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Abstract

In 2022, nearly 20 million new cancer cases were reported globally, with gateted deaths
amounting to 9.7 million, making cancer one of the leading causes of death werldwid
Approximately 25% of cancgratients undergo chemotherapyith the number of patients
requiring chemotherapy expected to increase in the future. Chemotherapy costs account for the
largest share in health system budgets and chemo patients experience a vast range of unpleasant
side effects and diminished life dilg. All these emphasise the requirement for development

of novel techniques aiming fohe enhanced drug delivery of anticancer drugs on the cancer

site with minimal side effects to patients and high treatment efficiencylimited drug waste.

The development of antineoplastic drug delivery systems (DDS) formed by Hassethbly

of biodegradable and biocompatible amphiphilic block copolymers was a major research focus
in recent years. Although these polymers are intended for pharmaceugtehtégns, their
synthesis is performed in solvents that are highly harmful and toxic. The focus of this work
was employing 2MeTHF as a bidbased polymerisation solvent for the synthesis of
amphiphilic block copolymers aimed for chemotherapy DDSs. Thaltse advocate the
application of 2MeTHF as an effective and sustainable mpdtiymerisation solvent for the
synthesis of various copolymers with varying chemistry, architecture and biodegradability.

The selfassembly mechanism of block copolymer into nanoparticles has been extensively
investigated in this work by employing multiple formulation techniques, including the widely
used nanoprecipitation process. The development of thermodynardday formulation
techniques, which are scarce in the literature, was performed to offer a greater understanding
of thenanoparticldéormulation The exact position where the micellisation initiates during the
solvent exchange process, is indicated with#B@®I% of aqueous solvent composition. The
formulation of polymeric micelles close to a thermodynamic balance was successful. In
addition, nanoprecipitation was proven to be a highly robust, reproducible and easy process for
formulation of polymeric nanopactes with highly desirable size and narrow size distributions.

An improved longterm storage stability of the polymeric DDSs is experienced when the
nanoparticle formulations are freedged. However, freezdrying is a very intensive process
requiring the use of cryoprotectants to preserve the materials integrttyislwork, the first

ever systematic study of PEGs used for cryopreservation ofFRREEGnanoparticles was
performed with an emphasis on the freezing step of the process. The results show that PEGs
are highly successful in preserving the PBIGA formulation properties with reconstitution

times less than 10 min. Lower molecular weight PEGs appear as more efficient cryoprotectants.

To assess the capabilities of polymeric nanoparticles based oi?BPE® form an effective

DDSs for cancer chemotherapy, the encapsulation of the hydrophobic Nile Red as a model
anticancer drug was performed. The challerfgesd with separation of the emcapsulated

drug from the drugoaded nanoparticle suspension were addressed with the employment of
diethyl ether as a Nile Red extraction solvent. The encapsulation of Nile Red within the PEG
PLA nanoparticles wdsighly successful. The final formulati@izesand PDlwere in the ideal

DDS range and experienced higher encapsulation efficiency compared to data in the literature.
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1. Introduction
1.1. Background

On average, in the UK every year there are around 376,000 new reported cases of cancer, with
approximately 100,000 of these cases undergoing chemotherapy tre@@asecer Research

UK, 2020) Currently, chemotherapy treatment accounts for a tenth of the whole central NHS
budget, estimated at approximately £1.4 billion per year, making it the single biggest spend
(NHS, 2016) Therefore, reducing the costs associated with chemotherapy alone, can have a

significant impact on the financial costs required for maintaining the NHS.

Chemotherapy treatment has a number of drawbacks. The anticancer drugs are cytotoxic and
they are not selective for cancer cells, meaning that a lot of the normal and healthy cells are
also damage(Azarovaet al, 2007) The disruption of the operation of the healthy cells and
tissue leads to a number of undesirable side effects experienced by cancer patients. Many
patients, in addition to the various and unpleasant complications, experience a decrease in the
quality oflife during their chemotherapy treatment.

There are a number of problems related to the application of chemotherapy drugs. Most
anticancer agents are highly hydrophobic and insoluble in water. This affects the
biodistribution of the drug in the human body. A high retention time of the drug in the
circulation system is desirable to increase the possibility of reaching the cancerous site. This
would also lead to an increase in the concentration of available drug and its prolonged exposure
on the tumour. Another issue of chemotherapy treatments iantiancer drug resistance
exerted from the tumour site, which introduces further barriers on the penetration and

accumulation of the chemotherapeutics on the cancerous tizsket al, 2008)

The costs and setbacks associated with chemotherapy treatment can be significantly minimised
by addressing the optimisation of the drug formulations used in chemotheBgpy.
implementing a more effective antineoplastic drug delivery system (DDS), the drug
concentration wasted through immune system rejection and the frequency of the chemotherapy
sessions required for treatment could be reduced, overall minimising thessustmeed with

chemotherapy treatment.



An ideal DDS for chemotherapy treatment applications would encapsulate the anticancer drug
within an enclosed structure forming a protective layer from chemical and environmental
changes, and providing a masking effect to avoid recognition from the immapense
system(Lipinski, 2000) The most important physical properties of a highly efficient DDS
include biodegradability, biocompatibility, thermal stability and increase of aqueous solubility
of the antineoplastic dru@sattiet al, 2018)

Polymeric micellar structures constructed from amphiphilic block copolymers comprised from

a hydrophobic core and a hydrophilic corona are the ideal structures for encapsulation of
chemotherapy drugs. The residence time of the drug in the circulatiomsgstereased due

to the hydrophilic corona, which increases drastically the effective aqueous solubility of the
drug (Savjani, Gajjar and Savjani, 2012)he drug release profile is more controlled when
incorporated inside a polymeric nanopatrticle structure enabling a slow and sustained release of
the drug over time, a highly desirable characteristic for chemotherapy(RB&rinoet al,

2019)

Polymeric nanoparticles represent a promising approach to enhance theyeflica
chemotherapy while minimisg side effects. By enclosing anticancer drugs within these
nanoparticles, the drugs are protected from premature release arndradate in the
bloodstream with reduced exposure to healthy cells and tigXigset al, 2022a; Yousefi

Rizi, Shin and Rizi, 2022)This encapsulation allows for targeted release of the drug primarily
within the tumour environment, where factors such as the slightly acidic pH, specific enzymes,
and higher levels of certain biomolecules trigger the nanoparticles to release theitsconte
(Katayama, Sonoda and Maeda, 2001; Lee, Na and Bae, 2003; RapoportAZdiinally,

these anoparticles can be functionad with ligands that bind specifically to receptors on
cancer cells, enhancing their uptdierlemanst al, 2010) By concentrating the drug at the
tumour site and minimizing its presence in healthy tissues, polymeric nanoparticles
significantly reduce the side effects experienced by patients undergoing chemotherapy

treatment.

Even though polymeric nanoparticles are a very promising structure for the drug delivery of
anticancer agents, there are only very few such systems available. At the moment of writing,
there are no commercially available polymeric micelles for cancer ¢henapy. Although,

there are a few micellbased formulations currently either in the -phaical phase or in
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clinical trials. A possible reason behind the delay of a commercially available polymeric
micellar structure for chemotherapy treatments is potential issues encountered with the long

term stability and storage of the nanodr(Igs Jaegheret al, 1999; Abdelwahedt al, 2006)

The poor stability of the polymeric nanoparticles in aqueous mediums is caygbdir
physical instabilitiessuch agarticle aggregation, and their chemical instabilitlessed on
polymerhydrolysis(Abdelwahedet al., 2006) Theseinstabilities can baddressedy water
removal from the system. The most commarethod used for water removal, when high
storage stability is required, is freedrying (Franks, 1998)This is a very intensive process
givingrise to considerable of stresses in the suspension. Polymeric nanopartictesatered

fragile suspensions and without cautittrey could be damaged through this proc@s
Jaegheret al, 1999) Mechanical stresses and pressures could make the nanopartstidde
Excipients called cryoprotectants and lyoprotectants are commonly used to avoid this and
preserving the properties of the polymeric material during the freezing step and the drying step

of the freezealrying process, respectivefyrenkenschuh and Friess, 2021)

1.2. Research aims and objectives

1.2.1. Research aim

The aim of the experimental research performed in this thesis is to examine in depth and
perform the different stages required to produce an enhanced drug delivery system intended
for cancer chemotherapy treatment. These stages would include the syfthesiegradable

and biocompatible block copolymers, their successful-asdémbly into polymeric
nanoparticles, the improvement of their stability for ldegn storage and the high
encapsulation efficiency of ahemotherapydrug within the structure ofhe produced

polymeric nanopatrticles.

1.2.2. Research objectives

1. Create alarge library of biodegradable and biocompatible block copolymeitt
varying chemical and physical properties, through the employment of various

polymerisation techniquessing green synthesis pathways



2. Investigate in depth the sedfsembly of polymeric nanoparticléy varying the
formulation techniquethe polymeipropertiesand the processing conditions applied
to examine their ability to act as enhan&¥dS for canceitreatment

3. Examine freeza@lrying as a method for increasing trstability of polymeric
nanoparticles forlong-term storage with the incorporation of cryoprotectants to
preserve the structure and integrityttod yieldednanoparticle suspensions.

4. Evaluate the ability of the constructed polymeranoparticlego form an enhanced
DDS for anticancer drugd®y encapsulating a modélydrophobicdrug atvarious

processing conditions and testitingir drug loading capabilities.

1.3. Thesis structure

Chapter 2 of thighesis comprises from a comprehensive review and analysis of existing
literature around the application of polymeric nanoparticles made from amphiphilic block
copolymers for cancer chemotherapy. The main problems associated with chemotherapy
treatment andhe rationale behind their cause is discussed. This knowledge is used leading to
a better understanding of the ideal characteristics that an effective DDS should have to mitigate
the problems rising during the anticancer drug applicatibnportant theories, terms and
phenomena associated with the physics and chemistry of the block copolymers are discussed.
A greater emphasis was given in two particular areas of the literature, the current state of the
art synthesis processes that ardofeéd for the production of block copolymers utilised for
pharmaceutical applications, and the nanoparticle formulation routes commonly employed for
the selfassembly of block copolymers. The research gaps in the existing literature are

identified leadingo the aim and objectives of this thesis preseimegctionl.2

The experimental methodologies and procedures followed to perform the research presented in
this thesis are summarised in Chapter 3. A detailed account bieathaterials used for all
experimental investigations are included. Also, all the characterisation techniques and analysis

performed to study the final product are provided.

In Chapter 4, the research work completed and published in collaboration with Prof Steve
Howdl eds group at t he Uni versity o f- Nott

Methyltetrahydrofuran (MeTHF), a green, bibased solvent, for synthesising amphiphilic



block copolymers through various polymerisation techniques is discussed. The study aims to
investigate the ability of -BeTHF in reducing the environmental impact while maintaining
effective synthesis of block copolymers. The ability eM8THF to facilitde complex
polymerisation processes in a greener and more sustainable manner is tested to evaluate its

potential in replacing harmful petrochemical solvents commonly used in the industry.

Chapter 5 presents the research performed to deepen the understanding of amphiphilic diblock
copolymers selfassembly into polymeric nanoparticles through various formulation
techniques and parameter adjustments. The impacts of the two blocks length and polymer
molecular weighton nanoparticle properties are studied. Technigques such as conventional
nanoprecipitation and two thermodynamicadiyven processes are evaluated to identify the
optimal process for creating an ideal DDS. The study assesses the influence of formulation
parameters such as solvent and-aotvent addition rates and copolymer concermnatThe
outcomes are compared to determine the most effective methodology for amphiphilic diblock

copolymer nanoparticle formulation.

The limitations faced by block copolymers in commercial use due to their pootdong
stability in agueous mediums addressed in Chapter 6 through the application of the freeze
drying process. A systematic study is performed to examine the use of various cryoprotectants
during freezedrying, with a particular focus on the freezing step. The results obtained from the
six different cryoprotectants employed are compared. The effectiveness of the different
cryoprotectants to control and reduce the mecharsitesses experienced from ice crystal
formation during freezerying and preserve the polymeric nanoparticle structure, size and

functionality is evaluated.

In Chapter 7, the encapsulation abilities of diblock copolymers are investigated. Fhe self
assembly of diblock copolymensith the aim of encapsulating a model drug within the
hydrophobic core of the polymeric nanoparticles is performed. Nile Red is employed as a
model drug mimicking the effects and interactions that would be experienced by a
chemotherapy drug. The challesdaced after encapsulation for the separation of the unloaded
drug from the drudoaded nanoparticle suspension are addressed bynthynent and
comparison of three different Nile Red extraction solvents. The encapsulation efficiency and
the drug loading capacity of the constructed donagled polymeric nanoparticles is evaluated

to assess their ability to form an effective DDS farasa chemotherapy applications.



Finally, in Chapter 8 the overall conclusions from the research investigpgdormed in this

thesis are summarised alongside some recommendations for future work.



2. Literature Review
2.1. Cancer Chemotherapy

According to the International Agency for Research on Cancer, in 0@®@ximately19.3

million people were diagnosed with cancer worldw{@obocan, 2020)In England, as part

of their cancer treatment, 28.5% of all the patients diagnosed with cancer have palliative or
curative chemotherapy treatméNCRAS and CRUK, 2017 Chemotherapy can also be used

as a therapeutic treatment for other serious diseases, such as immune system disorders and bone
marrow diseases. Chemotherapy is a drug treatment that targets and destroygtheifagt

cells in the human body with theeusf strong chemicaldNHS, 2020a)Cancer cells multiply

and grow at a much faster pace than most cells in the human body. That is the reason behind
the common and effective use of chemotherapy as a treatment method of different types of
cancer. However, there is the risk of many sideatéfthat the patients might experience. The
unwanted implications are associated with the drugs usually used during chemotherapy

treatments and their delivery methods.

2.2. Chemotherapy drugs implications

2.2.1. Patient health problems

The side effects caused by the chemotherapy drugs are very common across different patients
and they can be significant in some cases. There is a variety of chemotherapy drugs available
and they are used for different types of cancer treatments leadainguimber of side effects,

either shorterm or longterm, depending on each situat{d#iller et al, 2016) Chemotherapy

is connected to many side effects because it is not specific to cancer cells only. The
chemotherapy drugs are cytotoxic for both cancerous and normal cells. Therefore, other normal
and healthy human body cells are also affected by the inepliation of chemotherapy drugs.
Especially fasgrowing healthy cells are morkkely to be attacked and damaged by

chemotherapy.

The most common healthy cells that are targeted from chemotherapy drugs are the hair follicles,
the mouth and digestive tract cells, the blgodducing cells in bone marrow, and the cells of

the reproductive systerfAmerican Cancer Society, 2020)he destructive effect that the
chemotherapy drugs have to these healthy cells leads to many unpleasant side effects for the

chemotherapy patients. The damage of the digestive track cells leads to side effects such as
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nausea, vomiting, appetite changes and constipation. The disruption on the normal operation
of the bloodforming cells in the bone marrow results in complications in the production of red
blood cells, white blood cells (leukocytes) and platelets. Lowdeskted blood cells, which

are the cells that carry oxygen around the human body, can cause anaemia accompanied by
tiredness, fatigue, pale complexion é&a.eduction in the number of white blood cells, which

are part of the immunsystem, can cause highrisks of chemotherapy patients getting
seriously ill from infectionsDecreasing thamount of platelets in the blood, which are the

cells that stop severe bleeding after injuries, leads to easier bruising and bleeding of patients
(NHS, 2020b) In addition to these severe side effects, many patients experience repeated

treatments and diminished quality of life during their chemotherapy treatment.

To minimise the side effects and therapeutic efficiency issues associated with chemotherapy
treatment and improve the overall experience and tyuallilife of cancer patients better

understanding of the origin of those issisegequired

2.2.2. Problem origin

The two most common administration techniques for cancer chemotherapy drugs are through
chemotherapy infusions, where the drug is injected directly into a vein (intravenously), and
through oral administration, where the drug is provided in the form ofpautz or pill
(Macmillan Cancer Support, 201&)cross all administration methods, the main aim is to have

a long circulation time of the administered chemotherapy drug in the circulation system of the
cancer patient. Long retention of the chemotherapy drug in the circulation system is required
to inadease the possibility of reaching the target site and increasing the concentration and

contact time of the drug with the cancerous d&krket al, 2008)

The biggest challenge with most cancer chemotherapy drugs is that they are highly
hydrophobic and have low aqueous solubiitipinski, 2000; Lipinskiet al, 2001) The oral
bioavailability of a drug is depended on a number of elements, including the aqueous solubility
of the drug, the drug intestinal permeability and the rate of dissolution of the drug. Poor
solubility in water and low intestinal permeability ares tpredominant factors limiting the
presence of the administered drug in the circulation sy&anjani, Gajjar and Savjani, 2012)

Other administration methods, such as parenteral preparations, also require high aqueous

solubility for enhanced bioavailability of the drgdward and Li, 2008)To achieve the
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desiral pharmacological response, a high concentration of the chemotherapy drug in systematic
circulationis required and this is dependentthe solubility of the drug. Therefore, drugs with

poor aqueous solubility will usually require higher administration dosages to attain the
therapeutic plasma concentratibviemula, Lagishetty and Lingala, 201®lthough, in the

case of chemotherapy drugs, the cytotoxicity of the drug makes the increased dosage option
non beneficial. Another problem that may arise in the case of intravenous injections of
chemotherapy drugs is the embolization of blood vesséaks.highly insoluble nature of the
chemotherapy drugs could lead to their aggregation within the blood vessels causing a blockage
accompanied by local toxicity due to the increased drug concentration iare¢ae of
accumulation(Park et al, 2008) Therefore, a drug delivery method that will increase the
agueous solubility and intestinal permeability of the chemotherapy drug is required to
overcome these problems and ensure a high drug bioavailability and retention time in the

circulation system.

Another challenge that chemotherapy drugs face in their delivery to the cancerous site is the
drug resistance of the tumour cells. The surrounding tissue of cancer tissue, in contrast with
healthy tissue, experiences high hydrostatic pressure. This ¢ategestial convective flow

from the tumour site outwards developing a resistance to the drug by pushing it away and
making it difficult to reach the target ar@Rarket al, 2008) Moreover, even in the case that

the chemotherapy drug effectively entered the tumour interstitium, its anticancer activity may
be restricted when the cancer cells have developed multidrug resistance (BiRET,
Dubernet and Couvreur, 200IDR is when cells can repel drugs from the cancerous area

due to the overexpressionfglycoprotein (Pgp) plasma membran@u, 2013)

All these issues associated with the implementation of anticancer drugs are the cause of limited
chemotherapeutic efficiency. These problems can be addressed and resolved with the use of an
effective, safe and reliable drug delivery sys{@DS) that would aim to deliver the anticancer

drug on the cancerous site with a minimal disruption to the healthy cells and tissue.



2.3. Drug performance improvement

2.3.1. Ideal drug delivergystemcharacteristics

After analysing the main chemotherapeutic problems in the previous section, the properties
that the ideal drug delivery system (DDS) should have to improve the anticancer drug

applicationsare determined and summarised in this section

First of all, the most important characteristic that the ideal drug delivery system should
necessarily have is biocompatibility and biodegradabiligostini et al, 2017; Capasso
Palmieroet al, 2018) The materials used for the DDS have to be safe and compatible with the
human tissue and should not be harmful or toxic to the living cells. theajelivery device
should be able to degrade naturahythe human bodyleadng to its exit through natural

excretory pathwayévaseyet al, 2019)

One of the main aims of a drug delivery system should be the maximisation of the drug
retention time in the human body. The presence of the drug bldbdstreanof the patient

for a long period of time is of great importan@arket al, 2008) Therefore, an ideal drug
delivery system should enhance the circulation time of the chemotherapy drug in the vascular
system, allowing for improved efficacyo achieve this, the DDS is required to increase the
agueous solubility of the commonly insoluble and hydrophobic anticancer (Baggni,

Gajjar and Savjani, 2012Moreover, the DDS should be responsible for avoiding the
recognition and removal of the anticancer drug fromr#teuloendothelial systerfRES)
(Lepeltier, Bourgaux and Couvreur, 2014)

Another important characteristic of the ideal DDS is high thermodynamic and chemical
stability (Ferrari et al, 2013; Igbal and Ahmad, 2018Yhe method of delivery of the
chemotherapy drug has to be strong, robust and reliable. Therefore, the DDS should have a
tolerance in relatively mild thermal and chemical fluctuations to avoid its decomposition before

the cancer target site or the desiregbntion (circulation) time is reached.

Finally, an important parameter is that the ideal drug delivery system should be cost effective.
The cost should reflect the benefits that the DDS is providing into the delivery of the anticancer
drug in the human body, but should also be kept in a relalgor@ange to ensure the widespread

and commercial application of the drug delivery system in the future.
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2.3.2. Polymeric nanostructures

The drawbacks and high costs associated with chemotherapy can be addressed and reduced by
an effectiveDDS. Polymeric nanopatrticles are particularly promising materials for serving as
safe and robust DDSs for cancer chemotherapy drugs. A wide variety of polymeric
nanoparticles with diverse properties and functionalities have been explored in the literature,
eaxh offering unique benefits for drug delivery. Here, the mumthmonly researched
polymeric nanoparticles for DDS applications in cancer chemothemepypresented and
discussedA schematic representation of these polymasaanostructures is shown kigure

2.1.

*

Micelle

&

u>

Polymersome

o

Polymeric
nanostructure
materials

Dendrimer

Nanosphere

Nanocapsule

Figure 2.1: Schematic representation of the most commonly employed polymeric nanostructures in cancer
chemotherapy drug delivery researthken and modifiefrom Tanget al.(2016)

Polymeric micelles: These selassembled structures are formed by amphiphilic block
copolymers and are among the most extensively researched polymeric nanoparticles in the
literature for drug delivery applications in cancer chemotherapy. This research focuses on
polymeric micelles due to their highly desirable characteristics for eféedhivg delivery.
Further details on their structure and properties are provideection2.3.30f this literature

review.
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Polymersomes: These are vesicléke nanostructures formed by the sa#fsembly of
amphiphilic block copolymers in aqueous environments, creating a hollow core enclosed by a
bilayer membrane. Their structure resembles liposomes but offers enhanced stability, tunable
size, and greater control over membrane thickness due to the synthetic flexibility of polymers
(Scheerstraet al, 2022) In cancer chemotherapy, polymersomes are used as drug delivery
vehicles to encapsulate both hydrophobic and hydrophilic drugs within the bilayer or core of
the vesicle, respectively. This versatility allows for controlled and sustained drug release, while
suiface modifications can be added for targeted delivery to cancer cells, improving therapeutic
efficacy and reducing side effe¢tSuan, Rizzello and Battaglia, 2015; Thambi, Park and Lee,
2015)

Nanospheres:These are solid, spherical nanoparticles typically composed of biodegradable
polymers that encapsulate drugs within their matrix. Unlike hollow structures like
polymersomes, nanospheres provide a dense core, making them highly effective for protecting
en@psulated drugs from degradation and enabling controlled, sustained (€kaget al,

2016) In cancer chemotherapy, nanospheres can deliver hydrophobic or hydrophilic drugs,
which are either dispersed within the polymer matrix or adsorbed onto the surface. Surface
modifications, such as the addition of targeting ligands, allow for selectivenatation in
cancerous tissues, enhancing treatment efficacy while minimizing side effects on healthy cells
(Xiao et al, 2022b; Elumalai, Srinivasan and Shanmugam, 2024)

NanocapsulesThese are cofshell nanoparticles where the drug is confined within a liquid

or semisolid core surrounded by a polymeric shell. This unique structure enables nanocapsules
to effectively protect encapsulated drugs from premature degradation while glléovin
controlled drug releag@hardwaj and Jangde, 2023 cancer chemotherapy, nanocapsules

are used to deliver hydrophobic drugs within the core, while the polymer shell can be
functionalized with targeting ligands for selective deliverytaonour cells. This design
enhances drug stability, reduces side effects, and improves therapeutic efficacy by
concentrating the drug at the cancer site, ultimately minimising adverse effects on healthy
tissuegDenget al, 2020; Yousefi Rizi, Shin and Rizi, 2022)

Dendrimers: These are highly branched, ti#ee macromolecules characterised by a central
core, branching units, and terminal functional groups. Their precise structure and multi

functionality provide unique propertiesuch as highly controllable size and predictable release
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profile, makingthem ideal for drug delivery applicatiofigkesharwani and lyer, 2014)n

cancer chemotherapy, dendrimers serve as nanocarriers that encapsulate chemotherapeutic
agents, enhancing their solubility and stability while facilitating controlled release.
Functionalisation of dendrimer surfaces with targeting ligands allowslects/e delivery to

cancer cells by active targeting, minimising toxicity effects and improving therapeutic efficacy
(Ambekar, Choudhary and Kandasubramanian, 2020; Crtala 2023)

Polymeric liposomes: These are nanoscale vesicles with a lipid bilayer structure that
incorporates polymers to enhance stability and control over drug rel&asehematic
representation of the different types of this polymeric nanopatrticles is preserigdre2.2.

Similar to traditional liposomes, they have an aqueous core for encapsulating hydrophilic drugs,
while hydrophobic drugs can be embedded within the bilaljee. addition of polymers,
however, provides increased structural integrity, prolonged circulation time, and the ability to
fine-tune release rates, making them particularly useful in cancer chemotf€emyDong

and Chen, 2022; Sriwidodet al, 2022) Similarly to previous polymeric nanostructures,
polymeiic liposomes can be functionadis$ with targeting ligands for selective delivery to

tumourcellsfor enhanedtherapeutic efficacy.

Polymers
Phospholipid

| Os é.——)lngelform

Combination

Figure 2.2: Schematic representation of tharioustypes of polymeric liposomehat can be formed through
different liposomepolymer interactionsTaken fromSriwidodo et al. (2022)
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2.3.3. Polymeric micelles

Polymeric micelles are structures in the nacale formulated by the sedssembly of
amphiphilic block copolymers when present in aqueous (petarronmentgYadavet al,
2019) Figure2.3 shows scamatically the generation of these type of polymeric nanopatrticles.
As seen from the diagram micelles are nanoparticles viayldiephobic core and a hydrophilic

coronaand their size ranges from-100 nm(Parket al, 2008)

Polymeric micelle
Amphiphilic block copolymer

Addition in aqueous
(polar) solvents

Hydrophilic part Hydrophobic part

Ranging from 10-100 nm

Figure 2.3: Schematic representatiori the selfassembly of amphiphilic block copolymers into polymeric
micelleswhen added in aqueous (polar)vironments

These particulate systems have gained a lot of attention in recent years due to their inherently
good characteristics. It has been reported that they have high stability and tailofabniy

and Cheng, 2008; Yiet al, 2014) They are noitoxic, biodegradable and biocompatible,
depending on the amphiphilic block copolymers forming the micelese areextremely

important parametsifor pharmaceutical and biomedical applicatiphgostiniet al, 2017)

Therefore, plymeric micelles, constructed from biodegradable and biocompatible amphiphilic
block copolymers (BCPs), containing a hydrophobic core and a hydrophilic shell are a
promising DDS for chemotherapy drug encapsulation. The drug bioavailability and residence
time in the circulation system is increased due to the hydrophilic shell, which increases the
effective aqueous solubility of the drigoreover, aticancer drug encapsulation in polymeric
micelles provides a masking effect to avoid recognitiand removal from the
reticuloendothelial system (RE@ark et al., 2008)
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The polymerisation reactions asgnthesis methodology applied in literature to prepare the
polymeric materials, which meet all the abovguieements and lead to tlenstructon of
polymeric micellesand nanoparticlefor pharmaceutical applications, aneluded insection

2.5 of this chapter. More details about the characteristicsséieassembling behaviour and
the different techniques followed in the literature to formulate the amphiphilic block

copolymers intgolymeric nanoparticlesreincorporated irsection2.80f this literature review.

2.4. Polymers for biomedical applications

2.4.1. Aliphatic polyesters

The use of aliphatic polyesters in biological and pharmaceutical applications has been in the
centre of focus for a few decades. They have been explored for a range of biological
applications including bone and tissue scaffolds, sutures and pharmacndagadulation for

drug and vaccine delivery systerf@3h, 2011; Hege and Schiller, 2014; Lepeltier, Bourgaux
and Couvreur, 2014, Zlet al, 2016; Agostinet al, 2018) The most important and researched
aliphatic polyesters are the poly(lactide)s (PDLLA), poly(caprolactone)s (PCL), and
poly(glycolide)s (PGA) and their copolymers, which have gained a lot of attention for
biomedical applicationg§Seyednejacet al, 2011; Brannigan and Dove, 2010ne of the
benefits of these materials is that they can be produced through biological feedstocks, thus

constituting them as environmentally friendly alternatives to petrochemical polymers.

These aliphatic polyesters have all the desirable characteristics mentioned earlier in this
literature review that the ideal drug delivery systequires. They are biocompatibded
hydrolytically degradedvhich allowsthe removal of their breakdown metabolites through
natural excretory pathways in the human bddgreover, they arenechanically stronghey

can besourced from abundant biological feedstocks, and can be produced via multiple
synthesis pathwayfEnglezouet al, 2020) All these properties of PLA, PCL and PLGA
gualify them as extremely desirable materiar pharmaceutical applications.

2.4.2. Polymer classification

The simultaneous polymerisation of more than one type of monomers results in the formation
of copolymers. The classification of the final material depends on the organisation of the

different monomer types on the copolymer backbone. When the organidatii@nneonomer
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species is completed randomly, then the resultant material is a random copolymer. When the
monomer types are alternating across the polymer chain, then the final result is an alternating
copolymer. If the repeating units form blocks of different moleontksights, then the polymer

is termed a block copolymer. A grafted copolymer is formed when blocks of any monomer
species branch from multiple points of the copolymer backbone. In the case that the blocks of
any repeating uniall branch from the same poiof the copolymer backbone, then the final
material is a star copolymer. A schematic representation of the different copolymer structures
mentioned ishown inFigure2.4 for whentwo different types of repeating units are present.

Random copolymer ; ; X
00000000000000000000000 00000000000000000000000
Alternating copolymer § %

Graft copolymer Star copolymer

Diblock copolymer

® — Monomer A

® = Monomer B

Figure 2.4: Schematic illustration of the different copolymer architectures that can be obtained from two different
monomer species.

2.5. Polymer synthesis

2.5.1. Polymerisation reactions

Polymerisation reaction is the process of chemically combining relatively smaller molecules,

called monomers, together to form larger chain or network molecules, called polymers. The
combined monomers might be the same compound repeating in the polytmey oright be

two or more different compounds, depending on the functionality of the final polymer product.

When the repeating unit is the same monomer compound, then the final product is a
homopolymer. When the final polymer contains more than one monoongsound this is

called a copolymefYoung and Lovell, 2011)

There are many different types of polymerisation reactions and their reaction mechanisms vary
from one another. The main classification used for the polymerisation reaction mechanism is

stepgrowth and chakgrowth polymerisation.
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Step-growth polymerisation

This is also known as condensation polymerisation as definBatuoyd. Flory(1953) During

the chain growth of the polymer a small molecule, usually water, is formed, hence the name
condensation polymerisation. Thigpe of polymerisation reactioproceed in a stepwise
manner. A pair of reactants (any size) combine at each step to form a longer molecule. The
polymer molecule size and molecular weight increase at a slow rate and large polymer chains
are obtained only at high conversions of mono(®abramanian, 2015Pne chain is created

from two monomer molecules that combine to form a dimer. Then, it moves from dimer to
trimer, to tetramer and so on until a high molecular weight molecule is fiioathed Figure

2.5). Thereaction can proceed between any length size species present in the syattion
(Odian, 2004)For example, a dimer can combine with a monomer, dimer, trimer, tetramer etc

to form a higher molecular weight compound.

Chain-growth polymerisation

This is also known as addition polymerisation as definedPéyl J. Flory(1953) No by
products are formed during the propagation of the polymer chain. A chain initiator is introduced
into the reaction system to form the primary reactive centre such as a free radical, cation or
anion to initiate the growth of the chain. Propagatibthe polymer chain occurs with the
successive addition of a number of monomers to the reactive centre. Polymer growth happens
only by the reaction between monomer molecules and the reactive (@dize, 2004) The
reactive centre is regenerated after every monoaaglition Eigure 2.5). The rate of
propagation happerat a faster pace than step polymerisation, forming high molecular weight
molecules from the initial stages of the reaction (at lower conversions of monomer). Finally,
the polymer chain growth stops with a termination reaction that deactivates the reattiee ce
(Figure2.5) (Subramanian, 2015)
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Figure 2.5. Schematic representation of the two main polymerisation mechanisms (A)grSteih
polymerisation and (BChaingrowth polymerisation. Taken froBossion et al. (2019)

Both stepgrowth and chairgrowth polymeriations are valuable techniques for producing
biodegradable and biocompatible block copolymers suitable OBS. Stepgrowth
polymerigtion, commonly used to synthesispolymers like poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), and poly(lactico-glycolic acid) (PLGA), allows for precise
control over polymer structure, enabling tailored hydropthfidrophobic balances and
degradation rates essential for sustaitielg releas¢Ballaet al, 2021; Xuet al, 2023) Chain
growth polymeriation, particularly through rirgpening polymerization (ROP), facilitates the
creation of block copolymers sucha® | -gaprdactoneplockpoly(ethylene glycol) (PCL
PEG) and poly(lactic acieblockpoly(ethylene glycol) (PLAPEG), which are ideal for
forming nanoparticles or micelles that improve drug solubility and aiticul time. Controlled
polymeristion techniques in chagrowth methods also allow for fitening of molecular
weight and composition, enhancing DDS properties like drug release profile and
biocompatibility (Matyjaszewski and Spanswick, 2005; Parkatzétisal, 2020) Together,
these polymeretion methods enabtee design of DDS with custonaisle degradation rates,
amphiphilic characteristics, and compatibility with physiological environments.

The polymeriation reactions most commonly reported in the literature for the production of

pol y (| ac tcapdokdtone), paby(glycolide), and their copolymers, which are the focus
of this research, are introduced and described below.
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Ring Opening Polymerisation (ROP)

Ring Opening Polymerisation (ROP) is a type of ckggimwth polymerisation. In this form of
polymerisation, the monomer is a cyclic compound undergoing a ring breakage (opening of the
cyclic structure) to form a linear polymer chain by successive addititre, initially, cyclic
monomers. The end of the growing polymer chain contains the reactive centre, which reacts
with the cyclic monomers, breaks one bond to open up their structure and adds the monomer
in the chain to form a longer polymer. The reaetoentre is regenerated in the last added
monomer and it can be anionic, cationic or rad{@aung and Lovell, 2011)The most
common monomers undergoing ROPs are cyclic esters (lactones), amides (lactams), ethers,

acetals and siloxanes.

This is the primary polymerisation reaction and the first step to the procedures applied to

produce aliphatic polyesters PLA, PCL and PLGA for biological applications.

Free Radical Polymerisation (FRP)

Free Radical Polymerisation (FRP) is a type of clgmowth polymerisation. This means that

the three basic reactions taking place during FRPs are initiation, propagation and termination.
The initiation reactions involve the constant formation of freecedsli These are the primary
active centres that would enable the polymer chain growth. During propagation, the free
radicals formed are facilitating the successive addition of monomer molecules to construct a
larger polymer chain. Finally, during the termation stage a bimolecular reaction takes place
between two reactive radical centres of two growing polymer chains converting them
simultaneously to stable molecules. The two reactive radical centres are deactivated ending the
chain growth for both growingolymers(Bailey et al, 1984) The polymers produced from

FRP are usually highly atactic and brancf@dbramanian, 2015)

The conventional FRP process has a few limitations in the final polymer product functionality
and properties. The slow initiation and inevitable termination associated with FRP results in
poor control over the macromolecular structure during the polyniens@action. This leads

to low control over the degree of polymerisation and the polydispersity of the final polymer
product. Moreover, FRP has a restricted control on the chain architecture, chain composition
and the end functionality of the final polgmc materials(Matyjaszewski, 1998)These

limitations were address by the development of controlled radical polymerisations (CRP).
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Controlled Radical Polymerisation (CRP)

Controlled Radical Polymerisations (CRP) are relatively new reaction techniques developed
towards the end of the 1990s and start of 2000s. Before CRPs the production of polymers with
an endchain functionalisation were produced by the use of functiort&timis or the use of a
functional transfer agents. Although, there was no control over the final molecular weight of
the synthesised polymers. With the use of CRP processes, the synthesis-cbiiand
functionalised polymers with controlled final moleaulaeights and low molecular weight
distributions became easily accessii#&en, Zhong and Johnson, 201B)irthermore, CRPs
enable the constructionf more complicated macromolecular structures, such as block
copolymers with controlled chain structuBgija, Charreyre and Martinho, 201The ability

to form polymeric materials with a great control over their final macromolecular structure
enables the tuning of their final chemistry and properties, leading to their use in a number of

different applications.

Some of the most commonly used CRPs include Nitremdeiated polymerisation (NMP)
(Nicolas et al, 2013) Atom transfer radical polymerisation (ATRR$iegwart, Oh and
Matyjaszewski, 2012and Reversibleaddition-fragmentation chatransfer polymerisation
(RAFT) (BarnerKowollik, 2008).

Atom Transfer Radical Polymerisation (ATRP)

Atom Transfer Radical Polymerisation (ATRP) is a commonly used CRP. ATRP can take place
in many different reaction conditions and various polymerisation solvents including water at
room temperature. By varying the reaction conditions, the reaction kigaticbe altered to
provide enhanced control over the polymerisation process. The final molecular weight, the
molecular weight distribution and the ehahctionality of the final polymer product can be
regulated effectively with the use of ATRP. It can Haralvariety of functional groups and it

has been employed in a number of occasions to synthesize polymers intended for biomedical
applicationgSiegwart, Oh and Matyjaszewski, 2012)

The main advantages of ATRP when compared with other CRP processes is that it is a catalytic
reaction (metal catalyst), it is compatible with a large number of initiators (including
macroinitiators) and it can polymerise a number of monomer species. Morg@an be used

for the simple substitution of the ewtain halogens by more functional groups using

techniques such as electrophilic and nucleophilic displacefietyjaszewski, 1998)
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Reversible Addition-Fragmentation chain-transfer polymerisation (RAFT)

Reversible AdditiorfFragmentation chaitransfer (RAFT)polymerisation is a type diving

and controlled radicgdolymerisation technique. It is the most commonly used polymerisation
for the preparation of polymer material intended for biomedical applications after the ring
opening polymerisation. RAFT polymerisation is a form of reversielactivation radical
polymerisation. It utilizes a chaitransfer agent (CTA), typically a thiocarbonylthio compound
referred to as a RAFT agent, to control the resgltnolecular weight angolydispersity of
polymers during the fremadical polymeriation processeAna A.C. Pachecet al, 2021)
Therefore, RAFT provides polymers with low molecular weight dispersities highly
controlled molecular weights. The application of this type of polymerisation technique results
in polymers with higher architecture complexity, such as brush, grafted and star copolymers
(Le Hellayeet al, 2008; Zhuet al, 2016)

A lot of the times the combination of one or more of the discussed polymerisation reactions is
incorporated in the polymer synthesis of [lagtides, polycaprolactongs and
poly(glycolides with the aim to develop material with enhanced and flexible properties and
complex architectures to enhance their potential as an ideal polymeric material for biomedical

applicationgCapasso Palmieret al, 2018; Gucet al, 2018)

2.5.2. Synthesis methodology of aliphatic polyesters

In this section the current state of the art in the synthesis procedures followed to produce the
aliphatic polyesters of poly(lactide) (PLA) and pdbgaprolactone) (PCLjs analysedThe
different methodologies applied to construct these polymers are critically analysed to find the
optimal polymerisation conditions (temperatures, catalysts, time durat@rand apply them

later in this research project to form the polymer library required for this investigatipart

of the first objective of this thesis
A summary of the synthesis papers available in the literature ardkthdedmethodology

applied to construct block copolymers based on the aliphatic polyesters of PLA and PCL is

presented iTable2.1.
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Table2.1: Summaryof PLA, PLGAand PCL synthesis papers in literature

Reference Polymer Method | Solvent | Main aim Synthesis process Main outcomes
e e o R R Lt S KD
Nanoparticles study for (catalyst), HEMA (initiator), lactide and Sroduced small NPs (4:&)0y
_ _ glycolide (monomers) were all added )
Synthesized different o : nm) with | ow
Through Free compositions after pr(?pargt!on into a glass vial under f Full degradation of the
Radical of PLGA magnetic ;tlrrlng and heated at 130 °C. materiaﬁ was achieved withi
Polymerization nanoparticle 1 Aftgr 90 rpln the reactllon was stopped | 5 0 8 days at 50 °C
(Ferrariet al, suspensions. refrigerating the reaction products &Gl { The degradation stu.dy has
2013) 1 The HEMA-PLGA macromonomers wer proven that the degradation
further polymerised to grafted materials|
through MSSEP (type of FRP) under a time of the macrgmonomer
nitrogen stream and by heating at 80 °( can be .tuned by its )
which finally formed the desired properties, such as chain
nanoparticle colloidal suspensions. composition and length.
Synthesis of HEMA-PCL/ | ROP DCM Controlled | 1 The desired amounts of cyclic monome T Flrst successful HEMA
Methacrylate PLA/-PTMC ROP synthesis initiated ROP of LA, CL and

Terminated Block
Copolymers with
Reduced
Transesterification
by Controlled
Ring-Opening
Polymerization
(Ruiz-Cantuet al,
2019)

of endgroup
functional
diblock and
triblock
copolymers by
minimising
transesterificat
ion reactions.

(LA, CL or TMC) and initiator (HEMA
or HEMA-PCL) were added in a stirred
vial and closed with a rubber septum. 1
ml of anhydrous DCM was added and |
at roomtemperature for4.0 min to
dissolve the mixture. TBD catalyst (bas
on monomer) was added to start the R(
1 The reaction was terminated by catalys
deactivation throughcadic solution
addition after the selected timeframe
based on reagents ratié®lymers were

TMC with TBD as catalyst.

9 Final diblock and triblock
copolymers were synthesise
with controlled Mv, low
PDI and a monomethacryla
architecture.

1 By controlling the
HEMA:TBD ratio and the
reaction time the unwanted
transesterification reactions
were minimised for all the
selected polyesters.
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purified through multiple precipitation
steps andlried in a vacuum oven.

ooaradaton Sty |FRe | DeM | degradation of 1 eaproiactone (monomen was added i P Tone HEMEEC
of gationic udy ogitivel stirred flask and heated tip 130 °C to gznl_olpartlches ordi erentf |
Polveanrolactone Ehar edy melt. The desired amounts of HEMA q engt ;‘ are suc;:ess u
B y 4 P HEM?A PCL (initiator) and Sn(Oct)(catalyst) were produced through a four ste
NZ?]?) articles for nano r;lrticles then added to start the ROP. Pfofet‘_jure- I\Iadme'y ?’OP,
Biomgdical and e a?red 1 After 2.5 hours the reaction was stoppe acy?.lon, c;)r::Reglsaa 'on
Industrial tphropugh ROP and the material was stored at 4 °C. lr:eac I(:rr: ac? q t" wud
Applications- combined with Tl The HEMAPCL macromonomer was ! it e en ?gc:adirllo?ti ]
(Agostiniet al free radical used in an acylation reaction with Icr:,; ?ns IZ?] (t:huisethe r?]aine
2017) ’ emulsion succinic anhydride and then a arametegr affecting the
L condensation reaction with choline P i g
polymerisation . . degradation behaviour of th
(FREP) chloride to positively charge the NP
' macromonomer, which was purified ang ’ ] ]
stored in DCM at 4 °C. 9 The degradation time of the
9 Finally, the cationic NPs were formed NPsk():an l:e tuned from .tthe
through FREP of the cationic num er.o monomer u.m S
. depending on the desired
macromonomers undemitrogen stream application
and heating at 80 °C. PP '
ig:lrtairt;?ous PHEMA-PCL E’(“?ET Toluene Z:;ngzg_rr\’l(n)l: 1 CPDB (RAFT ager, AIBN (radical 1 Séalj‘ted copol;;]mgr HdE_MA
o jn € o initiator), HEMA (ROP initiator) 3CL ~CL was synthesised in &
Fragmentation Z ou{’. ] eus (o (ROP monomer), Sn(OegROP catalyst) . 0-:' é ; IIQOA(IJ:T IOdr ROO(I:D
ch g:n Transfer and h nth :O and Toluene (solvent) were prepared a ;:omhlnfl.ng _ an
Rina o snif] era ofe f;/ﬁedes S added in a stirred flask under nitrogen or.t e first t'r_n_e'
Polgmeprizatign HEgMA PCL atmosphere at 100 °C for 150 min. T This was verified by NMR

(Le Hellayeet al,

2008)

1 Reaction was terminated by cooling do
and exposing to air.

and SEC analyses and
consequent hydrolysis of
PCL blocks.
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1 Grafted HEMAPCL was recovereand
purified through a twestep precipitation
process in pentane followed by methan

1 Final polymer product was dried at roon
temperature under vacuum for 24 hours

1 The resultant grafted
copolymers are
monodispersed with a
narrow molar mass
distribution.

Versatile, Highly | HEMA-PLA(- | ROP DCM Controllfed 1l The predetermined amount of cyclic 1 The ROP of LA and thSC
Controlled tBSC) RAFT THF synthesis of o with a number of labile este
. . _ monomers (LA and/or tBSC) and initiat( . o

Synthesis of Hybrid PEGMA- various LA (bis)(meth)acrylate initiators

(HEMA, PEGMA, HEA or GDMA) were
(Meth)acrylate PLA(-tBSC) and tBSC . . . : was successful and
Polvester GDMA-PLA (cyclic added in a stirred vial capped with a led with th ‘
Car)t/Jonates and HEA-PLA ca);bonate rubber septum. Anhydrous DCM was CIJDOQSO ; hWIt anosat (I)
ot Exolotation | 850) ( onomen added to fully dissolve mixture at RT fo as the organocatalyst.
in Tandsm Post olvmers 5-10 min. DBU catalyst (1.5mol% wrt T Short homear]d cop.olymers
Polvmerization tphrgu h monomer) was added to start the ROP. were synthe5|se_d ywth good
Fur?/ctionalization (bis) (?neth)acr 1 The reaction was terminated by catalys control gyer thecljr final _
(Pearcet al late initiated deactivation through addition into cold composition and properties,
2019) ’ éOP with the hexane after 15 min. Polymer was T Randc.)m.a_mdlbck

use of DBU as purified through multiple precipitation amphiphilic C(?polymers
organocatalyst steps and dried in a vacuum oven. were synthesised
1 The macromonomers were functionalist sucgessgjgyngxlg#gh the.

through RAFT reactions in THF in the taph T"m gi . rgac;;nn

presence of AIBN (radical initiator) and with low dispersities in M.

RAFT agent at 70 °C for 8 h. T DBU was proven to be

1 Finally, polymeric nanoparticles were su:tab.le anddver.Tgt;i)laDs a
prepared through nanoprecipitation. selective and mi
catalyst.

Strategies from PCL-NH2 ROP Toluene | Design of  The first step for the synthesis of P&l T T.he use of PCibased
nature: THF novel diblock copolymers prepare

polycaprolactone
based mimetic

antimicrobial

biocompatible
antibacterial
agents based

is the synthesis of PGNH,. JCL and
toluene were added in a stirred flask at
110 °C under nitrogen streaMBoc-

through ROP to mimic
AMPs was successful.
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peptide block
copolymers with
low cytotoxicity
and excellent
antibacterial
efficiency- (Zhou,

on diblock
copolymers of
PCL-Kn
(polylysine)
mimicking the
action

ethanolamine and Sn(Ogtyere then
added to start the ROP.

1 Reaction was terminated by cooling to
room temperature after 48 hours.

9 The solution was treated with three
precipitation steps in excess methanol

9 Throughhaemolysisand
cytotoxicity tests it was
proven that PCIK,, have
enhanced biocompatibility
compared to conventional
methods.

He and Zhou, mechanism filtration.  They have comparable
2019) and structure | q Finally, it was mixed with excess HCltgq  bactericidal mechanism witl
of natural remove the amino protection group (Bo| AMPs, rapid (within 30 min)
antimicrobial and dried under vacuum. bactericidal action and
peptides 1 The lysine monomer was synthesised, | avoided the drug resistance|
(AMPs). polymerised through ROP in THF and | of bothS. aureusandE. coli
reacted with PCINH, to from the final bacteria.
PCL-K; product.
oactiesas [WEVAPLA [ROP e/ i e 51na magetety e e e oot by
. e p-xylene were added at 130 °C under 1t ay
Tailor-Made emulsification/ molecules for particle

Functionalization
(Beeret al, 2015)

solvent
evaporation
process for the
formulation of
PLA-based
NPs with
covalently
bonded
carboxyl
groups and
fluorescent
dye.

nitrogen stream. HEMA and Sn(Ogct)
were injected to start the ROP reaction.

1 Cooling of the mixture after 4 h
terminated the reaction and the materia
was recovered through precipitation,
multiple dissolvewash steps and drying
in a vacuum oven at 80 °C for 2 h.

9 The covalent bonding of carboxyl groug
and fluorescent dye was performed
through FRP in toluene under Ar strean
at 40 °C overnight. Same procedure wit
before was followed for recovery and

purification of the material.

tracking and carboxyl group
located on particle surface
aimed for targeted delivery.

1 NPs were formed using two
different methods; pre
functionalisation followed
by NP formation and the
simultaneous process.

9 NP results were similar for
the two processes and the
functionalised oneshowed
increased stability in N&.
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comoled | eeriea ||| packmer | e predetermined amounts of Pod ang ¥ RERIAES 2 Bew mEng
Polymerization of conjugates BDI-Mg catalyst were added |r.1 astired preparation using a drug
| actide for the with PLA ylal with anhydrous THF. 'LA .dlssolved initiated ROP of LA
Formulation of (PtxI-PLA) In THF vyas a(.jd.e.d dropwise into the 1 The NCs ex eriencéd high
Polymeric through ROP former vial to initiate the ROP carried o drua loadin F; narrow PgDc
Nanoparticulate to form nane at room tefmper'ature for a few h gurs. . andgan imp?o\;ed release k
Delivery Vehicles conjugates 9 The reaction mixture was preC|p|t§ted in orofile by minimising the
(Tong and Cheng, (NCs) for ethyl ether after full LA gonsumptlon to drug burst release issues
2008) cancer recover the PtxPLA conjugate. f Zn has proven to control t'he
chemotherapy 1 PEGylated nanoconjugates were LA ROP better than Mg wit]
formulated through cprecipitation of
PtxI-PLA with PEGPLGA. targeted Mvs  and |
ampotmecint | PEGRLA | || conugation of| " BDZn catabstand CRROH (arug | 1 e % B B
poly(lactic acid) camptothecin in?tiator).were v.veighte(.j and added in a amino ester linker was
nanoconjugates (CPT) to the stirred vial to dlgsolve in anhydrou.s THI successful
with facile terminal LA Was alsg weighted and added |.n av q The CP'FN;PLA NCs were
hydrolysable linker carboxylate to dissolve in THF. The Iattgr _s_olutlon able fo selfassermble with
. was added to the former to initiate the X
- (Yin et al, 2014) group of PLA ROP reaction. sizes smaller than 100 nm.
Lr;/rgruo?;s{;ble i After.full cqnsumption of LA, the. . Il gf;\npNigit:g pLZ\\//lgus CPT
amino ester reaction mixture wag quenched |n.to |9e accelerated a{\d i roved
linker via a cold methanol, centrifuged and dried in clease kinetics P
controlled racthm oven. q The NC <hibit highein
ROP. 9 The CPFN-PLA nanoconjugates (NCs) ) € s € 9 A
were formed through eprecipitation vivo eﬁ|'0|enc'y .and minimise
with mPEGPLA copolymer. systemic toxicity.
Eole obeSeIf PEGPLA ROP DCM Cor:plet? a 1 The desired amount of MPEG (2000 or 1 The nature of the organlc.
ssem y systematic 5000) initiator and DLLA were weighted anq aquepus solvent, their
Conditions and study of the ratios during

and added in a stirred capped vial.
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Amphiphilic
Balance on
Nanoparticle
Formation of PEG
PDLLA
Copolymers in
Agueous
Environments
(Phanet al, 2019)

different
parameters
that influence
the formation
of PEGPLA
nanoparticles,
based on the
NP size and
stability.

Anhydrous DCM was added to fully
dissolve the mixture. DBU catalyst
(3%w/w wrt LA) was added to start the
ROP at room temperature.

1 Reaction mixture was quenchdpwise
in cold hexane after 15 min.

1 Polymer was purified and collected via
multiple precipitation steps (hexane anq
diethyl ether) and vacuum oven drying.

9 The different BCPs produced were
formulated into NPs though varying the
different processing conditions of the
solvent displacement method.

nanoprecipitation and the
hydrophobic and hydrophilig
composition of the BCPs
were investigated to assess
their influence on the size
and stability of the NPs.

9 It was observed that BPCs
NPs with small hydrophilic
block% have higher stability

1 A methodological process t(
achieve NPs with desired
properties was performed.

Amphiphilic tri-

and tetrablock co
polymers
combining versatile
functionality with
facile assembly intg
cytocompatible
nanoparticles
(Vaseyet al, 2019)

PEGPLA-
tBSC
HEMA-PLA-
tBSC

ROP
RAFT

DCM
THF

Construct a
library of
mixed
polyester
polycarbonate
polymers with
different
characteristics
desirable in
biomedical
and
therapeutical
applications.

1 The PEGylated initiator, lactide and tBS
were added in a magnetically stirred vig
andcapped with rubber septum. Dry
DCM was added to fully dissolve the
mixture. The catalyst (DBU) was added
(1.5-3%mol/mol wrt total monomers) to
initiate the ROP at room temperature.

1 The catalyst was deactivated through
precipitation in cold hexane (or diethyl
ether in the case of HEMA) to stop the
reaction after 15 min.

1 The polymer was purified after multiple
precipitation steps and vacuum drying.

9 DBU was employed as a
selective and mild catalyst
for the controlled ROP of
different PEGylated
initiators.

1 The polymers were produce
through an easy and
accessible method, requirec
minimal purification steps,
were successfully
functionalised with drug
molecules and labels and
their cytocompatibility was
proven on a model celiine.
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Thereare avariety of catalysts (metdlased or metdree) able to catalyse an ROP process
(Table2.1), in solutionor bulk(Shodeet al, 2016) Among the commercially available catalyst,

the organocatalyst DBU and the enzyme Lipase are able to catalyse the ring opening of various
cyclic monomers in mild and controlled conditiggsimar and Gross, 2000; Prattal, 2006)

Due to their different chemical affinity it is fundamental to combine the two catalysts for the
production of mixed lactonkactide copolymers. However, the reaction timeframe in which
they act is completely different (minutes for DBU and hours for theabadyst) and difficulties

can be encountered as well as side reactions may @tganget al, 2019)

As seen fromTable 2.1, the mosttcommonly used solvents for polymerisation processes are
petrochemical solvents such as toluene, dichloromethane (DCM) and tetrahydrofuran (THF).
The rationale behind their wide usage is owned to their great dissolving properties and their
relatively lowercost. Although, these solvents are harmful to the environ(Bsmbe et al,
2016)and hazardous to human health according to the International Agency for Research on
Cancer (IARC) evaluations by the World Health Organisatil&/RC Monographs, 2016,

2019) Moreover, toluene is a highly flammable substance. Therefore, the use of these chemical
solvents poses environmental and health risks. The fundamental principles of green chemistry
promote the use of 6greener 6 andnces.arthie r c he
proposition has been codified by European Union (EU) legislation and the Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH) has applied restrictions on

the use of these petrochemical solvéRisropean Commissioet al., 2017)

Economic pressure drives the use of dégreener
renewable feedstocks to replace petrochemical solvents in polymerisation pr{idestesio
etal, 2018; do A letmle 2020aVerGeelantal, 2020) 2-Methyltetrahydrofuran

(2-MeTHF) has been proposed as a suitdidesourcedsubstituteto petrochemical solvents.

2-MeTHF is aneotericvolatile cyclic etheproduced fronthe chemecatalytic treatment of
biomasqPaceet al, 2012; Pellist al, 2019) It has been utilised in various laborateagale
chemical processéycock, 2007) including the ROP of terpesigitiated LA( O 6 Betal.e n
2020) and it has beecharacterised for biological applicatioffmtonucciet al, 2011)

Table2.2 contains information about selected solvent propertiesM&PHF in comparison

with DCM and THF polymerisation solvents. The cost 6M&THF, at laboratory scale, is

28



comparable to that of DCM and THF and is expected to be reduced withupgaleduction.

The Hildebrand solubility parameter ohe THF is reported to be 16MPal’2 (Aycock, 2007)
Therefore, 2MeTHF is expectedo be a good solvent for ROP with a solvent power close to
DCM and THF, which have Hildebrand solubility parameters of 20.2 and NI®&'
respectively. Moreover, the boiling point ofMeTHF is higher than the conventional
petrochemical solvents, allowing reactions to take place at higher temperatures. This enables
its use as a solvent for thermally initiated radical reactions under angsesgure. These
physical properties of-RleTHF suggest that it could be used asfiective solvent for various
reactionsTesting the ability of MeTHF to perform as the polymerisation solvent for multiple
synthesis procedures is the aim of the experimental work completed and presented later in this
thesis (Chapter 4).

Table2.2: Comparisorof selected solvent propertiegken from(Englezouet al, 2020)

Solvent Cost (£/L) Chiidebrand (MPa?) To (°C)?
2-MeTHF 515 169 802
DCM 254 20.7 39.8
THF 37.981.0 18.6 5.0

aAll costs andboiling points tabulated for laboratory scale materials sourced from Sigginiah website;>Value obtained
from Aycock (2007) “Values obtained from Physical Properties of Polymers Handbook, 2nd ed., J. EMdekk2007)

In somecasespapers in the literature researching on the synthesis of block copolymers based
on aliphatic polyesters emphasise on studying the degradability and the solution behaviour of
the constructed polymeric materials. Since these materials are usually ainbézhfedical

and pharmaceutical applications, their degradability and decomposition profile should be

investigated and analysed.

The effect of polymer characteristics, such as the composition and the chain length, as well as
the processing conditions on the degradation behaviour of HEMBA polymers was
investigated byFerrariet al. (2013) The first step of this investigation was the synthesis of
controlled length and composition polymers based on lactide and glycolide with the use of a
ROP reaction initiated by HEMA. HEMAxGyA macromonomers were successfully
constructed and utilised in a second step using a free radical polymerisation to form small
nanoparticles of grafted polymers. More specifically, PLGA nanoparticles with a controlled

size and low polydispersity indg®DI) were formulated by emulsion polymerisation of the
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prepared HEMAL xGyA macromonomers under starved conditions. Moreover, the stability and
the degradability of the PLGA nanoparticles produced was examined with a qualitative
degradation study with the aim to extract a relationship between the degradation time and the
polymermaterial characteristics. The change of nanopatrticle sizes over time of different lactide
and glycolide composition nanoparticle suspensions wastonet with the use of Dynamic

light scattering(DLS) until the full extinction of nanoptcles. The pH of the nanoparticle
suspension was also monitored during the degradation study to examine the release of acidic
species related to the degradation of the HERIASA nanopatrticles to lactic acid, glycolic

acid and poly(methacrylic) acidgdeFigure 2.6(A)). In Figure 2.6(B) is observed that the
nanoparticle size the first days was constant, followed by an increase in size in the following
days till the full disappearance of the nanoparticles. The nanoparticle size increase is justified
since during their degradation thfease hydrophobic oligomers in solution, which increases
their hydrophilicity and affinity towards water. Therefore, this leads to the swelling of the
nanoparticles, followed by finally their dissolution and extinction. Finally, frogaire2.6(B)

one can see that the degradation time increases in the following order, poly(gHEWA),
poly(HEMA-g-L>.G2A), poly(HEMA-g-L3G1A) and poly(HEMAQ-LA4). This is due to more
hydrophobic materials requiring a longer degradation time (LA is more hydrophobic than GA)
and is also observed when the polymer hydrophobic length is higher, leading to a higher
degradation time. Therefore, the degradability ofgblymer and nanopatrticles can be tuned

by controlling the hydrophobic/hydrophilic lengths and the monomer types of the polymer
(Ferrariet al, 2013)
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Figure 2.6: pH (A) and particle size (B) versus time during the nanoparticle degradation study for poly(HEMA

gLA4) (V). -BLBIGI(AHEMAS ) ,-g-lpDGHA)HEMA) a ngtGAp) Dz Diggram M A
from (Ferrari et al., 2013)
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The use of triazabicyclodecene (TBD) as a catalyst for the ROP of HiNMa&ted polymers

has been investigated Ruiz-Cantuet al.(2019) The final macromolecule structure produced
based on various feed compositions is examined and the optimal reaction conditions and
HEMA:TBD ratio are established for minimisation of the competing transesterification
reactions and leading to polymerisatmontrol. TBD has a higher catalytic activity than other
organic catalysts because it activates both the monomer and the initiator during a
polymerisation proces@amberet al, 2007) The aim of this paper was to develop a high
selectivity synthesis pathway for polymerisation when employing functional initiators, such as
HEMA, by accommodating for the retention of their ggrdup functionality. The ROP of three
different monomers; laicle (LA), Ucaprolactone (CL) and trimethylene carbonate (TMC) was
performed. The synthesis of polymers with only one methacrylate terminus, low molecular
weights, high conversion of monomer and controlled polydispersity was successful for all the
monomes and their combinations forming mixed block copolymers. The results of this
synthetic route have shown the ability of TBD to be applied as an active and selective catalyst
for the controlled ROP of HEM#Anitiated polymers, in contrast to the uncontrolled
polymerisation reaction that was suggestedChpasso Palmieret al. (2018)due to a series

of competing side reactionRuiz-Cantuet al. (2019) demonstrated that the polymerisation
control and the minimisation of the unwanted side reactions is achieved when the
polymerisation kinetics of the monomer are fast. This is accomplished in this investigation by

controlling the reaction time and the HEMIAD reaction ratio.

Positively charged HEMAPCL polymeric nanoparticles were constructed via a-$oep
reaction procedure bfgostini et al. (2017) The use of positively charged polymers has a
number of industrial and biomedical applications, such as flocculants in wastewater treatment
(Lee, Robinson and Chong, 2014; Gumfedtal, 2017) oral delivery of drugs in biological
systemgJainet al, 2012; Schulz, Gauthier and Leroux, 2046y delivery of genetic material
inside cells(Han et al, 2014; Ramamoorth and Narvekar, 201%he formulation of
biodegradable and biocompatible cationic HEMREL nanoparticles is based on a fstep
synthesis pathway. Initially, the synthesis of ebt@sed macromonomers is performed through
the HEMArinitiated ROP ofJcaprolactone (CL) leading to HEMRCL block copolymers.

The second step involves the acylation reaction of the resulted HEMAmMacromonomers
with succinic anhydride followed by the condensation of the acylation product with choline

chloride to producehe cationic macromonomerhe final step is the free radical emulsion
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polymerisation (FREP) of the positively charged macromonomer to form the cdiased
nanoparticles. The nanoparticles were produced by applying two different FREP approaches;
the batch emulsion polymerisation (BEP) and the monataeved sembatch emulsion
polymerisation (MSSEP). The influence of the reaction conditions on the final product
properties was investigated and it was concluded that at MSSEP the nanopatrticle sizes were
smaller, although theDI is higher than at BEP. Moreover, the tunabitifythe constructed
nanoparticles in terms of degradation time was studied. The degradation study was carried out
in two different mediums and conditions. Namely the degradation kinetics in an aqueous cell
medium at 3PC and in deionized water at 90 were investigated. The results obtained from

the degradation study of the final nanoparticles are in agreement with the conclusions drawn
by Ferrariet al.(2013) including that the degradation rate of the polymers is controlled by the
length of the hydrophobic block and its hydrophobic nature. The longer the length of the
hydrophobic block the longer the degradation time and the higher temperature of the medium

the higher the degradation rate.

In the case oRuizCantuet al. (2019)the ROP was achieved under mild reaction conditions
(room temperature and atmosphere) by combining the use of DCM as a solvent and the active
catalyst TBD. In contrast to other papers that have used a bulk polymerisation condition with
tin octoate as theatalyst, where a significantly higher reaction temperateq °C) is
required for both the activation of the catalyst and to fully melt the initiator and monomer to
enhance their mixing for the reaction to be possible. In the latter case, a criigdlér
reaction time is also required for the ROP completion, thus leading to an extremely higher
energy requirement for the ROP reaction to be performed under bulk conditions and with tin

octoate as the catalyst.

In summary, the findings from the polymer synthesis aredysis show that there is a robust

and generally reproducible synthesis technique for cyclic polyesters, such as PLA and PCL.
The knowledge gathered from the literature papers analysed in this area will be applied when
the synthesis of the BCPs in thiwestigation is performed. Most importantly, the research gap

in this areas identified which is the requirement to use a green polymerisation solvent for the
synthesis of these polymers and the avoidance of harmful and toxic DCM, THF and Toluene,
sincethe material is intended as a drug delivery system for cancer chemotherapy.
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2.6. Polymer physics background

Polymers in solutions or in melt would take the conformation of a random coil. The polymer
backbone (i.e. the polymer main chain) randomly adopts all possible configurations in three
dimensions following the random walk model, where the covalently bondedmrer subunits

of thepolymer are aligned randomly in spg&abin, 1965; Haber, Ruiz and Wirtz, 2008)
schematic depiction of a polymer random walk and a random coil configuration is presented in

Figure2.7.

=

=

Figure 2.7: Schematic diagram on the left of a polymer random walk depicted with the monomer subunits oriented
randomly in space. The average chemical bond length in the polymer backbone is symboli@e@mwiitieright

is a simplified depictiorof arandom polymer coil. fie endto-end distance® of the polymeiis shown in the
diagrams.

Endto-end distance® is the distance between the two chain ends for a coiled polymer. The
number of repeating monomer units in a polymer chain is defined as the Polymerisation Index
or the Degree of Polymerisation and is symbolisedDiB or N. The length of a single
monomer subunit of a polymer chain is estimated by the statistical segment [Bngdthe(
rootmeansquare endo-end distance™@ ) of a polymer chain oN repeating units ob

length is given by¥quation2.1.
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Equation 2.1: Rootmeansquare endo-end distance

€

Q 680 6 t¢a MO
Q Rootmeansquare endo-end distance
Q) Endto-end distance
0 Characteristic ratio
3 Number of chemical bonds in one repeating unit (monomer)
a Average length of the chemical bonds in the monomer
0 Number of repeating segments in the polymer

@ Statistical segment length

The characteristic ratidd( ) is a characteristic property of the polymer and is related to the
rigidity and flexibility of the polyner chain. Its value is dependemithe angle of the polymer
backbone bonds and the walk model followed by the polymer (i.e. freely joint, free rotation or
hindered rotation bond¢Paul J. Flory, 1953)

Another property of the polymer chain that is important is the Kuhn length developed by Hans
Kuhn (Kuhn, 1950; Kuhn, Fdrsterling and Waldeck, 200Bhis is a theoretical approach
applied for real polymer molecules, where they are regarded as a miidbbn segments of

3 Kuhn segment length. Scientists are often using the Kuhn length interchangeably with the
statistical segment length In wormlike (i.e. semiflexible) polymer chains, the Kuhn length

is twice the value of the persistence length (¢0 ), which is described as the distance in
which thechemical bond orientation persists and is measure of the stiffness of the polymer
chain(Zhanget al, 2019; Gerrits, Hammink and Kouwer, 202The Kuhn length can be

estimated usingquation2.2.

Equation 2.2: Kuhn length
Q0

Kuhn length
8Q0 Meansquare endo-end distance

0 Contour length
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Contour length( ) is the length of the fully extended polymer chain and it can be calculated

by Equation2.3.

Equation 2.3: Contour length

0 -& U
0 Contour length
- Geometric factok 1
€ Number of chemical bonds
a Average length of the chemical bonds
0 Number of repeating segments in the polymer
Kuhn length

When describing the structure and dimensions of macromolecules in polymer physics an
essential property that has to be defined is the radius of gyratiyrof the polymer chain.

The radius of gyration is a measure of the average distance of each of the monomer units in the
polymer chain from the centre of mass of the polymer @itman, 1962) Under theta
conditions (i.e. polymer follows the random walk model) the radius of gyration can be
estimated usingquation2.4.

Equation 2.4: Radius of gyration

, 6Q0 U @
Y -
¢ ¢
Y Radius of gyration
8Q0 Meansquare endo-enddistance
0 Number of repeating segments in the polymer

&) Statistical segment length

The radius of gyration is extremely important because it can be established through
experimental techniques, such as light scattering (static and dynamic) and small angle neutron
and Xray scattering, and therefore the rest of the polymer physical pespeain be derived

by applying the polymer physics thedfigratky and Laggner, 2003; Ochbaum and Bitton,
2018)
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2.7. Block copolymers in solution

When amphiphilic block copolymers are in solution with a block selective solvent they self
assemble into micelles, which are nanoparticle structures in suspension with the solvent. This
is a significantly valuable property of amphiphilic block copolymerghwiumerous
applicationsin thiscasethe focus of this work isn exploiting this abilityof block copolymers

to form drug delivery systems that can solubilise insoluble substances, such as the
chemotherapy drugs, in aqueous media.

The critical micelle concentration (cmc) is defined as the concentration above which the
amphiphilic block copolymer chains associate with each other to form micelles in soMtion.
this concentration, amphiphilic block copolymers begin to -asdiemble.Above this
concentration any additional block copolymers chains in the solution will enter the micellar
phase(Kozlov et al., 2000; Liu, Liu and Chu, 2000; Topet al, 2013; Baccile and Poirier,
2023) Below the cmgthe copolymer chain@main as individual, unassociated molecules that
interactfreely with the solvent and there are no micelle structures present. This is represented
schematically irFigure2.8. The micellar phase represents an equilibrium state, and the system
is considered to be at thermodynamic equilibrium. Therefore, the presence of micelles in
solution does not preclude some individual block copolymer chains from remaining free in the
surrownding solution. There is a constant exchange of individual chains between the micelles
and the solution, with this dynamic balance influenced by factors such as tempgidiure,
polymer concentration, and solvent conditiflnsibler, Orland and Wheeler, 1983; Munch and
Gast, 1988)
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Free block copolymer chains Micellar phase

>CMC

<CMC

Figure 2.8: Schematic representation of amphiphilic block copolymers in solution. Below the cmc, the block
copolymers chains interact freeljth the solvent, while above the cmc, they assemble into polymeric micelles.
The micellar phase displays a dynamic balance between polymeric micelles and individual free block copolymer
chains.

2.7.1. Flory Huggins solution theory

Flory-Huggins solution theory is a simplified lattice model, which can be used to describe the
thermodynamic state of a polymer solution. It is an expression based on the Gibbs free energy

thermodynami@equation (se&quation2.5) applied for the mixing of a polymer with a solvent.

Equation 2.5: Gibbs free energy

o

yo Yo WY

YO Gibbs free energy of mixing
YO  Enthalpy term of the mixing process
Y Absolute temperature

Y'Y  Entropy term of the mixing process

The FloryHuggins theory can be applied to estimate the solubility of a polymer in a solvent
by taking into consideration a limited set of system parameters. Namely, one would require the
Flory-Huggins interaction parameter between the polymer and thensptiie composition of

the polymer solution and the chain length of the polymer molecule to define the mixing energy
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between polymer and solverRgqul J. Flory, @41; Maurice L. Huggins, 1941). THdory-

Huggins expression for a polymsolventsystem is given iEquation2.6.

Equation 2.6: Flory-Huggins theory for polymesolvent systems

YO b i
vEVElL € 3
Y'O Gibbs free energy of polymaolvent mixing
Y Universal gagonstant
y

Absolute temperature

€ Number of moles of component 1 (solvent)
€ Number of moles of component 2 (polymer)
. Volume fraction of component 1 (solvent)

. Volume fraction of component 2 (polymer)

Flory-Huggins interaction parameter between solvent and polymer

The FloryHuggins interaction parameter is a quantitative measure of the interaction degree
between the two components (solvpotymer) in the system. It considethe energy of
interspersing the component molecules on a latfi@@nbasco, Lipson and Higgins, 2006;
Nistaneet al, 2022) When the interaction parameter is lower, then the solvent and polymer
interactions are favourable leading to higher mixing of the two components. Therefoee, low
parameter means the polymer is soluble in the so(kémdvig, Michelsen and Kontogeorgis,
2002)

2.7.2. Self-assembly of block copolymers

It was mentionedt thebeginningof section2.7that when the block copolymers are in solution
above a specified concentration, defined as the critical micelle concentration, they tend to self
assemble into micellar structures in suspension with the solvent. The micellar structures formed
by the blockcopolymers vary in size and geometry depending on the polymer and solvent
properties and interactioff¥amada, 2014)
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Critical packing parameter

The critical packing parametecpgp) of the copolymer chain was introduced and applied to
determine the morphology and geometry that the amphiphilic molecules will acquire when in
solution above the critical micelle concentrat{dtagarajan, 2002Some of the properties of

the polymersolvent system that can affect thpp include the polymer composition and
concentration, the solvent quality, water content in the solution and the presence of surfactants
and additivegLi et al, 2020) The criticalpacking parameteran be calculated usirkguation

2.7.

Equation 2.7: Critical packing parameter t¢iie copolymer chains
B A
@ 0
@1 N Critical packing parameter
0 Volume of the hydrophobic block
@ Contact area of the hydrophilic block

0 Length of the hydrophobic block

Whencpp< 1/3, it was observed that the block copolymers were forming spherical micelles.
When 1/3< cpp < 1/2, the block copolymers would compose cylindrical micelles. If the
packing parameter ranges from ¥2pp< 1, then the block copolymers would organise into
vesicles. Finally, wheopp= 1, the block copolymers construct planar bilayers or lamellae and
whencpp> 1, they assemble into inverted spherical micg\eamada, 2014; Kuperkat al,

2022) The different geometries that are adopted from block copolymers in solutions based on

their critical packing factor amemonstrated ifrigure2.9.
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Figure 2.9: Schematic diagram representing the-ssfembly of block copolymers in solutions. This is separated
in the different morphologies that can be adopted by the block copolymers, which are determined by the critical
packing parametdcpp) of the copolymer. Diagram takémm Ramanathaset al. (2013)

2.7.3. Spherical micelliationtheoreticaimodebk

From all the structures that the block copolymers can construct when they are in solutions
above the critical micelle concentration, the one that received the most interest in the literature
is the spherical polymeric micelles. A number of theoretical lfisaéon studies based on
spherical polymeric micelles have been developed over the years. In this section, the theoretical
models of spherical micelles that have drawn more attention in the litesaupgesented in

detail
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Leibler, Orland and Wheeler (1983) micellisation thery

Leibler, Orland and Wheeler (1983) presentsdrgle mean field model for micelle formation
by calculating the total free energy of the micellar plfaeéler, Orland and Wheeler, 1983)
The theory is considering a simple system, a solution-Bf diblock copolymers in melts of
A homopolymer A schematic diagram of one single micelle, as presented in their theory, is

shown inFigure2.10.

.
o)

Figure 2.10: Schematic diagram of a single micelle, reproduced freibler, Orland and Wheeler (198%egion

1is the core athe micelle with diametdRs and is comprised only by monomers B. Region 2 is the shell or corona
of the micelle with a thickness 8% and is comprised only by monomers A. The corona contains both monomers
A from the AB diblock copolymer and the homopolymer A melt. Region 3 is the area surrounding the micelles
and it contains the homopolymer A melt and fre® Aliblock copolymer in a hmogeneous mixture.

Their theoretical model was based on a number of assumptions. These are listed below:

1. A symmetric system is considered for simplicity, where the number of repeating units of
block A and B of the diblock copolymer is the saiNg< Ng= N/2).

2. The A homopolymer has a smaller number of repeating units than the A block of the
diblock copolymerilh < Na).

3. A pamount of copolymer chains form one spherical micelle of réRli(R = Ra + Rg).
Only spherical micelles are considered in this model.

4. The interface between the core and the corona of the micelle is treated as an interface
between two incompatible homopolymers.

5. The A and B blocks of the copolymers forming the micelles have an average emdl
distance of abouRa andRs respectively. Their deformation is related to their unperturbed
dimensiong[N/2]Y%3).
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The free energy expressions are based on a reference state in which chain A and B are
separated and therefore there are AB iteractions ¢ag= 0).

The entropic effect due to localisation of theBAconnections was disregarded in the
model.

The small compressibility of the polymeric liquid is ignored to derive simple relations to
estimate micelle dimensions.

The polydispersity of the micelles dimensions has been neglected in the total free energy
of the micellar phase expression. All micelles are considered as identical, including the

same amour of copolymer chains.

Initially, Leibler, Orland and Wheeler (1988)esented a model to estimate the free energy of

formation of a single micelle similar to the model suggested by de Gennes for copolymers in

solvents (se&quation2.8).

Equation 2.8: Free energyf a single micelle

=
Rs
r

Fq
Fm

O Y| O O
Total free energy of a single micelle
Micelle core radius
Interfacial tension
Energy of deformation of copolymer chains

Entropy of mixing Achains of the copolymer and homopolymer in micelle corona

The first termof Equation2.8 is representing the interfacial energy of the region between the

core and the corona of the micelle and it can be calculated with the Ikjpaifon2.9 derived

by Helfand and Tagam(1971) This expression of the interfacial tension was derived for an

interface between two incompatible pure homopolymers (see Assumption 4). Although, it can

be successfully applied in this case, since it was proven that the presence of solvent (or

homopolymey molecules will only have a very small effect in the total free energy of the
micelle (Munch and Gast, 1988)
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Equation 2.9: Interfacial tension

r Interfacial tension
Kb Boltzmann constant
T Temperature

Kuhn segment length

? Flory-Huggins interaction parameter

Then, the total free energy of the miceldrase (se&quation2.10) is calculated taking into
consideration that the systembs entr®py red
copolymer chains in micelles. Therefore, a fraction of the copolymer chains has to remain free

in the homopolymer matrix and not partidi@an the formation of micelles. This is to ensure

that the system is under dynamic equilibrium.

Equation 2.10: Free enggy of the micellar phase

0 H s "0 O Ny
Fv  Total free energy of the micellar phase

m Total number of monomers A and B in the system

3 Concentration of copolymer monomers

1 Average fraction of copolymer chains aggregating in micelles

p Number of copolymer chains in one micelle

N Polymerisation Index

F Total free energy of a single micelle

Fmix  Free energy of mixing copolymers and homopolymers outside the micelles

Sn Translational entropy of the gas of micelles

Once the total free energy of the micellar phas® (s calculated usind=quation2.10, is
compared with the free energy of the homogeneous mixture of homopolymers and copolymers.

The phase that has the lowest free energy dominates in the system.

Leibler, Orland and Wheeler (198Bave discovered that the existence and stability of the

micellar phase instead of a homogeneous phase is dependent on a balancdltetwieeties
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internal energy and the mixing entropy of micelles, freB Bopolymer chains and the A
homopolymer melt. Consequently, #guilibrium properties of the micellar phase, such as the
micelle dimensions, the fraction of-B copolymer chains forming micellemdthe average

number of freeopolymer chains is regulated by this balafide results prove that the system
thermodynamics may promote a micellar phase instead of a homogeneous phase even in cases
of low copolymer concentrations and low degree of inuatibility. Finally, they have
concluded that when the degree of incompatibility) (ncreases, the cmc decreases and more
copolymer chains aggregate to form micelles, to reduce the interaction energy of the system.
In these cases, the copolymer chains in the micelles would be stretched and therefore the

micelles would be bigger in size.

Munch and Gast (1988) micellisation theory

The micellisation theory presented by Much and Gast (1988) is based on the theory developed
by Leibler, Orland and Wheeler (1983) to describe the micelle formation of diblock copolymers
in solutions. The scope of their study was to construct a model thad cepresent
micellisation of block copolymers with much smaller solviembmpatible blocks and in
solution of smaller solvent molecules compared to previous mdHdeibler, Orland and
Wheeler, 1983)A schematic diagram of one single micelle, as presented in their theory, is

shown inFigure2.11.

o
)

Figure 2.11: Schematic diagram of a single micelle, reproduced fktumch and Cast (1988Region 1 is the

core of the micelle with diaaterRs and is comprised only by monomers B. Region 2 is the shell or corona of the
micelle with a thickness dRa and t contains the A blocks of the copolymer chains and solvent molecules S.
Region 3 is the area surrounding the micelles and it containsottient molecules &nd free AB diblock
copolymer in a homogeneous mixture.
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The interactions between the solvent compatible block of the copolymer A and the solvent S
are considered to be athermal for simplicitysE 0). Therefore, the producsd\s describes

the overall effective interaction per copolymer chain with the solvent and reflects the degree of
incompatibility of the system.

Munch and Gast (1988) have studied the effects of the degree of incompatibility of the system,
the solvent molecule size and the copolymer block lengths on the micellisation process. The
numerical results show that the critical micelle concentration andumber op copolymer

chains per micelle are lower when the incompatibility between the insoluble B block and the
solvent increases4{N\g increases More specifically, the cmc and numberpaghains reduce

when the relative length of the insoluble block increases, when the solvent S molecule size
increases and when the solubility of the less soluble group in the solvent deceeases (

increases).

Another outcome of their investigation is that the micelle radius increases as the solubility of
the insoluble block reduces, which is in agreement with what was observed (heibter,

Orland and Wheeler, 1983Ithough the amount @fcopolymer chains per micelle reduces.
This phenomenon is explained with thelp of Figure 2.12, which is showing the phase
transition from a homogeneous mixture of free copolymer and solvent to a micellar phase. The
osmotic pressure of each molecule should be the same in the two phases, since these are in
equilibrium. The A chains in the corona estl and compress to satisfy this condition. When
the e\ is small, the cmc is high and phase |Fkigure 2.12 would be concentrated.
Consequently, the A chains in the corona in phase Il would form a concentrated map by
compressing. Wheed\g is large, the cmc is low and phase | would be less concentrated, then
the A chains in the corona would extend past the random coil configuration to dilute phase II.
Therefore, increasing the degree of incompatib@igNs causes swelling of the micelle corona

and increases the overall micelle radius.
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Figure 2.12: Schematidiagram of the phase transition from diblock copolymer chains in solution with solvent
S (1) and micellar formation (I))reproducedrom Munch and Cast (1988Yhedegree of incompatibilitgsNs
determines the thickness of the coré@and the overall micelle radiug

Munch and Gast (1988) have also tested the effectiveness of the model and established its
credibility limits using simple asymptotic results. It was concluded that the application of a
monodisperse micelle size model is limited when the solvent moleadeissivery small
(monomeric solvent) and the aggregation nunpber large. The micelle properties are not
influenced by the concentration of the free copolymer chains, when the aggregation number is
very small, and therefore they can be calculated frasthgle micelle expression. The cmc

in this region can be estimated with a simple expression. Finally, a simple lamellar
micellisation model is presented briefly and it is determined that, at a given degree of
incompatibility Ged\s), a lamellae geometry surpasses a spherical micelle structure when the
A and B block lengths are equal and the solvent size is large relative to the polymer.

Nagarajan and Ganesh (1989) micellisation theory

A thermodynamic model to predict the safsembly behaviour of AB diblock copolymers in
selective solvents S has bedaveloped by Nagarajan and Ganesh (1989) based on the
micellisation theory of low molecular weight surfactants established by the same authors in
earlier years (Nagarajan and Ruckenstein, 1979; Nagarajan and Ruckenstein, 1983; Nagarajan,
1986). This blockcopolymer micellisation theory has taken into consideration the effects of
the solvent compatible block of tlm®polymer in the micelligeon behaviour, in contrast to

earlier studieqLeibler, Orland and Wheeler, 1983; Munch and Gast, 19883chematic
diagram of the system investigated in this thasigshown inFigure2.13. This model can be
applied to estimate the micelle size distribution, the critical micelle concentriiteoaverage

aggregation number and the micelle sizing parameters.
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Figure 2.13: Schematic diagram of a single spherical micelle, reproduced Nagarajan and Ganesh (1989)
The core of the micelle with diametBg is completely segregated and is comprised only by monomers B of the
copolymer. The shell or corona of the micelle with a thicknes& @bntains the solvent compatible A block of
the copolymer chainand solvent molecules S.

The solvent and copolymer system is regarded as a multicomponent solution of three distinct
chemical components; the solvent molecules, the singly dispersed copolymer chains and
micelles of allpossible aggregation numbep.(The equilibrium size distribution of micelles

in the system is established by minimisation of the free energy of this multicomponent system
and the equivalence of the chemigatential of the singly dispersed block copolymer molecule
with the chemical potential per molecule of micelles of any gxeThe expression for the

equilibrium size distribution of micelles is givenkiguation2.11.

Equation 2.11: Equilibrium micelle size distribution

. Q0K pQLf Q—”Y

3p  Volume fraction of micelles of aggregation numjper

. Volume fraction of singly dispersed copolymer molecules

p Aggregation number

Standard chemical potential of micelles of size

Standard chemical potential of singly dispersed copolymer molecules
kb Boltzmann constant

T Temperature

The averag@roperties of the micellar phase and the micelle size distribution are determined
from the difference in the free energy of a copolymer chain when in the singly dispersed phase

and when in the micellised phase. This free energy of micellisation exprassmmts for all
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the physicochemical traitions that a copolymer chaancounters while moving from the
singly dispersed phase to a micellar phase. Namely the expression incorporates the influence
of the changes in the states of dilution and deformation of block A, the changes in the states of
dilution and deformation of btk B, the localisation entropy of the blocks of the copolymer in

the micelles and the miceltmrecorona interface formation contribution. The free energy of

micellisation per molecule can be estimatsthgEquation2.12.

Equation 2.12: Free energy of micellisatigmer molecule

W Y Y B Y R W R Y R Y Y

‘ Standard chemical potential of micelles of size
p Aggregation number
‘ Standard chemical potential of singly dispersedolymer molecules

W' Free energy of micellisation per molecule

Nagarajan and Ganesh (1989) employed five different sebegralymer systems with a broad

range of properties to analyse the effect of the soleepblymer characteristics on the micellar

phase properties. It was observed that when the solvent S réprasaary good solvent for

the solvent compatible A block of the copoly

dominates the micellisation behaviour.

Finally, Nagarajan and Ganesh (1989) established general (not system specific) scaling
equations that relate the micelle sizing parameters (core fBgliw®rona thicknesRa and
aggregation numbaep) to the molecular characteristics of the solvent and the block copolymer,
including the interaction naturef the solvent and the A block of the micelle corona. The
scaling relations generated are givenEquation2.13 for the micelle core radiuRs, in
Equation2.14 for the micelle corona thickne$& and inEquation2.15 for the aggregation
numberp.
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Equation 2.13: Scaling relation for thenicelle core radius
, o6 [ arQyY a’ a’a YTY ‘
Y 7 a

p a7 & T YTY

Micelle core radius
Micelle corona thickness
Ratio between the molecular volume of block B and solvent S

Ratio between the molecular volume of block A and solvent S

e e < <

Interfacial tension between solvent S and B block of the copolymer

Q‘

Characteristic segment length
kb Boltzmann constant

T Temperature

Equation 2.14: Scaling relatiorfor the micelle corona dimensionless thickness

. . 7
Y - 0] a a T . T
~ e a o
Y %X & &

Micelle corona thickness

Micelle core radius

Ratio between the molecular volume of block A and solvent S

> o < <

Ratio between the molecular volume of block B and solvent S

Flory Huggins interaction parameter between the block A and solvent S

Equation 2.15: Scaling relatiorfor the aggregation number of the equilibrium micelle

™4 [ arQY t“Foa ’  1“Tod T Y TY

1 pa T 4T YTY
p Aggregation number
Y Micelle corona thickness
Y Micelle core radius
a Ratio between the molecular volume of block A and solvent S
a Ratio between the molecular volume of block B and solvent S
I Interfacial tension between solvent S and B block of the copolymer
o} Characteristic segment length

kb Boltzmann constant

T Temperature



In summary, different theoretical models have been constructed over the years to estimate the
micellar core radius, thickness of micellar shell and other important physical parameters of a
polymeric micelle. The model developed Rpgarajan and Gane¢h989)has an increased

level of complexity compared to previous models, approaching this way closer to the
experimental results that would be expected for a systéim an amphiphilicdiblock
copolymer ina selective solvent. These modeisre studied and analysed in depth to
understand the underlying principléaking place duringhe selfassembly proceduresf

diblock copolymerandleading to the construction spherical micelles in solutions.

2.8. Nanoparticle formulation techniques

The formulation of nanoparticles from polymeric materials is of great importance. Polymeric
nanoparticles have applications across various industries and fields due to their desirable
characteristics, such as nanoscale size, tailorability, and stabifigy.lifErature describes
several methods for sedfssembling or organising polymeric materials into nanoparticles. The
numerous available techniques provide researchers with a range of options to create different
types of polymeric nanoparticles with speciproperties and functionalities for the targeted

application.Some of the methods that are most commonly appliepgrasented iTable2.3.
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Table 2.3: Different techniquesavailable in literaturéor nanoparticle formulation

Method name

Procedure

Nanoprecipitation or
Solvent displacement

Involves the precipitation of a produced polymer (or other materia
from an organic solvent (dissolved phase) into an aqueous solver
phase) in the presence or not of a surfagBansalet al, 2015;
Kakdeet al, 2016; Phart al, 2019)

Thin film hydration

In thin-film hydration, lipid components are initially dissolved in an
appropriate solvent and subsequently dried to form a thin film usir
rotary evaporator. This film is then hydrated in an aqueous buffer
above its phastansition temperaturgChuet al, 2016; Hoet al,
2020)

Emulsion polymerisation

Emulsion polymerisatiobegins with the emulsification of
hydrophobic polymers in an aquears/ironmenusing amphipathic
emulsifiers, followed by the initiation of free radicals using eithier
or water soluble initiatorg-errariet al, 2013; Colombaet al, 2014;
Agostiniet al, 2018)

Salting out method

Salting out is a purification method that relies on the decreased
solubility of certain molecules in a solution with a very high ionic
strength. This technique is often employed to precipitate large
biomolecules such d&3NA or proteingGumfekaret al, 2017)

Solvent evaporation

The solvent evaporation technique is a versatile approach for pari
formation accommodating a range a@fugs andnacromoleculesThe

parameters of the emulsion formed during the initial step of partic
formationare essential factors influencing particle size, morpholog
anddrug loading(Beeret al, 2015; Hoet al, 2020)

The selection of a formulation method for nanoparticle synthesis is critical and must be
carefully tailored to the desired nanostructuype as each method provides unique
characteristics that impact nanoparticle morphology, size, and drug loading efficiency. For

instance, techniques such as nanoprecipitation are ideal for forming polymeric micelles with

hydrophobic cores for drug encapswat{Caprettoet al, 2011; Salvaget al, 2015) while

emulsionbased methods are more suited for generatingstwek nanocapsulgZambrane

Zaragozeet al, 2011; Zhowet al, 2023) Additional factors influencing the choice of method

include the physicochemical properties of the drsigc as hydrophobicity anstability),

polymer compatibility, required particle size and uniformity, and release profile. The removal
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of residual solvents, scalability, and preservation of drug bioactivity are also crucial
consideréions to ensure the formulatioefficacy and biocompatibility for therapeutic
applicationgTanget al, 2016; Bhardwaj and Jangde, 2023glecting the appropriate method
is therefore an important archreful process, balancing the specific structural needs of the

nanoparticleype with operational and practical constraints.

A combination of the particle formation methadsluded inTable2.3 was also observed in
literature to formulate nanoparticle of the desired characteristics. The combination of
miniemulsion and solvent evaporation was performdgiiaret al. (2015)for the formulation

of HEMA-PLA functionalised nanoparticles. Also, the use of multiple formulation techniques
was established in cases where the encapsulation of multiple of drugs within one polymeric
nanoparticle was desirabjeo et al, 2020)

From all the techniques presented able2.3 the method thatas received the most attention

and has been applied the most in the literature is the nanoprecipitation or solvent displacement
method. The reasoning behind the widespread implementation of this technique is the ease and
straightforwardness of executioand the fact that is a very fast process compared to others
like the thin film hydration, emulsion polymerisation and the solvent evapor@tapeltier,
Bourgaux and Couvreur, 2014; Almoustafa, Alshawsh and Chik, 20feover, its ability

to formulate controlled nanoscale particles has been documented in multiple (fapers
Cantuet al, 2019; Vase¥t al, 2019) In addition, by changing the different nanoprecipitation
parameters (such as solvent/antisolvent qualities, selgeritisolvent ratio, temperature etc)

the final nanopatrticle properties can be tu(feldanet al, 2019)

The most important advantage of the nanoprecipitation technique is its potential ability to be a
scalable process in the future. This makes#moprecipitation procede a lot more promising
sincethe current statef formulation of polymeric nanoparticles is only carried out at a lab
scale with only a very few commercial formulations in the magkkehoustafa, Alshawsh and

Chik, 2017) Therefore, if a selassembling methodology is developed and is applicable for a
scaleup process, then the promotion of novel polymeric nanoparticles enhancing the
therapeutic effects of poorly soluble drugs is going to move to the next level witbstiseot

production decreasing and the availability issues reduced.
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All the techniques inTable 2.3 are kineticprocesses. Meaning that the driving forces of the
procedures are based on the kinetics and not the thermodynamics of the Flgsarkinetic
formulation techniques could result in the production of polymeric micelles that are kinetically
trapped (otherwise known as kinetically frozéA)moustafa, Alshawsh and Chik, 201This
phenomenon has been documented and discussed in the literature based on observations
emerged from results obtained when the nanoprecipitation technique was @pgtiotdord

and Burt, 2007)The term kinetically trapped is used when the kinetics and dynamics of the
selfassembly processes are so fast that the system does not have enough time to conform into
a structure that is under thermodynamic equilibrium. This leads to the formatikmefieally

trapped micellar structure, where there is no distinct interface between the two blocks of the
polymer (hydrophilic and hydrophobic blocks) since some of the polymer hydrophilic chains
could be kinetically trapped inside the nanopatrticle ¢aydrophobic regionjZhu, 2013)

A polymeric structure at thermodynamic equilibrium could be extremely beneficial for the
stability of the system and the improved retention of the encapsulated drug when in the blood
circulation system. This is not quite evident in the literature, whiabeke a clear gap for the
implementation of the traditional nanoprecipitation process and a thermodynardiozthy
procedure with slower kinetics in this research project. Their comparison will finally be used
to assess which system would be considerecenaeal as a drug delivery system for cancer
chemotherapy, a kinetically trapped one or a systethermodynamic equilibrium.

2.9. Summary

The key points and findings of the extensive literature review performed for this thesis and
presented in this chapter are summarised in this section. Cancer chemotherapy is an extremely
significant sector of the health organisation worldwide, holdingtbgest economic budget
contribution in the whole NHS here are a number of implications related with the application

of chemotherapy, with the most important being the multiple side effects experienced by
chemotherapy patients. The reason behind allethesplications is the nature of the
chemotherapy drugs. These are cytotoxicypolar, highly hydrophobic compounds, with low
aqueous solubilities. An ideal DDS that can encapsulate the hydrophobic drugs is required to
limit the side effects experienced Ipatients and to reduce the costs related to cancer
chemotherapyPolymeric nanoparticles are highly used materials with promising applications
as DDS of anticancer drugshe type of polymeric nanoparticles that have gained the most
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attention in literature are the polymeric micelles. These arestwik structures formed from
selfassembly of amphiphilic block copolymengien present in agueous environments are
concentrations above the cmc. It was proven that #éneycapable of encapsulating tumour
therapeutics with their nanoparticle cof&ée most widely used materials for constructing the
polymeric micelles are based on polymers of poly(ethylene glycol), poly(lactide)Upoly(
caprolactone), poly(glycolide) and their copolyme&siumber of polymerisation techniques

can be applied for the successful synthesis of these type of materials, with the most applied
reactions beinlROP, FRP, ATRP, RAFT polymerisations and their combinatibissially

these reactions are taking place in a petrochemical solvent, such as DCM, THF, toluene and
xylene. It is well known that these solvents are highly toxic and harmful for the environment,
animals and humans. Also, these are being used for the ggrahewterials that are intended

for biomedical applications. Therefore, it is of great importance to replace these with safer and
6greener6 alternatives. Che seHassembhing behaniaut o , t h e
block copolymers into nanopatrticles is required to form a greater understanding about the
influence of different formulations techniques, polymer molecular structures, processing
parameters and surrounding environment cabton the final formulated product and its
properties.This can be achieved by performing experimental procedures that are developed
based on the understanding and application of different micellisation theories established and

refined over the years mumerous authors.
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3. Materials and methods

The research methodology and experimental procedures performed in this thesis are presented
in this chapter. All the materials used in this thesis with information on their grade, purity and
supplier argjiven in sectior8.1 The methodology followed for the block copolymer syntheses,

the selfassembly techniques, the cryoprotectant systematic study and the model drug
encapsulation experiments performed in this thesis are presented in se&i@i3 3.4 and
3.5respectively. Finally, the characterisation techniques implemented to analyse and monitor

the properties of the constructed materials are demonstrated in $6tion

3.1. Materials

All the chemical reagents and solvents used are commercially available and were purchased
from Merck (Darmstadt, Germany), Sigma Aldrich (St. Louis, MO, USA) or Fisher Scientific
(Loughborough, UK) and used as received unless otherwise stated. The distilled water used
throughout this thesis was purified using Stuart Distinction D4000 water still (Bibby Scientific
Ltd, ColeParmer UK supplier). The lipase, Novozym 43Bafdida Antarcticalipase B
immobilized on acrylic resin), that was utilised for the enzymatic ring opening polymerisation
(eROP)of UCL in Chapter 4, was kindly donated by Novozymes A/S, Dennfakle 3.1

shows alphabetically all the chemical reagents and solvents used e#iss their purchasing

company andhformation on their grade/purity.
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Table3.1: Purchasing comparandgrade/purity of all chemicalgsed in this thesis

Material Company Grade/Purity
2-MeTHF SigmaAldrich 99%
Acetone SigmaAldrich 99%
Acetonitrile Fisher Scientific HPLC Gradient grade
AIBN SigmaAldrich 98%
Chloroformd Fisher Scientific 99.8% D
CPAB SigmaAldrich N/A

DBU SigmaAldrich 98%
Diethyl Ether SigmaAldrich 99%
DMSO SigmaAldrich ACS reagent
Ethyl acetate SigmaAldrich 099. 5%
Glycerol SigmaAldrich 99%
HEMA SigmaAldrich 099 %
Lactide SigmaAldrich 99%
Methanol SigmaAldrich 99.8%
MPEGooo SigmaAldrich N/A
MPEGooo SigmaAldrich N/A
n-Heptane SigmaAldrich Anhydrous, 99%
n-Hexane SigmaAldrich 99%

Nile Red SigmaAldrich N/A
Novozym 435 Novozymes A/S N/A
PEG1000 SigmaAldrich BioUltra
PEG6000 SigmaAldrich BioUltra
PEG10000 SigmaAldrich BioUltra
PEG35000 SigmaAldrich BioUltra
PEGMA SigmaAldrich N/A

THF Fisher Scientific 99.5%
UCaprolactone SigmaAldrich 97%

3.2. BCPsynthesis experimental methodology

3.2.1. Selection of polymerisation components

The rationaldbehind the selection of the different chemical reagents and the solvent used in
Chapter 4 and Chapter 5 of this thesis for the synthesis of a block cop¢B@®Xibrary of
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biodegradable and biocompatible materials intended for biomedical and pharmaceutical

applications are presented here.

Solvent - 2-MeTHF: As already mentioned in sectidh5.2 2-methyltetrahyfrofuran 2
MeTHF) is a neoteric volatile cyclic ether sourced from biomass, wisich renewable
feedstock(Huber, Iborra and Corma, 2006; Corma Canos, Iborra and Velty, .2ZR6[Evant

to its use in pharmaceutical manufacturihhas been characterised for biological applications
with negative genotoxicity and mutagenidintonucciet al, 2011) Furthermore, its solvent
properties, reporteth Table2.2, suggesthat 2MeTHF isa promising greepolymerisation
solvent when compared to the conventional polymerisation solveltsTRIF has previously
been employed as the polymerisation solvent forrithg opening polymerisatiorROP) of
terpeneinitiated lactide (LA) proving its suitability as aolvent for sustainable ROP processes
( O6 B etiak 8020) In Chapter 4 the aim was to assess its ability to act as a multi
polymerisation solvent for the synthesis of biocompatible and biodegradable BCPs for medical

applications.

Monomers i Lactide (LA) and UCaprolactone (3CL): Both monomers are hydrophobic
compounds and can undergo ROP to form biodegradable and biocompatible aliphatic
polyesters. The selection of these specific monomers enabled us to abs=FEBIR2 as a
polymerisation solvent for both metlate and enzymatic &P in Chapter 4. Lactide was
selected because it is the benchmark for biopolymers and has been shown to polymerise
efficiently in the presence of tBiazabicyclo[5.4.0lJunde@-ene (DBU), which is the metal

free catalyst chosen in this investigati¢hohmeijer et al, 2006) Previous studies
demonstrated tha#CL can be polymerized via enzymatic RO#&talysedby Novozym 435
(Kumar and Gross, 2000; Kumetral, 2000) For Chapter 5, the synthesis of{based diblock
copolymers only was preferred to emphasise on the effect of BCP properties, such as
hydrophilicto-hydrophobic ratio, hydrophobic and hydrophilic block lengths and overall
polymer molecular weight, on tisel-assembly behavior of these polymeric materials.

Catalystsi DBU and Novozym 435The organocatalyst, 1-@azabicyclo[5.4.0Junde@-ene
(DBU), and the enzymeZandida antarcticdipase B (CALB) also known as Novozym 435
(lipase), were employed in Chapter 4 for the synthe§PLA and PCL respectively Both
catalysts aremetalfree to eliminate the risk of residual salts remaining in the final

pharmaceutical products most conventional metal catalysts are toxic to human health
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(Jaishankaet al, 2014; Egorova and Ananikov, 2017; Engetaal, 2019) The activity of
these catalyst is reduced compared to conventional metal ca{Bigadtst al., 2006; Pearcet
al., 2019) however, they can catalyse the ROP of a variety of cyclic monomdosvat
temperaturgoffering greater control over the polymerization pro¢&ssnar and Gross, 2000;
Kumar et al, 2000; Lohmeijeet al, 2006) The DBU catalyst can perform the fast ROP of
lactide(Vaseyet al, 2019, etd)@®0)bue exhibitslimited activity for the ROP of
lactones,including UcaprolactongLohmeijeret al, 2006) The opposite is true for lipase,
which has dow activity for the ROP of LAIn contrast to itseactivity and chemicaffinity
for CL, which has been documented in the litera(Bieeterst al, 2005; Castanet al, 2014;
Baoet al, 2020) For the ROPs initiated by labikesters (HEMA and PEGMAthe use of the
mild catalyst DBU prevest transesterification and dimet®n sidereactions that are
encountered in the presence of active and bifunctional ROP catalysts, including lipase and
triazabicyclodecene (TB(Takwaet al, 2008; Xiaoet al, 2009; Pearcet al, 2019; Ruiz
Cantuet al, 2019)

Initiators T MPEG2000, MPEGs000, HEMA and PEGMA: Methyl-polyethylene glycol Q00

Da (MPEGoog), methytpolyethylene glycol 5000 Da (mPEéx), polyethylene glycol
methacrylate 300 Da (PEGMA) agehydroxyethyl methacrylate (HEMA) have besglected

as the initiatoref thepolymerisatiorprocessAll these are hydrophilic compounds anitiate
effectively the hydrophobic monomers of LA ardCL, constructingamphiphilic block
copolymers.The rationale for their selection is their high biocompatibility, which has been
previously documented due to their repeated use in initiating polyorguedrmaceutical and
medical applicationfAlbertsson and Varma, 2003; Xt al, 2009; Xuet al, 2009; Ferraret

al., 2013; Kakdeet al, 2016) The use of initiatordearing functional groupssuch as
methacrylates, which introduce an estthin reactive double bond to the final polymer product,
lead to the generation of versatile biodegradable copolymers with hybrid archit¢eraese

et al, 2019) The resultant copolymers can be further investigated in a second polymerisation
step, such as FRP and RAPMaseyet al, 2019) In the case of HEMA and PEGMA the end
chain double bond opens up in radical polymerisations to connect individual linear polymers
leading to products with hybrid structurédl the materials produced using th@o mPEG
initiatorshave a lineaconfiguration (Chapter 5), whereas the block copolymers produced from
the labileester PEGMA and HEMA initiated ROPs have grafted polymer aaiites.
Although, both architectures enable the amphiphilic block copolymers tasssmble into

nanoparticles in aqueous environments as documented in Chapter 4.
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RAFT agent and radical initiator T CPAB and AIBN: RAFT polymerisation is a radical
process with a controlled reaction mechanism. In this type of polymerisations, a RAFT agent
is present to control the kinetics of the radical polymerisation. In the RAFT polymerisation
reactions performed in Chapterddcyana4-(phenylcarbonothioylthio) pentanoic acid (CPAB)
was useds the RAFT agent. CPAB gives a high degree of control ovendtecular weight

and the polydispersity of the final polymeric product duriadical polymerisation and is
suitable for the polymerisation of methacrylate mononfldisad, Rizzardo and Thang, 2012;
Ana A. C. Pachecet al, 2021) Azobisisobutyronitrile (AIBN) has been employed as the
radical initiator forboththe RAFT and FRP polymerisations. AIBN is a commonly used radical
initiator because it provides good control over the molecular weights and low polydispersity
index (PDI) for the final polymer producf€hu and Lin, 2003; Nitat al, 2011; Zhonget al,

2017) This radical initiator thermally decomposes in solution releasing free radicals to initiate
the radical polymerisatioiiKrstina et al, 1993; Moad, Rizzardo and Thang, 2Q1Zhe
reaction temperature applied for the radical polymerisations in Chapter %isab%vhich the
decomposition rate of AIBN generates the radical flux required for the radical polymerisations
(Ana A. C. Pachecet al,, 2021)

3.2.2. Synthesis procedures

The synthesis of multiple amphiphilic block copolymers, with a hydroppoig(ethylene)
glycol (PEG-based block and a hydrophobic PLé&r PCL-based block, was performed in
Chapters 4 and 5 of this thesis. Details of the specific block copolymer libraries produced and

the detailed synthesis procedures followed in each case are included in the releptnsch

As already mentioned in the literature reviemChapter 2there is a consistent and vigorous
synthesis procedure that is commonly followed by researchers for the construction of block
copolymers. This general procedure of polymerisation reaction techniques was followed for
the production of the amphiphilic BCHAmoth in Chapter 4 and Chapter 5 of thisdis.

The general synthesis process followed, involved the measurement and addition of the desired
amounts of monomer, initiator and polymerisation solvent in a glass vial under constant stirring
at the required reaction temperature. In the case of radical @adations, this process was

completed under inert gas conditions. After the full dissolution of the materials, the insertion
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of the predetermined amount of catalyst was performed to start the polymerisation reaction.
After the required reaction time has passed, the polymerisation reaction was terminated via
precipitation of the reaction mixture in a nsalvent for the polymetn some cases, this step

is applied at reduced temperatures to accelerate the sedimentation process of the material.
Multiple precipitation steps were followed to purify the final polymer product, which
subsequently was fully driefbllowed by its analys through the different characterisation

techniques in sectio®.6.1

3.3. BCP seltassembly investigation methodology

All the block copolymers produced in this thesis are able teassEémble into polymeric
nanoparticlegNPs)in selective solvents due to their amphiphilic nature. The synthesised BCPs
consist of a hydrophobic block (PLA or PCL) and a PE&Sed hydrophilic block. Therefore,
when a selective solvent, such as an aqueous solvent, is introduced in the systerokthe blo
copolymers selhssemble into particulates. The driving force of this polymer chain
organisation is the unfavourable molecular interactiomehtydrophobic BCP block with the
agueous solvent. Thus, the polymer chains are physically arranged in solution to construct
nanoparticles with a hydrophobic core surrounded by a hydrophilic corona, which is in contact

with the aqueous solvent.

As already discussed in the literature revievZhapter 2this is a highly desirable property of
the amphiphilic block copolymers, since it can be applied for the formulation of polymeric
nanoparticles that can act as drug delivery devidehighly hydrophobic drugs twancerous

target areas in the human body.

3.3.1. Process parameters under investigation

The organisation of the BCPs into these advantageous nanostructures has been achieved using
a variety of formulation processes before as seeection2.8 of the literature review. The
formulation technique that has gathered the most attention in literature is the nanoprecipitation,
or otherwise known as solvent displacement, technique. The wide application of this method

is based on its processing charsdste, such as the simplicity, speediness and scalability, when
compared to other nanoformulation techniques. The nanoprecipitation process was employed

to selfassemble the amphiphilic block copolymers produced in this thesis.
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The driving force applied during the nanoprecipitation technique for theasstinmbly of the

BCPs, in terms of BCP concentration in solution, was investigated in Chaptethb.dame
chapter, the sefissembly process speed and the rate of addition of the BCP solution into the
antisolvent (water in this case) was also examined. As mentioned before, the effect of the
amphiphilic BCP properties on their nanoparti(dP) arrangement was also studied by
varying the hydrophobic block length, the hydrophibtock length, the polymer total
molecular weight and the hydropholt@zhydrophilic ratio of the same material (MPEGA

diblock copolymer). The main goal of these experiments was to gain a deeper understanding

of the selfassembly mechanism of amphipbiblock copolymers.

3.3.2. Seltassembly procedures

The general experimental procedure applied in this thesis for thasselfnbly of the
synthesised amphiphilic block copolymers iNBs involves the preparation of a good solvent

and an antsolvent solution and their mixing to induce the particulate formulation. The BCP is
fully dissolved in a good solvent for both blocks. The good solvent used for the dissolution of
both blocks is tla organic solvent, acetonitrile. A pdetermined amount of a selective solvent

for one of the polymer blocks is also pregzhin another container. The selective solvent used
throughout this thesis in distilled water (purified as mentianezkction3.1). The goal is to

form NP suspensions through solvent exchange between the organic good solvent (acetonitrile)
and the aqueous block selective medium (distilled water). During the NP formulation process,
the BCP is transitioning from a fully dissolved @r®pen and expanded polymer chains) phase

to an ordered and structured phase, where nanopatrticles are suspended evenly in distilled water.
The contentsof the two container (solvent and antolvent) were mixedo commence the
process of solvergxchangeand the phase transition of the BCPs from fully dissolved to NPs

in suspension.

The mixing process was performed by adopting various methods. In the regular

nanoprecipitation process, the polymer solution in acetonitrile was added dropwise, either by
hand or with the help of a syringe pump (Standard Infuse/Withdraw PHD UETRB#inge

Pump, Harvard Apparatus, Massachusetts, USA), into the distilled water container under
constant stirring. The rate of addition of the polyraeetonitrile solution in water was varied

to investigate its effect on the final NP suspension. The ptioeess employed in Chapter 5
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was the slow addition of the desired amount of distilled water into the container of the dissolved
polymer in acetonitrile, again under constant stirring. This method was utilised with the aim to
slow down the fast process kinetics of the nanoprecipitation technique and study the effect of
this on the final NP properties. For all the acetoninibger mixing procedures followed, the
experiments were completed in a fume cupboard, since the finabfstdpthe formulation
processes was the removal of tlwdatile acetonitrile solvent by evaporation to complete the

solvent exchange process.

Further information and the specific experimental details applied for the BCRsselihbly
experiments (polymer material, process conditions, process duration etc) are included in each

of the relevant chapters.

3.4. Cryoprotectants systematic study methodology

Polymeric nanoparticles are promising vehicles for delivering hydrophobic chemotherapy
drugs to cancer sites, but their commercial use is limited due to inadequatertorgjability

in aqueous solutions. This leads to the resemrehueof enhancing their stability for extended
storage. The poor stability of polymeric nanoparticles in agueous mediums originates from
both physical (aggregation, fusion) and chemical (hydrolysis, drug reactivity, drug leakage)
instabilities, which can be tigated by removig water through freezgrying. This process
removes the solution water by sublimation under low pressure in three steps: freezing, primary
drying (ice crystal removal), and secondary drying (removal of residual water), but it can stress
fragile suspensianlike polymeric nanoparticles. This could lead to the potential disruption of
their stability and size due to mechanical stresses from ice crystal formation. Excipients known
as cryoprotectants and lyoprotectants can be added to nanoparticle suspe&fsrerfsdeze

drying to prevent the disorganization of the formulation, to enhance the stability during the

process and to improve the material physical stability during storage.

The mainaim of Chapter 6 waw investigatethe impact of the freezing step of the freeze
drying process on mPEBLA nanopatrticlesuspensions and minimisation of mechanical
stresses from ice crystal formation. To achieve this a number of common cryoprotectants,
including different molecular weight PEGs, were employed to perform a systematic study of

their shielding behaviour on tHRCP nanoparticles. The cryoprotectants were assessed on
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whether they are able to preserve the nanoparticle sizes and structures through control of the

ice crystal formation during the freezing step.

3.4.1. Selection of cryoprotectants

The three different types of cryoprotectaataployed in the systematic study performed
Chapter 6are PEG, DMSO and glycerol. These cryoprotectants were used to exhdrine
controland minimisaton of the ice crystal formation, which leads to thgruption on BCP
NPs, occurring during the freezingptof the freezelrying processThe reasoning behind the
selection of the different cryoprotectantssen in this studg presented here.

PEG of different molecular weights:

Poly(ethylene) glycol is regularly used ascayoprotectant in various nanoparticle and
biological systems. Moreover, it is well knownthe literature that the effect of PEG is very
important during the freezing process, since it is very efficient at limiting and controlling the
ice crystal formation of water within the sampii, Wood and Thoma, 2004; Mohammady,
Mohammadi and Yousefi, 2020; Jagigal, 2022) However, there are only very limited cases
that it has been used as a cryoprotectant for polymeric nanopagAtieslik et al, 2017;
Umerskaet al, 2018) Therefore, there i$imited information in the literature about its
behaviour and efficiency to act as a cryoprotectant of polymeric nanoformulations.
Additionally, the effect of the PEG chain length on the FH® pharmaceutical product
properties during the freezing stage has never been systeipateq@rtedbefore inthe

literature, leaving a clear research gap for this experimental investigation to address.

DMSO:

In addition to PEG, other cryoprotectants that are commonly used to preserve the properties of
biological and pharmaceutical systems are dimethyl sulfoxide (DMSO) and glycerol. DMSO
is the most applied excipient utilised for the protection of living ¢El&gel, Park and Jeong,
2023) The wide usage of DMSO @kieto its cellpenetratingability. It can penetrate into the

cell by diffusion, protedng it from ice crystal formation during cryopreservation. Ultimately

it replaces the intracellular water and stabilises the biological syBteattacharya, 2018As

a solventit is miscible with a wide range of organic and fayganic solvents, including water,

and it dissolves polar and n@olar materials due to its polar aprotic solvent nature. DMSO is
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a costeffective solvent with minor cytotoxicity at high concentrations and high freezing

temperature (16-19°C) makingit a very popular cryoprotective agent.

Glycerol:

Glycerol is an odourless and colourless liquid and the most frequent polyol (sugar alcohol)
employed for cryopreservatidistorey and Storey, 1991lf is a material with high viscosity
forming hydrogen bonds with water molecules. Both properties are very important to achieve
a successful cryoprotection, since they restrain the ice crystal formation of water and reduce
the sample osmotic pressurefeiences during the cooling procesgigros et al, 2005;
Bhattacharya, 2018¥lycerol is less toxic than other commonly used cryoprotectants at high
concentrationgZhanget al, 2022) Moreover, it is a permeating cryoprotectant and highly
water soluble even at low temperatures, like DM3énget al, 2022) These are properties

that allow the excipients to penetrate easily through biological membranes and shield the

biomedical products from the mechanical and osmotic stresses of fré&iiatpyet al, 2021)

3.4.2. Experimental procedure

In the investigation carriedut in Chapter 6, four different molecular weight variants of PEG
(2000, 6000, 10000, and 35000 Da), along with the conventional cryoprotectants DMSO and
glycerol were employed. The aim was to examine how the length of the PEG chains influences
the propeities of the mPEGPLA nanoparticle suspensions after freezing and in the final freeze

dried product.

Briefly, the procedure followed to assess the ability of the selected materials to act as successful
cryoprotectants starts with the preparation of mHHE® nanoparticles by nanoprecipitation,
following the general procedure discussed in se@i82 Then, the mixing othe produced

NP suspension with solutions of the cryoprotectants chosen, is completed. The freezing and
thawing of the NRcryoprotectant suspension formed is performed to simulate the freezing step
of the freezeadrying process. The effect of the fregdhaw pocess on the properties of the
suspensiorns monitored with the help of yhamic light scatteringDLS). Later, the freeze

drying process is completed in the Telstar LyoQuest frdere (Azbil Telstar, S.L.U.,
Barcelona, Spain) and the surface and structure of the final dried material is observed under

SEM. Finally, the redispersal of the recovered fresdried material in distilled water (purified
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as mentioned in sectidhl) is perbrmed to esinatethe reconstitution time and the final re
dispersed NP size VLS.

Further information on the experimental procedure details and the process conditions applied
for the investigation of the effectiveness of the chosen cryoprotectants in shielding and

protecting the nanoparticle suspension characteristicpresented in Chapter 6.

3.5. Model drug encapsulation methodology

The amphiphilic bloclcopolymer nanoparticles produced in this thesis are envisaged for use

in the biomedical sector, as drug delivery systé®BS) for highly hydrophobic cancer
chemotherapy drugs. Thus, it is a requirement that these materials are capable of encapsulating
the hydrophobic drugs inside their hydrophobic core and surrounding them with their
hydrophilic corona to constitute an efficient grdelivery vehicle. Therefore, the evaluation of

the ability of these BCP nanoparticles to encapsulate highly hydrophobic molecules is essential.

The main aim of Chapter 7 wasssessing the pacity of the mPEGLA nanoparticles
constructed via nanoprecipitation to encapsulate a hydrophobic compound, which is acting as
a model drug imitating the properties and interactions of chemotherapy drugs. The effect of the
block copolymer final concentiian in NP suspension on the encapsulation process of the
model drug was investigated. The encapsulation of the model drug was quantified through the
measurement of the encapsulation efficiency (EE%) and tigeldading capacity (LC%) of

each of the drug loaded nanopartidemulationsconstructed.

3.5.1. Encapsulation procedure

For the encapsulation of the model drug, the same procedure carried out for-#sselbly

of the amphiphilic block copolymers into nanoparticles via nanoprecipitation was followed
(section3.3.2. The model drug was fully dissolved with the BCP in acetonitrile, which is a
good solvent for both blocks of the polymer and the model drug. The concentration of the BCP
in the final nanoparticle suspension was varied to examine whether a higher coioceotrat
polymer could encapsulate a higher amount of hydrophobic model drug. Then, the
homogeneous solution of Nile rBICP-acetonitrile was nanoprecipitated into the desirable

amount of distilled water, under continuous stirring. The solvent exchangesprioom the
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organicgood solvent (acetonitrile) to the aqueous block selective solvent (distilled water) was
triggered instantly when the two solutions were mixed. In this case, the phase transition of the
BCP from a fully dissolved solution to a nanoparticle suspensiordsrgaanied by the model

drug. During this process, Nile red is driven by its hydrophobic nature avoiding the molecular
interactions with water. In contrast, the hydrophobic block of the polymer and the Nile red
interactions are favourable and theref are driving the setissembly of the BCP and the
encapsulation of the model drug within the nanoparticle structures during the NP formulation
process. The rest of the nanoprecipitation conditions and procedure are the same as before.

3.5.2. Encapsulation quantification

The ability of the polymeric nanoparticles to incorporate the model drug within their structure
and form an effective drug delivery system was determined through two methods. First, the
encapsulation efficiency (EE%) of the polymeric nanopatrticles, wretdrichines the amount

of drug that was captured and encapsulated within the NP structure compared to the amount of
drug that was initially used for the experim@Rignatelloet al, 2001) was determined. The

EE% can be calculatagingEquation3.1. Moreover, the drug loading capacity (LC%) of the
polymeric nanostructures, which is the weight of the drug encapsulated within the NP
compared to the weight of the whole drug loaded system (weight of polymeric NP and
encapsulated druglovendeset al, 1999) was estimated. The LC% can be determined using

Equation3.2.

Equation 3.1: Encapsulation Efficiency (EE%)
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Equation 3.2: Drug loading capacity (LC%)
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The amount of drug that was loaded inside the BCP nanoparticles was measured indirectly by
using the amount of drug that was not encapsulated within the nanoparticles. Fhe non

encapsulated Nile red was extracted from the rest of the NP suspension Wwélptbediethyl
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ether (more details in Chapter 7). Tamount of model drug extracted was analysed and
guantified by U\visible spectrophotometry. The amount of drug loaded in the nanoparticles
was determined by subtracting the Aoaded drug amount from the total amount of drug
initially used in the experiant.

3.6. Characterisation techniques

3.6.1. Synthesised polymer product characterisation

The characterisation techniques conducted to analyse all the block copolymers, which were
synthesised from the different polymerisation reactions completed throughout this thesis

(section3.2.2, are summarised in this section.

Nuclear magnetic resonance spectroscopy (NMRINMR is used in a wide range of
applications to provide detailed information on the structure of organic compounds and the
concentration of molecules in complex mixtures. Also, this method is used for the direct
observation of chemicakactiongPearceet al, 2019; RuizCantuet al, 2019)

In this instance, theonversionof monomers to polymerghedegree of polymerisatiofDPn)

of each reactioand the molecular weight of the firadlymer product were determined using

H nuclear magnetic resonance spectroscdgyNMR). To achieve this, thtH NMR spectra

of the initial reaction mixture dissolved inMeTHF before the addition of the catalyst (DBU

or lipase), and therefore before the start of the polymerisation reactiachedHdNMR spectra

of the final purified polymer product for ehccase, were compare@DClz (deuterated
chloroform)was used athhe common deuterated solvesrtd all samples wel@nalysed using

a Bruker DPX 400MHz spectrometefBruker Corporation, Massachusetts, USfsgrating at
400MHz (*H). Chemical shifts were assigned in parts per million (ppm). MestReNova 6.0.2
copyright 2009 (Mestrelab Research S. L.) was used for analysing the spectra.

The DR, conversion and final polymer molecular weight were established from spectra
integration Figure3.1 shows the integratéti NMR spectra for the final purified HEMAA 25
macromonomer produced in Chapter 4 as an example. The specific macromolecule peaks are
annotated on thiH NMR spectraKigure3.1-B). The desired number of repetitive LA units in

the final polymer and target @Ras 25 (shown in the stoichiometry reaction schenkéguare

3.1-A). In thiscase, the number of LAKCprotons is equal to the number of repetitive LA units
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in the final polymer. Although, LA is a symmetdompound and incorporates twél@rotons
in its structure per full unit. Therefore, the total number of LA @otons calculated by the
integration of théH NMR spectra is divided by twim determine the final DP
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Figure 3.1: (A) Reaction scheme for the ROP of lactide initiated by methacrylates to produce methdaéylate
macromonomergB) Integrated'H NMR spectra of the final purified HEMAA 25 macromonomer with all the
characteristic peaks assigned.

Size exclusion chromatography (SEC)SEC is also commonly known as Gel permeation
chromatographyGPC); the two terms are used interchangeably in the area. It is frequently
used indifferentapplications irvariousareas, such as polymer chemistry, analytical chemistry
and biological chemistnyt is a type of liquid chromatography applied for the size separation
and analysis of the different molecules present in a sa(gé et al, 2019; Majeed,
Sekhosana and Tuhl, 2020)
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The name gel permeation chromatography is given to the process since the porous stationary
phase that forms the packing of the column is a gel matrix. The separation of the different sized
molecules in a sample is achieved by their filtration through éhénghecolumn. As seen

from Figure3.2, the working principle of SEC is based on the fact that smaller size molecules
can enter and diffuse through the pores of the gel matrix, therefore spending a longer time
inside the stationary column. The elution time of smaller molecules is highemthasto the

larger molecules, that cannfdtthrough the pores of the gel matrix, are excluded and have to
pass around the gel particles. Thus, taking a shorter pathway and having a lower elution time
from the stationary column. This exclusion effect allows the separation of the different size
molecules present in a sample and their characterisation based on the detector signal received

on the elution timegHong, Koza and Bouvier, 2012)

In Chapter 4 and 5, the detector signal received for the elution times of the different molecules
of the synthesised polymer samples is analysed and used to determine the number average
molecular weight (M) andthe molecular weight dispersity of all the final block copolymer
products. More specifically, the GPC waesrformed with the help of Agilent 1260 Infinity

Series HPLC (Agilent Technologie8alifornia, USA. Two Agilent PL-gel mixedD columns

were used in series to form the porous gel matrix. ThHalenphase flow rate wasril/min. A
differential efractometer (DRI) was used as the sample detector for the elution of molecules
from the columnThe SECsystem was calibrated using p@hethyl methacrylatg (PMMA)

standardgrior to measurement.
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Figure 3.2: Working principle of size exclusion chromatography (SEC) characterisation technique. Figure taken
from Striegelet al (2009)

3.6.2. Nanoparticle suspension characterisation

The characterisation techniques employed to analyse the block copolymer nanoparticles, that
are produced through the different formulation processes and conditions applied in this thesis,

are summarised in this section.

Dynamic light scattering (DLS): DLS measures the Brownian motion of particles in
suspension and uses this information to determine their hydrodynamic size. Laser light is
scattered by the dispersed patrticles in solution at different intensities. By analysing the intensity
fluctuations, he rate of Brownian motionwas determiné, which is quantified by the
translational diffusion coefficient (00). The Stokesinstein equation correlates the
translational diffusion coefficient ({ with the hydrodynamic radius (R of the particle as
shownin Equation3.3. Thus, DLS can be used to obtain information on the size of the particles

in suspension.
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Equation 3.3: The StokesEinstein equation

. QY
Y m
Y Hydrodynamic radius (m)
o) Boltzmann constant (fkg/K-s%)
Y Temperature (K)
- Dynamic viscosity (P&)
(0] Translational diffusion coefficient (ffs)i rate of Brownian motion

For the experimentperformed in this researcBLS was used to establish information about

the nanoparticle size distribution and the polydispersity index of the nanoparticle population
present in the sampldsanoparticles were prepat at different concentrations hgloptingthe
formulation techniquediscussed in sectioB.3.2 The DLS equipment used is the ZetaPALS
(2008) model by Brookhaven Instruments Corporation (NY, USA), equipped with a red solid
state laser. The measurements were completed at room temperaf@p [2fe samples were
equilibrated at the measurement temperature in the equipment cuvette chamber prior to

measurement. Each measurement consisted of ®fdims same sample.

In Chapter 4the particle size analyses were performed by DLS utilizing a Zetasizer Nano
spectrometer (MalverRanalytical.td, Worcestershire, UK) equaed withred solid statéaser.
Nanoparticles were prepatadopting a simple solvent displacement methodo{Bimanet al,

2019) Samples were equilibrated at 26 prior to measurements. All experiments were
performed in duplicate averaging 15 scans per run of the same sample.

Zeta potential (Z-potential) analysis: Zetapotential(g) is a physical property of the material
related to the electrostatic potential of the particles that are suspended in solution. For colloidal
suspensions, the zeta potential analysis is the direct measurement of their electrokinetic
potential. This potentidas a major indicator of the colloidal stability of different dispersions,
such as suspensions, emulsion and nanopar(Glesiustaset al, 2017; Gupta and Trivedi,

2018)

Zeta potential is a parameter quantifying the charge developed at-dgotidnterface. In the

case of polymeric nanopatrticles, it is the measure of the electrostatic charge developed at the
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surface of the nanoparticles surrounding them when present in solutions. A graphic
representation of the zeta potential of nanoparticles in suspens&msagin Figure3.3.In

some cases, researchers refer to this as the surface charge of the aetelesd Safier,
2016) The value of this charge is important, especially in nanoparticles aindrdifpdelivery
systemssince it indicates whether the suspension is physically stabiletdends towards

flocculation or aggregation.

Surface charge (negative)

Stern layer

Slipping plane

Surface potential

Stern potential

mV [
@ - ey { potential

® (] Distance from particle surface

Figure 3.3: Schematic diagram representing the definition of zeta potential in nanoparticle suspensions. Figure
taken fromPate and Safig2016)

It is commonly preferred for the zeta potential of NPs to be negative, since negative zeta
potentials are recognized to decrease nonspecific uptake into the liver and spleen. This leads to
enhanced electrostatic repulsions between the particles andlthar irface, consequently
promoting the increased blood circulation of the nanoparticlésd B et al.e2020)

In the experiments completed in this thesis, the zeta potential of the colloidal suspensions
prepared was measured using the ZetaPALS Zeta Potential Analyser (2008) model by
Brookhaven Instruments Corporation (NY, USA), equipped with a red solid stateTase
equipment applies the principle of electrophoresis to measure the velocity of charged particles
as they move under the influence of an electric field (electrophoretic mdbdityThe zeta
potential is then calculated based on the Smoluchowskiaeship given irequation3.4 and

the measured electrophoretic mobiljtyita et al, 2011) The measurements were completed

at room temperature (Z&). The samples were equilibratatithe measurement temperature
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in the eqipment cuvette chamberior to measurement. Each measurement consisted of 5 runs

of the same sample.

Equation 3.4: The Smoluchowski equation

- Zeta potential of particles (V)
- Dynamic viscosity of the medium (R

Electrophoretic mobility of particles (Gitv -s)

- Dielectric constant of the medium4®-m?)

Physical macroscopic investigation:The macroscopic appearance of the samples was
investigated throughout all the methodology steps of the experimental work completed for this
thesis. This was essential to gather further information about the state and the properties of the
different sample prepared throughout the different processes followed. Changes on the
appearance of the samples were monitored and noted as observations. To record these
macroscopic observations for presentation purposes, a lightbox with LED lighting on the top
wall anda blue or white colour backdrop was used to capture images of the samples using a

camera.

Transmission electron microscopy (TEM):To examine the selissembly and the shape in

the dry state of the materials produced in the synthesis procedure followed in Chapter 4, a TEM
characterisation of RAFPEGMA-LA 25 as an example was performed by Kristoffer Kortsen
from the School of Chemistry, at the University of Nottingham. For more details on this
measurement segppendix A

Biological assays:Since the polymers constructed in Chapter 4 are intended for biomedical
applications, then vitro cytotoxicity of mMPEGCLsp and mPEGCLso-LA 25 was tested on
Caco?2 (intestinal), CaltB (airway) and THFPL (macrophage) cells. The vitro cytotoxicity
experiments were carried out by Dr. Robert Cavanagh from the School of Pharmacy, at the
University of Nottingham. More information on the cytocompatibility tests can be found in

Appendix B
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3.6.3. Freezedried material characterisation

The freezedried material produced in Chapter 6 was characterised for its physical appearance
based on the macroscopic investigation method summamisedtion3.6.2and its surfacand

structure using SEM imaging. Details of the SEM characterisation technique are presented here.

Scanning electron microscopy (SEM):SEM is a powerful characterisation technique
commonly applied for the visualisation of the surface morphology and the structural
appearance of materials at velmgh magnifications (microscale) for a wide range of
applications in multiple research areas. During SEM imaging, a focused beam of electrons is
scanned across the sampleface ashown inFigure3.4. The atoms of the sample interact

with the electron generating different signals, such as secondary electrons and backscattered
el ectrons. These signals are used to gain in
and morphology(Egerton, 2005) The secondary electrons provide information about the
topography and texture of the sample surface. The detection and analysis of these signals is
performed by SEM to generate detailed images with depth of field and high resolutions
(Goldstein, 2003)

Electron gun

+ Electron beam

°Anode

Magnetic Lens
: : TV scanner
Scanning coil
Backscattered

electron detector /)

iV Secondary
] electron detector

Specimien tage

Figure 3.4: Schematic diagram of the SEM components and the focussed electron beam scanning the sample.
Figure taken fron§Singh, 2016)

The SEM technigue was used to gain information about the surface and the structure of the
freezedried cryoprotectant samples. The procedure followed to characterise the materials
incorporate the spreading of the dry sample on a 10 mm diameter SEM stub mounted with the
help of a doublesided conductive tape. The top of the stub with the dry sample was deposited
with gold by using Agar sputter coater at 0.04 mbar and 40 mA, resultenghim Au film.
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The prepared SEM samples were then positioned in the JEO60S8.A SEM instrument
(JEOL U.K. Ltd) for microstructure imaging.

3.6.4. Quantification of drug loading

As discussed in sectioB.5.2the amount of the model drug that was encapsulated inside the
polymeric nanoparticles was determined indirectly from the amount of thiwaded Nile red.

The quantity of drug encapsulated within the nanoparticles was calculated by deducting the
amount ddrug not encapsulated from the initial total amount of drug utilised in the experiment.
After the amount of loaded drug was determined, the encapsulation efficiency and the drug
loading capacity of the produced nanopatrticle systems was calculatedqsatgpn3.1 and

Equation3.2 respectively.

The Nile red that was not encapsulated in the nanoparticles was extracted from the resulting
colloidal suspension with the help of diethyl ether. The rationale behind the selection of this
solvent for theextraction of Nile red from the NP suspensions is investigatdter in Chapter

7. The extracted model drug amount was examined and quantified usingsibM
spectrophotometry using the characterisation methodology explained below.

Ultraviolet -visible (UV-vis) spectroscopy: UV-vis spectroscopy is an analytical
characterisation technique employed to analyse the absorption or transmission of ultraviolet
and visible electromagnetic radiation by the different materials present in a sample compared
to a reference (blank) sample. laisvidely used characterisation method in numerous research
areas for a variety of purposes, including the identification of substances present in samples,
chemical bonds and reactions monitoring and the carateon quantification of substances in

solution.

Thegeneral UMvis spectroscopy system, including its individual components is presented in
Figure3.5. In UV-Vis spectroscopy, a sample is egpd to light covering the range from UV

to visible wavelengths of the electromagnetic spectrum. Substances present in the sample can
absorb this light when their properties match the energy levels of the incident photons. The
sampl ebds ab s osrcgnputed and glgited cotdetarnnine the absorbance of light as

a function of wavelengtfEdwards and Alexander, 2010; Passbal, 2018)
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Figure 3.5: Schematic diagram of the U¥is spectroscopy system with its individual components. Figure taken
from Ahmad Mir, Mansoor Shafi and Zargé2023)

UV-vis spectroscopyas employed in this thesis to determine the concentration of the Nile

red model drug that was not loaded into the polymeric nanopatrticles. First, the construction of

a calibration curve, which plotee absorbance vs the concentration, of the Nile red model drug

in the solvent was established. This calibration curve was then utilised to determine the amount
of Nile red (nonloaded model drug) in unknown concentration samples. Theis'gpectra

were measured using the Genesys 156vi$ible spectrophotometer (ThermoScientific, UK)

using capped cuvettes. The measurements were completed at 552 nm and at room temperature
(25 °C). The samples were equilibratedtiaé measurement temperature in the equipment

cuvette chamber prior to measurement. Each sample was measured a total of 6 times.
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4. Synthesis of block copolymers for biomedical applications using 2
MeTHF as an ecdfriendly polymerisation solvent
4.1. Introduction

The following experimental study has been ex
research group at the University of Nottingham. A paper has been published in the Journal of
Polymer Science based on the experimental methodology and the resgeochegEnglezou

et al, 2020) Some of the following sections have been extracted from the original source.

The aim of this experimental investigation was to reduce the environmental burden and the
health and safety implications associated with the synthesis of polymers designed for
pharmaceutical applications based on the monomers of lactide (LA)capdolactong’CL).

To address this, the use eMETHF, as a biosourced, legsic analoguewas implemented

to replace conventional petrochemical solvents in the polymerisation process.

The first objective was texamire the suitability of 2MeTHF as a green mulpolymerisation
solvent. To assess thisyange of polymegation reactionsvere carried out in-MeTHF, as

both a singlestep process and in tandem. Thiestuded metatfreenucleophilic ringopening
polymergation (ROP)enzymatic nucleophilic ring opening polymerisation (eR@®)ersible
additionfragmentation chautransfer (RAFT) and freeadical polymemation (FRP) The
second objective was to produce versatile amphiphilic block copolymers with tunable
chemistry and architectureoin these reactions. This was achieved by selecting functional
hydrophilic initiators to polymerise the hydrophobic monomers of lactiddJaagrolactone
Subsequently, the amphiphilic polymers were nanoprecipitated in an aqueous environment to
test their ability to yield nanoparticles. Finally, the cytocompatibility of the polymer
nanoparticles was tested on three model cell lines to assess theirtaljilégform as drug

delivery system¢DDS) in the future.
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4.2. Polymer synthesis strategies

4.2.1. Experimental procedure overview

In total, tenamphiphilic block copolymers were synthesised, using the materials described in

Chapter 3, with both linear and hydaianched architecturefable4.1 tabulates the synthetic

concentrations and architecture targeted for each synthesis.

Table4.1: Synopsis of th@roduced amphiphilic block copolymers

; Monomer/

Spiirestese Monomer Initiator Catalyst N _ Architecture
MPEGLA 5 lactide MPEGooo DBU 25 linear
MPEGLA 125 lactide MPEGooo DBU 125 linear
MPEGCL2s Ucaprolactone mPEGow | Novozym 435 25 linear
MPEGCLso Ucaprolactone mPEGow | Novozym 435 50 linear
MPEGCLi2s Ucaprolactone mPEGow | Novozym 435 125 linear
MPEGCLso- . .

lactide MPEGCLso DBU 40 linear
LA 40
Synthesised N RAFT agent/ _
Monomer Initiator RAFT agent . ) Architecture
polymer Initiator ratio
FRRPEGMA-
PEGMA-LA 25 AIBN N/A 15 grafted brush
LA2s
RAFT-
PEGMA-LA 25 AIBN CPAB 15 grafted brush
PEGMA-LA 35
FRRHEMA-
HEMA-LA 25 AIBN N/A 15 grafted brush
LA2s
RAFT-HEMA-
LA HEMA-LA 35 AIBN CPAB 15 grafted brush
25

Hydrophilic methytpolyethylene glycol 5000 Da (mPE§sg) was used as the macroinitiator
for theROP synthesis dinear diblock copolymerssing eithetactide (LA) catalysed by DBU
or-c &pr ol aCt)tcatatysed fy Momozym 435 as the second blblk.extension of the
MPEGCLsp diblock copolymer could be achieved when used as a macroinitiator to form a
linear triblock copolymer via addition of LA catalysed by DBU constructing the third block. If
the sequential double catalysis systesuiscessful, the final polymer product will contain both
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caprolactone and lactide. This is a material with tunable biodegradability that has the potential
construct adaptable polymeric excipients. The linear block copolymers synthetic Ssheme

shown inFigure4.1.

Linear block copolymers
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Figure 4.1: Reaction scheme for the synthesis of the linear block copolymers. All reastoesarried out in
the greenalvent 2-MeTHF. The first polymerisation step is the formation of the diblock copolymers, and the
second step is the formation of the triblock copolymer.

The first step for synthesising theabhched block copolymeis the ROP synthesis of linear
block copolymer®f lactide initiated withpolyethykene glycol methacrylate 300 PREGMA-

LA) andlactide initiated byhydroxyethyl methacrylate (HEMAA). Then, PEGMALA and
HEMA-LA were initiatedby the radical initiator azobisisobutyronitrile (AIBK) execute the
RAFT and FRP reactionghe RAFT reactions wengerformedin the presence of a RAFT
agent, 4Cyanoe4-(phenylcarbonothioylthio) pentanoic acid (CPAB). The radical
polymerisations resulted in grafted block copolynisrepening the erdhain double bond of

the labile ester initiators (PEGMA or HEMA) to create connections between the individual
linear polymers. The synthetic scheme for the Wgvanched block copolymers is shown in

Figure4.2.
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Branched block copolymers
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Figure 4.2: Reaction schematic for the synthesis of the grafted block copolymers. All reactions were carried out
in the green solvent-RleTHF. The first polymerisation step is the formation of the linear block copolymers via
ROP. The second step is the radical polgsations (FRP and RAFT) of the linear block copolymers to form the
final grafted block copolymers.

Both linear and grafted block copolymer architectures enabled the resulting polymers to self
assemble into nanostructures in aqueous environments due to their amphiphilic nature. The
final polymers were purified and nanoprecipitated to investigate thiimgsselfassembled
nanoparticles (NPs). Finally, the formulated nanoparticles were tested for their
cytocompatibility in three model cell lines to evaluate tiseitability to act a-drug delivery

carriersystemsn the future

4.2.2. Detailed description of experiments

DBU-catalysed mPEGinitiated ROP of lactide in 2MeTHF (M: | ratio of 25)

The desired amount @honomer LA(2000 mg)and mPEGooo initiator were weighed into a
glassvial (predried in an oven at 1080C overnight)containing a magnetic stirrer barhe

[M]:[1] ratios were 25:1 or 123:. For the synthesis of mMPH®\ 25 (25:1 [M]:[l] ratio), 0.55

mmol of MPEGoooand 13.9 mral of LA were dissolved ir2-MeTHF. The vial was capped

with a rubber septurandwasstirred at 65C. Oncethe mixture wasully dissolved, theDBU
catalystwas added to commence the ROP reaction. After 20 min of reaction time, the process
was stopped by precipitating the reaction mixtareold heptanaliethyl ether solutionThe

polymer was purified vidghreeprecipitation steps total andfinally wasdried in a vacuum
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oven. The same procedure waapplied to produce the mPEGA12s by altering the

monomer/iitiator feedstock ratio to 123

The final dried product was then characterigedording to th@rocesses discussedsgction
3.6.1 The chemical shifts othe obtainedH Nuclearmagnetic esonance spectroscopyd
NMR) spectraused to determine the conversion of monomer to polymer and the degree of
polymerisation using mPEGo(LA) 25 as model (400 MHz, CDgl ppm) ar e: a 5.
m, 48H), 3.66 (broad s, 492H), 3.02 (s, 3H), 1.59 (broad m, 144H).

Separately, a mPEGLso diblock copolymer was synthesised that served as a macroinitiator,
extending the AB block copolymer tgproduce an AB-C triblock copolymerin this instance,

the same procedure to add LA to the mPEIGmacroinitiator via a singipot process was
used. The only difference was during the multgiecipitation steps, whegesolution of cold

methanol and diethyl ether was used instead of heptane and diethyl ether solution.

Lipase-catalysed mPEGinitiated ROP of caprolactone in 2MeTHF (M: | ratio of 50)

The desired amousibf monomer3CL (2000 mg)and mPEGooinitiator were weighed into
a20 ml glaswial (predried in an oven at 10TC overnight)containing a magnetic stirrer bar
The [M]:[l] ratioswere 25:1, 50:1 or 125: For the synthesis of mMPEGL50(50:1 M1 ratio),
0.35 mmol of mPE&oqoand 17.5 mmol of}CL were dissoled in2-MeTHF. The vial was
cappedwith a rubber septurandthen stirred at 68C. Oncethe mixture wagully dissolved,
the lipase catalyst (Novozym 43Bjas addedo commence the ROP reaction. Afteh @®f
reaction time, the process was stopped by precipitating the reactiameimkb cold methanol.
The polymer was purified via two further precipitation stegiag the same technique with the
MPEGLA materialsandfinally dried in a vacuum oven. The same procedure wgaslto
produce the mPE@L2s and mPEGCL125 polymers by altering the monomeritotiator feed
stock rati®to 25:1 andl251 respectively. Apreviouslymentioned, the mPEGLso polymer
was used as an-B block macroinitiator to be extendedth a sequential, one pot DBU

catalysed ROP of LA, in a second polymatisn step.
The final dried product was then characterised according fortlesses discussedsgction

3.6.1 The chemical shifts oftH NMR spectra used to determine the conversion of monomer

to polymer and the degree of polymerisation using mid&c@CL)2s as model (400 MHz,
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CDClk, ppm) are: U 4.08 (broad t, 52H), 3.66 (
m, 128H), 1.40 (broad m, 52H).

DBU-catalysed PEGMA and HEMA-initiated ROP of lactide in 2MeTHF (M :1 ratio of

25)

For these syntheses, the same procedure was followed with the synthesis of th& mMPEG
materials and the initiator of the polymerisation was altered. The PEGMA and HEMA
methacrylateester labilanitiators were usedThe [M]:[1] ratio was kept fixed 825:1 for both

PEGMA and HEMA.The final dried product was characterised according to the processes
discussedn section 3.6.1 The chemical shifts ofH NMR spectra used to determine the
conversion of monomer f@olymer and the degree of polymerisati@ming FRPHEMA-LA 25

as model (400 MHz, CDglppm)arei 6. 14 ( s, 1H), 5.62 (s, 1H)
(broad m, 4H), 1.90 (broad s, 3H) 1.59 (broad m, 156H).

The linear polymers synthesised from these reactwese used as macromonomers
undergoing RAFT and FRP reactions to form hyip@nched materials, in a second/tandem

polymerisation steprhis isexplained in detail in thiallowing section

FRP or RAFT polymerisation of PEGMA-LA 2s and HEMA-LA 25in 2-MeTHF

The desired amousibf macromonomer (306ng) HEMA-LA 25 (or PEGMALLA25), AIBN
initiator and CPAB RAFT agent (in the case of RAFT reactions) were weighed 2ttord
glassvial (predried in an oven at 108C overnight)containing a magnetic stirrer bar. The
monomer t(RAFT agent molar ratio was 15:1 and the amount of AIBN initiator was 20% w/w
for both HEMA-LA 25 and PEGMALA 25 RAFT reactions. The macromonomer, initiator and
RAFT agenwere fully dissolved i2-MeTHF. The vial was cappetith a rubber septurand

the reaction mixture was degassedbbipblingArgon (Ar). Subsequently, the vialvere placed
and stirred in an oil bath at 8& for 18h. The process was stopped by adding the reaction
mixture into cold digtyl etherTHF solution The polymer was purified via two further
precipitation stepssing the same technique with the mRPE&materialsandwasdried in a
vacuum oven. The same procedure waployedto perform the FRP reactions without the

addition of any RAFT agents and using an AlIBNgeeitage of 0.5% w/w.

sessed isection

The final dried product was then characterised according to the prodes

3.6.1 The chemical shifts ofH NMR spectra used to determine the conversion of monomer
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to polymer and the degree of polymerisation using HFHERA-LA 25 as model (400 MHz,
CDCls,ppm)are u 5. 18 (broad m, 48H), 4.30 (broad
(broad m, 14H); Ckland CH of polymer backbone and CHGHL.65 (broad m, 156H).

Nanoparticle formulation

All of the final polymeric products were formulated into NPs. To construct the polymeric
nanoparticles, the nanoprecipitation, or solvent displacement, method was applied. The goal
was to form NP suspensions through solvent exchange between the orgamt (@metone)

and the aqueous medium (deionized water). More specifith#ypolymer was dissolved in
acetone in a glass vial. Imatherclean glass vial containing a magnetic stirrer bar, 10 ml of
deionized water was added. This was then placed omft@ magnetic stirrer in a fume
cupboard. The polymeacetone solution was added dropwise by hand to the deionized water
glass vial, under constant siirg (Pearceet al, 2019; Phartal, 201 9 ;etaD@®0)i e n
The acetonavater solution was left uncapped stirring overnight at room temperature to achieve

full removal of the acetone from the solution by evaporation.

4.3. Results and discussion

At 65 °C, 2-MeTHF completely dissolveall the polymers, precursors and catalysted in
this investigation. It has aledively high boiling point (80C) compared to other conventional
solvents Table2.2). This alows the use 02-MeTHF ata higher temperatui®5 °C) than the
polymerisation reactions carried outdifferent solventsvith thermal limitationsThe higher
temperatures accessed by usinNI€THF enable faster polymerisation kinetics, which can
enhance manufacturing throughput at the soplestageThe temperature for all reacti®n
carried out; includingnetatfree ROP, enzymatic ROP, FRP and RAM&s chosen to be
65 °C to overcomdimitations on solubility and reaction activaticss well as promoting fast

kinetics

4.3.1. Linear block copolymers

The suitability of 2MeTHF as a ROP solvent for the formation of simpleB Adiblock
copolymers (single lactide and single lactone) and for the construction of more verdatile A
C triblock copolymers (lactide arldctone in a single chaifising a single or double catalyst

system (DBU and lipase) respectivelyas examined in this study
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The data collected from performing the chemical characterisation techntgulsIR, GPC
and DLS)detailed in Chapter 3 for all the linear block copolymers (m#BELA, MPEG
PCL and mPEGCL-PDLLA) synthesised in this work are presentedable4.2.

Table4.2: Chemical characterisation and nanoparticle properties of all the linear block copolymers

Polymer M/ Conversion M, (*H M, (GPC) Size

label ratio (%)? NMR) (Da)*  (Da)° Nwm (nm)¢ PDI
MPEGLA 25 25 96 8456 7000 1.21 405 0.250
MPEGLA 125 125 98 22568 11000 1.20 48+2° 0.250
MPEGCLs 25 100 7850 7600 1.20 60+2° 0.140
MPEGCLso 50 96 10472 9800 1.30 80+5° 0.125
MPEGCL12s 125 99 19136 12400 1.26 79x2° 0.100
MPEGCLse  (CL)50+  96(CL)+ 14792 10200 1.30  72+2° 0.130
LA 40 (LAY4O  78(LA)

®Calculated byH NMR.

bCalculated from €, mPEGinitiator backbone peak andHPDLLA or -O-CH; PCL peak$H NMR integration.
‘Compared to PMMA standards.

9DLS measurements.

fAverage values from at least twample replicates.

For the synthesis of pharmaceutical amphiphilic PEGykitetide block copolymers in a

single reaction step in®e T HF , a met al free ROP synthetic
performed Figure4.3).
2MeTHF, o
HL DBU {2% wiw to [M]) o on
H3C'{/ \/\]‘OH *mog H3cl’ \/\}0
122 5°C 122 2m
25 min
m= 25, 125

Figure 4.3: Reaction scheme for mPEGitiated lactide ROP in-MeTHF catalysed by DBU.

MPEGooo was used as the macroinitiator and the initiator to monomer ratios were set to
produce 25 and 125 LA units. Lactide reached quantitative conversion into polymers within 25

min independent of the monomer/initiator ratio.
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'H NMR measurements of theamples wex carried out to establish theegiee of
polymerisation (DR and conversion of the monomers to polymers.*FhRIMR spectra were
compared for the initial reaction mixture inMeTHF before the addition of DBU, and
therefore before the start of the polymerisation reaction, and for the final purified polymer
product. These were used to establish thg i@ conversion of monomer lactide to polymer
and calculate the molecular weight of the final polyrRégure4.4-A shows the ring opeing
polymerisation reaction of lactide with the characteristic protons marked. The peak shifts of
these protons were identified on th&NMR spectra collected for the initial reaction solution

(at time zero) and the purified polyméy\(s purified) as shown iRigure4.4-B. The'H NMR

of the purified copolymer shows the characteristic peaks of the polymerised lactide, meaning
the polymerisation of the monomer LA was successful in the applied reaction time frame. More
specifically, inFigure4.4-B the clear shift and variations of the lactigdated peaks, methine

CH group at 5.05 ppm (@druplet, monomer) to 5.25 ppm (broad multiplet, polymer), and
methyl (Hz group at 1.60 ppm (sharp doublet, monomer) to 1.59 ppm (broad multiplet,
polymer)can be observe®y integrating theecharacteristic peaks, the number of polymerised
lactide protons present in the purified polymer prodact be obtained=rom tteresultsthere
wasgood agreement with the monomer and initiator feed ratios withobP4 and 122 LA

units for the mPEG.A s and mPEGLA 125 respectively A conversion of the monomer LA to

PLA of 96% and 98% and polymer molecular weights of 8,456 Da and 22,568 Da for the
MPEGLA 25 and mPEGE_A 125 respectivelywas calculatedsshown inTable4.2.

The Gel permeation chromatograph@RQ trace acquired for the final purified block
copolymer of mMPEG.A 25 is also shown ifrigure4.4-C. The results show a monomodal GPC
trace with low molecular weight dispersitg ). Dispersity values of 1.21 and 1.20 were
established from the GPC analysis for mPE&»s and mPEGLA 12srespectively Table4.2).

These polydispersity values are low for this ROP synthesis and confirm a degree of control

over the molecular weight of the final polymer products.
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Figure 4.4: (A) ROP reaction scheme of-B block copolymers of mPEGA with the characteristic protons
marked. B) StackedH NMR spectra of the starting reagents mixture-M&THF (t = 0,before DBU addition)
and purified final polymer.§) Monomodal GPC trace of the final purified polymer.

To alter the nature of the hydrophobic monomer, and with the aim of expanding the library of
amphiphilic materials synthesisable iiM&THF, a lipase (Novozym 435) catalysed ROP of
Ucaprolactone was performed. mPfgswas maintained as the macroinitiator and the initiator

t o monomer ratio was altered to achi€ke a fi

units Figure4.b).

0 2MeTHF,
0 Lipase (10% w/w to [M]) 0
0 0 0]
H3C{/ \40H + P o » HZ]'CP \/ﬂ‘o/p.‘\/\/\/ \}—1
122 65°C, 122 p
6h

p= 25, 50, 125

Figure 4.5: Reaction scheme for mPEGnN i t icaptolactbne@ROP catalysed by Novozym 435 (lipase) in 2
MeTHF.

UCL was quantitatiely converted into polymers within 6 h, with no perceptible reactivity
differences between each monomer/initiator feed ratio. This is observed since the reaction time
frame was long enough for all polymers to reach their final conversion. As expected,
corsidering the bioprocess being heterogeneous due to the use of immobilised lipase as well
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as the different nature of the catalytic step, the reaction time was longer than trma2Bided
ROP of lactide.

'H NMR measurementaere comparedor the initial reaction solution, before addition of

lipase (at time zero), and the final purified polymeolbdainthe DF, t he conRCLer si on
to form PCL and the molecular weight of the final polynfégure 4.6-A shows the ring

openi ng pol yGheithithe eharacteristic protondmarked. The peak shifts of the

UCL and PCL characteristic protons were identified ontth&lMR spectra collected for the

reaction mixture at time zero and the purified polynevg purified) as shown iRigure4.6-

B. The 'H NMR of the purified copolymer contains the characteristic peaks for PCL,
suggesting that an appropriate time fFrame we
CL. Specifically, theclear shift and variations of caprolactereated peaks, the alcohol
methylene-O-CH> group at 4.25 ppm (sharp doublet, monomer) to 4.08 ppm (broad triplet,
polymer), the methylenek group at 2.62 ppm (doublet, monomer) to 2.32 ppm (broad triplet,
polymer), and the methyleneHz groups at 1.88 ppm (doublet, monomer) and 1.75 ppm
(doublet, monomer) to 1.66 ppm (broad multiplet, polymer) and 1.40 ppm (broad multiplet,
polymer) can be observed ngure4.6-B. By integrating these characteristic peaks, degrees

of polymerisation (D o f 25, -@L8unita fordhe MPEECLA mMPEGCLso and
MPEGCL12s, respectively, were found, showing agreement with the monomer/initiator feed
rati os. Subseque nClLtyPCL wak ealcutatedh as 400%, i9&%nando99% U

and the estimated polymer molecular weights were 7,850, 10,472 and 19,136 Da for mPEG
CL2s, mMPEGCLso and mPEGCL12s, respectively. These values are showmable4.2.
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Figure 4.6: (A) ROP reaction scheme ofB.block copolymers mPEEL with thecharacteristic protons marked.
(B) StackedH NMR spectra of the starting reagents mixture iM&THF (t = 0, before lipase addition) and
purified final polymer.

Adequately controlled molecular weight dispersitias) were observed by GPC analysis,

with values of 1.20, 1.30 and 1.26 for mPBEG25, mMPEGCLsoand mPEGCL12s, respectively

(Table 4.2). A small shoulder in the GPC trace of tidEGCLso (Figure 4.7-Cii) can be
observed, which is possibly due to some uncontrolled side reactions, such as transesterification.

The stability of the living polymer chain infMeTHF was studied by producing arBxC
(A=mPEGooo BCE Gind C=LA) triblock copolymer Rigure 4.7-A). To explore the
feasibility of a sequenti al -GROidatedbymPEGw pas e
(M:I ratio of 50) was performed for 6 h, (s€able4.2 andFigure4.7). Subsequently, without
catalyst removal or any purification steps, lactide and DBU catalyst were added with a M

(monomer LAA-B macroinitiator) feed ratio of 40:1. After 25 minhé reaction time
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previously established for DBU catalysed ROP of LA) the reactiontevasnated with the
precipitation in an alcohol and ether solutimnd the reaction mixture was analysedBy
NMR, which isshown inFigure4.7-Bi. The presence of peaks at 5.05 ppm (quadruplet) and at
5.25 ppm (broad multiplet), related to the monomeric LA and the polymeric PQIH éroup
respectively, suggested slower reaction kinetics for the growth of the third block. Again, by
extracting information on the number of protons from the characteristics peaks'HiNNER
spectraFigure4.7-Bi), the conversion of monomer LA into polymer was estimated to be 78%
(Table4.2). This is much lower<20% lower) when compared to an almost full conversion for
the previously formed diblock MPELCA in the same reaction timeframe (Sesble4.2). The
slower reaction kinetics might be due to the reduced flexibility and reactivity of #Be A
(mPEGCLso) macroinitiator compared to pure mPdgég which was used for the synthesis of
the mPEGLA diblock copolymers. Nonetheless, theBAC block copolymer showed an
asymmetric GPC peak (clear shoulder at lower molecular weighithating that the LA chain

grew from the macroinitiator, however, products from a series of side reactions and unreacted

macroinitiator may be preseriigure4.7-Ci and-Cii).

The use of 2MleTHF asa polymerisation solvent enabled the successful synthesis of the
MPEGCL-LA triblock copolymer.The application of this polymer can fgtherexplored in

the design of biomedical devices with adjustable physical properties and tunable
biodegradability due to the coexistence of different hydrophobic polyesters in a single chain
(Stavilaet al, 2014)
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Figure 4.7: (A) Sequential ROP reaction scheme of mPEG, and mMPEGCLsg-LA 40, namely AB and AB-C
block copolymers, with the characteristic protons markBdB(i) 'H NMR spectra of mPE&Lsy-LA 4 and
MPEGCLsg respectively with all the main polymeric and monomeric peaks assig@iedii) GPC traces of
MPEGCLso-LA 40 and mPEGPCLso respectively.

From the results presentedliable4.2, some incompatibility in terms of the molecular weight
values calculated frorH NMR versus measured via GPC was observed. These discrepancies
are possibly due to the significant chemical differences between the amphiphilic block
copolymers and the PMMA standards, which were used for calibration of the system for the
GPC analysis. Tik observation is known from literatuf&l-Natouret al, 2020)and might be

due to the presence of various polymetlumn interactions and different solvated volumes.
Variation between molecular weights calculateddyNMR and GPC is present consistently

throughout the different amphiphilic linear and hybrid polymers generated in this investigation.

All the polymers were able to selssemble in an aqueous environment into-defined NPs,
with diameters ranging from approximately 40 nm up to 80 nm and PDIs equal or below 0.250

(Table4.2). No additional stabilizers were used during the nanoprecipitation step.

As discussed in the Literature review chapter of this thesis, the chosen formulation technique
applied for the construction of nanoparticles can lead to a variety of nanoparticle structures

depending on varioufactors such as polymer physichemical properties, composition,
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environmentconditions solvents quality, etcThe nanoprecipitation technique is widely
reported in the literature as an easy, robust, and fast process for the preparation of polymeric
micelles(Salvageet al, 2015; Martinez Rivast al, 2017) Dynamiclight scattering DLS) is
employed heras the characterisation technique feresultannhanoparticle suspensienrhis
methodis commonlyusedto provide information on theparticle size distribution anthe
polydispersity index(PDI) of the preparechanesuspensiost Based on the DLS results
gathered all the linear block copolymers synthesised in this stwadgre able to form
nanoparticles with diameters within ttypical size rangef polymeric micelles (100 nm)
(Rapoport, 2007and exhibited dow PDI. However, this characterisation technique alone
cannot confirm whether the nanoparticles formedrateedpolymeric micelles, since iacks
structural characterisatiocaabilities. Therefore, the exact type of polymeric nanoparticles
constructedin this investigation remainsinknown. Future work should considerthe
combination of DLSwith other characterisation techniques, such as-€gM or X-ray
scattering, taeach a definitiveconclusionabout theexact type of polymeric naparticles

formulated.

The tabulated data ifiable 4.2 suggest a potential association between polymer molecular
weights and nanoparticle diameter size; however, this relationship remains inconclusive, as
shown inFigure4.8. For the mPEGCL polymers, increasing the molecular weight (and in this
case DR of CL), increases the diameter size of the nanoparticles formed. This seems
reasonablsince a polymer chain of higher molecular weight excludes more volume when self
assembled into a nanoparticle, relative to shorter polymer chains. The same possible trend is
noted for mPE@_A, but the trend is not conclusive. Notably, the triblock copayappears

to behave more like the mPEQGL precursor than the mPEGA.

The diameter of the nanoparticles formed does not appear to scale linearly with molecular
weight for the mPEE&CL diblock copolymers. The material may be kinetically trapped during
the nanoprecipitation process. In this situation, kinetically trapped teférs phase transition

from the homogeneous phase of solvated polymer in solution to thphage mixture of
precipitated polymer in a nesolvent blend when it does not occur along an equilibrium
trajectory. The nanopatrticles formed could be kineydaéipped when introduced rapidly into

the nonsolvent. At equilbrium, the chains would miceleswith the hydrophobic CL and LA
group within the core to avoid interactions with the aqueous solvent. In the solvent

displacement method, the organic solvent is constantly evaporated until only the aqueous
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solvent is left. If the evaporation is slow enough to allow equilibration, the equilibrium size of
micelles will be formed. If the evaporation is faster than the time required for the system to
equilibrate (after each infinitesimal step), a trapped natiofgstructure may result. Although,

it is not certain that this is the exact phenomenon happening during the nanoprecipitation step
nor that this causes the complicated correlation between nanoparticle size and molecular weight
observed in this set of tia Further investigation of the nanoprecipitation process and the self
assembling mechanism of nanopatrticles is required to achieve a greater understanding of these
phenomena. This is the main research emphasis of Chapter 5 of this thesis.
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Figure 4.8: Effect of the polymer molecular weight on its nanoparticle size. The graph shows the molecular
weights (M) calculated fromtH NMR for all the linear block copolymers produced vs their nanoparticle sizes
measured through DLS. The data have been separated into threblpajtthé linear triblock with the diblock
macroinitiator at ~10K Daréd) the two linear mPEGA diblock and green) the three linear mPEGL diblock
copolymers. For the two latter cases a linear trendline has been included to illustrate the trajectory of the data
more clearly, but this is not conclusive of the relationship between the two parameters as therenangghot e

data points.

Since these materials are intended for biomedical applications, such as drug delivery vehicles,
thein vitro cytotoxicity of mMPEGCLsoand mMPEGCLso-LA 2s was tested on Caed(intestinal),

Calu3 (airway) and THPL (macrophage) cellst a fixedconcentration of 500 pg/mmhein

vitro cytotoxicity experiments were carried out by Dr. Robert Cavanagh from the School of

Pharmacy, at the University of Nottingham.
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The nanoparticle cytotoxicity was examined through the evaluation of the cell membrane
integrity and cellular metabolic activity with the employment of ldetate dehydrogenase
(LDH) release assay and the PrestoBlue cell viability assspectively.In both assays,
neitherof the linear nanparticles exhibited cytotoxic effects across tiireestudiedmodelcell

types, mirroring the results observed with the cell culture medium HBSS used as a vehicle
control FigureB.1in Appendix B.3. More information on the cytocompatibility tests and the

results collected for thgolymermaterials produced in this work can be foundppendix B

By adopting 2MeTHF as a solvent was able to make the synthegiseener for polymeric
excipients, which have laigh demand in the drug delivery and biomedical §€Werneret

al., 2013; Yinet al, 2014; Yuet al, 2016) The ability of these linear block copolymers to
selfassemble into NPs along with testing their cytocompatibhkiy been confirmedhe use

of 2-MeTHF also allowed thsequential ong o t R O@L andf LA, Which leads to a
material with tunable biodegradability. This double catalysis process was able to ovidreome
limitations of DBU andipase in the ROP of lactones and lactide respectiVéigrefore, it

was confirmed that the properties of the final materials produced in the ROP process were not

compromised using-MeTHF as the polymerization solvent

4.3.2. Grafted block copolymers

Amphiphilic copolymers with hybrid architectures capable of -asffembling into
biodegradable NPs for biomedical applications were synthesised using a combination of ROP
with radical polymerisations. The strategy employed to construct these hybrid fafisgd
polymers is the synthesis of radically polymerisable macromonomers via ROP. These could
then undergo tandem polymerisations, allowing the production of materials with a wide range
of architectures and chemistries. The laledter initiators of HEM\ and PEGMA were used

for the ROP of lactide to introduce an erfthin reactive double bond in the macromonomer,
which would then be radically polymerised to yield grafted block copolymers. HEMA
PEGMA-initiated LA macromonomers were synthesised tofioonthe versatility of 2
MeTHF and the ability of DBU to control the polymerisation reactions (and limiting
transesterification reactions) at 85, rather than at room temperaturepasviouslyexplored

in the literature(Pearceet al, 2019) Thetargetdegree of polymerisatiorDP,) was25 LA

units The reaction temperature led to an increased radical flux due to the thermal

decomposition of AIBN radical initiator, allowing for tandem radical polymerisation processes
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to take place in-MeTHF. This happened because the rate of thermal decomposition of AIBN
starts at temperatures higher than°’GGat a very slow rate. As the temperature is increased,
the rate of AIBN decomposition increases significafitly Wangb and Koseki, 2008; Guet

al., 2013; Roduitt al, 2015) Therefore, the higher boiling point of\2e THF allowing radical
polymerisation to take place at 86 enhances the rate of AIBN thermal decomposition and

therefore the rate of polymerisation.

For both methacrylataitiators (HEMA and PEGMA) control of the ROP from DBU was
observed as no transesterification side reactions occurred in the reaction time frame of 25 min
(Figure4.9 inset). Aconversion of monomer to polymer higher than 96% was observed, as
estimated from théH NMR spectra irFigure4.9. Moreover, the final DPwas confirmed via

'H NMR to be equal to 25 LA units as targeted in the M:I feed ratio.
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Figure 4.9: (A) ROP reaction scheme of methacrylitetide hybrid macromonomers inNeTHF with the
characteristic protons marke®)(*H NMR of the final purified macromonomers (PEGMA and HEMA initiated)
and main macromolecule peak assignments. The targetedf B final oligomer was 25 LA units, as reported
in the stoichiometry of the reaction scheme. In this case, the number ofijgkafons is equal to the number of
repetitive units. However, LA bears twdi(rotons per full unit and thus the final PB catulated by halving
the total number of LA 8 protons obtained from integration.

The data collected from performing the chemical characterisation techntiul$/R, GPC
and DLS)detailed in Chapter 3 for all the grafted block copolymers (PEBMA-LA, RAFT-
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PEGMA-LA, FRP-HEMA-LA and RAFT-PEGMA-LA) synthesised in this work are presented
in Table4.3.

Table4.3: Chemical characterisation and nanoparticle properties of all the grafted block copolymers

Conversion Mn (*H M, (GPC)
Polymer label (%)° NMR) (Da)® (Da) Nwm Size (nm}y PDI
FRRPEGMA:-LA 25 100 = 11000 5.14 1172 0.120
RAFT-PEGMA-LA 25 70 27300 9800 1.40 95+2¢ 0.140
FRPRHEMA-LA s 100 - 20000 4.30 125+2°¢ 0.080
RAFT-HEMA-LA 5 70 26110 9300 1.30 93+2° 0.090

®Calculated byH NMR.

bCalculated from & PEGMA- HEMA-initiator acrylic peak and I8 PDLLA *H NMR integration.
¢Compared to PMMA standards.

9DLS measurements.

fAverage values from at least two sample replicates.

To further extend the ability ofRIeTHF to serve as a mulpiolymerization solvent, FRP and

RAFT tandem polymerisations of the produced macromonomers were explored, keeping the

reaction temperature at 85 as for the ROP step. Both FRP and RAFT model reactions yielded
grafted amphiphilic biodegradable hybpdlymers.Figure 4.10-A shows the two reactions
(RAFT and FRP) for HEMALA and the chemical structure of the two different grafted
amphiphilic polymers constructed. For both the final polymeric materials, thehaml
reactive double bond has opened to bond with other sitoilgrHEMA-lactideor PEGMA

lactide side chains and form a grafted brush.

For the FRP reactions full conversion (¥)0was observedr@able4.3) for bothPEGMA-LA 25
and HEMALA >s macromonomers into graftggblymer. This is illustrated ifrigure4.10-B
by the complete absence of the residual double bond related peakslemNIM& spectraFor
the RAFT polymerisations, a conversionasbund 70% was estimated for the two polymers
with some peaks present related to residual double bdhdgolymer molecular weightsf
the synthesised grafted block polymers by RAFT polymerisation were estim&é®@8Da
and26,110Da for PEGMA-LA »5s and HEMA:LA 25, respectivelyasshown inTable4.3. For
both RAFT and FRP reactions, the target,@fas 15 units. The same reaction timeframe of

18 h was used for all the reactions. The difference between the conversion of the two radical

95



polymerisation reactions was expected since the RAFT agent (CPAB) is incorporated in the
process to control the radical (RAFT) reaction. The RAFT agent controls the kinetics of the
polymerisation and lowers conversion rate. CPAB controls the RAFT reangghanism
through a coordination process, which happens at a slower rate thaf ltRfeactionvas
stoppedafter 18 h, at which point the conversion was not 100% yet, but if the reaction were
allowed for longer, the conversion would have been higher. Rdleld potentially reach 100%
conversion, but would need a significantly longer time than the FRP reaction due to the slower
kinetics.

GPC analysis detected a single, although slightly asymmettiameric species for the RAFT
synthesisegolymers Figure4.10-C-top). The asymmetry is possibly indicating some minimal
amount of side reactions, although overall the data indicate that the macromonomers were
compatible with the tandem ROP controlled radical reaction cytle polymer molecular
weights were measured a8,800 Da and9,300 Da for RAFT-PEGMA-LA 25 and RAFT-
HEMA-LA 25, respectivelyasshown inTable4.3. For both the polymers synthesised by FRP,
broad bimodal peaks were detectédy(ire4.10-C-bottom). The polymer molecular weights

were measured dsl,000Da and20,000Da for FRRPEGMA-LA 25 and FRPRHEMA-LA 25,

respectivelyasshown inTable4.3.
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Figure 4.10: (A) RAFT and FRP reaction scheme of hybrid HEMA s macromonomer in -BMeTHF. (B)
(bottom) *H NMR spectra of FRIMEMA-LA 55 (absence of residual double beradated peaks in the outlined
region), €entre) macromonomer starting material andp) RAFT-HEMA-LA 25 (residual double bontkelated
peaks in the squared regiofQ) (top) GPC monomodal trace of RAFHIEMA-LA zsand pottom) GPC bimodal
trace of FRFHEMA-LA 2s.

FromTable4.3, a variation between the molecular weights)®stimated fromfH NMR and

Mn measured from GPC can be observed for the controlled RAFT synthesised chains. This
might be due tahe spatial restriction of the lorgrafted chains, along the new formed
backbone, leading to a more confined solvated volume inside the GPC sydtem.
experimental Mwas lower than the theoretical estimategfdd RAFT polymerisations. Also,

the M, for the FRP reactions was significantly higher than the for the RAFT
polymerisations, which is evidence that the RAFT agent (CPAB) successfully conthaled t
radical polymerisation reaction, with good control over the final polymer molecular weight for
both PEGMALA 25 and HEMALA 2s. Another indication for theuccessful control of CPAB

is the data collected for the molecular weight dispersities, tabulateabla4.3. For the FRP
reactions, values between 4.8(14 have been obtained, which are much higher when
compared to the values gathered for the RAFT reactions, ranging frorh.4@B0 his suggests
that good control over the molecular weight dispersities has d&d@aved with the use of
CPAB as the RAFT agent.

Considering the amphiphilic character of the grafted copolymemstaicted from tandem

polymeristion steps, the ability for these materials to-asfemble into nanoparticles was
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investigated. It was envisaged that doing so will lead to medical and pharmaceutical
applications. All the hybrigholymers formulated into wetlefined nanopatrticles in an aqueous
environment when following the same nanoprecipitation method, as usee forethr block
copolymers, described previously. Both RAPEGMA-LA>s and RAFFHEMA-LA2s

showed smaller nanoparticle sizes, 95 and 93 nm respectively, when compared to the two
counterparts synthesised via FRP, 117 and 125Trahl€ 4.3). This observation might be
suggesting an improved packing of the hydrophobic core when similar chain lengths are in
contact during the nanoprecipitation process, as in the R#&ducts case. This could
potentially lead to a lower degree of interacti@tveen the grafted chains when compared to
materials with a variety of different chain lengths, as in the case okFRResised polymers
(Table4.3). Furthermore, it is observed that the nanoparticle sizes formed using the grafted
materials (ranging from 9325 nm) were persistently larger than the NPs produced from the
linear diblock and triblock copolymers (ranging from&® nm), as shown iable4.3 and

Table 4.2, respectively This is usually the case when long side chains (in this case LA) are
present in grafted polymer materials, resulting in higher steric hindrance, which causes a less
efficient packing arrangement of the hydrophobic blocks.

As discussed previously in this chapter, the selecéedformulation techniquein this case
nanoprecipitationcan yield various nanoparticle structsirmfluenced by several factors.
According to the DLS results obtained, the grafted block copolymers synthesised in this study
successfully formed nanopatrticles with diameters ranging froml2% nm. These values are

at the higher end of the typical range for polymeric micellesL(®nm) (Rapoport, 2007)

which may indicat¢hat the formulated material has an entirely different nanoparticle structure.
DLS characterisation alone cannot verify what type of polymeric nanoparticles are constructed
due to its limitations in structural characterisation. Consequently, the precise nature of the
polymeric nanopatrticles developed in this study remains undetetnfios¢urework should
integrate DLS with additional charact&tion methods, such as cFf&M or X-ray scattering,

to lead toa conclusive identificationfahe specific type of polymeric nanoparticfesmed

The PDIs obtained for the grafted block copolymers are, in most cases, lower than the ones
obtained for the linedslock copolymerg¢BCP9, with values ranging from 0.08@140 Table

4.3). This indicates a greater uniformity of the nanoparticle sizes for the grafted BCPs
compared to the linear ones. The investigation of theassiémbly of biodegradable and

biocompatible nanoparticles has been incorporated in Chaptethis dhesisto assess the
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different possibilities and generate a better understanding on how different parameters affect

the nanoparticle formulation efficiency and characteristics.

To examine the selissembly of these typestofperbranchednaterials and their shape in the
dry state, a TEM characterisation of RAPEGMA-LA 25, as an examplayas performed by
Kristoffer Kortsen from the School of Chemistat the University of Nottinghani.he results
show @hericalparticles, measuring between 41 and 59 nm (with an average485tm),
confirming the nanoparticle characterist{€sgure Al in Appendix A.9. More details and

results of this measuremeare given ilAppendix A

Since the materials produced in this investigation are intended for pharmaceutical applications
thein vitro cytotoxicity of the grafted copolymers was testeihg he same procedure that

was followed for the linear block copolymers€Tinitial cytocompatibilityassessment of the
synthesisetbranched block copolymeosmthreemodel cell linesvas carried ouby Dr. Robert

Cavanagh from the School of Pharmacy, at the University of Nottingham

The three model cell lines used in thaseareCaco?2 (intestinal), CaltB8 (airway) and THP

1 (macrophage) cellShe cytocompatibility of the NPs was evaluated at a consistent and
relatively high concentration of 500 pg/mrhear toxicity effects wereexamined through
monitoringthe cell membrane integrity and cellular metabolic activity withajyalicationof

the lactate dehydrogenase (LDH) release assay and the PrestoBlue cell viability assay
respectivelyAll four grafted polymer narparticles demonstrated no cytotoxic effects in both
assays conducted across all studied cell tyfjp#ewing the same trenobserved B the results

of the cellculturemedium HBSSused as a vehicle contf@ligureB.2 in Appendix B.3. More
information on the cytocompatibility tests and the results collected fqyalyener materials

produced in this work can be foundAppendix B

4.4. Conclusios

The experimental investigation presented in this work focussedmmising the health and
safety implications related to the synthesis of polymeric excipients intended for biomedical and
drug delivery applications. For this reason, the -lased and notoxic 2-
methyltetrahydrofuran solvent has been employed as a-paljtnerisation solvent replacing

the conventional petrochemical polymerisation solvents.

99



The use oR-MeTHF as the polymerisation solverreateda greener synthesis pathway for
polymeric vehiclesbased of LA andJCL, which are materialsvith high demand in the
pharmaceutical fieldt has been provetthhat 2MeTHF is an effective reaction solvent for the
ROP, eROP, FRP and RAFT polymerisationpésately or in tandem) of LAJCL and their

copolymers.

The sequential ospot ROP ofUCL and LA was successfully performed in th&2THF
reaction solventA double catalyst systemvas usedo overcome the challenges associated
with the lipase and DBU catalyst limitations for the lactide and lactone ROP respectively. The
chemistry of the final polymeric product of the sequential ROP can be adjusted to achieve
adaptable physical propertiestdniodegradability.

To produce grafted amphiphilic block copolymers, first the hydrophilic HEMA and PEGMA
methacrylateester ROP initiatorsvere usedo initiate the hydrophobic lactide monomer. In

the reaction timeframe applied, no transesterification side reactions occurred with quantitative
conversion of monomer to polymer for both initiators. The constructed lactide macromonomers
were then examineith their ability to undergo FRP and RAFT tandem polymerisations at 65
°C as for the ROP steBoth radical polymerisations yaed grafted amphiphilic biodegradable
block copolymers. Most of radical polymerisations have temperature requirements higher than
room temperature to facilitate the radical initiation. The higher boiling pointMéPHF has
allowed its use in a wider rga of polymerisation processes when compared to sefiramnt
conditions and the lower boiling point solvents of DCM and TRHMeTHF is therefore
suitable for ROP and radical polymerisation reactidus to itshigher boiling point andhe

high solubilityof all the starting materials

All the constructed amphiphilic block copolymers, both linear and grafted, were able-to self
assemble into nanoparticles by implementing the solvent displacement method without the use
of stabilisersAlso, thecytocompatibility of materials intended for biomedical aggtionsand
formedhybrid-grafted materialsvith promising properties for utilisaticgss drug nanocarriers

has been proved through cytotoxicity experiments on three model cell lines

Finally, the preliminary trends established from the resulting nanoparticle sizes vs the polymer

molecular weights raised great interest over the phenomena that take place during the
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nanoprecipitation step. The kinetics and the processing conditions of this technique are further
investigated andiscussed in Chapter 5 of this thesis leading to a greater understanding of the
nanoprecipitation procedure as a method to formulate polymeric nanoparticles for drug

delivery applications.
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5. Investigation of the seHissembly mechanism of polymeric
nanoparticles and the effect of the formulation technique and
parameters on the final product characteristics

5.1. Introduction

The desirable characteristics that a dilegvery system (DDS) of chentwrapy drugs should
incorporatehas been discussed in the literatuegiew. The ideal DDS should prioritize
biocompatibility and biodegradability, ensuring safety and compatibility with human tissue
while allowing for natural decomposition and elimination within the b@passo Palmiero

et al, 2018) One of the primary goals of a DDS is to increase the bioavailability of
chemotherapy drugs by improving their aqueous solubility and preventing recognition and
removal by the reticuloendothelial system (RES), thereby enhancing the drug retention time in
the body and particularly in the circulation syst@Parket al, 2008) An essential feature of

the ideal DDS is high physical and chemical stability, ensuring robust and reliable delivery of
chemotherapy drugs by tolerating mild thermal and chemical fluctuations to prevent
decomposition before reaching the cancer targetaitdesired circulation tim@gbal and
Ahmad, 2018) An important aspect of the ideal DDS is eeffectiveness, where the cost
should justify the benefits of delivering anticancer drugs in the body while remaining within a

reasonable range to facilitate widespread cengial application in the future

The nanoparticles prepared from the -ss§embly of amphiphilic block copolymers (BCPs)
have the ability oaddressing all the required characteristics of an effective DDS. Therefore,
polymeric nanoparticles represent a highly promising option for serving as a secure and durable
DDS for cancer chemotherapy medicines. Polymeric micelles arescal®structuref®rmed

through the selassembly of amphiphilic block copolymers when present in aqueous
environments. These are nanopatrticles with a hydrophobécand a hydrophilic corona and

their sizeusuallyrangesfrom 10100 nm(Parket al, 2008) Depending on the amphiphilic

block copolymer materials and the formulation method used to construct the polymeric
nanoparticles, their stability, biocompatibility and biodegradability can be tai(bexdariet

al., 2013)

Polymeic nanoparticles can be constructed by employing a variety of different formulation

techniques. Some of the commonly used methods for formulating BCPs into polymeric
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nanoparticles include emulsion polymerisati@olomboet al, 2014) thin film hydration(Ho

et al, 2020)and the most applied technique in literature, the nanoprecipitation (or solvent
displacementinethod(Kakdeet al, 2016; Phart al, 2019; Englezoet al, 2020) All these
techniques are kinetic processes, meaning their procedures are primarily driven by kinetics
rather thanthe thermodynamics of the systemhese kinetic formulation techniques could
result in the production of polymeric micelles that are kinetically trapped (otherwise known as
kinetically frozen)(Almoustafa, Alshawsh and Chik, 2017Jhis phenomenon was also
discussed in Chapter 4 basmdthe observations emerged from the results obtained when the
nanoprecipitation technique was applied. The term kinetically trapped is used when the kinetics
and dynamics of the sedfssembly processes are so fast that the system does not have enough
time to conform into a structure that is under thermodynamic equilibrium. This leads to the
formation of a kinetically trapped micellar structure, where there iglistinct interface
between the two blds of the polymer (hydrophilic and hydrophobic blocks) since some of
the polymer hydrophilic chains could be kinetically trapped inside the nanoparticle core
(hydrophobic regionjZhu, 2013)

The research investigation followed in this chaptepliesthe traditional nanoprecipitation
processexamining its differenformulation parametersThe effectof the variation of the
processing conditions on the final constructed polymeric nanopatrticles is tested. In addition, a
slow seltassembly process with a controlled transition from the good solvent for both blocks
to the selective solvent for one of the polymer blaskamployedio monitor the nanoparticle
formulation processThisis explored bdt as a stepwise process and as a sistge process.

By comparing thdinal polymeric products prepared by applying th#ferent formulation
methodologiesthe systemthat would serve asa more idealDDS for cancer chemotherapy

determined.

5.1.1. Aim

The main goal of this investigation is ¢ain a greateunderstanding of the sedfssembly
mechanism of amphiphilic block copolymers into polymeric nanoparticles and more
specifically the diblock copolymers ofnethylpoly(ethylene glycobplockpoly(lactide
(mPEGPLA), by employing different formulation techniques and varying the formulation

parameters to examine their effect on the final product characteristics.
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5.1.2. Objectives

The objectives of this research include the synthesis and characterisation of a library ef mPEG
PLA diblock copolymers with different mPEG and PLA block lengths, to investigate the effect
of the hydrophobic block, the hydrophilic block and the total potymaecular weight on the
nanoparticle suspensioBubsequentlythe employment of different formulation techniques,
such as the conventional nanoprecipitation method, the stepwise sleagsatibly and the
singlestep slow selassembly methods performed. Moreover, the effects of different
formulation parameteraamelythe rate of addition of the argblvent (selective solvent of one
block), rate of addition of the good (for both blocks) solvent, the good solvent quality, the
concentration of final lbck copolymer in suspensiothe hydrophobic (LA) and hydrophilic
(mPEG) block lengths on the final nanoparticle suspension properties are examined. Finally,
the experimental results obtained from the different formulation techniques and parameters
employel are compared to evaluate which method is more appropriate for the formulation of

the ideal nanoparticleDS requiredor cancer chemotherapy.

5.2. Nanoparticle formulation methodology

5.2.1. Research investigation overview

An overview of the experimentainethodology procedures performed in the research
investigation of this chapter is presenteéigure5.1. The different procedures included in the
boxes ofFigure 5.1 are in line with the objectives mentioned in sectmt.2 Detailed
descriptiors of the different procedures and information on the processing conditions applied
and the parameters examined are presented in the following sections. Moreover, details about
the characterisation techniques employed in this research investigation t@ d@nelgigferent

materials constructed are included in secidhha
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Synthesis and characterisation via
GPC and *H NMR of mPEG-PLA
diblock copolymer library

l

Perform the self-assembly of mPEG-
PLA copolymers under different
processing conditions

Nanoprecipitation aiming Slow self-assembly process Slow self-assembly process
for differentfinal block with intermediate by one-step slow addition
copolymer concentrations evaporation steps of water (selective solvent)

Comparison of experimental results
from the different formulation
processes to determine the most
ideal to construct DDSs

Figure 5.1: Summaryof the experimental procedures completed in this research investigation.

5.2.2. Polymer material

For this investigatioysix linear amphiphilic diblock copolymers with a PEG hydrophilic block
and a PLA hydrophobic bloclwere synthesised in total. Synthesis details of the diblock
copolymers produced for this research investigation are summarisatleb.1.

Table5.1: Summary of the six amphiphilic diblock copolymers constructed.

Polymer Initiator Monomer | Catalyst | M/l mass ratio” | Architecture
mMPEG5kb-PLA5Sk MPEGooo lactide DBU 1 linear
MPEG5kb-PLA10k | mPEGooo lactide DBU 2 linear
MPEGS5kb-PLA20k | mPEGooo lactide DBU 4 linear
MPEG2kb-PLA2k MPEGooo lactide DBU 1 linear
MPEG2kb-PLA4k MPEGooo lactide DBU 2 linear
mPEG2kb-PLA8k MPEGooo lactide DBU 4 linear

"M/l is themonomer to initiator mass ratio applied for the synthesis of each polymer.
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The polymer library of this study consists of six diblock copolymers of a poly(ethylene) glycol
methyl ether block and a poly(lactide) block (details of materials usegivamein Chapter 3).
Hydrophilic methyipoly(ethylene) glycol of two different molecular weights, 5000 and 2000
Da (MPEGooo and mPEGoog, was applied as the macroinitiator of the ring opening
polymerisation (ROP) reaction of lactide (LA). For each mPBEa&roinitiator three different
monometto-initiator mass ratios (1, 2 and 4) were used to produce the final polymers. The use
of the two different mMPEG molecular weights and the three M/l mass ratios were applied to
construct a polymer library with varying hydrophiliada hydrophobic block lengths. This
would allow the investigation and comparison of the-asfembly mechanism of polymeric
materials witha different hydrophobic/hydrophilic balance and with a range of PEG block,
PLA block and total molecat weights. The ROP of all the polymers was performed by using
the metalfree organic catalyst of DBU, which is considered to be one of the best catalysts for
the ROP of aliphatic polyesters as discussed in the literature ravi€hapter 2 All the

resulting polymers have a linear molecular structure.

5.2.3. Polymerisation procedure

The reaction scheme of the general polymerisation reaction applied for the synthesis of all the

amphiphilic diblock copolymersummarised ifable5.1 is presented ifrigure5.2.

0 2-MeTHF, 0
o n,, H-LO DBU (3% w/w to [M])
OH
H3C{’ \/\];QH *moo — > H3c{r°\/\}0
122 25 oC, 122 2m
0 45 min

Figure 5.2: Reaction scheme of the genebU-catalysed ROP applied for the synthesis of the mittiated
lactide diblock copolymerpresented in this chapter

The detailed procedure followed in this investigation for the synthesis of the fRBEG
diblock copolymers is described follows The specified quantity of lactide monomer (2000
mg) and initiator (mPE&0 or mPEGooo) were measured and placed into a 20 ml glass vial
containinga magnetic stir bar. This vial had been previously cleaned and dried in an oven at

100 °C overnight. The amounts of LA and mPEG initiator were determined based on the
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desiredM:lI mass ratiosAs an example, for thgynthesioof mMPEG5kb-PLASkK (1:1 M:l mass

ratio), 2000 mg of LA and 2000 mg of mPE&& were weigled and added in a vial with 2
MeTHF. The glass vial was capped with a rubber septum, placed on a magnetic stirring plate
and stirred at room temperature &9 until the monomer and initiator were fully dissolved.
Then, the chosen catalyst (DBU) was added to the solution at 3% wtartthe ROP reaction

of lactide at room temperature. The reaction was tereuhatter 45 min by precipitating the
reaction mixture in a hexane and diethyl e$@ution A total of three precipitation steps were
followed to purify the final synthesised polymer. The purified polymer was placed in a vacuum
oven to fully dry. The same polymerisation procedure was followed to produce all six
amphiphilic diblock copolymers ahPEGPLA studied in this investigation by varying only

the initiator usedriPEGooo or mMPEGoog and the monomeo-initiator mass ratio (1:1, 2:1

and 4:1).

All six synthesised diblock copolynmemwere analysed and characterised according to the
characterisation techniquesitlined in sectior8.6.1 The *H Nuclear magnetic esonance
spectroscopy*H NMR) spectra of the initial (before polymerisation) reaction mixture and the
final dry polymer product were used to determine the conversion of the monomer to polymer,
the degree of polymerisation (B)Pand the final polymer total number average molecular
weight (M) based on their chemical shifts. Also, the total number average molecular weight
(Mn) of the finalpolymer and the molecular weight dispersidy) (vere measured witsel

permeation chromatograpl@PQO.

5.2.4. BCP seltassembly procedures

Three different selassembly methodologies have been applied in this research investigation.
The commonly used nanoprecipitation processl twoslow formulationproceduresvere
performed. The two latter processes include the stepwise and thestedow setassembly
of polymeric micelles through the controlled transition between the chosen solvent and anti

solvent.
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5.2.4.1. Nanoprecipitation technique

5.2.4.1.1 Detailed procedure

For the nanoprecipitation experiments a sinplarcedurevas followedas in Chapter 4. Here,
acetonitrile or acetone were applied to serve as the good solvents (oil phase), while distilled
water (Stuart Distinction D4000 water still) acts as the-switient (aqueous phase). The
amphiphilic diblock copolymers undergo saksembly, resulting in the formation of
nanoparticle suspension via solvent exchange from the oil to the aquiemesfollowing a

kinetically drivenprocess

More specifically, the necessary amount of polymer was measured and introduced into the
appropriate volume of acetonitrile within a glass vial. During all the nanoprecipitation
experimentsthe concentration of polymer in acetonitrile (initial concentration) was maintained
at15 mg/ml. This was decided in order to ensure a constant concentration driving force at the
start of the nanoprecipitation process across all polymer materialgr@cessingonditions
employed. The polyméeully dissolved in acetotrile to ensure uniformity in solution. The
appropriate volume of distilled water for regomecipitation was added to a new, clean glass vial
containing a magnetic stér bar. The amount of distilled water needed was determined by the
desiredinal concentratiomf polymer in water when formulateato a nanoparticle suspension.

The vial containing distilled water was positioned on aetplate MR Hei-Tec magnetic
stirring hotplate, Heidolph Instruments GmbH & CO. X@ithin a fume cupboard at room
temperature (25°C). Subsequently, the initial polymer solution in acetonitrile was added
dropwise to thedistilled water vial either by hand doy a syringe pumpRHD ULTRAE ,
Harvard Apparatys while under constant stirrindg-ollowing the complete addition of the
initial polymer solutiona the distilled water, the aagitrile-waterpolymer mixture was left
uncovered in the fume cupboard at room temperature overnight. This duration allowed for the
full evaporation of acetonitrile from the suspension and ensured the completion of the solvent

displacement procedure
A schematic diagram showing the experimental set up applied in this case for the

nanoprecipitation process completed either with a syringe pump or by hand is shogurén
5.3.
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Dissolved BCP in
acetonitrile

Dissolved BCP in
acetonitrile T

Distilled water Distilled water

Figure 5.3: Schematic representation of experimentalugeémployed for the nanoprecipitation procedure either
by syringe pumpléft) or by hand ight).

5.2.4.1.2 Processing parameters

The effect of processing parametensthe final nanoparticle suspensisach as the final BCP
concentration in the final nanoparticle suspension formed, the rate of addition of the BCP
acetonitrile solution in the arsiolvent (water) and the solvent quality of the good solvent for
both blocks of the BCPsjere examined

The final BCP concentration in nanoparticle suspension was varied from@Z&R8t%. This
wide range of concentrations was employed to examine whether the nanoprecipitation
technique is successful in formulating nanoparticle suspensions from very logntation

to relatively high concentration of polymers.

The rate of addition of the BGC#&tetonitrile solution into distilled water was varied frof 1
ml/min usinga syringe pumpThiswas also compared to the estimated rate of approximately
30 milimin achieved when the solution svaanoprecipitated by hand. The effect of the rate of
addition of the BCP solution on the final particle size distribution (R8@he nanoparticle

suspension waexamined.
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For the investigation of the good solvent qudhoththe polar solvenof acetonitrile, which is
primarily used in this investigation, atftevolatile solvent of acetone, which was used during
the nanoprecipitation procedune Chapter 4 were employedThe effect of the different

solvent propertiesn the nanoparticle suspensionsvexplored.

A summary of the different nanoprecipitation experiments performed for all the six diblock
copolymers of mMPE@LA synthesised in this research investigation (sed@i@r® and the
different processing parameters varied to assess their effect on the formulated nanoparticle

suspension are presentediable5.2.

Table5.2: Summaryof performed nanoprecipitation experiments and varied processing parameters.

Nanoprecipitation processing parameters

Good solvent | Rate of addition (m/min) | Final BCP concentration (wt%)
Acetonitrile 30 0.025
Acetonitrile 30 0.05
Acetonitrile 30 0.1
Acetonitrile 30 0.15
Acetonitrile 30 0.25
Acetonitrile 6 0.1
Acetonitrile 2 0.1
Acetonitrile 1 0.1

Acetone 30 0.1

5.2.4.2. Stepwise slow setissembly

For the twodesignedoroceduresthe aim was to createstower sefassembly processhen
compared to the nanoprecgdion technique. This was performieg reducing thenixing rate
of the solvent and an$iolvent duringthe formulationprocessthrough the reduction of the

stirring rate and rate of ardolvent addition

In the stepwise slow setfssembly, the slow trarion between the good solveor the two
blocks of the BCP and the selective solvent for one of the blocks was performed in a controlled

manner. The transition was monitored to gain a better understaotlithg selfassembly
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procedureln particular, a very slow dilution process of the B&fetonitrile solution with
distilled water was performed followed by an evaporation step. In total, 10 of these dilution
evaporation steps were applied to reach different solvent volume percentagesooitrile

and water geeTable5.3).

Table5.3: Volume percentage of water and acetonitrile in each of the ditetiaporation steps of the stepwise
slow selfassembly process.

BlUtiG - Volume percentage of material in solvent system (vol%)
evaporation step Water Acetonitrile
Initial solution 0 100

1 10 90

2 20 80

3 30 70

4 40 60

5 50 50

6 60 40

7 70 30

8 80 20

9 90 10

10 100 0

The distilled water dilution of each of the dilutiewaporation steps was performed by
employing a syringe pump at a constant flowrate of h@hin. During this processhe BCP
solution was under constant stirring &Ipm on a magnetic stirring plate placed in a fume
cupboard. The dilution process was completed at room temperatuf€)2B schematic
diagram showing the experimental set up applied in this case for the water dilution step of the
stepwise slow selissembly process is presentedrigure 5.4. The evaporation step was
conducted undegonstant stirring on a magnetic stirring plate in a funpboard and at room
temperatureThe same process was followed for all 10 dilvwaporation steps. The BEP
acetonitrilewater mixture was monitored -imetweenall the performeddilution-evaporation

steps using Pnamic light scattering (DLS) to investigate when nanopargétems and how

the PSD varies with increasing water content in the solvent system.
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Distilled water

” Initially dissolved
v BCP in acetonitrile

Figure 5.4: Schematic diagram presenting the experimental set up applied for the slasssgitbly procedure
of the synthesised diblock copolymers.

The concentration of the BCP in solution was kept condi@anthe different dilution
evaporation steps to eliminate the eféedf varied BCP solution concentration on the
procedure. Two BCP concentrations in solution were investigated, 1.25wt% and 0.1wt%. Since
this procedure is extremely time consuming, as a proof of cqrardptone of the synthesised
BCPs (mPEG5#-PLA5Sk) was used to perform this formulation technique and assess its

feasibility for the production of an ideal DDS.

In the stepwise slow se#fssembly process, the rate of mixing of water and acetonitrile, in
terms of the rate @ntisolvent addition and the solution stirring speed, is significantly reduced

when compared to the conditions used during the nanoprecipitation method.

5.2.4.3. Singlestep slow selassembly

Based on the observations and results gathered from the application of the stepwise-slow self
assembly process, the singlep slow selbssembly procedure was developed. This
formulation procedure is considered to bée&tween the nanoprecipitation atiné stepwise

slow selfassembly processes. This is based on the processing conditions applied when

performing this nanoparticle formulation technique.

As already discussed, the stepwise slow-astfembly procesgiresented in sectiob.2.4.9
was mainly used t@ain a greater understanding thie selfassembly process of diblock
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copolymersHowever it is an extremely time consuming proceddreerefore, an alternative
process that would reduce the processing isneequired. This is the rationale behind the

development of the singlgtep slow selassembly process.

This nanoparticle formulation procedure is essentially a sstgle process of the stepwise
slow seltassembly process presented in seclidh4.2with the application of some of the
processing conditions used during the nanoprecipitation technique presented irbs2etitn
Here, the distilled water dilution tfhe BCRacetonitrile solution wacarried out in ongingle

step followed by one full acetonitrile evaporation step, in contrast to the 10 dilution
evaporation steps performed in the stepwise slow-assiémbly process. The initial
concentration of ta BCP in acetonitrile solution wd5 mg/ml, as in the nanoprecipitation
technique. Theolume of distilled water used wdased on the desired final concentration of

polymer in water.

The distilled water dilution was performed by employing a syringegpaina constant flowrate

of 0.04 ml/min; thesame as the stepwise slow setsembly process. During this process the
BCP solution was under constant stirrin2a® rpm on a magnetic stirring plate placed in a
fume cupboard to ensure good mixing between water and acetonitrile. The dilution process was
completed at room temperature @. The experimental set up used to perfoine single

step water dilution process is the same as the stepwise process, predeigiae 5.

The evaporation singlstep was conductachderconstant stirring on a magnetic stirring plate

in a fume cupboard and at room temperature 2%s inthe nanoprecipitation process.

In the singlestep slowselfassembly process employed, the rate of mixing of water and
acetonitrile, in terms of thrate of solvent additicaind the solution stirring speed, sveeduced
when compared to the conditions used during the maoggptation methocand increased
compared to the conditions used during the stepwiseassfimbly proces3his nanoparticle
preparation technique is regarded as an intermediate appmdehms of rate of mixing of
solvent and antsolvent,between nanoprecipitation and stepwise slowasdembly processes,

as it combines procesgjrtonditions from both methods.
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5.2.5. Characterisation analysis techniques

In this sectionthe characterisation techniques performed to analyse the mapeddlsced
during the different seldssembly procedureare summarised. Further details about the
characterisation techniques, tleguipment utilised to perform these analyses and the

measurement procedures carfdaend in Chapter 3.

Nuclear magnetic resonance spectroscopy (NMR)The conversion of monomers to
polymers, the degree of polymerisation (D&f each reaction and the molecular weighthe
final polymer product were determined ustijnuclear magnetic resonance spectrosclpy (
NMR). CDCls (deuterated chloroformyas used athe common deuterated solveand all
samples were analysed using a Bruker DPXM®6{ spectrometer operating at 40z (*H).
Chemical shifts were assigned in parts per million (ppvi@stReNova 6.0.2opyright 2009

was used for analysing the spectra.

Gel permeation chromatography (GPC):The GPC waperformed with the help of Agilent
1260 Infinity Series HPLC. Wo Agilent PL-gel mixedD columnswere used in series to form
the porous gel matrix. The mobile phase flow rate wad/thin. A differential efractometer
(DRI) was used as the sample detector for the elution of molecules from the coha@PC
system was calibrated using p@hethyl methacrylatg (PMMA) standardsprior to

measurement.

Dynamic light scattering (DLS): This characterisation technique was used to establish
information about the nanopatrticle size distribution and the polydispersity {R@#xof the
nanoparticle population present in the samplas DLS equipmendf BrookhaverZetaPALS
(2008) was usedAll the measurements were completed at room temperatufRC)23he
samples were equilibrated at 5 in the equipment cuvette chamber prior to measurement.

Each measurement consibiaf 5 runsof the same sample.

Zeta potential (Z-potential) analysis: The zeta potentialg] of the colloidal suspensions
prepared was measured usmgrookhaven ZetaPALS Zeta Potential Analyser (2008g
measurements were completed at room temperatuR€j2%he samples were equilibrated at

the measurement temperature in the equipment cuvette chamber prior to measurement. Each

measurement consisted of 5 runs of the same sample.
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5.3. Results and discussion

5.3.1. Synthesised polymer characterisation

The results obtained from the chemical characterisatohniques fH NMR and GPC)
employed foranalysing the properties of the synthesised diblock copolymers of FRRBG
are summarised ihable5.4.

Table5.4: Chemical characterisation results for all the synthesised polymers.

Conversion | Total molecular weight Total molecular weight

Polymer (%)2 (Mn) (*H NMR) [kDa] ® (Mn) (GPC) [kDa]¢ awm

MPEG5kb-PLASkK 97.8 9.89 12.24 1.14
MPEG5kb-PLA10k 98.0 14.80 14.24 1.18
MPEG5kb-PLA20k 98.1 24.62 16.22 1.32
MPEG2kb-PLA2k 97.9 3.96 6.03 1.21
MPEG2kb-PLA4k 98.5 5.94 7.67 1.20
mPEG2kb-PLA8k 98.5 9.88 10.93 1.30

aCalculated byH NMR.
bCalculated from &, mPEGinitiator backbone peak andHPDLLA peaks'H NMR integration.
¢Compared to PMMA standards.

The M/l mass ratio applied for the synthesis of theEGPLA diblock copolymersalso
represents the hydrophoHiz-hydrophilic mass ratio of the finglbolymer material. This is an
indication on the hydrophobicity and the hydrophilicity of the amphiphilic diblock copolymers
produced. The higher the value of this ratio, the higher is the hydrophobic nature of the polymer
material. Another indication of thieydrophobic and hydrophilic nature of the amphiphilic
diblock copolymers synthesised is the volume fraction of blocksA Which represents the
volume fraction of the mPEG block, and therefore the hydrophilic section, of the final polymer

material.

The degree of polymerization ()Pthe conversion of lactide monomers to polymers and the
total molecular weightachieved bythe diblock copolymers synthesigas determined by
performing the!H NMR analysis. Initially, théH NMR spectra of the reaction mixture in 2
MeTHF were examined before adding the DBU catalyst, mgrkie prepolymerization phase.

This wasthen compared witthe *H NMR spectra established for the final purified diblock
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copolymers to assess the DEhe monomer lactideonversion into polymer, and to compute

the final polymer molecular weight. TR NMR spectra collectedefore the reaction and for

the final purified polymer, were analysed based on the same methodology followed and
discussed in Chapter 3 and Chapter 4.

As seen fromTable 5.4, high conversions of the lactide monomers into polymers were
established with all the diblock copolymers achieving a conversion of 97.8% and higher. The
degree of polymerisation (QPwas calculated as 34, 68 and 136 LA units for mPE5k
PLASK, mPEG5kb-PLA10k and mPEG5k-PLA20k, respectively. These were in agreement
with the calculated theoretical polymerisation index (35, 69 andr&8PectivelyYargetedor

the synthesised polymers. The{@Btablished for MPEG2kPLA2k, mPEG2kb-PLA4k and
MPEG2kb-PLA8k is 14, 27 and 55 LA repeating monomers. These arecatsistentvith
thedesiredtheoretical polymerisation index of 14, 28 and 56 LA repeating,usgpectively.

All the calculated total polymer molecular weights frd NMR spectra analysis and

integration are presented for each of the synthesised polymeric matefiatses.4.

Gel permeation chromatography was also performed for the characterisation of the synthesised
diblock copolymer of mMPELA to establish information on the total molecular weight of the
polymers and the polydispersity of the measured molecular weightadbroé the samples.

The results obtained from the GPC measurements and analysis presented a monomodal GPC
trace for all the produced polymers. The GPC measured total polymer molecular weights are
summarised iMable5.4 for each of the produced polymers. As seehahle5.4, all polymer
materials synthesised in this research investigation are characterised by a narrow molecular
weight dispersitydm). The GPC analysis revealed dispersity values of 1.32 and lower for all

the polymers. Such low polydispersity values for this type of ring opening polymerisation
(ROP) synthesis performed here demonstrate a controlled molecular weight distribution in the

final polymer products.

From the data shown ifable5.4, some discrepancies can be observed between the molecular
weight values measured from GPC and established by4th#VIR spectra integration. These
differences are probably caused from the significant chemical differences between the PMMA
standards, which were applied for the calibration of the GPC equipment, and the synthesised
amphiphilic diblock copolymers. This fiimg has beeipreviously reportedn the literature
(Al-Natouret al,, 2020)andis also reflecteth the resultpresenteah Chapter 4. As discussed
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in Chapter 4, the possible reason behind these discrepancies could be the diverse interaction

between the polymers and the chromatography column addfégrences irsolvated volumes

5.3.2. Nanoprecipitation technique

All the amphiphilic diblock copolymers of mPERLA synthesised in this research
investigation were successfully formulated into nanoparticles by applying the
nanoprecipitation (solvent displacement) mettedcribed in sectiob.2.4.1 The effects that

the properties of the six different diblock copolymers have on the final constructed nat®parti
formulation were investigated. Moreover, the variation of nanoprecipitation processing
conditions, such as the final BCP concentration in suspension, the rate of addition of the oil
phase (polymeacetonitrile solution) into the aqueous phase (distilled water) ansdallient

used for the oil phase, was performed to determine their influence on the final nanoparticle
suspension. The varied nanoprecipitation processing conditions are summafiaele §12.

5.3.2.1. Diblock copolymer properties influence

All the synthesised diblock copolymers were able to formulate polymeric nanopatrticles using
the nanoprecipitation technique, confirming their amphiphilic nature and their ability 1o self
assemble when present in agueous environments. The six polymerlaaterduced in this
investigation have very distinct properties ($able5.4), which can be used faomparisons

and lead to an understanding of their influence in the nanopddroh@lation characteristics.

The diblock copolymer properties examined here for their influence on the final nanoparticle
size include the total molecular weight of the polymer, the molecular weight of each of the
blocks comprising the polymer (MPEG ardNp, the hydrophobic to hydrophilic ratio of each

of the polymers, the degree of polymerisation {#d the volume fraction of each of the two

blocks in the final diblock copolymers formed.
The mean diameter (measured HYLS) of the nanoparticle suspension formed by

nanoprecipitation of athe produced diblock copolymeaseplotted inFigure5.5 as a function

of the GPC measured total polymer molecular weigable5.4).

117



70
B mPEG5k

60 ® mPEG2k
50 %

40
30 i

20

Mean diameter [nm]

10

0 5 10 15 20
Polymer total molecular weight (M,)) [kDa]

Figure 5.5: Plot of the nanoparticle mean diameter results obtained via DLS for all the synthesised diblock
copolymers versus the polymer total, Mheasured via GPC. The blue circle data points are for the diblock
copolymers having a mPEG2k hydrophilic block and the red square data points are for the polymers with a
MPEG5k hydrophilic block. Data presented are the mean values of three independentesip and the error

bars are the standard error.

From the plotted data iRigure5.5, it is observed that the mean diameter of the nanoparticle
suspension formed through nanoprecipitation is increasing with the increasing total molecular
weight of polymer. In additionfor the mMPEQ&k block copolymerst is observed that the
increase from the polymer at 7.5 kDa to the polymer at 11 kDa is bigger than the increase
observed between the 6 to 7.5 kDa. The same trend is followed for the mPEG5k block
copolymers. These trends are easily observed due to pa@aten of the two datasets
(mPEG2k and mPEG5K). If the datasets are combined, then these observations would not be
entirely true due to the result obtained for the mMPEGEHLA8K polymer, which is
significantly higher than the mean diameter measured for the mPBERASk. Therefore, it

is clear from the relationships seen here, that thergénaral trentbetween the total molecular
weight of the diblock copolymer and the final nanoparticle size. Althouglrahésobserved

from the results lead also to the assumption that there is influence on the final nanopatrticle size

from other properties of the amphiphilic block copolymer used for the nanoparticle formulation.

The same resulisereplottedas function othe molecular weight of the mPEG block of each

of the diblock copolymers and gpeesented ifrigure5.6.
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Figure 5.6: Plot of the nanoparticle mean diameter results obtained via DLS for all the synthesised diblock
copolymers versus the molecular weight of the mPEG block of the synthesised polymers. The blue circle data
points are for the diblock copolymers having a mPE®&@rophilic block and the red square data points are for

the polymers with a mPEGS5k hydrophilic block. Each of the polymer labels is position next to their corresponding
data point. Data presented are the mean values of three independent experintkatsranichars are the standard

error.

The corresponding diblock copolymers (based on the hydrophobic to hydrophilic block ratio)
between the mPEG2k and mPEG5k batch are conneckéglire5.6 using a dotted line. This

is used to illustrate what is the trajectory followed between polymers, when the length of their
hydrophilic (nPEG) block is increasing by eliminating the effect of the hydrophobic (PLA)
block on the mean nanoparticle size. Tikisichieved by comparing diblock copolymers that

have the same hydrophobic to hydrophilic block ratios.

As it can be seen from the plotted dataFigure 5.6, the mean diameter of the formed
nanoparticles increases when the molecular weight of the hydrophilic block (mMPEG) of the
diblock copolymer is increasing too. This observation is true for all the hydrophobic to
hydrophilic ratios established in this studne other important observation noted frBigure

5.6 is that the mean diameter dattablishedor the same mPEG blkdengths are increasing

with increasing hydrophobic to hydrophilic ratio and increasing hydrophobic (PLA) block
length.
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To investigate further th&end between the hydrophobic block molecular weight and the
nanoparticle mean size, threean diameteresultsshown inFigureb5.6 are plottedas a function

of the molecular weight of the PLA block of each of the diblock copolym@etsare shown in
Figure5.7.
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Figure 5.7: Plot of the nanoparticle mean diameter results obtained via DLS for all the synthesised diblock
copolymers versus the molecular weight of the PLA block of the synthesised polymers. The blue circle data points
are for the diblock copolymers having a mPEG2kirophilic block and the red square data points are for the
polymers with a mPEGS5k hydrophilic block. Data presented are the mean values of three independent experiments
and the error bars are the standard error.

The trends followed by the nanopatrticle sizes and in general the appearance of the graph when
the degree of polymerisation (Hs plottedas a function othe measured mean diameter,

looks similar to Figure5.7. This is because the R essentially the number of repeating
monomer units forming a polymer and in this casewloatid be the number of lactide repeating

units in the final diblock copolymer products. Therefore, BRinother way of quantifying the
amount of LA in the polymemsthe molecular weight of the PLA block. Thus, Diould

havean analogouappearance and the data would follow same trends with the PLA molecular
weight graphs when plotted withe measured mean diametéthe nanoparticles

As seerfrom Figure5.7, the mean diameter measured by DLS is increasing with increasing
molecular weight of the PLA block of the diblock copolymers. The same trend that is observed
in Figure5.5, where the increase between the middle mean diameter points and the highest
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diameter data point (for both the mPEG2k and mPEG5k datasets) is bigger when compared to
the increase between the low and the middle mean diameter data poafgs,distected in
Figure5.7. This is in agreement with the molecular PLA block lengths, where the gaps between
the middle and the highest block lengths are larger compared to the molecular weight gaps
between the lowest and middle block lengths for both the mPEG2k and mPEG5ksdatmset
seenin Figureb.5, if the two datasets (MPEG2k and mPEG5k) were combinedyure 5.7

the trendsbetween the molecular weight of the hydrophobic block and the mean diameter
would be harder to distinguish based on the data point cross between the rPEIGREk

and the mPEG5k-PLAS5k polymers.

The effect of the hydrophobic to hydrophilic ratio of each of the synthesised diblock
copolymers on the final nanopatrticle size established from DLS was investigated and the results

obtained arshown inFigure5.8.
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Figure 5.8: Plot of the nanoparticle mean diameter results obtained via DLS for all the synthesised diblock
copolymers versus the hydrophobic to hydrophilic ratio of the synthesised polymers. The blue circle data points
are for the diblock copolymers having a mPEG@3kirophilic block and the red square data points are for the
polymers with a mPEG5k hydrophilic block. Data presented are the mean values of three independent experiments
and the error bars are the standard error.

The hydrophobic to hydrophilic ratio is again another method for quantifying the amount of
hydrophobic PLA in the final polymer product. In this case, guigntification is normalised

by the amount of hydrophilic mPEG present in the polymer. Therefore, it is expected that the
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mean diameter of the nanoparticle suspension measured by DLS is going to be increasing with
the increasing hydrophobic to hydrophilic ratio of the diblock copolymers examined, as seen
for previous methods of quantification of the hydrophobic PLA block (Rictecular weight

and DR). As expected, inFigure 5.8 the mean diameteincreaseswith the increasing
hydrophobic to hydrophilic ratio of the polymeltsis alsointerestingo notethat the mPEG5k
polymers have consistently higher mean diameters compared to the mPEG2k polymers. This
clearly demonstrates the effect of the hydrophilic block on the mean diameter, where higher
molecular weights of hydrophilic block increase the nanapearsize (as observed Figure

5.6). Figureb.8 also displays the rise of the nanoparticle dimensions when the overall molecular

weight of the polymer ikigher.

The influence of the hydrophilicAf and hydrophobic £) volume fractions in the amphiphilic
polymer on the mean diameter of the nanoparticle suspensiomwveatigated. IrFigure5.9
the mean diameter measured by DLS is presented as a function of the hydrophilic block (MPEG)

volume fraction (£).
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Figure 5.9: Plot of the nanoparticle mean diameter results obtained via DLS for all the synthesised diblock
copolymers versus the hydrophiitPEG volume fraction £ in the synthesised polymerghe blue circle data

points are for the diblock copolymers having a mPEG2k hydrophilic block and the red square data points are for
the polymers with a mPEG5k hydrophilic block. Data presented are the mean values of three independent
experiments and the errbars are the standard error.
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The volume fraction of the hydrophobic block)(fs a method of determining the proportion

of PLA in the final amphiphilic polymer. The volume fraction is a property normalised by the
total volume of the system, in this case the diblock copolymer volume. As seen from the
previous methods discussed tbe quantification of PLA (DR PLA M, and hydrophobic to
hydrophilic ratio), the mean diameter of the nanoparticle grows with higher amounts of PLA.
Therefore,the same trends expected to apply for the wohe fraction of PLA. Since the
volume fraction of the hydrophilic blocka(f is equal to 4(fg), it is expected that the exact
opposite trend will be followedhen the results are plotted for the mean diameter vessus f

As seen fronfFigure5.9, the experimental results are in perfect agreement with the expected
outcomes. The plot presentedRigure 5.9 is mirroring horizontally the plot established in
Figure5.8. An important observation from the results plottedrigure5.9 is that the mean
diameter size decreases with increasing volume fractions of mMPEG, but grows with increasing
volume fraction of PLA. This suggests that even though the mean diameter is depended on

both blocks, the hydrophobic block of the amphiphilic pody has a higher influence on this
property.

By observingthe results presented kigure5.5, Figure5.6 andFigureb.7, it is clearthat the

mean diamter measured by DLS is dependamt the molecular weights of both the
hydrophobic and hydrophilic block lengths of the amphiphilic block copolyriée
dependency of nanoparticle size on the total molecular length of the polymer reflects the
balance between the respective contributions of each block to the total molecular weight of the
diblock copolymersi-rom the observation of consistently higher nanopatrticle sizes established
for the longer mPEG chains kigure5.8, the findings of increasing diameter with increasing
polymer and mPEG molecular weights were confirmed. Finally, the resultsHigume 5.9

have proven that out of the two blocks of the synthesised polymers, the PLA hydrophobic block

has the highest influence on the aversige of the nanopatrticle suspension.

5.3.2.2. Final polymer concentration investigation

In this investigation,hte final BCP concentration in nanoparticle suspension was varied from
0.0250.25wt%.A wide range of concentrations wesployed to examinthe effects of this
processing parameter on the final nanoparticle suspension and its properties. To investigate
this, the analysis of the final nanoparticle samples produced was performed using DLS to gather

information on the nanoparticle size and 2. In addition, the broad range explored allows
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for the investigation of the ability of the nanoprecipitattenhniqueto be established as a
highly successfumethod for nanoparticle formulation rangifigm very low concentratian

to relatively high concentratisof polymersin aqueous suspensions

There is limited literaturevestigating the effect of the concentration of BiiRing the seH
assembling procedure and how that influences the final nanoparticle suspension properties.
Especially for nanoprecipitation, the most commonly applied BCP concentration in the final
nanoparticle suspension is 0.1wPearcest al, 2019; Phaetal, 2 01 9 ;etaQ20BQ)i e n

Based on the results obtained from DLS, @dascluded that the nanoprecipitation technique is

a successful formulation technique for a vast range of final polymer concentrations. Its ability
to form well defined nanoparticles at every concentration employed in this investigation study
has been pran. All nanoparticle sizes established are within the acceptable range required for
pharmaceutical applications, ranging from3%nm(Capasso Palmiert al, 2018) Also, the
values of the PDIs obtained for all polymers are relatively low, suggesting a low discrepancy

in the nanoparticle sizes formed with high levels of suspension uniformity for all materials.
The resultsof the mean nanoparticle size are plotted against the five differaptoyed

polymer final concentrations. The datavseparated ithe six differentmPEGPLA block
copolymerdatasetsand are presented gure5.10.
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Figure 5.10: Plot of the nanoparticle mean diameter results obtained via DLS for all the synthesised diblock
copolymers versus the amphiphilic block copolymer final concentration in nanoparticle suspension.

From the results presentedkigure5.10, it can be observed that there is adpecifictrend
between the two plotted parameters that is followed for all the diblock copolymers examined.
All six different amphiphilic polymers have a distincajectorythat is followed between the

measured mean diameter and the polymer final concentration.

5.3.2.3. Rate of addition variation

The BCRacetonitrile solution was added at varying speeds into the selected aqueous phase.
The rate of addition was varied frorm6Iml/min using a syringe pump. The results were also
compared to the results obtained for the nanoprecipitation performednaly which was
estimated to have a rate of addition of approximately 30 ml/minotA#rnanoprecipitation
processing conditions were kept constahtle varyingthe rate of addition of the oil phase.

The influence of tarate of addition on the final mealiameter of the nanoparticle suspension

was investigated.
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The nanoprecipitatioof mMPEG5kb-PLA10k was performed at the various rates of addition
selected, aiming for a final concentration of 0.1wt%. The polymer material and its final

concentration were kept constant for all rates of addition employed.
The resuing nanoparticle suspensions were analysed using DLS to determine the mean

nanoparticle size and thiRDI. The result®f investigating the influence dfie addition speed

of the BCPRacetonitrile solution in distilled water are summarisedable5.5.

Table5.5: Results for the mean diameter and PDI measured with DLS for the different rates of addition

Rate of addition [ml/min] Mean diameter [nm] Polydispersity index (PDI)
30 52.8 0.106
6 554 0.100
64.4 0.098
1 65.3 0.089

From the results presentedTiable5.5, it is evidentthat the rate of addition has a significant
influence on the nanoparticle formulatipropertiesWhen the rate of addition of the oil phase

into distilled water is increased, the nanoparticles average size decreases. This is evident from
all the results presented hefighe results obtained from the nanoprecipitation experiments
performed with the aid of a syringe pump seem to bewatlg their own trajectoryThat
changes significantly when taking into consideration the results obtained by hand
nanoprecipitation.

The observation of a smaller nanopatrticle size with increasing rate of addition is in line with
the discussions earlier in this chapter (secttdd), where it was mentioned that
nanoprecipitation is a kinetic process and therefore the nanoparticle formulation and properties
are based on kinetic factors. This is proven here, where the nanoparticle mean diameter is

decreased when the sal$sembly proess promotes faster formulatioanditions
In addition, the PDI values obtained for all the results of the different rates of addition are very

low with values of 0.106 and lower#ble5.5). This proves that a very narrow particle size

distribution is achieved for all the performed experiments. Finally, all nanoprecipitation
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processes completed have given rise to a nanoparticle suspension with mean diameters well

within the desirable range for biomedical applicatifParket al, 2008)

5.3.2.4. Oil phase effects

The good solvent used to form the oil phase of the initial BCP solution was altered from the
polar solvent of acetonitrile (solvent used consistently throughout this chapter) to the volatile
solvent of acetone (good solvent employednfanoprecipitation in Chapter 4). The influence

of the solvent quality of the oil phase and its properties on the nanoparticle suspension final

characteristics asexamined.

The nanoprecipitation of all produceiblock copolymersvas performed using the two oll
phase solvents chosen. The selected final diblock copolymer concentration in nanoparticle
suspension was 0.1wt%. The final concentration and the rest of the processing conditions were
kept constant for the two nanoprecipiba experiments to determine the effects caused only

by the oil phase solvent quality.

The resultant nanoparticle suspensions from the different experiments were analysed using
DLS to determine the mean nanoparticle size and the polydispersity index for the formulated

suspensions.
The mean diameters of the nanoparticle suspensions established for both acetone and

acetonitrile are plotted for all the diblock copolymers synthesised in this investigation and are

presented ifrigure5.11.
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Figure 5.11. Plot of the nanoparticle mean diameter results obtained via DLS for all the synthesised diblock
copolymers. A 0.1wt% polymer final concentration in suspension was employed. The purple bars are the data for
nanoparticle suspensions formed frime acetone oil phase and the green bars are the data for the nanoparticle
suspensions formed from the acetonitrile oil phase.

From the results plotted ifigure 5.11, it can be observed that famostall diblock
copolymers the nanoparticle mean diametiethe suspensiorformed by using acetonis
consistently lower than that establisheith acetonitrile.This effect can be attributed to the
different properties of each solvent. Althougiey are both highly polar and miscible with
water, acetone has a significantly lower boiling poimtjch is closer to room temperature
compared to the acetonitrile boiling poifihereforeacetone is more volatile than acetonitrile
which enablesacetone to evaporate faster and leave the saopafter the nanoprgaitation

of the polymeric material. When the evaporation of the oil phase is performed at a higher speed,
then theprocessof solvent displacemei significantly faster As discussed (sectidn3.2.3,

when the kinetics of the nanoprecipitation process are faster, the mean diameter of the
naroparticle suspension formed is lower. Thispi®bably the rationalefor the smaller
nanoparticle sizes for the acetone oil phase compared to the mean diameters measured for the

acetonitrile oil phase.
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The mean diameters established for all the amphiphilic polymers, for both acetone and
acetonitrile Figure 5.11), are withinthe acceptable range for nanoparticles intended for
medical application. Although, the particle sizes established by acetonitrile could be more
beneficial when forming DDS for an increased circulation time and to reduce the risk of fast
kidney excretionthat would be observed for nanoparticles that are smallEs25 nm)
(Capasso Palmieret al, 2018)

From the results shown iRigure 5.11, the other important observatias a higher mean
diameter measured for polymers with a higher total molecular wéihistobservation is more
apparent fronthe acetonitrile oil phase results. Also, the mean diarapfeears tincreag as

the hydrophilic block (MPEG) increases and when the hydrophobic block (PLA) increases for
both the acetonitrile and acetone oil phase results. These observations are in line with the

observations made in sectibr8.2.1

The resultxollected for thé’DI of the nanoparticle suspensiqgresented eelatively narrow
nanoparticle size distribution for all materials and experiments perfoitdwuever it was
observed that the data sheavconsistently lower PDI value for all the diblock copolymers for
the nanoprecipitation experiments performed using acetonitrile as the oil phase. This
phenomenon could be attributed to the high volatility of acetone, which by evaporating quickly
from thesample after nanoprecipitation, does not allow a sufficient time for the amphiphilic

polymer chains to organise indomore uniform nanopatrticle size distribution.

The results obtainedoly varying the solvent quality of the oil phase indicate that out of the two
solvents tested, acetonitrile is a more effective solvent based on its physical properties. This
was concluded by theesultingmean diameter and tHeDI of the formulated nanoparticle
suspensions. Overall, it was concluded thearatrollably volatile solvent performzetter as it

is required to evaporate out of solution after the nanoprecipitation process is completed, but
should also allow for a sufficientiie for the amphiphilic diblock copolymers to organise into
polymeric nanoparticles with the required characteristicd3intended for pharmaceutical

applications.
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5.3.3. Stepwise slow selissembly

For the slow selhssembly procedure results presented here, the aim was to cskaier
processwhen compared to the solvent displacenmathod (sectio®.3.2, by reducing the

rate of mixing of solvent and ardgplvent. Therate ofantisolvent addition and the solution
stirring speed is significantly reduced compared to the nanoprecipitation process to achieve a

different formulation process.

The slow transition between the selected oil phase (acetonitrile) to the selected aqueous phase
(distilled water) was performed in a controlled manner during the stepwise sleagsethbly.

The transition process was monitored via DLS measurements ta batter understanding of

the selfassembly procedure of the amphiphilic diblock copolyofenPEG5kb-PLASk and

assess the feasibility of the process to produce nanoparticle formulations with the desirable
characteristics of a DDS.he concentration ofhe mPEG5kb-PLA5SK in solution was kept
constant throughout the process to eliminate the influence of the BCP solution concentration

on the seHassembly procedure.

For the stepwise slow sedssembly process followed with a concentration of 1.25wt% of
MPEG5kb-PLA5K in solution,six steps of slow water dilution and acetonitrile evaporation
were completed in total. The process was teated aftesix steps (60vol% of water, s€éable

5.3) due to polymer material precipitating out of solution and depositing on the bottom of the
glass vial forming a sediment layer. Therefore, it was obvious that a nanopatrticle suspension
was not applicable in this polymer concentration in solution. The BeSsurement of the
sample at60vol% of water was not performeas macroscopic observation of the sample
indicatedthe size of the particles present in solution are much bigger than nanoparticle size.

The mean diameters of the six dilutiemaporation steps were plotted against the volume

percentage content of distilled water in the solvent system (distilled water and acetoagrile)
shown inFigure5.12.
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Figure 5.12: Plot of the mean diameter results obtained via DL%iasix dilutionrevaporation steps performed
for the stepwise slow sefssembly of mMPEG5k-PLASk at a constant solution concentration of 1.25wt% against
the corresponding vol% content of water in the solvent system (acetonitrile and Watarpresented are the
mean values of five DLS runs of the sample and the error bars are the standard error of tiiesmostsases
hidden behind the data points)

From the results presentedrigure5.12, it can be noted that with the increasing water content

in the solution, the nanoparticle average size increAs@gter contents between @0vol%,

this istheexpectedrendsince amphiphilic block copolymers selésemble in the presence of
agueous solvents. Therefore, the results suggest that when the aqueous solvent concentration
in solution increases, more free amphiphilic diblock copolymer chainasstimble and form

nanoparticles.

It is observed that as the water content in solution keeps increasing (from 40vol% and higher),
the mean diameter of the polymeric nanostructures faorikegps increasing. This could
indicate the formulatiolf a more complex structure with this formulation process compared

to the different polymeric nanoparticles introduced in se@i8rRof the Literature revievn

Chapter2. Also, it is possible thapolymeric micelles are initially forming at lower water
content percentages and as the process progresses the micelles aggregate to form larger
particles, which are effectively measured by DAl give the results observedrigure5.12.

However, as discussed alreafty the DLS resultsn Chapter 4, this characterisation alone
cannot provide confirmation on the exact type of polymeric nanostructure fasimeelit does

not incorporate structure characterisation of the medsuederial. Therefore, the precise
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physical and structural condition of the polymeric nanoparticles formed here remains undefined.
More specialised characterisation techniques, that can perform structural analysis, are required
in this case to address the physical nature of the forndutatiymeric nanoparticles. Cryo
TEM and Xray scattering characterisation asech processesthat could provide this

information.

The results for the initial state of the solution and the first two dilution steps (F20nd%

of water) present a very lomean diameter of approximately. Such low average diameters

are observed when the polymer chains are free in solution and are adopting the random walk
configuration (see sectiah6 for random walk in literature review). Thereforeis expected

thatat contents of 20vol% of water in the solvent system, the diblock copolymer is adopting

its random walk configuration. In this castt®e average nanoparticle size measured by DLS

represerdthe radius of gyration of the polymer in solution (see se&ién

The most important observation from the respltdted inFigure5.12is theincrease irmean
diameter from 6 nm to 65 nm, between the second and the third diludeaporation step.

The data collected for these two process stepgd mearthat the initiation of the micelle
formation process is taking place betweer3R00l% content of water in the solvent system.
Inside this water composition range, the transition from free open polymer coils in solution to

selfassembled micellar structs in suspensias likely occuring.

The physical macroscopic appearance of the sample was completely clear and transparent from
0-30vol% of water in the solvent mix. After the fourth dilutiemaporation step the sample
transitioned to a hazy and cloudy solution. Finally, it was observedhiagolymer material

started precipitating out of solution after the sixth dilutemaporation step and settling at the
bottom of the glass vial. The stepwise dilutevaporation process was terminated after the
sixth step was completed since it wasiolis that a nanoparticle suspension was not feasible

at such high concentrations using this formulation technique.

The exact same methodology was applied with same conditions and material for a stepwise
slow seltassembly at a constant polymer concentration of 0.1wt% in solution. This
concentration was chosen since it is the most employed concentration for the npitagpoec

process. The aim was to assess the applicability of this formulation method to prepare
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nanoparticle suspensioasdform an alternatie process to nanoprecipitation for nanoparticle

formulationwith desirable characteristics.

For the stepwise slow sedssembly process followed with a constant concentration of 0.1wt%

of mMPEG5kb-PLASK in solution, eight steps of slow water dilution and acetonitrile
evaporation were completed. The first process step incorporated the water addition of a volume
equal to the sum of water volumes that would be required to complete the first thtiea dilu
steps. During the evaporation of the first process step, the total amount of acetonitrile that was
required to evaporate after the first three st®ps removed. The combination of the first three
dilution-evaporation steps was applied since the results gathered from the 1.25wt% stepwise
process indicated that the sasembly and micelle formation process starts at the third

dilution-evaporation &p.

The mean diameters of the eight dilutievaporation stepwere plotted against the volume
percentage composition of distilled water in the solvent system (distilled water andtaésto

asshown inFigure5.13.
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Figure 5.13: Plot of the mean diameter results obtained via DL&Ma@ight dilutionevaporation steps performed
for the stepwise slow setfssembly of mMPEG5k-PLA5kK at a constant solution concentration of 0.1wt% against
the corresponding vol% content of water in the solvent system (acetonitrile and Watarpresented are the
mean values of five DLS runs of the sample and the error bars are the standard error of tligssomescases
hidden behind the data points)
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Asseen fronFigure5.13, the results obtained for the 0.1wt% solution concentration follow a
similar trend to tht seen for th&.25wt% solution concentratioRigure5.12). The initial mean
diameter of the sample is similar to the values obtained for the 1.25wt% concentration results,
with a value ofapproximately6 nm.This indicates the initial state of the sample incorporates
free polymer chains conformed in random walk configuration in solution. As expected, after
the first process step, where the volume percentage of water in the solvent mixture is 30vol%,
the selfassembly process was initiated, with tfeemed polymeric nanoparticldsaving a

mean size of approximately 75 nm.

From 080vol% of water in solvent, the average nanoparticle size increases with increasing
water content in solution, with a maximum observed at 80vol% water compo$ttgure
5.13). As discussed for the 1.25wt% polymer concentration, this relatiooshlig potentially
mean aggregation of the initially formed polymemicelles, leading to amcrea® in the

measuredhanoparticle size.

From 83100vol% water content, the average nanoparticle size decreases with increasing water
composition. This is an inteseng trend that could suggestreorganisation processf the
polymeric nanoparticles this range leading to smallenanostructure sizeglthough, the

exact phenomenon taking place heennot be verifiedrom these results alone. more
specialised characterisation teajure, in combination with DLS, coultktermine thepecific
polymer nanoparticle structuréormed in solution during the different water content

percentages.

5.3.4. Singlestep slow setassembly

The singlestep slow selassembly procedure is employed as an alternative process to the
stepwiseprocess (sectio®.3.3, that would reduce the process tinthis selfassembly
process is essentially-lvetween the nanoprecipitation and the stepwise slowasséfmbly
processes. A combination of the latter two processing conditions is applied to perform the

singlestep slow setassembly.

All six polymer materials synthesised in this investigation were formulated into nanoparticles
via the singlestep slow selbssembly methodThe results obtained by DLS for the

nanoparticlenean diametarand PD$ areplotted and presented kgure5.14.
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Figure 5.14: Plot of the mean diameter and the PDI results obtained via DLS for the nanoparticle suspensions
formed from all six synthesised diblock copolymers prepared through the-sieglslow seHassembly process.

The pink bars represent the results for the mean diameter and the green circle data points represent the
polydispersity index results. Data presented are the mean values of three independent experiments and the error
bars are showing the standard errothefse experiments.

From Figure 5.14, it is observed that the diblock copolymers containing mPEG5k as the
hydrophilic block areconsistently forming nanoparticles withlarger mean diameters,
compared to the diblock copolymers with mPEG2k as the hydrophilic block. Therefore,
materials with higher molecular weights form bigger nanoparticles by employing the single
step slow selassembly method. The results for the mPEG5k dibtmpolymers follow an
increasing mean diameter for increasing hydrophobic block length trend. This trend is not
apparent for the mPEG2k diblock copolymers. An interesting findikggare5.14 is that the

PDI value of all the mPEG5k diblock copolymers is very low compardeetaPEG2k diblock
copolymers. This contrasthe mean diameter measured for the samplbgh is higher for

the mPEG5k polymers compared to mPE@2k/mers
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The zeta potential resultd all the nanoparticle suspensions formed by the sistgie slow

selfassembly process are plotted and presentEdyure5.15.
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Figure 5.15: Plot of the zeta potential results for the nanoparticle suspensions formed from all six synthesised
diblock copolymers prepared through the singflep slow setassembly process. Data presented are the mean
values of three independent experiments aneéitiar bars are showing the standard error of these experiments.

The particle surface charge measured through zeta potential analysis for all the diblock
copolymer suspensions formed is betw&8and-17 mV, suggesting a high colloidal stability

of the nanoparticle suspensions based on electrostatic repulsion(fordesanaet al, 2023)

The electrostatic repulsion forces emerge fronstiréace charge of nanoparticles. The higher

the surface charge, the higher the repulsion forces between nanopatrticles. It is important to
have a high surface charge and resultant repulsion forces in nanoparticle suspensions. When
the repulsion forces beden nanoparticles are strong, they remain apart from each other in
solution and therefore experience a higher colloidal stability. In contrast, if the surface charge
and accompanying repulsion forces b, then the nanoparticles in suspension can collide
leading to the formation of aggregates since there are no repulsion forces keeping them apart
(Doraet al, 2010)
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FromFigure5.15, it can be seen that the zeta potential in mossdaseeases with increasing
molecular weight of the diblock copolymers. Also, it seems to be increasing with increasing
PLA block length, when considering the results presented for the mPEG2k diblock copolymers.
This isin agreement with the literature since this hasn documented befof@hasemet al,

2018) It has been observed in the literature that the composition of polymer matedhition

does not have a big effech dhe surfaceharge measured for the nanoparticle suspensions
(Andreanaet al, 2023) Therefore, it is expected that the zeta potential measurements
established here are representative for all similar nanoparticle suspensions that are formed by

the different diblock copolymers in water.

It is known that PEG is an uncharged compound and therefore is expected to be neutral when
measured for zeta potential, with values close to zero. The zeta potential analysis performed
here has yielded negative values, suggesting that maybe some PLA chains arerrépped i
hydrophilic PEG corona and therefore contributing to the values obtdihedzeta potential

of PLA is around50 mV according to the literatu(&ovendetet al, 1999; Luzet al, 2017)

This is a lot higher than the values measured in this study, meaning that the PEG block of the
diblock copolymers is indeed forming the corpwath the possibility of a few PLA chains

being in the corona argkttingin contact with water.

To investigate this finding furthehe results presented kigure5.15 are compared with data
available in the literature for the same system of polymeric materials-FREBEE The zeta
potential range of28to -17 mV measuredh this study is comparabieith values established

from theliterature with results being aroun@3 mV (Lu, Li and Wang, 2008; Wang and Xu,
2017) In other cases, the zeta potential was found to be lower than the values established in
this investigation, with valuearound-12 mV for PEGPLA nanoparticlegDong and Feng,

2004; Zhenget al, 2010) The variation of zeta potential values for RBGA nanopatrticles
between the different sources is due to the differences in the nanoparticle structures formed.
As already discussed, the specific type and structure of polymeric nadegddrmed in this

study is not fullydeterminedHowever on average the zeta potential results established here

are generally in agreement with the values reported in the literature.
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5.3.5. Different selfassembly methodologies comparison

The three different formulation techniques that were applied in thigestigation for the

preparation of different nanoparticle suspensions are compared in this section.

The DLS datdrom section5.3.2.2support that nanoprecipitation is an effective formulation
method for various polymer concentrations. This technique consistently produceiefivedd
nanoparticles at all concentrations tested in this study, from very low to relatively high weight
fractons (0.0250.25wt%).In contrary, the two slow sedssembly procedures employed in

this investigation were not able to formulate nanoparticles at relatively high concentrations as
seen in section$.3.3 and 5.3.4 Theseresults suggest that a kinetic process, such as
nanoprecipgtion, is more effectiven this casdo perform the formulation of nanoparticles
with desirable characteristics at high concentrations of material.

The size of all the nanoparticles produced via solvent displacement method fall within the 15
65 nm range, which is suitable for pharmaceutical (Ragket al, 2008) From the stepwise

slow seltassembly process performed it was observed that in general the nanoparticle average
size was significantly higher than the nanoprecipitation sizes. The retulte that the
nanoparticlestructuresorganise ito larger nanoparticles compared to the nanoprecipitation
nanoparticlesSpecifically, the only nanoparticle measurement that was within the acceptable
range was approximately 65 nowbtainedfor 30vol% of water in solventiowever the high
acetonitrile composition disqufas it from biomedical applications. The nanoparticle average
sizes obtained through the singlep slow selassembly process for the mPEGS5k are not
within the acceptable range for DDSs aimed for pharmaceapgéications. Th@anoparticle
suspension mean diameters measured for mPEG2k diblock copolymers are highly promising,

although the PDI values associated with these suspensions are considered to be high.

For the solvent displacement method, the R values recorded for all polymers indicate
minimal variation in nanoparticle sizes, ensuring a high degree of uniformity across the
suspensionsl@able5.5). Onthe other hand, the PDI values for the stepwise slowassémbly

and the single step salfsembly, in general, are higher than PDIs achieved using
nanoprecipitation for the same diblock copolymer formulation, asfseenthe DLS results
These resluts indicate that the nanopatrticle suspensions obtained for th@dwdormulation
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processes exhibit a higher diversity in their nanoparticle size distributions compared to

nanoprecipitation prepared BCP formulations.

All these results and observations lead to the conclusion that nanoprecipitation is a highly
qualified robust and reliable technique fmroducingpolymericnanoparticles from the self

assembly oamphiphilicdiblock copolymes of mPEGPLA.

5.4. Conclusios

The primary aim of this study was to deepen the understanding on how amphiphilic block
copolymers, particularly diblock copolymers of mRPGA, selfassemble into polymeric
nanoparticles. This was achieved by usthgee formulation methods and altering the
formulation parameters to assess their impact on the charactdnstias diameter and PDI)

of the final product.

The results obtained for the nanoprecipitation experiments conclude that the mean diameter
and the PDI of the nanoparticle suspension is highly depended on the properties of the polymer
material used including the total molecular weight of the block copelythe lengths of both
blocks, the hydrophobic to hydrophilic ratio and the blocks volume fractions in the polymer.
Moreover, it was concluded that the solveigplacement method reliably generated well
defined nanoparticles across all tested concéoisin this study, ranging from very low to
relatively high weight fractions (0.02525wt%).The results obtained foréfrate of addition

of the BCPacetonitrilesolution in watewalidate the dependence of the final product PDI and
mean diameter on the kinetic driving forces applied during formuldiprarying the solvent

quality of the oil phase, it was demonstrated that acetonitrile is a more effective solvent than
acetone hsed on its physical propertidswas found that solventgith lower voldility, allow
sufficient time for amphiphilic diblock copolymets form polymeric nanoparticlehat are

optimal for creatingddDS suitable for pharmaceutical applicationgh low PDI values and

desirable nanopatrticle size

Even though the slow sedissembly processes were rfatly successful in forming a
nanoparticle suspension with all the desirable characteristics of a DDS intended for biomedical
applications (based on PDI and mean nanoparticle size), they have contributed into the
understanding of the sedfissembly process ofldock copolymers. Where the process starts
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with diblock copolymers fully dissolved in a good solvent for both of their blocks, forming free
open polymer chains that have the configuration of the random polymer walk. Following the
addition of the selective solvent, they formulate into polymeric parizles driven by their
amphiphilic nature, to limit the interactions of the hydrophobic block with the aqueous solvent.
By increasing the selective solvent content in solution, polymeric nanopakgelesncreasing

in size possibly due to aggregatiohthe individual nanostrustes andormation of larger

particles which are measured by DLS

The stepwise slow seffssembly process was highly successful in indicating the position where
the solvent exchange process triggers the micelle formation process, which was observed in
the 2030vol% composition range of water in the solvent mixtBetween thse two
compositiors, the transition from free open polymer coils shaped into the radius of gyration in

solution to seHassembled micellar structures in suspension occurs.

Zeta potential analysis of all diblock copolymer suspensions reveals a particle surface charge
ranging from-28to-17mV, indicating a high colloidal stability in the nanoparticle suspensions

due to electrostatic repulsion effects.

Finally, through the comparison of all the formulation techniqaed process parameters
investigated in this stugyit was concluded that the nanoprecipitation process is the best
performingformulationmethod. This conclusion is supported by the obtained resulthe
mean diameters and PDIs of the produced nanoparticle susperfidiensanoprecipitation
techniquewas successflyl forming well defined nanoparticles in all processing conditions
applied In all cases, the characteristics required for aSDBtended for pharmaceutical
applications were achieved wittanoparticlenean diametergithin the desirable size range

of 10-100 nmandlow PDI values
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6. Systematic study of different cryoprotectants for an improved
freezedrying process and enhanced storage stability of-PE&
nanoparticles

6.1. Introduction

Polymeric nanopatrticles with goly(ethylene) glyco(PEG)corona and a poly(lactidélPLA)

core are very promising materials to act as the drug encapsulation device of hydrophobic
chemotherapy drugs delivering them to the cancer site. However, the commercial applications
of polymeric nanoparticles are very limited at the moment. The condietimid their limited

use in clinical applications is their inadequate lbagn stability in an aqueous medium.
Pharmaceutical formulations are desired to have a prolonged storage capabilithe torteel

as a successful and a safe device for their intended applications. For this reason, enhancing the
long-term stability of colloidal nanoparticle systems, and therefore increasing their storage time
capabilities, is one of the biggest concerns aaddbus of recent studi¢lsazzariet al, 2012;
Morgenet al, 2012; Zielinskaet al, 2020)

The poor stability of the polymeric nanoparticles after extended storage in aqueous mediums
is caused from their physical instabilities, which are usually associated with particle
aggregation and fusion, and their chemical instabilities, which are assbwidh hydrolysis

of the polymers forming the nanostructures, drug chemical reactivity and leakage from
nanoparticlegAbdelwahedet al, 2006) Therefore, the chemical and physical instabilities of

the nanoformulations can be reduced by the removal of water from the system. The most
common methodology used in the pharmaceutical and biological industry to transform
suspensions and solutions irdodry solid product with a suitable stability for storage and

transportation is freezerying (Franks, 1998)

Freezedrying, alternatively known as lyophilisation, is an industrial unit operation where water

in the form of ice crystals is removed by sublimation under low pressures. It consists of three
main steps: (i) the freezing step where the aqueous suspé&ns$iomen and pure water ice

crystals are formed within the material, (ii) the primary drying step where the ice crystals are
removed by sublimation under vacuum and (iii) the secondary drying step where the residual
absorbed water is removddCi ur zy E ka and Lenart, 2011, N «

Freezedrying is a very intensive process and it gives rise to considerable stresses in the
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suspension during freezing and drying. Polymeric nanoparticles are very fragile suspensions
and it has been documented that the frelgeng of these materials without extra caution

could lead to activitgisruption(Lemoineet al, 1996; De Jaeghest al, 1999; Abdelwahed,
Degobert and Fessi, 2006; Bejraghal, 2010) The nanoparticles could become unstable due

to the mechanical stresses and pressures generated by ice crystal formation during the freezing
step. This would have unfavourable effects on the nanoparticle robustness ghRorsizet

al., 2014; Mohammady, Mohammadi and Yousefi, 2020)

There are some excipients that can be added into the nanoparticle suspension befere freeze
drying to avoid the disturbances to the formulation during the process. These materials are
called cryoprotectants angldprotectants and they act sibility enhancemesiduring the
freezedrying process and also provide an improved physical stability during storage
(Sadikoglu, Ozdemir and Seker, 2006yyoprotectants are used to protect the nanoparticles
during the freezing step and lyoprotectants shield the formulation from the stresses rising
during the drying process. Some materials can act as both cryoprotectants and lyoprotectants
(Trenkenschuh and Friess, 2021)

When eyoprotectants and lyoprotectants amployed during th&eezedrying processthey
helpretainthe integrity and structure of sensitive materfiedsn damage that ice crystalison

and dehydration stregs could have causedmong cryoprotective agentglycerol and
dimethyl sulfoxide (DMSO) tymially preserve the material structutering the freezing step

by preventing the formation of ice crystals within the structures by reducing the temperature at
which freezing occur§Awan et al, 2020; Murray and Gibson, 2022)yoprotective agenjs

such as sucrosgehaloseand other sugarprotectpolymeric nanoparticlelgy creating a glass
matrix which inhibitsthe moleculamobility, preventing their structural collapse during the
drying step(Hanet al, 2007; Tonnist al, 2015) By combiningtheseprotectiveagentsthe
stability and recovery ahe lyophilid productss improved. The propertiesand course of
actionare highly beneficial, making cryoprotectants and lyoprotectants essential during freeze
drying for the preservation of polymeric nanoparticles prepared by diblock copolymers

intended for cancer chemotherapy applications.

In this chapter, the investigation focuses on the freezing step of the-thgzg process and
how it affects the colloidal suspensions of RECA nanoparticles. The aim is to control and

minimise the mechanical stresses caused by the ice crystal fumrdating the freezing step,
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with the emphasis on the effects and efficiency that the different cryoprotectants employed
have in shielding the PEBLA formulations. Cryoprotectants are inert, inactive and-non
invasive materials that, when incorporated in nanoparticle suspensiorst @na barrier of
protection of the nanoparticle size and structure from the freezing processes by controlling the

ice crystal formation in the sample.

6.2. Freezedrying investigation methodology
6.2.1. Polymeric nanopatrticles

6.2.1.1. Polymer material

The polymer material chosen to carry out this study is the dildopklymer of mPEG5k-
PLA10k. This polymer wasused hroughout the investigatioior all different parametern®
emphasise on the effects of the added excipients on the -fiegag process and avoid
implications that could have been caused by varying the properties of the polymer material,
such as the length of the different blocks, molecular weight, hydraphes; hydrophilicities,

etc. The diblock copolymer was synthesised and characterised based on the methodologies and
analysis techniques described in Chapter 5. This specific polymer was selected out of all the
polymers synthesised in Chapter 5 due tototal molecular weight. The polymer library
prepared in Chapter 5 consisted of a wiglegeof polymer total molecular weights ranging

from 4-25 kDa. Therefore, it was considered more reasonable selecting a polymer for this
research that its total molecular weighinscloser proximity to the average total molecular

weight of the polymer library formed.

The most important properties of the mPEGBWPLAL10k polymer are summarised and

presented iTable6.1.
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Table6.1: Important properties of the mPEGBKPLA10k polymer.

Molecular Molecular | Volume | Volume Total -~ Glass
eltin
weight of weight of | fraction | fraction molecular d transition
block A block B of block | of block | weight (Mn) (To) [°CJ? temperature
(Ma) [kDa] | (Mg) [kDa] A (fa) B (fs) [kDa]? " (Tg) [°C]P
mPEG5k
5 9.8 0.36 0.64 14.8 119.3 19.2
b-PLA10k

®Calculated byHNMR.
Estimated based on information provided by the material supplier, Sigma Aldrich.

6.2.1.2. Nanoparticle formulation

The mPEG5#-PLA10k polymericnanoparticles were formed using the nanoprecipitation
method, otherwise known as the solvent displacement method, following a similar procedure
asdescribed in Chapters3 In this case, &tonitrile was used as the good solvent (oil phase)
and distilled (Stuart Distinction D4000 water still) water (aqueous phase) as tiselaatit.

The amphiphilic diblock copolymer sedfssembles giving rise to a nanoparticle suspension
through solvent eshange from the oil to the aqueous phase. The amount of polgmered

was weighed and added to the corresponding volume of acetonitrile in a glass vial. The
concentration of polymer in acetonitrile was kept constant at 5 nigkekp the concentration
driving force constant. The polymeasdisolves instantly in acetonitril& he desired amount

of distilled water for nanoprecipitation was added in a new clean glass vial containing a
magnetic stirrer bar. The volume of distilled water veatmatedto give a 0.1wt% final
concentration of polymer in water. The digdl water vial was placed on a stirrer plate (MR
Hei-Tec magnetic stirring hotplate, Heidolph Instruments) in a fume cupboard at room
temperature (25°C). The initial solution of polymer in acetonitrile wadded witha syringe

pump (PHD ULTRAE , Harvard Apparatus). The syringe pump was set up to add the pelymer
acetonitrile solution in the distilled water in a dropwise manner. After the full addition of the
initial polymer solution in the distilled water, the acetrontvilaterpolymer mixture vas left
uncgped in the fume cupboard at room temperature overnight to achieve the full evaporation
of acetonitrile from the suspension andmplete the solvent displacement procedure. A
schematic diagram representing the experimental set up applied in this case for the

nanoprecipitation process using the syringe punspasvn inFigure6.1.
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Figure 6.1: Schematic representation of thexperimental set up appliéor nanoprecipitationvith a syrirge pump.

6.2.2. Cryoprotectant selection

The cryoprotectants selected to be used in this research investigation are poly(ethylene) glycol
(PEG) of different molecular weights, glycerol and DMSO. Further information about these

materials and their selection is presented in se&tirl

The most important properties of the cryoprotective agents chosen in this systematic research

investigation are summarisedTable6.2.
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Table6.2: Important properties of the selected cryoprotectants.

Cryoprotectants employed in this study
Material Properties PEG1k PEG6k PEG10k PEG35k DMSO Glycerol
Melting temperature
3741 60-63 62-65 64-66 16-19 20
(Tm) [°C]*
Glass transition
-36 -17 -20 -36 - -
temperature (Tg) [°C]°
Molecular weight (Mn)
1000 6000 10000 35000 78.13 92.09
[Da]?
Density () at 25 °C
1.116 1.116 1.116 1.116 1.1 1.25
[g/ml]2
Molecular volume (g)
1490 8930 14900 52100 1180 1230
[nm?]°
Radius of gyration (R
& (Ro) 1.7-2.5 3-4 4-6 6-8 0.35 0.304
[nm]©
o 2561 2561 2561 2561
Solubility in water at 25 Completely| 1000-
completely| completely| completely| completely o o
°C [mg/ml]2 miscible | miscible
soluble soluble soluble soluble

#Provided by the material supplier, Sigma Aldrich.
PPEG T, data taken frongFaucheet al, 1966)
‘Estimated from information provided by the material supplier, Sigma Aldrich.

6.2.3. Experimental procedure

In total, fourdifferent molecular weigstof PEG (1000, 6000, 10000 and 35000 Da) and the

two common cryoprotectants, DMSO and glycerol, were used in this study to investigate the

effects of the PEG chain length on the properties of the mPBFIA10k nanoparticle

suspension after the freezing step and the final frdeed material.

An overview of the experimental methodology steps conducted in this research investigation

in order of completion is presentedrigure6.2.
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Preparation of NP formulation and
mix aliquots with the chosen
cryoprotectant solutions

A 4
DLS measurement of the initial
nanoparticle-cryoprotectant
suspension size and PDI

A A
Freezing-thawing process
DLS measurement of the resultant
sizes and PDI

Y
Complete the freeze-drying process
Analysis of the physical appearance
L SEM for structure analysis of samples )

Re-dispersal of the recovered freeze-
dried samples by monitoring the
reconstitution time and conduct DLS
measurement of final product

Figure 6.2: Summary of the experimental methodology steps followed in this research investigation.

The experimental procedure starts with the preparation of the-HREEGnanoparticle
formulaion by nanoprecipitation (seeecion 6.2.1) that will be used to carry out this
systematic study of the different cryoprotectants. The cryoprotectant solutions were prepared
by accurately weighing the estimated amount of each of the chosen cryoprotectants in a new
clean glass vial and dissolvingm the desired volume of distilled water. The volume of water
and weight of excipient were poalculated, aiming for a 10wt% concentration of
cryoprotectant in water. The glass vials were shaken vigorously to fully dissolve the
cryoprotectants in wateEven though all cryoprotectants chosen are highly soluble in water
(seeTable 6.2), the samples were also shaken on a vortex mixer to ensure a homogeneous
solution. Aliguotsof the nanopdicle suspension were added in giass vals. Subsequently,
aliquotsof each of the preparedyaprotectanivater solutions weradded to each of thex

glass vials. The final concentration of cryoprotectant in solution wawt%. The

cryoprotectanhanoparticle suspensions were mixed gently.
At this point, the initial nanoparticle sizes and polydispersities, after the addition sikthe
cryoprotective agents to the suspension, were measure@®yntimiclight scattering(DLS).

A small volume of the original nanoparticle formulation was also measured with DLS to act as
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a control sample for this investigation. Following the DLS initial measurement, all séviea
samples were placed in the lab freezer to perform the initial freezing step. The freezing process
was completed overnight at approximateBp °C and atmospheric pressufellowed by
thawing of the samples the next day utitgy reached room temperature (). Since the

aim is to assess the ability of the siikferent chosen excipients to act as cryoprotective agents
for PEGPLA nanoparticles, the condition of all the nanopartaigoprotectant suspensions

after the freezinghawing process has to be examined and compared with théBEGontrol
nanoesuspesion. Therefore, aecond DLS measurement of all segamples was completed

to assess the effect of the fregrawing process on all the different cryoprotectant samples
and the original nanoparticle control sample. In additionsragasurement of thell3 sample

sizes and polydispersities was completed after a week of equilibration of all the samples at
atmospheric conditions. The DLS measurement was repeated to make sure that the nanoparticle
sizes determined directly after the freezthgwing proceswere representative of the sample

and there was no change of the properties after a week of equilibration.

The next step was to complete the fredmgng processThe freezing step was repeated fibr a

six cryoprotectant samples and the REGA-NPs control. After the freezing step was
completed, the drying step was carried out ifielstar LyoQuest freezdrier (Azbil Telstar)

with a condenser temperatureagiproximately-56 °C and under vacuum at approximately 0.3
mbar. The samples were retrieved and characterised for their physical appearance. Moreover,
a structural and surface analysis using SEM imaging pesformed for the freezéried

materials.

Finally, the redispersibility properties of the retrieved freedged materials in water were
investigated. A modified procedur®erm (Kulkarni et al, 2018) was followed for the
reconstitution experiments. Filtered distilled water ét@%vas added to the freedeied white

fluffy cake and stirred for 1 min followed by a 15 sec observation step. This procedure was
repeated until the full rdispersal of the freezdried material was observed. The reconstitution
time, which is the time regred for the full redispersal of the freezdried sample, was
measured for all the recovered materials. It was estimated by adding up the 1 min stirring steps
and includingthe 15 sec observation steps after each stirring step. The reconstitution
experiments were carried out at room temperature and press¥@ €28 1 bar). In addition,

the size and polydispersity of the reconstituted samples were measured using DLS, to fully
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assess the ability of the chosen cryoprotectants to shield thdPRE@anoparticles during

the freezedrying processes.

6.2.4. Characterisation analysis techniques

In this section, the characterisation techniques performed to analyse the materials constructed
in this cryoprotectant systematic study and their properties are summarised. Further details
about the equipment utilised to perform these analyses and tharemeast conditions and

procedures can eund in Chapter 3.

Dynamic light scattering (DLS): This characterisation technique was used to establish
information about the nanopatrticle size distribution and the polydispersity {R@dXof the
nanoparticle population present in the samples. The DLS equipment used is the ZetaPALS
(2008) model by Brookhaven Instrumentsr@oration, equipped with a resblid state laser.

The measurements were completed at room temperatureQR5The samples were
equilibrated at 25°C in the equipment cuvette chamber prior to measurenteath

measurement consisted of 5 ruighe same sample.

Physical macroscopic investigation:The macroscopic appearance of the samples was
investigated throughout thvehole methodologyprocedureof this research work. Changes on

the appearance of the samples were monitored and noted as observations. To record these
macroscopic observations for presentation purposes, a lightbox with LED lighting on the top

wall and a blue colour backdrop was usedapture images of the samples using a camera.

Scanning electron microscopy (SEM):The freezeadried cryoprotectant samples were
characterised using SEM imaging to gain information about the surface and the structure of the
material. The dry sample was spread on a 10 mm diameter SEM stub using astitrdle
conductive tape. The top dfa stub with the dry sample was deposited with gold using an Agar
sputter coater. The prepared SEM samples were then positioned in a JE@GOIAM SEM

instrument (JEOL U.K. Ltd) for microstructure imaging.

Statistical analysis: Unless otherwise stated, all results are expressed as the meas value

standard error (SE). Alnethodologies were conducted in three independent experimental
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procedures. The mean values and the standard errors were estimated from analysis of the three

indepandent experimental procedures.

6.3. Results and discussion

6.3.1. Preliminary experiment

In this section, the data for the preliminary experiment are presented, where théfaseng

process of a nanoparticle suspension without any excipients and in the presence of PEG6000
as cryoprotectant was performed. The results from this prelimingogrienent formed the
motivation behind the systematic study of different molecular weight PEGs as cryoprotectants

for the PEGPLA nanoparticle formulations.

The aim was to convert the aqueous nanopatrticle suspensions into dry products to prolong the
storage lifetime of the PEBLA drug delivery system(®DSs) Based oinformation gathered

from the literature, it was expected to encounter issues witprtdoess, as discussed earlier
(section6.1), due to the high mechanical stresses and pressures involved in thedfsgege
process. Thus, to better understand the influence of each step on the nanopatrticle properties,
the freezing step was carried out separately to assess its effects on tparteo

characteristics.

The first step was to freeze and thaw the HH@ nanoparticle suspension and monitor the
changes of the nanopatrticle size and the PDI before and after the process using DLS. The results
obtained fothe nanoparticl@NP) size and PDI before and after the freeze and thawing process

are shown imable6.3 and are plotted ifigure6.3.

Table6.3: Nanoparticle size and PDI data for preliminary experiment.

Before freezingthawing After freezing-thawing Percentage increase (%)
Sample | Mean diameter [nm] | PDI | Mean diameter [nm] | PDI | Mean diameter PDI
Original 41.1 0.123 165.6 0.411 302.9 234.1
PEG6k 57.1 0.147 101.9 0.365 78.4 148.3
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Figure 6.3: Graph with the plotted results from the preliminary experiment. The green bars represent the mean
diameter data of the samples before the freeze and thaw process. The yellow bars represent the mean diameter
data of the samples after the freeze and th@wegss. The red circle points show the polydipersity index data for
before the freezéhawing process and the blue circle points show the polydispersity index data for after the freeze
thawing process. Data are the mean values of 5 independent runsarfilneample and the error bars show their

standard error.

As it can be seen from the results, the mean diameter of thePREGianoparticles has

increased dramatically from 41.1 nm to 165.6 nm after the freeze and thawing process. This

was calculated to be an increase of 302.9% of the mean diameter of the ticlaepaihe

same was observed for the polydispersity index of the nanoparticles. The PDI has increased
from 0.123 to 0.411, with a 234.1% increase after the fréemging process. This means that

the nanoparticle population has not only increased signili¢ after the freezing step, but also

the nanoparticle size distribution has broadened significantly, giving a large range of

nanoparticle sizes coexisting in the sample.

After these observations were made about the original sample, it was decided to initially use

PEG6k to examine whether it can act as a cryoprotectant of thePREGanoparticle

formulation. The same process was followed, as for the originailEEanopéticle sample,
PEGG6 kK

particle size and PDI before and after the frezsv process were monitored using DLS. The

for freezing and thawing

of

t he

nanopeé

results obtained are shown Trable 6.3 and are plotted ifrigure 6.3, alongside the results

obtained for the original PEBLA freezethaw process.
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There is a similar trend with the original sample data. The nanoparticle mean diameter increases
from 57.1 nm to 101.9 nm, with a 78.4% increase after the ftb@xeprocess. Also, the PDI
transitions from 0.147 to 0.365, calculated as an increase @%4Bven though there is still

an increase of the two NP properties, the percentage increase of both the PDI and mean
nanoparticle diameter of the PEG6k sample are significantly lower than the corresponding
percentage increases measured for the origingblea Moreover, the final NP mean diameter

of the PEG6k sample (101.9 nm), although increased, is still well within the acceptable size
range required for particles intended for drug delivery sys(@aggasso Palmieet al, 2018)

Both the values obtained for the PDI and the mean NP diamietae PEG6k ample are
notably lower than thee determined for the original sample. This means that PEG6k was able
to act as a stabiliser of the NP suspension to some extent.

The effects of PEG6k acting as a cryoprotectant for the-PE& nanoparticle suspension

were also examined through physical macroscopic observation of the samples. Both the
original NP suspension and the PEG®R suspension were completely clear and traresy

before the freeze and thawing process. However, after the fiteaeng, the original NP

sample has transitioned into a hazy and cloudy sample. The PEG6k suspension remained clear
and transparent as before the fredmaving process, indicating agathe ability of the
excipient to control the aggregation of the NP suspension duririget@ng step. The image

captured for the two samples after the fregmaving process can be seerfigure6.4.
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No cryoprotectant PEG6k as cryoprotecta

Figure 6.4: Image of the two samples analysed during the preliminary experiment in the lightbox for physical
macroscopic observation of their appearance after the fthanéng process. On the left is the original REG
PLA nanoparticle suspension appearing hazy doddy after the freezing step. On the right is the PEG6k
nanoparticle suspension sample remaining clear and transparent after the freezing step.

The results obtained from the preliminary experiment raised some interesting questions. Does
the stabilisation effect experienced by the use of PEG6k in the nanoparticle suspension vary
with the molecular weight of PEG? And if yes, which ones are perfgrimatier; the higher
molecular weight PEGs or the lower molecular weights? Also, it was observed that the initial
(before freezing and thawing) mean diameter of PESBksuspension was measured as 57.1

nm, which is higher compared to the 41.1 nm of thgilmal NP suspensiom able6.3). Does

this observation mean that the chain length of PEG has an effect on the difference in mean
diameters that are measured? All these research questions developed by the preliminary
experiment results formed the motivation behind the conduction st@nsgtic cryoprotectant

study focusing on the effect of PEG molecular weight during the freezing step of the freeze

drying process.

6.3.2. Systematic study: Before freezing step

In this section, the results obtained from the systematic cryoprotectant study discussed in
section 6.2.3 of this chapter are presented. The data reported here are collected before

performing the freeze and thawing process of the chosen cryoprotectant samples.

The mPEG5K-PLAL10k nanoparticle suspension prepared byopaecipitation was mixed
with six cryoprotectant excipientaamelyfour different molealar weight PEGs (1000, 6000,
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10000 ad 35000 Da), glycerol and DMS@II of the sixdifferent cryoprotectants samples,

plus a control sample of the original nanoparticle suspemstbout any additional excipients

were analysed using DLS. The mean diameter and the polydispersity index of the naaoparti
populations of each of the seveamples were measured. The results were compared to
understand the effect of the cryoprotectants on the properties of the initial state (before freezing

step) of the suspensions.

The resultof the initial stateof each of tle seversuspensionare plotted for comparison and
shown inFigure6.5. The green bars show the results collected for the mean diameter and the

red circular points show the data for the polydispersity index.
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Figure 6.5: Plot of the mean diameter and the PDI results obtained via DLS for all cryoprotectants and the control
(original) sample before the freezing and thawing process. The green bars represent the results for the mean
diameter and the red circle data pointgespnt the polydispersity index results. Data shown are the mean values

of three independent experents and the error bars shive standard error of these three experiments.

From the results of the mean diameters seen that the cryoprotectant samples that are the
closest to the size of the original PERRA nanoparticles sample (59.6 nmgdhe DMSO,
glycerol and PEG1k NP suspensions with a mean diameter of 52.1, 69.9 and 62.5 nm
respectively. The percentage difference from the control (original) sample of the mean
diameters of these cryoprotectants walsulatedas-12.5, 17.5 and 4.9% respectively. Out of
these values, the lowest one is the percentage difference tadcidaPEG1Kk. In the PEG1k

sample the suspension components include FEA® and PEG1k in a water solution.
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Therefore, the reason behind the lower discrepancy from the control could be due to PEG being
present both in the polymeric NP structure and freely dissolved in.wWaiermeans there &
reduced number of components and consequently less complicated andreggpogmeponent
interactions. In this case, the numbercompetinginteraction dynamics taking place in the
sample would decrease. Moreover, it is well known that the interactions between water and
PEG (bah in polymer and free PEG1k) astonger thn the interactions exhibited in the water
glycerotPEG(polymer) and watddMSO-PEG(polymer). This is again due to the fact that
PEG1k cryoprotectant is more compatible with the PEG corona of thePREGolymeric
nanoparticles, sindsthe samehemicakcompound, when compared to PlB®SO and PEG
glycerol(Weng, Chenet al, 2011; Zhacet al, 2015) Also, the water and polyethylene glycol
experience stronger intermolecular interactions because of the strong hydrogen bonding
between the two compounds. The presence of multi@le) groups along the polymer chain

of PEG facilitates a higher number lofdrogen bonds with water when compared to water
DMSO-PEG and wateglycerolPEG, therefore leading to stronger intermolecular interactions
(Kim et al, 2002) Therefore, the differences between the mean diameters of the
cryoprotectants with the control (original) sample are probably due to the different component

intermolecular interactions experienced in each of the cryoprotectant samples.

The nmeasured mean diameters for the f®EG cryoprotectants are plotted against their
corresponding molecular weight and are showfigure6.6.
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Figure 6.6: Plot presenting the mean diameter measured though Bilfewnolecular weight for the fodifferent
PEGs chosen in this systematic study before carrying out the freezing step. Data shown are the mean values of

three independent experiments and the error bars (hidden behind the diameter of the points in most cases) show
the standard error of the three experiments.

In the results shown iRigure6.6, it is obviousthat as the chain length of the PEG employed

as a cryoprotectant increases, the mean diameter measured is also increasing. This is in line
with what was observed in the preliminary expemt and raised the questionvatiether the
molecular weight of PEG has an effect on the mean diameter measured by DLS. From the
results of this systematic study presentdeigure6.6, it canbeconcludel that the chain length

of the PEG cryoprotectant employedleeddoes havan effect on the measured particle size.

The reasoning behind this is probably related to the PEG molecule size when in suspension.

It is believed that when PEG is employed as a cryopntedor polymeric nanoparticles it

works as a stabiliser for the suspension by forming some kind of coating around the polymer
NPs protecting them during the freedigying process. Initially before freezing, it acts as a layer
around the polymeric NPandduring the freezing step it limits the ice crystal formation and

its disruption on the NP<sDuring the two drying stepst acts a replacement of the water
interactions with the NPs to stabilise itndoy substituting the hydrogen bonds between the
solvent and nanopatrticles that were present in the suspension and no longer exist in the dry
form of the nanoparticle@bdelwahecet al, 2006)
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As discussed in the literature review, it is known that the radius of gyratipmf(Rolymers

relates to the molecular weight of the polymer and depends on parameters such as the solution
temperature and solvent used for the suspension of the palffireran, 1962) In addition,

the other property that is scaling with the molecular weight of the compound is the molecular
volume @), which is also dependeon the density of the material. Both the molecular volume

and the radius of gyration increase with polymer moleaught (Table6.2). Therefore, the

higher chain length PEGs will have a higherddg when compared to lower molecular
weight PEGs. Consequently, based on the hypothesis that the PEG is acting a coating layer
around the polymeric nanoparticles when in suspension before the freezing step, if the PEG
molecular size (expressed either as R@)ois higher, then the coating layer would also be
thickerleading to a larger particle beimdfectively measuretly the DLS measurement. This

is the reason thahe DLS measured mean diameter is increasing with the molecular weight of

the PEG cryoproteant used in the NP suspension.

The mean diameter results are all withinZ0D nm. According to the literature, these are
within the range that is acceptable for nanoparticles intended for clinical and pharmaceutical
use as drug delivery systelf@dapasso Palmieret al, 2018) The PDI values obtained for all

the cryoprotectaAlP suspensions are well below 0.25 meaning that the nanoparticle size
distributions are relatively narrow and monodisperse. Finally, theasampic appearance of

all the six cryoprotectant samples and the control (original) sample was observed to be

completely clear and transparent before performing the freezing step ofdrgexg

6.3.3. Systematic study: After freezing step

The resultzollectedafter completing the freeze and thawing prockssussed in sectidh2.3

for all the chosen cryoprotectant sampes presented in theection.

All the six cryoprotectant samples and the original sample, that were discussetion6.3.2

are examined here after the freezing and thawing process was performed. To assess the
effectiveness of the selected excipients to act a cryoprotectants of the mBHEGBKR Ok
nanoparticle suspensighe properties of the cryoprotectaMiP samples had to be determined.

For this reason, all the samples were analysed using DLS to establish information on the mean
diameter andPDI of each of the cryoprotectant suspensions after the frédemeing process.

The results obtained were compared with the data obtained for the same samples in their initial
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state (before freezihaw) and with each other. The results and comparisons are presented and
discussed in this section to understand which excipients are more ideal to act as cryoprotectants

of the polymericmanaformulation.

The resultsof all sevendifferent samplesafter the freez¢haw processare plotted for
comparisorand shown irFigure6.7. The yellow bars show the results collected for the mean

diameter and the blue circular points show the data fdPiHe
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Figure 6.7: Plot of the mean diameter and the PDI results obtained via DLS for all cryoprotectants and the original
sample after the freezing and thawing process. The yellow bars represent the results for the mean diameter and
the blue circle points represent the ymti$persity index results. Data shown are the mean values of three
independent exgriments and the error bars shthe standard error of these three experiments.

The resultshowthat the original, PEG6k, PEG10k and PEG35k nanoparticle populations have
increased significantly in size after the freezthgwing process with a positive percentage
difference of 1136.1, 389.8, 522.5 and 949.6% respectively compared to the contr@ sampl
(original sample mean diameter before fredmenving). The suspension with the highest
percentage difference is, as expected, the originatPE&nanoparticle suspension. This was
expected to have the most dramatic increase in size girscthe polymeric NP formulation
without any excipients acting as stabilisers of the nanoparticles structures. Therefore, the
results from the original NP suspension after the fréleae process confirm the requirement

of excipients to act as cryopeatants to protect the NP formulation and its properties for a safe

and reliable final pharmaceutical product with a robust stability for prolonged storage.
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Moreover,from Figure 6.7, the values that are the closest to the control sample results are
obtained for the DMSO, gterol and PEG1k NP suspensions. This isséume as with the
results gathered in thggygematic study before the freetgaw process. These were measured

to have a mean diameter of 50.5, 68.7 and 60.6 nm respectively after thelieeezrocess,

with a percentage difference-d5.2, 15.4 and 1.8% respectively when compared toahiol

sample Out of the three, the cryoprotectdMi® suspension size that is closest to the original
sample mean diameter is, again, the PEG1k sample. The rationale behind this is probably the
same as for the results collected for the samples before carrying treettethawing process.

The differencesof the mean diameters between the cryoprotectant samples with the control
sample is related to the various intermolecular interactions encountered by the components of

each of the cryoprotectant systems.

The PDI values obtained for the DMSO, glycerol, PEG1k and PEG6k cryoprotbiftant
suspensions after the freethtemw process are well below 0.25 meaning that the nanoparticle
size distributions remain relatively narrow and monodispétseever the PDI results for the
original, PEG10k and PEG35k samples after freezing and thawing have increased above the
value of 0.25, which means that for those samples the size population has a broader size
distribution. The higher the PDI, the wider the rangthe parttle size distribution and in this

case the highest PDI is the one from the original sample with a value of Dhd9#& expected

since there is no cryoprotectant in the sample to stabilise the nanoparticle population and
protect it from the ice crystal formation and the extensive mechanical stresses taking place
during the freezing step of freedeying leading to agregation of the nanoparticles and bigger

variation in their particle size distribution.

All the results established for the nanoparticle size andRith before and after the freezing
and thawing procesare combined@ndare plotted for comparisoiihe mean diameter results
collected for both before and after the freéizaw process are shown kigure6.8. The PDI

data gathered for both before and after the frélea@ process are presentedrigure6.9. The
green bars represent the data fritm@ measurements carried out before the freezing step and
the yellow bars represent the datarhthe measurements completed after the freezing step for
both the nanoparticle size and polydispersity plots.
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Figure 6.8: Graph showing the mean diameter DLS results for all the cryoprotectants including the original
sample for both before and after the fredz@wing process. The green bars represent the mean diameter data
before the freezéhaw process and the yellow bagpresent the mean diameter data after the fribeme process.

Data shown are the mean values of three independpatiments and the error bars shthe standard error of
these three experiments.
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Figure 6.9: Graph showing the polydispersity index (PDI) data gathered through DLS for all cryoprotectants
including the original sample for both before and after the fréfeawing process. The green bars represent the
PDI data before the freezlbaw process and tlyellow bars represent the PDI data after the frébaw process.

Data shown are the mean values of three independpetieents and the error basisow the standard error of
these three experiments.
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From the results plotted FFigure6.9, all the PDI values for all cryoprotectants and the original
sample have increased after the fretmaving process. This means that the cryoprotectant
nanoparticle suspensions size distributions increase and are broader after thindrerwe
process. The bigger the effect of the fredmawing process on the PDI, the lower the
effectiveness of the cryoprotectant used to stabilise the nanoparticle suspension. The results
show that the highest increase in PDI is observed for the original Nersisn, which is
expected since no cryoprotectant was used to stabilise the nanoparticles, followed by the
PEG10k and the PEG35k samples. Bigmifiesthat these two excipients areaybe not very
effective in protecting th@roperties of the NP suspemsi On the other hand, the results
suggest that the best performing cryoprotectants sod@MSO and PEG1k, since they have

the lowest PDI increase during the freezing step, with 5.2 and 8.7% respectively.

Looking at the data plotted iRigure 6.8, the first thingto observe is the dramatic mean
diameter increase of the original NP formulation, having a percentage difference of 1136.1%
from the initial NP size. This verifies the necessity for a cryoprotective agent when the
nanoparticle formulation undergoes a fredrgng procedure to form a more durable and
stable state for storage and transportation. Another point of interest is the fact that the mean
diameter measured for DMSO, PEG1k and glycerol is relatively unaffected by the freeze
thawing process. All three tiiese cryoprotectants exhibit a percentage difference of less than
3.5% compared to their initial particle size. This suggests that DMSO, PEG1k and glycerol are

the most promising cryoprotective agents so far in this investigation.

To facilitate the comparison and discussiabout the effectiveness of the fo®EG
cryoprotectants explored in this investigation and how that relates to their chain teagth,
measuregbarticle sizas plotted both for before and after the freel@aw process, against their

molecular weight. The plot can be seelfrigure6.10.
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Figure 6.10: Graph of the mean diameter results obtained by DLS against the molecular weight of the
corresponding PEG cryoprotectant. The green data points are for the results before tHbdregzecess and
the yellow data points are for after freehaw processData shown are the mean values of three independent

experiments and the error bars (hidden behind the dianfettee points in most caseshow the standard error
of the three experiments.

As observed before, thmean diameter measured by DLS is increasing with increasing
molecular weight of the PEG cryoprotectdrigure6.10). The mean diameters of all the PEG
cryoprotectants are significantly higher after the frebasv process compared to their initial
state, except for the PEG1k which remains almost the same. Based on thetheshiliber
molecular weight PEGs not only experience higher mean diasnétey also encounter a

higher degree of percentage increase of their mean diameter after the freezing step.

The rationale behind this finding is likely based on the freezing and glass transition
temperatures of PEGs. The freezer temperature306f°C used in this experimental
investigation is remarkably lower than the freezing temperature of PEBE6.2). Although,

it is very close or even higher in some cases than the glass transition temperature of PEGs
(Table6.2). When substances are above their glass transition temperature they anscoose

and rubbery comparedd the glassy, rigid and brittle phase that they experience below.the T

In this case, since the PEGs are above their glass transition temperature, the PEG molecules
can still move freely in the suspension matrix, even though the sample is frozen. If the PEG
molecules can move freely in the suspension, then it means thatdblelget into close
proximity with other PEG chains in the sample and their interaction can lead to entanglements
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of multiple PEG molecular chains. The higher the chain length of the PEG molecule, the more
probable it is to come across other PEG molecular chains in the sample. Consequently, for
higher number average molecular weigiM,) PEGSs, thelikelihood of this entanglement
phenomenaéeing presenincreass,forming bigger lumps of entangled PEG molecules. Based

on the theory discussed in sectiér8.2 PEG is acting as a coating layer around the
nanoparticles when used as a cryoprotectanadadyerPEG molecular size (either in terms

of Ry or g) would result in alarger mean diametebeing effectivelymeasured by DLS.
Therefore, the lumps of entangled PEG molecules would create a much thicker coating for the
NP suspension when compared to lowgiP#Gs, where chain entanglement is less prominent.
This thicker coating then leads to a drastically increased mean dianestsuredby DLS. As

a consequence, higher percentage increase of the mean diameter for higher molecular weight
PEGs aftertie freezing stes noticed This ispossiblythe reason that some researchers claim
that PEGs above 10 kDa are not as efficient cryoprotectants, since instead of reducing, they are
promoting the NP aggregatigAlmalik et al, 2017; Umerskat al, 2018; PatelPark and

Jeong, 2023)

The physical macroscopic appearance of the samples before and after the freezing and thawing
process was also monitored to better understand the visible effects of the different
cryoprotectants on the NP suspension.sidicryoprotectant samples and the original sample
(used as theontrol) before the freezing step were completely clear and transparent. The picture
captured in the lightbox to assess the physical appearance of all the samples after the freeze
thaw process is presentedHigure6.11. From thenage, it is noticethat the PEG35k and the
PEG10k samples appear to be theiést and cloudiest out of all seveamples. The original

NP suspension appears to be hazier and cloudier compared to its initial transparent state before
the freezing step. The DMSO, glycerol, PEG1k and PEG6k samples seem to remain completely
clear and transparent even after the frebaaing process. This is another indication that these
excipients are successful in preserving the properties and controlling the aggregation of the NP
suspension during the freezing step of the frelryeng process. Thegghysical macroscopic
observations are in line with the results obtained from the DLS measurements, whegethe

particle sizesvhere obtained frorthe samples appearing as hazy and cloudirgare6.11.
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DMSO Glycerol PEG1k PEG6k PEG10k PEG35k Original

Figure 6.11: Image of all the cryoprotectant samples and the original nanopatrticle suspension in the lightbox after
the freezing and thawing process for physical macroscopic observation of their appearance. From left to right the
samples are DMSO, Glycerol, PEG1k, FBKGPEG10k, PEG35k and the origirfatyoprotectanfree)sample.

6.3.4. Equilibration after freezing step

The experimerat results presented section6.3.3for after the freezing and thawing process,

were performed the same day after defrosting the samples and waiting for them to reach room
temperature. The equilibration of samples at room temperature for a few days in some cases
could lead to physical chaegeither further aggregation of the NP suspensions or either
relaxation and decrease of their sizes. Therefore, to ensure that the acquired measurement
results for after the freezbaw process are reliable and no physical change occurred, the DLS
measurments of all the seven samplegre repeatedfter a week of equilibration. The
repeated DLS measuremsmterecompleted for only one batch (out of three batches) of the
samplesThe results obtained for particle size d&idl of the samples after equililiran are
presented iTable6.4. The results obtained for the same balicactly after the freez¢hawing

process and the percentage difference between these and the equilibration results are also
summarised iMable6.4 to facilitate comparisons.
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Table6.4: Particle size and PDI data fall samplesfter freezethaw process and after equilibration.

After freeze-thaw After equilibration Percentage difference (%)
Sample | Meandiameter [nm] | PDI | Mean diameter [nm] | PDI | Mean diameter[nm] PDI
Original 777.3 0.428 802.3 0.358 +3.2 -16.3
DMSO 49.7 0.145 49.6 0.151 -0.2 +4.1
Glycerol 67.6 0.079 58.9 0.108 -12.9 +36.7
PEG1k 52.3 0.174 55.6 0.172 +6.3 -1.1
PEG6k 239.3 0.142 259 0.149 +11.7 +4.9
PEG10k 368.7 0.318 379.2 0.341 +2.8 +7.2
PEG35k 651.7 0.343 652.7 0.411 +0.1 +19.7

When comparing the results of this batch for after the frdem® process and after
equilibrationit is seerthat the differences between their values are very low for all the samples
examined in this study. As seenTiable6.4, all the percentage differences calculated for the
mean diameters of this batch arensiderablylower than 15% meaning that there is no
significant change in the mean diameters of the samples after a week of equilibration at room
temperature. The PDI values percentage differences are also very low, except for the original
and PEG35k samples becatisey are the most aggregated sampidso, the glycerol PDI

di screpancy could be rel at.éowevertisnohoencemanger i al
since even with an increase in PDI, the value is still very low (0.108) denoting aareow

and monodisperse particle distributidierefore, with thisnvestigationthe reliability of the

results established for all the sampi®ctly after the freez¢hawing processs confirmed.

Also, it was verified tht after a week of equilibration at room temperatilvere ar@o physical

changes occurring in the samples.

6.3.5. Freezedried material

The freezedrying of all the liquid cryoprotectaimanoparticle suspensions and the original
PEGPLA nanoparticles was performed to receive a dry material capable of prolonged storage
provided that the cryopreservation of the material was successful félftaving the freeze

drying procedurenentioned in sectiof.2.3 the dry materials were retrieved and the physical

appearance of their dry form was inspected.

It was observed that the DMSO and glycerol cryoprotedtithsuspensions were very difficult

to recover in a drgtateby using freezalrying processes. For both excipients, the complete
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loss of sample during their freedeying was experiencednultiple times This finding was
compared with information available in the literature and it was revealed that difficulties and
issues in recovering materials into a dry format in the presence of DMSO have been reported
multiple times(Almoustafa, Alshawsh and Chik, 201The reason behind the problems rising

in the freezedrying of samples containing DMSO and glycerol is based on their physical and
chemical properties when in solutiongh water. Both pure DMSO and glycerol have a higher
freezing temperature than the temperatures used in this investigation for the freezing and the
drying stepsTable6.2). It has been reported the literaturehat the intermolecular interaction

of these two chemical compounaih water leads to the formation of eutectic mixtures, which
means the freezing temperature of their mixture is considerably lower than the freezing
temperature of the pure components that are comprising the s¢idioalAbidin et al, 2017;
Azougagkhet al, 2023) The eutectic mixtures formed by DMSO and glycerol with water cause
an extensive depression to the freezing point of the sol(Mi@mg, Li,et al, 2011; Lombaet

al., 2023) The mixtures of wateglycerol and wateDMSO will solidify forming a single

phase when cooled at conditions following the eutectic line of the mixture, otherwise above
this line the mixture remains liquid and below this line the mixture solidifiesseparate
phasegPenaPereira and de la Calle, 2019 achieve the sufficient freezing of the eutectic
mixture, a considerably lower temperature or a longer duration of the freezing step of the
freezedrying process is required. Therefore, the loss of the product integrity of the DMSO and
glycerol NP susgnsions in this work is probably attributed to the phase separation of these two
cryoprotectants during freezigying from the rest of theample This leads to the collapse of

the NPs and the formation of aggregates adhering to the walls of the vial edtof the
freezedrying praess. Future work could focus ¢ime optimisation of the conditions used
during the freezing and the drying steps to achieve a successful recovery of the NP suspensions

in a freezedried statewhen using DMSO and glycerat cryoprotectants

The other fourPEG cryoprotectants used in this investigation have successfully produced
freezedried materials in the applied conditiofmiagesof the freezedried materials obtained
from the rest of the cryoprotectant samples (PEG1k, PEG6k, PEG10k and PEG35k) taken in

the lightbox for physical macroscopic observatwashown inFigure6.12.
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Figure 6.12: Images of thdreezedried materials of the folPEG cryoprotectants employed in this study in the
lightbox for physical macroscopic observation of their appearance.

As seen fromFigure 6.12, all of the four PEG cryoprotectants used in this study have
successfully freezdried following the procedurdescribedn section6.2.3 All the freeze

dried materials appear to have formed a stable white fluffy, spldcegeake withhigh porosity

and permeabilityproperties that have been proven desirable for the wettability, reconstitution
solvent penetration into the cake andligpersibility of the freezédried materia{Fonteet al,

2014; Kulkarniet al, 2018)

The freezedried materials obtained from the foREG cryoprotectant NP suspensions were
also analysed for their surface and structural morpholbgyperforming the SEM
characterisationThe visualisation of individual nanoparticles and their surfaces is extremely
challenging in SEM. The surfaces tiie NPs are expected to look compalaband
indistinguishable in SEMHowever information about the NP formulation morphology and

surfacecan be obtainelly observing thdarger particles and structures thate visible with
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SEM.Imagesf the freezadried PEG1k, PEG6IREG10k and PEG35k microscopic structures
obtained with SEM are presentedrigure6.13.
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Figure 6.13: SEM images of the freezdried materials produced from the f(REG cryoprotectas employed in
this study. (A) Feezedried PEGk nanoparticle suspension, (Bjeeézedried PEG& nanoparticle suspension,
(C) Feezedried PEG10k naoparticle suspension and (D)erzedried PEG35k nanopatrticle suspension. Scale
bars: 2Cem (A, B, C) and 1&@m (D).

All freezedried PEG nanosuspensions form a compact sample as seen from their SEM images
(Figure6.13). This is a beneficial structure since the nanoparticles are coated and positioned

inside the compact structure. Therefore, the polymeric nanoparticles are shielded away from
the surface avoiding contact wahrroundingconditions that could lead sampledegradation.
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All PEG freezedried nanoparticle suspensions display some smaller microstructures under the
surface of theompact struct, which could be shape dependaemtthe enclosed particles of

the suspension. The only sample that did not display clear microstructures was the PEG10k
freezedried nanoparticle suspension. Finaitycanclearlybeobserve from the SEM images

of all the PEG samples that the freezeed materials are highly porous. This confirms the
discussions from the physical macroscopic observatkigare6.12), where the porosity and,
therefore, the permeability of the materialas noted These structuratharacteristics would
enhance the penetration of the reconstitution solvent leading to faster and edisigensal of

the freezedried nanosuspensions.

It is important to note that PEG is employed in this study primarily as a cryoprotectant of the
nanoparticle formulatiarto perform the protection of the material during the freezing step of
the freezedrying process. Iteffectivenessas a lyoprotectanicontrolling and reducing the
disruption effects of the drying step on thelymeric nanoparticless probablylimited

compared tather highly employed lyoptective agents found in literature.

The most commonly used lyoprotectaimtshe literature are different types of sugars, such as
trehalose, sucrose, glucose and otflarst al, 1996; Changt al, 2005; Mensinlet al, 2017)

The reasoning behind their wide application is their high efficiency in replacing water in the
suspensions during the drying step of the frergeng processThe nanoparticle gicture is
preservedhroughstabilisation of the polar groups on the nanopatrticle survihesn they form
hydrogen bonslwith the lyoprotectant moleculeé procesghat isdriven by the removal of

water during the drying step (Abdelwahedet al, 2006) Sugars have high glass transition
temperatures, making them great cryoprotectants, since the freezing step can be carried out at
a temperature belowgTeading to the formation of a glassy matrix in their presewtech

increases colloidal stabilifffrenkenschuh and Friess, 2021)

Thesuccessfulise of PEG as a lyoprotectant was documented before attditer meaning

is capable ofcing as thereplacement of wateaturing drying,stabilisingthe material though
hydrogen bondformation The combination of PEG and trehalose was also performed
achieving a successful lyophilisation procesth promising result§Umerskaet al, 2018;
Mohammady, Mohammadi and Yousefi, 2028¢re, thecapability of PEGto performas a
successful cryoprotectant was examined. However, its applicgiarfiunctional lyoprotectant,

or its combination and comparison with other lyoprotective mateviatsnot the focus of this

169



researchinvestigationand thereforavasout of thescope of this experimental study. Future
work could include the comparison of different molecular weight PEGs with common

lyoprotectants in preserving polymeric nanoparticle structlmesg the drying step

6.3.6. Reconstitution experiments

The final step of this research study was to investigataliiiey of the recovered freezfried
materials to ralisperse back in distilled water. The reconstitution time of the white fluffy cakes
recovered Kigure6.12) in water was estimated based on the procedure described in section
6.2.3 The results for theneasured reconstitution times of the fdREEG cryoprotectants

employed in this study are presentedrigure6.14.

PEG1k PEG6k PEG10k PEG35k

=
o

Reconstitution time [min]
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Figure 6.14: The measuredeconstitution time for the rdispersal of thdour freezedried PEG cryoprotectant
samples employed in this investigatiordistilled water.

The reconstitution time of all the PEG cryoprotectant frems samples was estimated to be
less than 10 mins. It is desirable to have a low reconstitution time for-teiezgeformulations

to ensure a faster preparation when the drug delivery systeaquired. Also, the lower the
reconstitution timethe saferand more reliable the administration of the pharmaceutical
materials will be, with limited risks of ususpended and aggregated particles. The
reconstitution times measuredhigure6.14 are in line with reconstitution tinsereported by
experimental researdbund intheliterature for cryopreserved nanopartic(&silkarni et al,
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2018; Luo et al, 2021) Therefore, all the recovered freeged PEGnanoparticle
suspensions have a reconstitution time within the desirable range for pharmaceutical

applications.

Finally, the mean particle size and polydispersity index of thiisgersed PEG samples was
determined through DLS measurements. These results are important to assess whether the
cryoprotectants employed in this investigation were able to protect the®PREGanoparticle
properties from the highly strenuous freeizging process. The results of the mean particle

size and the PDI for the reconstituted formulations are showigure6.15.
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Figure 6.15: Plot of the mean diameter and the PDI results obtained via DLS for all the recovered and
reconstituted freezdried cryoprotectants. The purple bars represent the results for the mean diameter and the
orange circle data points represent the polydispeirsitgx results. Data shown are the mean values ofmplsa

runs and the error baskiow their standard error.

The mean diameters of all the reconstituted cryoprotebtBnformulationsrange from
approximatelyl00-170 nm These valuesrewithin the acceptable rangbat DDSs should

have wheraimed for pharmaceutical and clinical ug€apasso Palmieret al, 2018) The

mean diameteappeargo increase with increasing molecular weight of PEG employed as
cryoprotectant, with the exception of PEG35k. Also, the fact that the sizes have now returned
in the acceptable NP size range, when compared to the slightly aggregated NP formulations
that wee measured after the freezing stEgure6.8), couldbe attributed to the rdissolving
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of the PEG free chains of the cryoprotectants after the fidreze material was reconstituted

back in water.

The PDI values are below 0.25 for all PEG cryoprotectants, with PEG35k being only slightly
higher atapproximately0.3, which means that the nanoparticle size distributions of the
reconstituted formulations are relatively narrow and monodisperse. Finallinattr@scopic
appearance of all folPEG cryoprotectant samples was observed to be completely clear and
transparent after the-gispersal and reconstitution of the freeizeed materials.

Therefore, it can be concluded that thelispersibility of the four recovered freedéed PEG
nanoparticle suspensions was confirmed to be highly successful with all the PEG
cryoprotectant suspensions having beneficially low reconstitution time, seasaildontrolled

nangarticle size andesirablylow polydispersity index after their reconstitution in water.

6.4. Conclusios

The experimental investigation presented in this work focussed on enhancing thelfyesze
process of PELA polymeric nhanoparticles for an improved stability and prolonged storage
capability This is the firstsystematic study conducted to test the effect and performance of
different molecular weight PEGs on the cryopreservation of polymeric nanopartile
different cryoprotectants, DMSO, glycerol, PEG1k, PEG6k, PEG10k and PE®G&&k
employedto examine their ability to shield the polymeric nanoparticles during the extremely

strenuous process of freedg/ing and the preservation of the formulations properties.

From the results before carrying out the freezing step, it was observed from all the PEG
cryoprotetants that the mean diametecreagswith increasing PEG molecular weight. This
phenomenon was attributed to the free PEG chains forming a coating layer around the
polymeric nanoparticles, making their effective diamddegerthan the actual nanoparticle

diameter. The larger the molecular PEG dizelargerthe mean diameter measured by DLS.

After the completion of the freezing step, the mean diameter of the original nanoparticle
suspension increased dramatically. This observation confirmed the necessity for the addition
of a cryoprotective agent in the nanoformulation to protect polymeriopaaticles from the

mechanical stresses involved in the freezing stepieacrystal formation which cause

172



disruptionsto the nanostructures. The use of a cryoprotectant acts as a shield for the
nanoparticle propertiesvhich isrequired for a safe and reliable final pharmaceutical product

with a robust stability for prolonged storage.

The results obtained for both before and after the freezing step suggest that the best performing
excipients for cryopreservation are DMSO, glycerol and PEG1k, which are perfect

representatives of the original nanoparticle suspension sizes and pressv\. |

Looking at the result$or the fourdifferent PEG cryoprotectants after the fredzawing
processt is observedhat not only does the mean diameter of the suspension increase with
increasing molecular weight, but also the percentage difference between the before and after
measurements increases. This is believed to be related to the glass transition temperature of
PEG, which is very close or even lower than the temperature applied during the freezing step.
Thus, PEG chains are moving freely in the frogample potentially interacting with other

PEG chains forming aggregates. These results indicate that higR&®4 are not as effective
cryoprotectants of polymeric suspensions during the freezing step.

The reliability of the results of all the samples after the fréleaeing process was confirmed
andit was verified that after a week of equilibration at room temperatiaé there was no
physical changeccurring in the sample$loreover, he physical macroscopic observations

were always in agreement with the results obtained from DLS measurements.

When conducting the freezkying of all the samples, it was discovefeaim literaturethat
DMSO and glycerol form eutectic mixtures with water, which cause an extensive depression
to the freezing point of the solution leading to material recovery difficulties. To achieve the
sufficient freezing of the eutectic mixture, a considerably loteenperature or a longer
freezing stemuration inthe freezedrying process is required. The fOREG cryoprotectants

have successfully formed freedeed materials wh the desirabl@hysicalcharacteristics as

detected from the physical macroscopic observation and SEM imaging of the samples.

Finally, it wasconcluded thithe redispersibility of the four PEGIP suspensions was verified
to be very efficient, since all of them have a favourably low reconstitution time, a practical and
controlled mean diameter and a desirably low polydispersity index after their full reconstitution

in water.
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7. Experimental evaluation of the encapsulation capacity of-PE&
block copolymers using a model chemotherapy drug
7.1. Introduction

The investigation of amphiphilic block copolymers with the aim of forming an effective drug
delivery system (DDS) for cancer chemotherapy treatments has been the focus of this thesis.
The synthesis of a library ahethytpoly(ethylene glycobplockpoly(lactide (MPEGPLA)

diblock copolymers with varying polymer properties ywasformed inChapter 4 an€hapter

5. The investigation of the sedissembly of these materials into polymeric nanoparticles and
micelles using different formulation methodologies and varying key processing conditions was
studied in depth. Their prolonged stability and storage suasessfully enhanced with the
implementation of different cryoprotective agents during the systematic study performed in
Chapter 6. Here, the chapter emphasis lies on the examination of the effectiveness of these
diblock copolymers in encapsulating a hyplnobic drug inside the polymeric nanopatrticle

structure.

Since the synthesised mPHG&A diblock copolymers are intended for DDS of antineoplastic
drugs and their delivery to the cancerous tissue, their encapsulation efficiency and drug loading
capacity evaluation is requiréDoraet al, 2010) The effectiveness of the produced polymeric
nanoparticles as nanocarriers for anticancer drugs will be evaluated based on two main criteria.
First, their ability to incorporate a highly hydrophobic drug within the hydrophilic corona of
the nanoparticle.&ond, the successful creation of a nanoparticle suspension with controllable
average size and particle size distribution. These two criteria will indicate the success of the

final polymeric nanoparticle product.

The encapsulation of the hydrophobic drug within the structure of polymeric nanoparticles is
driven by physical and chemical interactions occurring during the formulation procedure. As
encountered before in this thesis (Chapter 5), the amphiphilic blpciycoers seHassemble

into polymeric nanoparticles when present in aqueous environments. The association of the
polymer chains is caused by the repelling interactions of the hydrophobic block of the
copolymer with the aqueous selective solvent. TheagHnisation of the copolymer chains

into polymericnancstructures is based on the effort of the hydrophobic parts of the polymer to
minimise the interfacial free energy of the syst@tarket al, 2008) When a hydrophobic
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molecule is incorporated into the polymer sadsembly process, the repelling interactions
between the hydrophobic drug and water and the favourable interactions between the polymer
chains and the free drug molecules would lead to drug encapsulatioforifieel suspension

is composed from nanoparticles with drug molecylaskedinside their hydrophobic core,
surrounded by a hydrophilic corona protecting the drug fempueousinteractions. The
encapsulation of hydrophobic substances within polymeric naidpsa specifically micelles

in this casels presented schematically kigure7.1.

Drug loaded micelle

Amphiphilic block copolymer
®
.....
*oe o0
+ Hydrophobic
drug

Hydrophilic part Hydrophobic part

Ranging from 10-200 nm

Figure 7.1: Schematic diagram presenting the encapsulation procedure of a hydrophobic drug inside the
hydrophilic corona of a polymeric nanoparticle, through theassembly of amphiphilic block copolymers.

7.1.1. Aim

The main focus of the research presented irctrapter was the evaluation of the effectiveness
of the mPEGPLA diblock copolymer library synthesised in performing as a successful DDS
for cancerchemotherapy bgncapsulating hydrophobic model drugithin the constructed

polymeric nanopatrticles

7.1.2. Objectives

The objectivas to perform the encapsulation of the chosen model drug (Nile red) by employing
all six diblock copolymers of mPEBLA produced in Chapter 5. The encapsulation
experiments of Nile recare completed via the nanoprecipitation procedure. The block
copolymer final concentration in suspensisnvaried to assess its influence on Nile red
encapsulation. The challenging separation of the nonencapsulated Nile red from the rest of the
drug loaded nanoparticle suspensgaddressed with the employnmgetesting and comparison

of three different solvents performing the extraction of Nile red. The construction of a
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concentration vs absorbance pktonducted to calibrate théV-visible (UV-vis) equipment

used for the determination of the Nile red Hoaded amount. Finally, the encapsulation of the
model drugs quantified through the measurement of the encapsulation efficiency (EE%) and
the drug loading capacity (LC%) of each of the drug loaded nanoparticle suspensions

constructed.

7.2. Encapsulation methodology

7.2.1. Material information

The polymer materials investigated for their encapsaratiapabilities in this work, arthe

diblock copolymers synthesised acithracterised in Chapter 5. As seen in sedi@il, the
produced polymers are varying in structural parameters, such as total molecular weight, the
two block lengths, block voluenfractions and the hydroph#to-hydrophobic ratio. Therefore,

the study of this polymer library would enable the exploration of the effect that all these key
polymer parameters have on the drug loading effectiveness of the constructed polymeric
nanoparticles. The main properties of theesnployeddiblock copolymers of mPE®LA in

this investigatiorare summarised ihable7.1.

Table7.1: Key properties of the investigated mPHEGA diblock copolymer library.

Hydrophobic Volume Molecular Molecular Total molecular

to hydrophilic fraction of weight of block | weight of block weight (Mn)
Polymer ratio block A (fa)2 | A (Ma) [kDa] B (Ms) [kDa] (GPC) [kDa]®
mMPEG5kb-PLASk 1 0.53 5 7.24 12.24
mMPEG5kb-PLA10k 2 0.36 5 9.24 14.24
MPEG5kb-PLA20k 4 0.22 5 11.22 16.22
mMPEG2kb-PLA2k 1 0.53 2 4.03 6.03
MPEG2kb-PLA4k 2 0.36 2 5.67 7.67
mMPEG2kb-PLA8k 4 0.22 2 8.93 10.93

@Block A is the mPEG block and block B is the PLA of ttilelock copolymer.
bMeasured by GPC, compared to PMMA standards.

Nile red is the hydrophobic model drug employed in this study to mimic the properties,
interactions and distribution that chemotherapy drugs would experience in the polymeric
nanoparticle suspension. Nile red is a fluorescent chemical substance regséatlynu

biological and pharmaceutical research areas as atalygpomote faster detection and
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guantification of the produ¢Halim and Webley, 2015; Rumét al, 2015; Tecet al, 2021)

By staining the area of research focus, the characterisation of the final product becomes
significantly easier.This is an extensively appliedorocedure inthe literature for rapid
identification and evaluation of samples for numerous applicafMasset al, 2017; Kanget

al., 2020; Nalbonet al, 2021) Therefore, the use of a compound that fluoresce brightly was
identified as extremely valuable for the characterisation of the encapsulation properties of the

diblock copolymers.

Nile red has unique fluorescence properties, which vary dependirigeopolarity of the
solventthat is dissolved inUpon excitation, typically in the blu®-green range (~48%40

nm), Nile ied emits in the yellovto-red range (~57@50 nm) in norpolar environments, with
intensity and emission wavelengshifting based on the solvepblarity. In polar sotents,

such as water, Nile rdtlorescence is significantly quenched, resulting in weak or negligible
emission(Greenspan, Mayer and Fowler, 198%hese propertieand its solvatochromic
behaviourallow for highly sensitive detection mydrophobic environments, making Niledr
highly valuable for visualising and quantifying the encapsulation of hydrophobic materials
within polymeric nanopatrticles in drug delivery researdchaddition, Nile red is a highly
hydrophobic material with low aqueous solubility makingn ideal model drug to mimic the
effects that the anticancer drugs would have in the nanoparticle formulations produced in this

work.

UV-vis spectracopyis an effective method commonly used émtermining the content of
Nile red in sampledue to the simplicity and accessibility of the process. Nile red has a strong
absorbance in the visible region, with a characteristic peak typically arouri&7Abdm
depending on the solvent environmenmhich allows for fast and easyetection(Erlebachet

al., 2016; Hoet al, 2020) In this study DMSO is used as the solvestntainingNile red for

the UV-vis measurements, with an absorbance peak at around 55Bynmeasuring the
absorbance at this wavelength, a calibration curve can be developed using a series of known
Nile red concentrations. Thealibrationcurve allows for accurate determination of unknown
concentrations by correlatirthe measuredbsorbance values with concentrat{éto et al,

2018) This method is particularly useful for analysing Nile red in homogensolusions
typically obtained inhydrophobic solventswhere the absorbance properties are stable and

consistent Based on these characteristicelV-vis spectroscopy is chosen as the
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characterisation technique to actaaseffective and rapid method for quantifying Nile red in

solutions.

7.2.2. Encapsulation experiments

The encapsulation of Nile red was performed through theaseémbly of the amphiphilic
diblock copolymers into polymeric nanoparticles by applying the nanoprecipitation process.
Further details of the exagptocedure followed to formulate the nanoparticles with loaded drug
within their structure is presented in Chapter 3, secBdnl Briefly, the Nile red was
dissolved in the oil phase (acetonitrile) with the amphiphilic polymer and the solution was
nanoprecipitated in the agueous solvent (water) following the same procedure and applying the
same conditions as in previous chaptele final concentration of the diblock copolymers was

varied from0.1-0.2wt% to examine if thisauld lead to higher encapsulation of the model drug.

7.2.3. Encapsulation process evaluation

As discussed in sectidh5.2of Chapter 3, theffectiveness of the polymeric nanoparticles as

a DDS, in terms of incorporating a model drug, was assessed using two key metrics commonly
used in the literature. Firstly, the encapsulation efficiency (EE%), which measures the
proportion of the drug sucssfully captured and contained within the nanoparticle structure
relative to the initial drug quantity used in the experim@hgnatelloet al, 2001) was
calculatedusing Equation3.1. Secondly the drug loading capacity (LC%), reflecting the
weight of the drug encapsulated relative to the total weight of theloladgd system, including

the weight of botithe polymeric nanoparticles and the encapsulated @@ogender et al.,

1999) wasestimated witlEquation3.2.

The quantity of drug encapsulated within the polymeric nanoparticles was indirectly
determined by measuring the amount of drug that remained unencapsulated. The
unencapsulated Nile red was separated from the nanoparticle suspension using the
methodologydescribed in sectior.2.4 The extracted model drug was then quantified using
UV-visible spectrophotometry using the methodology presented in sécfidn The drug
loadedwithin the nanoparticles was calculated by deducting the quantity of drug that was not
encapsulated from the total drug amount initially used in the experiment.
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7.2.4. Drug-loaded nanoparticles separation

Once the encapsulation procedure is completed the final sample produced is a mixture of drug
loaded polymeric nanoparticles in suspension and Nile red aggregates either in suspension or
on the vial walls. The direct characterisation of this sample usingitible spectroscopy is

not possible since this would lead to unreliable and fluctuating results based on the presence of
bigger aggregates (microscale) inside the nanoparticle suspension. Therefore, an indirect
characterisation method has to be employdtere the unencapsulated Nile red is separated
and characterised to gather information on the amount of Nile red loaded within the polymeric

nanoparticles.

The separation of Nile red from the rest of the product also leads to challenges since the
separation method applied could result in detrimental effects on the nanoparticle suspension.
Filtration of the sample was tested and proven to be ineffectiveainbe Nile red aggregates
depositon the filter, making it impossible to recover;dissolve, characterise and quantify.

The application of a dialysis method is extremely time consuming since it is driven by diffusion,
requiring the dialysis experimetd run for days in order to reach a high efficiency separation
procesgde Castro, Capote and Avila, 2008; Leial, 2011) On the other hand, the use of
centrifugation as a method of separation, based on the size differences of the Nile red
aggregates and the drl@pded nanopatrticles, is a fast process and seems appealing in theory.
Although, the nanoparticle suspensiongparred areonsiderechighly fragile structures and

since they are intended for biomedical applications their inteigrilgquiredto remain intact.
Therefore, an intense process such as centrifugation with the high speeds, significant shear
forces and hataccumulatiorcould lead to physical damage and aggregation of theldaatpd
nanoparticlegVauthier, Cabane and Labarre, 2008; Catial, 2021)

In this experimental investigation, the use of three different solvents for the separation of Nile
red from the rest of the nanoparticle suspension was performed. During the search for solvents
that would be more ideal for the extraction of the nonencafesiiNile red, a number of
conditions were identified to guide the selection. The requirements that should be satisfied b

the chosen extraction solveare the following:

A Good solvent for Nile redffering a high solubility fotheaggregated particles
A Immiscible with water (nanoparticle suspension medjumjorm two separate liquid

layers
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A Non solvent for the mPE®LA copolymers, to avoid interactions between extraction
solvent and polymeric nanoparticles, ensu
A Either miscible with the solvent used for UN& characterisation (dimethyl sulfoxide
DMSO), to formahomogeneous solutipor highly volatile to remove before DMSO

is added to ralissolve and analyse the ntmaded Nile red

In the search of solvents that would be effective as extraction mediums of the unloaded Nile
red, four solvents that satisfy the requirement listed above were discovered. These are ethyl
acetate, diethyl ether, heptane and hexane. Hexane is expected touaay similar solvency

ability with heptane based on similar chemical and physical properties between the two
solvents and since it is highly hazardous and toxic compared to the rest of the materials
identified, it was eliminated from the experimentala@stigation. The rest of the three solvents
were tested for their ability to perform the extraction of Nile red aggregates from pure water.
The extraction solvent that performed the best in this trial was employed as the solvent used

for the separation dhe unencapsulated Nile red in the produced nanoparticle suspensions.

7.2.5. Unloaded drug quantification

To determine the amount of n@emcapsulated model drug, UXs spectroscopy was used for

the characterisation of the extracted Nile red from the nanoparticle suspensions in a pre
determined volume of DMSO. The concentration of the model drug in DMSOoluts
established based on a calibration curve developed from the absorbance measurements of Nile

redDMSO solutions of known concentrations.

DMSO was used as the W's characterisation solvent out of all the solvents that were tested
for solubilising Nile red (DCM, ethanol, heptane, ethyl aegtdiethyl ether, acetonitrile). This
solvent was chosedmecause the fluorescent dye experiences a very high solubility in DMSO,
producing a strong and bright fuchsemple which would facilitate the quantification of Nile

red even at very low concentrations.

For the construction of the calibration curve a total of nine different of concentrations of Nile
red in DMSO solution were characterised and analysed throughidJSpectroscopy. The

concentrations were ranging from 0.0a6@005wt% of Nile red in DMSO. Tehprocess of
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preparing the Nile re®@MSO solutions of nine different concentrations and analysing them by
UV-vis spectroscopy was performed in triplicate to ensure the reliability of the calibration
curve developedrhis calibration curve was then used to establish the amount ddbaded

and successfully extracted Nile red in the unknown concentration samples at a fixed DMSO
volume. Then, through the subtraction of the established value from the initial Nile redtamo
used for the encapsulation experiment, the totaunt of encapsulated model drug witthe

polymeric nanoparticles gadetermined.

7.2.6. Characterisation analysis techniques

In this section, the characterisation techniques performed to analyse the materials constructed
from the encapsulation experiments and their properties are summarised. Further details about
the characterisation techniques, the equipment utilised to petfoese analyses and the
measurement procedures carfdend in Chapter 3.

Dynamic light scattering (DLS): This characterisation technique was used to establish
information about the nanopatrticle size distribution and the polydispersity index (PDI) of the
nanoparticle population present in the samples. The DLS equipment used is the Brookhaven
ZetaPALS (2008).The measurements were completed at room temperatur@Cj29he
samples were equilibrated at 5 in the equipment cuvette chamber prior to measurement.

Each measuremenonsisted of 5 runsf the same sample.

Zeta potential (Z-potential) analysis: The zeta potentialg] of the Nile red loaded
nanoparticle suspensions prepared was measured using the Brookhaven ZetaPALS Zeta
Potential Analyser (2008Yhe measurements were completed at room temperatuf€)25
The samples were equilibrated at the measurement temperature in the equipvetiet

chamber prior to measurement. Each measurement consisted of 5 runs of the same sample.

Ultraviolet -visible (UV-vis) spectroscopy:This analysis technique was used in this work to
the determine theoncentration of the Nile red model drug that was not loaded into the
polymeric nanoparticles. Initially, the construction of a calibration curve, which plots the
absorbance vs the concentration, of the Nile red model drug in the solvent of DMSO was
perfomed. The UWvis spectra were measured using the Genesys 156visitMe

spectrophotometer (ThermoScientific, UK) wusing plastic disposable cuvetiks.
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measurements were completed at 552 nm and at room temperat®cg. (Pbe samples were
equilibrated at the measurement temperature in the equipment cuvette chamber for 60 secs

prior to measurement. Each sample was measured a total of 6 times.

Statistical analysis: Unless otherwise stated, all results are expressed as the meag value
standard error (SE). Alnethodologies were conducted in three independent experimental
procedures. The mean values and the standard errors were estimated from analysis of the three

independent experimental procedures.

7.3. Results and discussion

7.3.1. Nile red calibration curve

For determining the weight of Nile red present in unknown concentration samples at fixed
volumes of DMSO, the development of a concentration vs absorbance calibration curve is
required. In total, nine samples of varying concentrations in the range ofL@@I5wWt%

were measured for their absorbance throughvi$\spectroscopy.

In the literature, the wavelength used for measuring the absorbance of Nile red in DMSO was
550 nm(Hoet al, 2018) To determine where in the wavelength spectrum the prepared samples
of known concentrations experience the maximum absorbance, a scan measurement at a
wavelength range of 46000 nm was performedlhe results obtained for the 5 highest

concentrations of Nile red in DMSO prepared can be seEigure7.2.
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Figure 7.2: Absorbance vs wavelength results for the 5 highest concentration samples of Nile red in DMSO
prepared for the calibration curve development. The x = 552 nm line, which is the highest absorbance experienced
by all samples, is incorporated in the plot.

From the presented datakigure 7.2, it can be observed that the highest absorbance of the
samples is experienced at 552 nm, which is in agreement with the wavelengths used usually in
the literature for the Nile red in DMSO absorbafide et al, 2018) In addition, fromFigure

7.2, it is very clear that the highest concentration of Nile-D&ISO sample prepared
(0.005wt%) has saturated the WAis detector. Therefore, it is expected that thessrbance

results are not reliable and do not represent the real concentratible oéd present in the
sample, and thegreeliminated from the constction of the calibration curve.

Based on the results gathered freigure7.2, the construction of the Nile red calibration curve

in DMSO was performed by measuring the absorbance of the known concentration samples at
a wavelength of 552 nm. The results collected from thewvigVanalysis of the prepared
concentrations arpresented irFigure 7.3. Theaxis origin point (0,0) is also included in the

plot since the concentration vs absorbance plot estabks$ioedd be a line passing through the

axis origin. This represents the absorbance of a sample of pure DMSO (blank sample used as

reference), whicls equal to zero since no Nile red is present in the sample.
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Figure 7.3: Plot of the absorbance at 552 nm vs the Nile red known concentration in DMSO, forming the
calibration curve used for the determination of the unloaded drug amount of encapsulation experiments. Data
shown are the mean values of three independgmranents and the error bailsow the standard error of these

three experiments.

Thecalibration curve presentéd Figure7.3 was employed for the quantification of the non
loaded drug from the encapsulation studies. A linear trendline fitting the measured data is
presented, including the linear function equatiod ¢he R of the line. The linear function
equation is used to determine the unencapsulated drug quantity? ThedRsiderably close

to 1, meaning the linear fitting of the trendline has a high accuracy for the plotted data points.

7.3.2. Nile red extraction

Three different solvents were tested for their ability to extract Nile red from thd@idgd
nanoparticle suspensions as discussed in seCt@d To test their ability as extraction
solvents, samples containing Nile red aggregates were employed. The addition of each of the
extraction solvents in corresponding Nilesgdter sample vials and thaxing of the mixtures

was performedAfter this, the top layer of the mixture, organic solvent with dissolved Nile red,

was extracted. The extractadlution was diluted with DMSO and analysed via -U¥
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spectroscopy and the developed calibration curve, to establish the amount of Nile red extracted
for each of the investigated extraction solvents. Finally, their retrieval efficiency was calculated

based on the amount of Nile red extracted and the inmiabiat that was aggregated into water.

The results obtained for the retrieval efficiencies of the three extraction solvent employed in

this investigation arpresented iffable7.2.

Table7.2: Retrieval efficiency of the three employed extraction solvents

Extraction solvent Nile red retrieval efficiency (%)
Ethyl acetate 94
Diethyl ether 95
Heptane 83

From Table 7.2, it can be seen that ethyl acetate and diethyl ether are better performing
extraction solvents comparedHlieptane. Out of the two solvents, the one that was selected as
the extraction solvent for the encapsulation experiments performed in this investigation, was
the diethyl ether. The rationale behind this selection is based on the fact that it is very well
known from the synthesis experimeptsformed in Chapter 4 and Chapter 5 that diethyl ether

is a strong non solvent for both PEG and PLA blocks of the copolymer. This property would
ensure that the interaction of the mRBGA diblock copolymers would be aided entirely,
leading to the sustained integrity of the polymeric nanoparticles during and after the completion

of the extraction process.

The extraction of the Nile red not encapsulated was performed for all the samples prepared
from the encapsulation experiments using diethyl ether. The resultant extracted Nile red
DMSO sample was characterised through-W% measurement at 552 nm, whichtie
maximum absorbance across the wavelength spectrum. As an example, the scan measurement
of the extracted Nile red from all block copolymer nanoparticle suspensions, prepared with a
final concentration of 0.1wt%, in the wavelength range of 400 nm ispresented irFigure

7.4. Fromthese results, the effectiveness of diethyl ether to separate and extract the aggregates

of unencapsulated Nile red from the cilogded nanoparticle suspensions has been proven.
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Figure 7.4: Absorbance vs wavelength results for the extractedlomaed Nile red from all the mPEBLA
diblock copolymer drugoaded nanoparticle suspensions prepared at a 0.1wt% final concentration. Nile red is
dissolved in a fixed volume of DMSO. The x = 552 nine] which is the highest absorbance experienced by all
samples, is incorporated in the plot.

7.3.3. Encapsulation efficiency

The encapsulation experiments were performed by employing the nanoprecipitation technique
as the selassembly procedure of the diblock copolymers investigated in this work. The
nanoprecipitation was performed with the aim of forming doagled nanopartie
suspensions with varying final concentrations of the diblock copolymer in the final formulation.
The goal was to determine whether the presence of more polymeric matersssseiibling

into nanoparticles can also enhance the encapsulation efficiedarag loading capacity of

the formulated drudgpaded nanoparticle suspensions.

The encapsulation efficiency of all the nanoprecipitagaonapsulation experiments completed
was determined by applying the calculation method described in s&cBdh The results
obtained from all the diblock copolymer materials and the three different final concentrations

employed are presentedkigure?.5.
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Figure 7.5: Plot of the calculated encapsulation efficiency percentage with respect to the six different diblock
copolymers of mPE@LA studied in this work at three different final polymer concentrations. Data shown are
the mean values of three independent expetisnand theerror barsshow the standard error of these three
experiments.

From the results presentedkigure?.5, it can be observed that the encapsulation efficiency,

in general, it decreases with increasing final concentration of diblock copolymer in the
nanoparticle formulation. This finding is related probably to the increased pepotyener
interactions whenhte concentration of the diblock copolymer is increased and the amount of
the model drug remains fixed. Moreover, at higher concentrations of diblock copolymer, the
entanglement of polymer chains occurs more frequently since the polymer coils are closer in
proximity. Polymer chain entanglement can physically hinder the encapsutdtirdrug

within the enclosed structure of a polymeric nanoparticle during theass#imbly procedure.

There is no significant correlation between the different diblock copolymers employed in this
study and the calculated encapsulation efficiency as seerFigame 7.5. This suggests that

the encapsulation efficiency does not have a strong dependency on the properties of the diblock
copolymer employed. Therefore, the Nile red model drug interacts in a similar way with all six

different mPEGPLA block copolymers.
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The encapsulation efficiencies established for the encapsulation experiments performed in this
work are ranging from 286% for all the materials and conditions applied. These results were
compared with values of encapsulation efficiencies obtained iditdrature for similar
nanoparticles and materials. fan Gheluweet al. (2023)for mPEGPLA nanosystems they
were able to obtain Nile red encapsulation efficiencies of 25% on average at a polymer
concentration of 0.4wt%. This is comparable with the results obtained here, with the
encapsulation efficiencies acquired in this reseaeelthing slightly higher values in some
cases. Compared frasadet al. (2017) the encapsulation efficiencies established here are
approximately 20% higher, on average, from the results they obtained for Nile red
encapsulation. The same was observed for the results collectedt fielnachet al. (2016)

where they have received an encapsulation efficiency of approximately 3% foPPAG
nanoparticles compared to the-26% that was established in this research investigation.
Therefore, the encapsulation procedures followed in this work have achieviedr hig
encapsulation efficiencies of Nile red model drug compared to multiple studies in the literature

with the use of same materials.

7.3.4. Drug loading capacity

The drug loading capacity of all the nanoprecipitagmeapsulation experiments completed
were determined by applying the methodology described in sécfidh The results obtained
from all the diblock copolymer materials and the three different final concentrations employed

are presented iRigure7.6.
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Figure 7.6: Plot of the calculated drug loading capacity percentage with respect to the six different diblock
copolymers of mPE@LA studied in this work at three different final polymer concentrations. Data shown are
the mean values of three independent experimamtisthe error barshowthe standard error of these three
experiments.

As observed irFigure 7.6, the drug loading capacity percentage decreases with increasing
concentration for all the dibloakopolymers This is expected based on the equation used to
determine the drug loading capaciBg(ation3.2), where the weight of the encapsulated Nile
red is divided by the total weight of the polymem@noparticle. Therefore, the weight of the
polymeric nanoparticke in solutionincreases with the increasing concentration and the

calculated drug loading capacity decreases.

As with theencapsulation efficiency, there is no clear correlation between the different diblock
copolymers employed in this study and the calculated drug loading capacities as presented in
Figure 7.6. This indicates that the values obtained for the drug loading capacity of the
polymeric nanoparticles do not follow a specific trajectory with the properties of the diblock
copolymer employed. Thus, the Nile red dye interacts in a similar way with allfféxent
MPEGPLA block copolymers at the conditions and processing parameters employed during

the encapsulation process.
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The drug loading percentages range from approximately0.3% for all the diblock
copolymers and all the concentrations employed. These values may seem low, but this is caused
by the weights of the block copolymers used in the experiments, which are higée
compared to the amounts of the model drug used in the encapsulation experiments. Also, based
on the calculation method for the determination of this parameter is more probable to have a
low drug loading capacity. Significantly low percentages ofgdinading capacities are
observed throughout the literature due to these reg€bneet al, 2016; Hoet al, 2020)

7.3.5. Drug loaded nanoparticles mean diameter

The mean diameter of the drl@mpded nanoparticles produced during the encapsulation
experiment performed via the selsembly of the different diblock copolymers through
nanoprecipitation, was determined from the characterisation of the final prodbocDlag
measurements. The results obtained for the averagdalrdgd nanoparticle size from all the
diblock copolymer materials and the three different final concentrations employed are

presented ifrigure?.7.
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Figure 7.7: Plot of the measured mean diameter of the divaged nanoparticles with respect to the six different
diblock copolymers of mPE®LA studied in this work at three different final polymer concentrations. Data
shown are the mean values of three indepeneigrariments and the error basisow the standard error of these
three experiments.

The results plotted irFigure 7.7, on average, show a slight increase in the -tvaded
nanoparticle mean size with increasing PLA molecular weight and total polymer molecular
weight for the mPEG5k polymers. The opposite trend seems to be followed by the mPEG2k
diblock copolymers, werehé mean nanoparticle size is decreasing, on average, with the
increasing PLA and total polymenolecular weight. The mean diameter obtained for the
MPEG2k drugoaded nanoparticles seems to be higher than the corresponding, in terms of
hydrophobic tohydrophilic ratio, mPEG5k materials. An exception to this, is the results
obtained for the polymers of mMPEGBKPLA20k and mPEG2k-PLA8k (hydrophobic to

hydrophilic ratio of 4), where the mean diameter decreases with decreasing mPEG chain length.

The average nanoparticle size results range froit6B0nm as seen frofigure?.7 for all the
diblock copolymers and processing conditions employed in this study. Therefore, the final
drugloaded nanoparticles prepared through the nanoprecipitation encapsulation technique

presented here have formulated into materials with highly ddsiraean diameters for DDS
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applications in cancer chemothergarket al, 2008) This is a very important outcome of

this work, since in the literature achieving an acceptable average size of tHeatted
nanoparticles has proven to be challenging, with researchers achieving either too small or too
large mean diameters of the epsalated material aimed for drug delivery applicatiidsra

et al, 2010; Chuet al, 2016; Hoet al, 2018)

7.3.6. Polydispersity index of drupaded suspensions

The PDI values of the drdgaded nanopatrticles produced during the encapsulation experiment
performed via the selissembly of the different diblock copolymers through nanoprecipitation,
were established from the characterisation of the final productlig measurements. The
results obtained for the PDI of all the diblamdpolymer nanoparticle suspensions prepared in

all three different final concentrations employed are presentédume7.8.
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Figure 7.8: Plot of the polydispersity index (PDI) results obtained for the -dvaded nanoparticles with respect
to the six different diblock copolymers of mPHREA studied in this work at the three different final polymer
concentrations employed. Data shoane the mean values of three indepen@emperiments and the error bars
showthe standard error of these three experiments.
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As seen from the results plottéd Figure 7.8, the PDI of the final formulated nanoparticle
suspensions with encapsulated model drug experiences values of 0.27 and lower for all the
diblock copolymer material and final polymer concentrations employed in this study. This is
another important findingdm the current investigation since the formation of a uniform-drug
loaded nanoparticle suspension has been obséased of the PDI results. This wast

always the case for similar studies in the literaf{Oreraet al, 2010; Prasadt al, 2017)

7.3.7. Zeta potential measurements

Zeta potential measurements were completed for theldaaigd nanoparticle suspensions
produced via the encapsulatioanoprecipitation experiments of the different diblock
copolymers. These measurements were an indication of the particle surface clatige a
stability of the final drugoaded suspensions formed. The values collected from the zeta
potential analysis of all the diblock copolymer suspensions and the three final concentrations
applied are presented kigure7.9.
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Figure 7.9: Plot showing the results obtained from the zeta potential analysis of all théoddegl nanoparticle
suspensions with respect to the six different diblock copolymers of rIREGstudied in this work at the three
different final polymer concentrations eioyed. Data shown are the mean values of three independent
experiments and the error basBow the standard error of these three experiments.

The results plotted ifigure 7.9 from the zeta potential measurements of the different-drug
loaded nanoparticle suspensions prepared in this work, show that the surface charge of the
nanoparticles is decreasing consistently with increasing polymer concentration in the final
suspension. fiis observation can be justified based on the fact that when the concentration of
polymer is higher in the final product, the polymer proximity and interactions are also higher
in the formulated suspension. Therefdte nanoparticle concentration, which is also higher

at higher polymer concentrations, leads to more interactions between the polymeric
nanostructures since they are also closer in proximity. Consequently, the collision and
aggregation phenomena of ndigiiring nanoparticles in a more concatdd suspension are

more frequent, leading to the measurement of a lower zeta potential and surface charge for

higher polymer concentration suspensions.

The resultant zeta potential values are ranging betwE@no -4 mV for all the diblock

copolymer materials. Tlse valuesare negative a characteristic required for DDS sthee
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negative charge reduces ngpecific absorption of the material by the liver and spleen. This
results in increased electrostatic repulsions between the nanoparticles and the cellular surfaces,
thereby extending the blood circulation time of the nanopesticlO 6 B et al.£2020) Also,

the values of surface charge obtained in this work are higher than the zeta potential results
established for similar systems in the literature, suggesting a higher colloidal stability of the

constructed drudgpaded nanoparticles presented H€kuet al, 2016)

7.4. Conclusios

The effectiveness of the synthesised library of mHE® diblock copolymers in functioning

as a DDS for chemotherapy, was assessed using a hydrophobic model drug in the research
presented in thishapter. The goal was to encapsulate the selected model drug (Nile red) using
all six mPEGPLA diblock copolymersproduced in Chapter 5, by employing the

nanoprecipitation method for the encapsulation experiments.

To address the challenge of separating theammapsulated Nile red from the drlegaded
nanoparticle suspension a list of requirements, that should be met by an ideal solvent for the
aggregated unloaded Nile red extraction, was created. Based ort,tthedesdifferent solvents

were identified with promising properties; ethyl acetate, diethyl ether and heptane. The
evaluation of the three solvents was performed in extracting-dgpeemined amount of Nile

red aggregated in water. The results were @egfor the three solvents suggesting that
diethyl ether is the most appropriate Nile red extraction solvent based on the Nile red retrieval

efficiency achieved and the inherent properties of the solvent.

A concentration vs absorbance calibration curve was developed by characterising nine known
Nile red concentrations in DMSO, ranging from 0.0001 to 0.005wt%, throughvi&JV
spectroscopy. This curve was then employed to quantify the amount of Nile red not
ercapsulated in nanoparticle suspensions based on its absorbance measuredviga UV
spectroscopy. The amount of Nile red loaded within the polymeric nanoparticles was then
determined through the subtraction of the+tmaded drug from the initial amount Nile red

used for the encapsulation experiment. The Nile red encapsulation amount obtained was then
analysed further to establish the encapsulation efficiency and the drug loading capacity for all

the encapsulation experiments performed.
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Thefinal concentration of the block copolymer in the suspension was varied to determine its
effect on the encapsulation of Nile r@there is limited information in the literature about the
polymer concentration effect on the final drug loading capabilities of the mat&halsesults
gathered in this research show that the encapsulation efficiency generally decreases as the
concentration of diblock copolymer increases, likely due to enhanced pebatyener
interactions and chain entanglements thatfiete with drug encapsulation. The encapsulation
efficiencies achieved in the Nile red loading experiments conducted in this study range from
20-36% across all materials and conditions used. The encapsulation techniques employed in
this research achievedgher efficiencies than those reported in multiple other studiése

literatureusing similar materials.

The drug loading capacity of all diblock copolymers used in this study decreases as their
concentration increases. This trend is anticipated based on the method used to determine its
value. The formula used divides the weight of the encapsulated Nilg thd total weight of

the polymeric nanopatrticle. As the concentration of the polymeric nanoparticle increases, its
weight increases, therefore leading to a reduction in the calculated drug loading capacity. The
values obtained from this investigation atemparable to the drug loading capacities

established in the literature for similar materials.

The mean diameter size of the dilogded nanoparticles was determined via DLS
measurement. The measured sizes range frefl630m, proving that the materials produced
have a suitable nanoparticle size for DDS applications in cancer chemotherapy. Maaeover
uniform nanoparticle size distribution was observed for the -raded nanoparticle
suspensions produced, with PDIs equal or lower than.

Finally, the zeta potential values gathered from the final products range ffotn-4 mV,
thus exhibiting a beneficial negative charge that minimisesspenific organ absorption and
enhances circulation time. These values are indicating a higher colloidal stability compared to

similar systems in existing literature.
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8. Conclusiomls and future work
8.1. Conclusions

The goal of the experimental research conducted in this thesis was to complete and investigate
thoroughly the necessary steps leading to the development of an improved drug delivery system
(DDS) for cancer chemotherapy. These steps include synthesisidggkadable and
biocompatible block copolymers, achieving their ss§embly into polymeric nanopatrticles,
enhancing their stability for prolonged storage and stability, and ensuring high encapsulation

efficiency of a hydrophobic drug within the structoféhe formulated polymeric nanoparticles.

The experimental work completed in Chapter 4 was focussinginimising health and safety
concerns in the synthesis of polymeric excipients for biomedical and drug delivery applications
by using the bidbased, nottoxic solvent 2methyltetrahydrofuran (ReTHF) instead of
traditional petrochemical solvents:MeTHF proved effective for various polymerisation
methods including ROP, eROP, FRP, and RA$pecificallywi t h L 4L, whict ardJ
materials that have high demand for applications in the phartizdeindustry.In this
researchchapter, thesequential ong o t R O@L andfLA whs successfully conducted
using a double catalyst systaim address catalyst limitation&rafted amphiphilic block
copolymers were synthesised using methacndater ROP initiators for the hydrophobic LA
monomer, achieving complete conversion without transesterification side reactions. The higher
boiling point of 2MeTHF facilitated varios polymerisation processes at elevated
temperatures, which are typically necessary for radical initiation. Furthermore, the resulting
amphiphilic block copolymers sedissembled into nanopafes using the solvent
displacement method, demonstrated cytocompatibility through tests on three model cell lines,

and showed potential as drug nanocarriers.

The limitations of the research investigation performed in Chapter 4 include the use of toxic
and harmful solvents for the purification of the final polymeric material produ#ded, the

lack of clarity on the type and structure of the polymeric nanoparticles formed limits the
understanding and reasoning behind the trends observed thbyugmic light scattering

(DLS) characterisation.

Chapter 5 investigated how diblock copolymers, specificalgthytpoly(ethylene glycob

blockpoly(lactide (MPEGPLA), selfassemble into polymeric nanoparticles and micelles
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using various formulation methods. Formulation process parameters were adjusted to see their
effects on the product characteristics. The findings highlighted that nanoparticle size and
polydispersity index (PDI) are significantly influenced by the polymeperties, such as
molecular weight, both block lengthsnd the hydrophobic to hydrophilic ratio. Notably, the
solvent displacement method using acetonitrile proved superior to acetone, producing well
defined nanopatrticles across a range of concentsatfdthough slow selbssembly processes

did not always yield the desired nanoparticle characteristics for biomedical applications, they
provided insights into the diblock copolymer satisembly dynamics, starting with open
polymer coils in a good solveahd transitioning into micelles upon adding a selective solvent.
The slow seHassembly was particularly effective in mapping micelle formation, which was
triggered in the 280vol% water composition in solvent. Additionally, zeta potential analysis
confirmed the high colloidal stability of the nanoparticles with particle surface charge ranging
from -17 to-28 mV for all diblock copolymers. Out of all the employed formulation process,
nanoprecipitation was proven to be the most effective, consistentvaahidesirable PDIs

and mean diameters for nanoparticles for pharmaceutical use.

The limitations of the experimental procedures followed in Chapter 5 include the inability of
all three different nanoparticle formulation techniques to monitor accurately tressethbly
procedure intgolymeric nanoparticles. The tracking of the nanoparticle formation process
requires a specialised characterisation technique, DL{Bis casegis insufficient to provide

all the important propertieand informatiorrequired to fully characterisend understanthe
selfassembly processloreover, thesynthesisof a larger diblock copolymer library would
probably be more beneficial to expand on the general trends obsetliedesults. The use of
more polymeric material can lead to a greater understgndi the diblock copolymer
properties influence on the nanoparticle suspenSionilarly to Chapter 4, the other limitation

of this investigation is not knowing the exact type and structure that the diblock comolymer
conform to construct polymeric nanoparticles in all three formulation techniques applied in
Chapter 5This limits the understanding of the procedures performed, the discussion of the

obtained results and the justification of the observed phenomena.

The research presented in Chapter 6 focused on enhancing the stability and prolong the storage
of MPEGPLA polymeric nanoparticles by optimising the freelzging process. It represents
the first systematic study examining the effect of different molecwieight PEGs as

cryoprotectants for polymeric nanoparticles of mPBEIG. The use of six different
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cryoprotectants, including DMSO, glycerol, and PEGs ranging from 1k to 35k, was employed.
Results for the suspensions before freezing showed that as PEG molecular weight increased,
so did the mean diameter of nanoparticles due to the formation of a p@®fREG coating.
However, the study also found that higher molecular weight PEGs were less effective as
cryoprotectants due to their glass transition temperatures being close to or below the freezing
temperatures used, leading to potential aggregationgltire freezing step. DMSO, glycerol,

and PEG1k were identified as the most effective cryoprotectants, maintaining the original
nanoparticle suspension sizes and exhibiting low PDIs. Challenges with eutectic mixtures
formed by DMSO and glycerol with wateomplicated the freezerying process. The four

PEGs of different molecular weights produced stable freeizel materials. All materials had
favourable characteristics, verified by SEM imagiagd supported by their efficient-re
dispersion qualities po$teezedrying, with controlled PDI, mean diameter and reconstitution

times less than 10 min for all four PE®&mples

The limitations of the research methodology completed in Chapter 6 inchel@perating
temperature and pressure applied for the freezing and dryingwdiegh are predetermined

by the freezalrier apparatus used in this investigatibature work couldtudythe effect that

the different processing conditions (temperature of freezing step, pressure of freezing step,
temperature of drying step and pressure of drying step) have on the finaldriseizeaterial

and its properties. Same as in previous chapters, the undetermined structure and type of the
produced materials is an issue. This leads to limitations on the complete understanding of the
measured results artke discussions about reasoning and underlying principles followed by
the developegbroducts.Also, another restriction in this work was the inability to freée

the polymeric nanoparticle samples combined with DMSO and glycerol as cryoprotectants.
This is caused by the eutectic solution formed by DMSO with water and glycerol with water.
Special are on the conditions selected and applied during the forgirey process is required

to avoid this issue.

In Chapter 7the effectiveness of a synthesized library of mABE® diblock copolymers as

a DDS for chemotherapy was evaluated using a hydrophobic model drug, Nile red,
encapsulated via the nanoprecipitation method. Challenges in separategcapsulated Nile

red led to testing three solvents, ethyl acetate, diethyl ether, and heptane, with diethyl ether
proving most effective based on extraction efficiency and its properties. A calibration curve for

Nile red in DMSO, developed through Wisible spectoscopy, facilitated the quantification
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of nonencapsulated Nile red, thereby determining the loaded drug amount in the polymeric
nanoparticles. Based on this value, the encapsulation efficiency and the drug loading capacity
were calculated for the produced materials. Variations in copolymeentmation influenced

Nile red encapsulation, showing decreased efficiency with increased concentration, likely due
to heightened polymewolymer interactions and chain entanglements. Despite these challenges,
encapsulation efficiencies ranged from3& %, surpassing results from other studies using
similar materials. Drug loading capacity also decreased with increasing polymer concentration,
due to the measuring correlation of weight ratio of encapsulated drug to total nanoparticle mass.
The drugloaded naoparticles exhibited sizes betweenI@b nm and low PDI values, making

them ideal for DDS in cancer chemotherapy. Finally, they showed high colloidal stability with
zeta potential values betweehand-10 mV, indicating reduced nespecific organ absotion

and extended circulation times.

The main limitatios of the studyperformed in Chapter @reassociated witlthe separation
process of the ulbaded Nile red from the rest of the formulated nanoparticle suspension. The
use of toxic solvents for the extraction ofemcapsulated Nile red is not ideal since the material

is intended for health applicatioridoreover, the evaluation of the retrieval efficiency of the
three different employed extraction solvents is completed in the absence of any nanoparticles
in the systematffectingthe retreval efficienciesvalues measurednother, limitation of this
process is the probability of Nile red depositing on the surface ofdiena& forming the
nanoparticle, instead of being encapsulated within the nanoparticle core. This limits the
accuracy of the method used to assess the encapsulation efficiency, but also increases the
problems with the already challenging separation prooésstloaded Nile red from the
prepared nanoparticle suspensibmaddition, the mportant properties of the chosendrb

drug, Nile red, were compared with real drugs appliedtiemotherapy to lead to its selection

as the studied material. Althougks performance auld not be able to mimic 100% the one

from a chemotherapy drugor a more accurate evaluation of the encapsulation efficiency of
the constructed polymeric material, the use of chemotherapy drugs in clinical applications is

required.

In conclusion, the use of the Himsed and environmentally friendly polymerisation solvent,
2-MeTHF, was successful in performing the synthesis of a variety of polymeric products
through different polymerisation reactions. The investigation of theasgtimbly of different

polymeric materials, by employing a variety of formulation methods and processing conditions,
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was successfully completed, indicating nanoprecipitation as a robust, easy and scalable process.
The performance of different cryoprotectants, through their systematic study, was tested during
the freezedrying process, with an emphasis on the freezing, stepolymeric nanoparticles,
suggestingthat PEGs with lower molecular weights are more succes$bul their
cryopreservationFinally, the encapsulation of Nile red as a model chemotherapywdtiug

the polymeric nanoparticle comas performed succesdlfy, achievinghigher encapsulation
efficienciesthan values reported in literatuaed developing polymeric nanoparticles with

mean diameters and PDI within the requiradgefor DDSin cancer chemotherapy.

8.2. Future work

In this section some recommendatipdgections and planf®r the future workand wherghe
research focusf this workcould be emphasisedre presenteth the context of thegeneral

research area:

A Investigation ofthe properties of triblock copolymers basednogthytpoly(ethylene
glycol)-block-poly(caprolactongblockpoly(lactide (mPEGPCL-PLA) in-depth.
Determining how different important properties of the final material produced, such as
biodegradability, solution behaviour, physical and structural properties, are fluctuating
by varying the three block lengths comprising the polymeric matéviadaterial with
such characteristics is considered highly desirable in the literature for designing
biomedical applicationddue to the ability of tuning the physical and chemical
performance of the synthesised material. The coexistencdfefedt hydrophobic
polyesters with different degradability timescales has been proven a very powerful tool
in controllingand adaptinghe final material featurgStavilaet al, 2014) Moreover,
the extensive examination of tleelfassembly behaviouof this type of triblock
copolymers would be essential in understanding the way this adjustsvaridieons
of the three block lengths and properti€is information could lead to the ability of
tailoring and adapting the final polymeric nanoparticles structures based on the design

of different triblock copolymers with the beneficial physical and chemical properties.

A Perform athoroughstudy in the selfassemblybehaviourof methykpoly(ethylene
glycol)-block-poly(caprolactone(mPEGPCL) diblock copolymersThe formulation

of this diblock copolymers into polymeric nanoparticles could be investigaton
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varying the different key processing parameters, such as temperature, nature and quality
of solvent, copolymer block lengths, molecular weight and otlzers,testing their
influence onthe final nanoparticle formulatiorsnstructedThe comparisons dhe

results established frosuch a studywith the outcomes obtained from the experimental
investigation of the formulation of mMPERLA diblock copolymers performed this

thesis could be performed. Gathering the findings of similar stuclesd lead tahe
comprehension of ageneral formulation mechanisrfollowed by the different

anmphiphilic diblock copolymersor selfassembling into polymeric nanoparticles

Complete theinvestigation of theamphiphilic block copolymerselfassemblyby
employing more specialised characterisation techniques, such aSEkyand Xray
scattering, and combining them with the information gathered by DLS measurements.
This experimental study could lead to the definitive determination of the exact type and
structureof polymeric nanoparticléhe appliedselfassembly procedure yieldEhe
selfassembly process could be successfully monitored by employingronereof

these characterisation techniques leading to the greater understanding of the
nanoparticd formulation mechanism followed by amphiphilic block copolymers when

they come in contact with aqueous environments.

Development of a new thorough sasembly procedure allowing the control and
variation of key formulation parameters to alter the rate and kinetics of the association
process of the amphiphilic block copolymer matefiale application of a such process
could lead to the ability of using a formulation technique driven by the thermodynamic
association of polymer chains, procedures that are extremely limited in the literature.
Formulation processes like these could lead to a better understanding of the self
assembly mechanism of amphiphtiock sopolymerand enhanced DDSloreover,

a seltassembly procedure characterised by these factors can allohefextensive
study of the thermodynamics and kinetics associated with the formulation of
biodegradable and biocompatible nanoparticles from block copolytniersonsidered

that a polymeric structure at thermodynamic equilibrium could offer significant benefits
for system stability and improved retention of encapsulated drugs within the
bloodstream(Almoustafa, Alshawsh and Chik, 201Mespite this potential, such
equilibriumbased polymeric structures and the methodology that could lead to their

production are very scarce in the literature.
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A Improving upon the freezerying procedures presented in this thesis with the
employment of a freezérying apparatus that allows for precise control of the different
conditions applied during the progression of the frelrgeng process. The processing
conditions include the freezing step temperature, the freezing step pressure, the drying
steptemperatureand the drying step pressukgaving control over these processing
conditionswould be extremely beneficial for achieving an enhanced frésaeg
process for polymeric nanoparticles based on amphiphilic block copolymers. This can
be accomplished by the-ttepth experimental investigation of the effects that each of
those conditions has on the final freelteed material and its reconstitution
charactestics. Moreover, the improved freedeying procedure could allow for
addreseg the issueshat wereencountered with the freezieying of the DMSO and
glycerol cryoprotectants by performing the optimisation of the frelegig process

accounting for théormation of eutectic mixtures with water.

A Completing the systematic study of different PEG molecular weights employed as both
cryoprotectants and lyoprotectants for polymeric nanoparticles prepared by the self
assembly of PE@LA diblock copolymers.The effectiveness oPEG as both a
cryoprotectant andyoprotectantin this type of nanoparticle suspensions can be
evaluated and comparedth the different types of sugars, such as glucose, sucrose,
trehalose and others, that are commonly used in the literature as lyoprotectants owing
to their desirable physical and chemical propertdseover, the combination of PEG
with other lyoprotectants could be investigated experimentally, since the integration of
desirable properties found in PEG and the selected lyoprotectant could lead to an
improved system for cryopreservation with enhandslitias for the protection of the

polymeric nanoparties integrity and structuuring freezedrying applications

A Developing upon the encapsulation procedures performed in this thesis, the application
and investigation of numerous model chemotherapy drugs could be studied in the future.
The differentmodel drugs selected @hld vary key properties, such as aqueous
solubility, pKa, hydrophobicity and others, to assess their effect on the EE% and LC%
of the final polymeric nanoparticleloreover, the application of real drugs applied in
clinical trials for chemotherapy should be used to perform their encapsulation in

poymeric nanoparticles prepared by the ssfembly of PE@LA diblock
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copolymers. This would form a more realistic DDS intended for cancer chemotherapy,
since the differences between the Nile red properties thedusually applied

chemotherapy drugs, possibly lead to limitations to its mimicking behaviour.
Employing chemotherapy drugs in the experimental study would result in a more
accurate evaluation of the encapsulation efficiency of the constructed polymeric

material.

Since the research and application of -ssembled block copolymers into polymeric
nanoparticles in pharmaceutical industry is a relatively new area emerging in recent years, there
are multiple research avenues that could be followed for future reseatatevelopment. In
particular,thein depth study of the setfssembly mechanism for a range of block copolymers
with varying materials and properties could lead to a mechanistic understanding and the
engineering ofa formulation processhat will producesuperior polymeric nanoparticlésr

biomedical and pharmaceutical applications
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Appendix
A. TEM measurements

To inspect the selassembly of the materials synthesised with lgranched architectures in
Chapter 4 and their shape in the dry state, a TeMacterisation of RAFPEGMA-LA s was
conducted by Kristoffer Kortsen from the School of Chemjsay the University of
Nottingham. Here, the experimental details and the results collected from the TEM
measurement are included as presented ikniggezouvet al. (2020 journal paper

A.1 Experimental procedure

To carry out the Transmission Electron Microscopy (TEM) the nanoparticle sample prepared

by nanoprecipitation was diluted to a concer
agueous suspension was deposited onto a copper grid (Formvar/carborOfitne &0 copper

[100]). The grid with the nanoparticle aqueous suspension was left to settle. After 10 min, a
paper was used to remove the excess material. The grid was placed in a fume cupboard to dry

for at least 30 min prior to the analystl Tecnai BoTwin-12 TEM equipped with a digital

camera, located at the Nanoscale and Microscale Research Centre of the University of
Nottingham, was utilised to record th&M images.

A.2 Results

To verify the seHassembly of these novel hygaranched polymeric materiahd their form
when in the dry state, RAFPEGMA-LA >5s was examined via TEM as dtustration (Figure
A.1). Sphericabpatrticles, measuring between 41 and 59 nm (with an average1085tn),

were observed, confirming the nanoparticle characteristics.
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Figure A.1: TEM picture of the RAFTPEGMA-LA25.
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B. Cytotoxicity tests

Following the production of amphiphilic block copolymers in Chapter 4 and their conversion
into nanoparticles, their cytocompatibility was evaluated in three model cell lines. This
assessment aimed to determine their suitability as potential polymericogenip for
nanomedicinesThe experimental details and the results collected from the biological assays
and the cytotoxicity tests are included here as presented Entilezouet al. (2020 journal

paper

B.1 Biological assaysxperimental methodology

Cell culture conditions

American Type Culture Collection (ATCC; Manassas, VA, U8A} the provider ofacce2
human epithelial colorectal cells, Ce88uhuman epithelial lung cells and THPhuman
monocytesised in this investigation. All these were used within a passage windoweli$.
wereregularly cultivatedn a growth medium at 37 °C with 5% G@ 75 cnf culture flasks.
Dulbecco's Modified Eagle Medium (DMEM) supplied with 1@%v) Fetal Bovine Serum
(FBS)and 2 mM L-glutaminewas used as the growth medium for the €atuind Cace2 cells
The THR1 cell growth medium consisted Bioswell Park Memorial Institute (RPMI) 1640
medium supplemented with 10% (v/v) FBS and 2 migllitamine

Cytotoxicity experiments

The nanoparticle cytotoxicity was examined through the evaluation of the cell membrane
integrity and cellular metabolic activity with the employment of ldetate dehydrogenase
(LDH) release assay (Signsddrich, TOX7 kit) and the PrestoBlue cell viability assay
(Thermo Fisher Scientificyespectively. In a 96 well plates, all the cells were seedexiLat
cells/well The differentiation into macrophages of the THRmonocytic cells was stimulated

with the addition 0i.00 ng/ml phorbol 12nyristate 13actate (PMAWhenseeded into plates.

Cells were incubated in plates for 24 h before performing the assays. Nanoparticle formulations
were administered to cells in Hanks Balanced Salt Solution (HBSS) at concentrations of 0.5
mg/ml for a duration of 24 h. A 1% (v/v) conceatton of Triton X100 (TX) was utilized as a
positive control for inducing cell death, while a vehicle control consisting of HBSS without
nanoparticles was employed as a negative control. Following exposure, 50 ul of the supernatant

was cdlected from each well for the analysis of the LDH content. The cells were subsequently
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washed twice with phosphateu f f er ed saline (PBS), foll owed
(v/v) PrestoBlue reagent diluted in phenol-fege medium pewell for 60 min. Fluorescence

was measur ed adten Gsh@ a Bebab SparknM10 snultimode plate reader.
Relative metabolic activity was determined by assigning values from the negative control as
100% and those from the positive control as 0% metabolic activity. LDH release detection
followed the manufacturérs gui del i nes, gwhODOheénbodi ILOH a e d
collected supernatant samples and then incubating them at room temperature, shielded from
light, for 25 min. Absorbance at 492 nm was subsequently recorded. Relative LDH release was
calculated with the absorbance of the negatontrol at 492 nm considered as 0%, and the

absorbance of the positive control, presumed to cause complete cell lysis, as 100%.

B.2 Results

Linear block copolymers

Since these materials are intended for biomedical applications, such as drug delivery vehicles,
the in vitro cytotoxicity of the mMPEGCLso and mPEGCLso-LA 25 nanoparticles (NPsyas

tested on Cac@ (intestinal), CaltB (airway) and THPL (macrophage) cells at a fixed
concentration of 500 pg/min both assays, neither particle exhibited cytotoxic effects across

all studied cell types, mirroring the results observed with the cell culture medium HBSS used

as a vehicle controHgureB.1).
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Figure B.1: Cytocompatibility of NPs on Caed (intestinal), Calt8 (airway) and THFL (macrophage) cells.
Cytotoxicity was determined hieft) PrestoBlue metabolic activity arfRight) LDH release as an indicator of
membrane damage. Patés (0.5 mg/ml) were applied to cells in HBSS and exposed for 24 hours to cells. HBSS
treatment represents the vehicle control and TritebOB (TX) applied at 1% (v/v) was used as the cell death
control. Data are presented as mean + S.D (n=3).

Grafted block copolymers

The same procedure was carried foutthe initial assessment of tirevitro toxicity on model

cell lines for the branched block copolymefgy(reB.2). To simulate administration via oral

and inhalation routes, intestinal epithelial (G&ccells) and lung epithelial (CaRicells) were
chosen, respectively. Additionally, a macrophage cell line (activatedIlédls) was selected

as a model for toxity assessment, given the defensive function of these cells in the innate
immune system. The cytocompatibility of the NPs was evaluated at a consistent and relatively
high concentration of 500 pg/n{iVasey et al., 2019)All four particles demonstrated no
cytotoxic effects in both assays conducted across all studied cell figese(B.2). This
encompassed the absence of any reduction in cellular metabolic activity ovkoarZ¥riod
(Figure B.2-A) and the absence of membrane disruption, as evidenced by the lack of LDH

releaseKigureB.2-B).
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Figure B.2: Cytocompatibility of NPs on Cae® (intestinal), CaltB (airway) and THPL (macrophage) cells.
Cytotoxicity was determined bgA) PrestoBlue metabolic activity an@®) LDH release as an indicator of
membrane damage. Particles (0.5 mghvdye applied to cells in HBSS and exposed for 24 h to cells. HBSS
treatment represents the vehicle control and TritebOB (TX) applied at 1% (v/v) was used as the cell death
control. Data are presented as mean + S.D (n=3).
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