRIBR /I yIfeara (2 (F1S RELINBIESOH ¥R
0ST2NB Fylfearad ¢KS YSiKSGHyT 2pip HiKREN RRDE a R
F2N) I ljde6R2dzAl Y OT 8 &aA &{ $OBAGAINPHBRRSR AY

. Heiht ordx [ & & §o.¢2 Ao

CASERY ¢ YII do 2

./ A o [ @ qab(! 6
CASERY cc Y3 yoh »
./ HaNOt Ot [ @4 00 ®I000
AStRY yo Y3I do

333

C HMYS o [ & AGb ) 6

333

AStRY ym Y3IAZI ¢pwm 2

139



5.2.6.2 Investigating Reducetiemperature Lys(BoellCA ROP

Reactions at Small Scale (ca. 100 mg) for Analysis
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Reactions at Increased Scale (ca. 700 mg) for Multistep Synthesis
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5.3 Results and Discussion

5.3.1 NCA ROP of Lys(FmbdiA
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Proton Environment Peak Range / ppm | Integral Value s;:iaclti:f RE:Z:?S::"S
Fmoc Aromatic C-H 7.76 —8.25 386.9 x/8 48
Fmoc Aliphatic C-H 3.24-4.46 90.5 x/2 45
Lysine Aliphatic C-H 137-1.72 528.4 x/6 88
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5.3.1.1Kinetic Investigation of Lys(Fmo&yCA ROP
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5.3.2NCA ROP of Lys(RICA
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Figure 5.5MALDITOF spectrum of mPHE=PLys(Z) product.
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G2 0SS YIRS A& YUKINE YRKSNBIZANINES FN2Y GKS AYyAGAL
G Ol Chnaonnad@IxXeEGAGS 2F | 54dz00SaaTdA o6f20]

I HecHO2BZRIF YA VBSYIRSRAQALIAYEYISNIR AYLIE A Sa 0
K2Y2L3R2ft & YENAER/ade 2SO OdZNNBRE AYAGAFGISR o0& &z
L2aaAotsS GKFG 5a!t O2dAd R KMEKSLISNKIAIDE § BRA (YR
YSGK2RY +a {ROaAaORNOPSRPEDERINI GA DSt e RiUIKSIHNI LR
ydzOtf S2LIKAT AO &Yl & LISN2E BByt SA YarEOKK B S8 NRK/SA wh
GANIKS LINA YI NEB KAY AAIS TNENdZIKSINI NBE S RNX IADFdz2 R 8K
gF¥M2NBE LISNOAYSYG (G2 RSBSOSt avhit | s XEKKARDTF & 8BIN] 2
cC2ft2oAy3d (KS&aS RAaA0O20SNAS&: Al 61 a RSOARSR

2 I+ DYIRSINA O (A @S SAGKSNIN2Z H2 N2fH 8 0O'aet B MY & 820K
ASOSNIt ySg Lt dgbYSINARINB 2lyial SYFLII[ R 0gA(yKR AdzLIR2IY
Lyl fesSR So08SEOf dzaAaz2y OKNRYIFG23aINF LKeE dzaAy3 |
/ KN2YF G2IRHIDKD 26K S Ay SRE A0 cSONFILE NI S BKIM B SRK S

OKNR Yl (23N} LKA FRIND B OKIMARE & y S adb I NB

Table 5.6 APGderived molecular weigt data Values marked (*) have been determined using

partial peak data from bimodal distribution

Reaction Title Target M.\W. / g mol" M, b
BC115 9370 4804 1.31
BC116 9370 3827 1.29
BC118 (Peak 1) 32,900 12,241 1.11*
BC118 (Peak 2) 4753* 1.14*
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Figure 5.19: Stacked advanced polymer chromatographsB@116 mPEG-t [ € 4 0 20 | Y R
deprotected counterpartBC125L y 4 SGY t N2 RdzO4 a®2d RI G @
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