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Abstract (Summary)

Hydrophobic drugs, which are poorly soluble in water, present significant challenges in
drug delivery due to their low bioavailability. Nanoparticles, such as micelles, have
emerged as effective drug delivery vehicles that enhance the absorption efficiency of these
drugs.

Micelles are spherical structures formed by amphiphilic molecules in aqueous
environments. They have a hydrophobic core and a hydrophilic shell, making them ideal
for encapsulating hydrophobic drugs. This encapsulation improves the solubility and
stability of the drugs, facilitating better absorption and bioavailability. Advantages of
Micelles: Enhanced Solubility, Controlled Release, and Targeted Delivery.

This project aims to enhance the delivery and efficacy of hydrophobic inflammatory drugs
using polymeric micelles encapsulation. The encapsulation process involves dissolving the
drugs and polymers in a suitable solvent, followed by self-assembly into micelles. By
studying the effects of pH and temperature on drug release, the project seeks to optimize
the conditions for controlled and targeted drug delivery, potentially improving therapeutic
outcomes for patients.

The micelles will be tested in different pH environments to simulate conditions in various
parts of the body, and the effect of temperature on drug release will be studied to understand
how body temperature and potential fever conditions might influence drug delivery.
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Definitions or Abbreviations

API — active pharmaceutical ingredient

ASDs — amorphous solid dispersions

AUC — area under the concentration—time curve
BCS Class Il — Biopharmaceutics Classification System, Class II
CD — cyclodextrin

Cmax — maximum concentration

DLC — drug loading capacity

DLS — Dynamic Light Scattering
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MA-alt-C1s-g-PEG — maleic anhydride—C18 alkyl alternating copolymer grafted
with polyethylene glycol

PCL — polycaprolactone
PCS — photon correlation spectroscopy
PEG-g-LIR — PEG-grafted liquid isoprene rubber

PDI — polydispersity index



pHEMA — polyhydroxyethyl methacrylate
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PLGA — poly(lactic-co-glycolic acid)
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Chapter 1

Introduction, Background, and
Literature Review



1.1 Introduction

The delivery of hydrophobic drugs remains a persistent challenge in pharmaceutical science due to their
poor aqueous solubility and limited oral bioavailability. Traditional formulations often depend on organic
solvents or lipid-based carriers, which can introduce toxicity and instability in physiological
environments. To overcome these limitations, innovative approaches such as water-soluble prodrug
technologies have been developed, offering enhanced pharmacokinetics and therapeutic efficacy while
maintaining safety standards (2). Additionally, the spatial arrangement of hydrophobic and charged
molecular regions plays a crucial role in determining the stability and binding behaviour of drug
molecules. This molecular architecture influences how drugs interact with biological targets and how
stable they remain under physiological conditions(3). Hydrophobic drugs tend to aggregate or precipitate
in bodily fluids, making their delivery difficult. To address these limitations, micelles have emerged as
promising drug carriers (4, 5).

Micelles are nanoscale, self-assembled structures formed by amphiphilic compounds that contain both
hydrophilic (water-attracting) and hydrophobic (water-repelling) segments. In aqueous environments,
these molecules spontaneously organise so that their hydrophobic parts cluster inward to form a core,
while their hydrophilic parts face outward, creating a shell that interacts favourably with water (Figure
1.1)(6).
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Fig 1.1: Schematic example of drug-loaded micelles'.

These micelles possess a hydrophobic core capable of encapsulating poorly soluble drugs and a
hydrophilic shell that ensures colloidal stability in aqueous media (Figure 1.2). This dual nature allows
for improved solubilisation, protection from degradation, and controlled release of therapeutic agents(5,
7). The present study focuses on the design, formulation, and characterisation of micellar systems based
on amphiphilic copolymers to enhance drug solubilisation and delivery efficiency.

! https://www.cd-bioparticles.net/technology/delivery-vehicles/nanoparticles-for-therapeutic-vehicles-polymer-micelles?srsltid=AfmBOopcLR8Rj6pmjjdhL-
2iZb25yxHI11QckWYgQB3D_HImzDgeXvUi
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Fig 1.2: different micelle morphologies and their formation?.

Amphiphilic copolymers such as maleic acid-based (Ma) and isobutylene-based polymers (IB), along with
PEG-grafted liquid isoprene rubber (PEG-g-LIR), were selected for their ability to self-assemble into
nanoscale structures suitable for encapsulating hydrophobic drugs like ibuprofen and Oxaprozin (scheme
1.1). These polymers exhibit a tunable hydrophilic—hydrophobic ratio, enabling precise modulation of
solubility and drug—polymer interactions. Coupled with their biocompatibility and structural versatility,
these characteristics make them particularly advantageous for advanced drug delivery applications. The
study aims to optimise polymer composition, concentration, and environmental conditions such as pH and
temperature to achieve stable, reproducible, and biocompatible micellar formulations.

H3C b
CH,
HCA P a &
CHj 0 0
H,C OH
3 fo/\ﬂr F a m DMF/ToQIuene - OHO + HZO
n=13, 45, 144 15°C
07 ™y 0

Octa backbone: a = CH,(CH,),CH,, b =H, and m = 106, or 177, x =10. L&n

IB backbone:a=H, b =(CH,),,, and m = 39. HsC

Scheme 1.1: Chemical structures of MA-alt-C1s-g-PEG and IB-alt-MA-g-PEG. Typical repeating unit
ratios for MA-alt-C1s-g-PEG: m = 106, n = 45 (Mn = 2000 g/mol). Reaction conditions: DMF/toluene,
115 °C.

2 https://link.springer.com/chapter/10.1007/978-3-032-07376-1_1



Several factors, including polymer molecular weight, grafting density, drug-to-polymer ratio, and
environmental conditions, influence the physicochemical behaviour of micelles. Understanding these
parameters is crucial for designing effective drug delivery systems.

Analytical techniques such as Dynamic Light Scattering (DLS)® and Small-Angle Neutron Scattering
(SANS)* are employed to assess micelle size, dispersity, structural integrity, and encapsulation efficiency.
For grafted polymers, Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique used to
identify chemical bonds and functional groups in a material by measuring how it absorbs infrared light.
Each type of bond vibrates at a characteristic frequency, producing a unique spectrum that acts like a
molecular fingerprint. This makes FTIR widely used for material characterisation, quality control, and
confirming chemical composition. These methods provide critical insights into the stability and
performance of self-assembled polymeric nanostructure formulations under various conditions. The
integration of these techniques ensures a comprehensive evaluation of the micellar systems developed in
this study.

This chapter provides a detailed overview of the scientific context, theoretical foundations, and prior
research that inform the current investigation. By synthesising insights from the literature and aligning
them with experimental objectives, the chapter establishes a robust framework for the development of
advanced micellar drug delivery systems.

1.2 Background

1.2.1 Medical Role and Challenges of Ibuprofen and Oxaprozin

Ibuprofen

Ibuprofen (C1:HisO2; molecular weight ~206.28 g/mol) is a widely used non-steroidal anti-inflammatory
drug (NSAID) with analgesic, antipyretic, and anti-inflammatory properties. It is commonly prescribed
for conditions such as arthritis, musculoskeletal pain, and fever. Its mechanism of action involves
inhibiting cyclooxygenase (COX-1 and COX-2) enzymes, reducing prostaglandin synthesis and thereby
alleviating inflammation and pain (8). Despite its effectiveness, ibuprofen is classified as a
Biopharmaceutics Classification System (BCS) Class Il drug, characterised by low aqueous solubility and
high membrane permeability (9). This means its absorption is primarily limited by its dissolution rate,
which can lead to variable bioavailability and delayed therapeutic onset (scheme 1.2). lbuprofen exhibits
distinct chemical characteristics that influence its behaviour in polymer-based nanocapsulation systems.
Structurally, it contains a carboxylic acid group and a hydrophobic aromatic ring with an isobutyl side
chain, contributing to its amphiphilic nature and enabling interactions with both hydrophilic and

3 Dynamic Light Scattering (DLS) is a mature biophysical technique that can accurately characterize the particle size in
suspensions and emulsions.

4 Small-Angle Neutron Scattering (SANS) is an experimental technique that uses elastic neutron scattering at small scattering
angles to investigate the structure of various substances at a mesoscopic scale of about 1-100 nm.
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hydrophobic domains of polymers like LIR410-g-PEG. Its pKa of approximately 4.9 means that ibuprofen
is predominantly deprotonated at physiological and basic pH, enhancing solubility and facilitating ionic
interactions with cationic polymers(10). The molecule is chiral, existing as R- and S-enantiomers, with
the S-form being pharmacologically active; notably, the R-enantiomer undergoes metabolic inversion in
vivo to become the active S-form. In nanocarrier systems, ibuprofen’s hydrophobic regions promote
encapsulation within micellar cores, while its carboxyl group can form hydrogen bonds with polar polymer
segments(11).

CH
H.C CH,

N O A O&\/\WOH

0 (o]

Scheme 1.2: Chemical structures of (a) ibuprofen and (b) oxaprozin. Structures are redrawn based on data
from ChemSpider °°.

Analytical techniques such as FTIR and UV-Vis spectroscopy are commonly employed to characterise
ibuprofen’s incorporation and interactions within nanocarriers. FTIR reveals characteristic stretches for
the carboxylic acid (~1700 cm™) and aromatic groups, while UV-Vis allows for quantification and
monitoring of drug release. These chemical and spectroscopic properties make ibuprofen a valuable model
compound for studying pH-dependent encapsulation efficiency, polymer-drug interactions, and release
kinetics in advanced drug delivery systems(12).

To overcome these limitations, various formulation strategies have been developed to enhance ibuprofen’s
solubility and bioavailability. These include nanocarrier systems such as nanocrystals, nanosuspensions,
and polymeric nanoparticles(13). Amorphous solid dispersions (ASDs) using polymers like
hydroxypropyl methylcellulose (HPMC) and polyvinylpyrrolidone (PVP) have proven effective in
maintaining supersaturation and improving dissolution rates(14). Additionally, recent studies by Patel et
al. (2021) and Sharma et al. (2022) have demonstrated the potential of PEG-based micelles for sustained
ibuprofen release, which not only improves solubility but also reduces gastric side effects and enhances
patient compliance(15, 16). In addition to nanotechnology-based carriers, as reported by Petkar et al.
(2011) the development of ibuprofen pro-drugs has emerged as an effective chemical strategy to mask the
acidic carboxyl group, thereby minimizing direct gastric mucosal irritation. These advancements
underscore the promise of polymeric nanocapsulation in optimising the pharmacokinetic and
pharmacodynamics profiles of ibuprofen, thereby enhancing its clinical utility.

5 https://www.chemspider.com/Chemical-Structure.3544.html
6 https://www.chemspider.com/Chemical-Structure.4453.html
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Oxaprozin

Oxaprozin (CisHisNOs; molecular weight ~293.32 g/mol) is a non-steroidal anti-inflammatory drug
(NSAID) from the propionic acid class, primarily used for the long-term management of rheumatoid
arthritis and osteoarthritis. It features a long half-life of approximately 50-60 hours, allowing for once-
daily dosing, and preferentially accumulates in synovial fluid, thereby enhancing its therapeutic effect in
joint diseases (17). Like ibuprofen, oxaprozin is classified as a BCS Class Il drug, indicating low aqueous
solubility but high membrane permeability. However, due to its bulkier structure and the presence of an
oxazole ring, oxaprozin is generally less soluble than ibuprofen, posing additional formulation
challenges(9, 18).

Oxaprozin exhibits unique chemical properties that influence its behaviour in polymer-based drug delivery
systems. Structurally, it contains a carboxylic acid group and a biphenyl moiety, which contribute to its
hydrophobic nature and enable strong interactions with lipid-based carriers and hydrophobic polymer
domains(19, 20). Its pKa is approximately 4.3, meaning it exists largely in its ionised form at physiological
pH, which enhances solubility and facilitates electrostatic interactions with cationic polymers. Oxaprozin
binds extensively to plasma albumin (>99.5%), and its pharmacokinetics are influenced by competitive
binding with other drugs and endogenous ligands(21). In nanocarrier systems, oxaprozin has shown high
encapsulation efficiency (>95%) and controlled release behaviour, particularly in pH-sensitive hydrogels
and lipid nanoparticles, where release is minimised in gastric conditions and enhanced in intestinal
environments(22, 23). FTIR analysis confirms successful incorporation into polymer matrices, with
characteristic carboxylic acid and aromatic stretches, while UV-Vis spectroscopy is used for quantification
and release profiling. Notably, oxaprozin-loaded hydrogels maintain pH and temperature responsiveness,
though drug loading slightly reduces swelling capacity. These properties make oxaprozin a valuable
candidate for site-specific, controlled drug delivery systems, especially in formulations targeting
inflammatory conditions with reduced gastrointestinal side effects(24).

To overcome oxaprozin’s limited solubility and bioavailability, various nanocapsulation strategies have
been explored, including solid lipid nanoparticles (SLNs), polymeric nanoparticles, and cyclodextrin
inclusion complexes(25, 26). These approaches have demonstrated enhanced anti-inflammatory activity,
improved pharmacokinetic profiles, and more consistent drug absorption(27). PEGylated nanoparticles
have shown promise in targeting inflamed tissues, thereby maximising therapeutic efficacy while
minimising systemic exposure. Studies by Gupta et al. (2020) and Mehra have demonstrated the feasibility
of using PEG and maleic acid-based polymers for oxaprozin delivery, with favourable outcomes in
preclinical models(28, 29). These findings underscore the importance of polymeric nanocapsulation in
addressing the formulation challenges associated with oxaprozin and enhancing its therapeutic
potential (30).

These two drugs are known for their effectiveness in managing pain and inflammation. However, their
therapeutic potential is often limited by poor aqueous solubility, which restricts absorption and
bioavailability when administered orally. This poses a significant challenge in pharmaceutical
formulation, as conventional delivery systems frequently rely on organic solvents or lipid-based carriers



that may compromise safety and stability. This study aims to explore alternative strategies to improve and
enhance the solubility and delivery of these hydrophobic drugs, paving the way for safer and more
effective therapeutic options.

1.3 Solutions to Solubility Challenges and Their Applicability

Enhancing the solubility of poorly water-soluble drugs, particularly those classified as BCS Class I,
remains a critical challenge in pharmaceutical formulation(31). Over the past few decades, numerous
strategies have been developed (Figure 1.3) to address this limitation, including polymeric micelles, solid
dispersions, lipid-based carriers, and nanoparticle systems(32, 33). Although these approaches differ in
their structural design and delivery mechanisms, they share fundamental chemical principles aimed at
improving drug solubilisation.
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Fig 1.3: Nanostructured Drug Delivery Platforms for Solubility Enhancement(32, 33).

Most notably, these methods exploit hydrophobic interactions, hydrogen bonding, and amphiphilic
carriers to create a favourable microenvironment that stabilises the drug in a dispersed or molecularly
mixed state(34). Improving solubility is essential because it directly influences bioavailability, which
refers to the proportion of an administered drug that reaches the systemic circulation in an active form.
For BCS Class Il drugs, bioavailability is primarily limited by the dissolution rate rather than membrane
permeability; therefore, strategies that enhance solubility and dissolution can significantly improve

therapeutic efficacy(34, 35).
1.3.1. Nanotechnology-Based Formulations

SLNs have emerged as promising nanotechnology-based drug delivery systems designed to overcome the
limitations of poorly water-soluble drugs, such as ibuprofen and oxaprozin. These formulations primarily
consist of the drug itself, reduced to nanometer-scale particles, without necessarily requiring additional
solubilising agents. The dramatic reduction in particle size increases the surface area and dissolution rate,
which enhances apparent solubility and, consequently, bioavailability. This significantly increases the
surface area available for dissolution, thereby enhancing solubility and absorption. The particle size of
nanocrystals and SLNs typically ranges from 50 to 1000 nm and is commonly determined using techniques
such as DLS, photon correlation spectroscopy (PCS), laser diffraction, or electron microscopy



(SEM/TEM) for direct visualisation. For ibuprofen, nanocrystal formulations have been shown to
markedly improve dissolution rates, leading to a faster onset of therapeutic action compared to
conventional formulations. This rapid absorption is particularly beneficial for managing acute pain and
inflammation, where timely relief is crucial (36).

Similarly, SLNs have been employed to encapsulate oxaprozin, an NSAID, resulting in improved
pharmacokinetic profiles and enhanced anti-inflammatory efficacy in preclinical models (37). A
pharmacokinetic profile refers to the pattern of drug concentration in plasma over time, typically described
by parameters such as Cmax (maximum concentration), Tmax (time to reach Cmax), AUC (area under
the concentration—time curve, representing total drug exposure), and half-life(38). The lipid matrix of
SLNs not only protects the drug from degradation but also facilitates controlled release, potentially
reducing dosing frequency and minimising gastrointestinal side effects commonly associated with
NSAIDs(39). These nanocarrier systems are versatile and suitable for both oral and topical administration,
offering flexibility in treatment approaches(40). Notably, studies have reported a marked increase in
bioavailability with these advanced formulations, underscoring their potential to significantly improve
therapeutic outcomes in inflammatory and pain-related conditions(41, 42).
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Fig 1.4: SLNPs have demonstrated the ability to enhance bioavailability, improve drug stability, bypass
biological barriers, and enable controlled drug release(41).

1.3.2. Cyclodextrin Complexation

Cyclodextrin (CD) complexation is a non-covalent inclusion process in which a drug molecule, or part of
it, is incorporated into the hydrophobic cavity of a cyclodextrin. CDs are cyclic oligosaccharides
composed of a-(1to 4)-linked glucose units, forming a truncated cone-shaped structure with a hydrophilic
exterior and a relatively hydrophobic inner cavity. This cavity accommodates nonpolar regions of drug
molecules through hydrophobic interactions, van der Waals forces, and occasionally hydrogen bonding,
resulting in an inclusion complex that improves apparent solubility (scheme 1.3). The use of CDs in drug



formulations, however, is limited by factors such as cost, production constraints, and potential toxicity.
Additionally, drug bioavailability from CD-based systems can be suboptimal (43).

Incorporating small amounts of water-soluble polymers into the aqueous complexation medium
significantly enhances the efficiency of drug—CD complexation(44, 45). These polymers improve both the
pharmaceutical and biological performance of the complexes by stabilising the inclusion complex and
preventing drug aggregation, leading to better solubility and bioavailability. Notably, this enhancement
occurs regardless of the drug’s physicochemical properties, as polymers actively participate in the

complexation process(46).
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Ibuprofen B-cyclodextrin (B-CD) Ibuprofen/B-CD
1:1 complex
Scheme 1.3: Inclusion Complex Formation Between Ibuprofen and B-Cyclodextrin. (a, left)
Chemical structure of ibuprofen overlaid on a tablet image, representing the free drug. (b, centre)
Schematic of B-cyclodextrin (B-CD) as a truncated cone, illustrating its hydrophobic cavity. (c, right)
Formation of a 1:1 reversible inclusion complex, with ibuprofen encapsulated inside the B-CD cavity,
enhancing solubility and stability(47).

1.3.3. Amorphous Solid Dispersions (ASDs)

Amorphous solid dispersions (ASDs) are a widely used formulation strategy to enhance the solubility and
bioavailability of poorly water-soluble drugs. In ASDs, the drug is molecularly dispersed within a
hydrophilic polymer matrix, commonly polyvinylpyrrolidone (PVP) or hydroxypropyl methylcellulose
(HPMC), which stabilises the drug in its amorphous, high-energy state(48). This amorphous form lacks
the crystalline structure that typically limits dissolution, resulting in significantly improved solubility and
faster dissolution rates. The polymer not only prevents recrystallisation but also enhances wettability and
maintains supersaturation in the gastrointestinal tract, leading to improved absorption(49).

ASDs are particularly suitable for oral dosage forms such as tablets and capsules, and they have been
successfully applied in commercial products. The enhanced dissolution profile of ASDs often translates
into more consistent plasma drug concentrations, reducing variability in therapeutic response and
improving overall efficacy(50). Numerous studies have demonstrated that ASDs can lead to several-fold



increases in bioavailability (Figure 1.5) for drugs with poor aqueous solubility, making them a cornerstone
in modern pharmaceutical development(48).

Fig. 1.5: The mechanism of ASD in dissolution media(1)
1) In carrier-controlled release, drug molecules diffuse
through the polymer matrix, potentially via a viscous gel
layer formed on the surface of ASD particles. If the
dissolved drug concentration exceeds its amorphous
solubility, amorphous liquid phase separation (ALPS)

YRS occurs, leading to the formation of drug-rich particles.
(“' )
Va2 '4), 2) In congruent release, both the drug and polymer
N7 dissolve together, leading to rapid dissolution and the
formation of drug-rich particles. The polymer helps to
stabilise the supersaturated solution.
3) In drug-controlled release, the polymer dissolves first,
li*" 0 leaving the drug to control the dissolution rate.
Q3 g‘l, Supersaturation does not occur if the remaining drug is

unstable in its amorphous form without the polymer,
which can result in crystallisation{Budiman, 2023 #3}.

1.3.4. Co-crystallization

Co-crystals have emerged as a promising strategy to enhance the solubility and stability of poorly water-
soluble drugs without altering their pharmacodynamic properties(51). In particular, co-crystals of
ibuprofen with nicotinamide and oxaprozin with caffeine have been explored to improve agueous
solubility and dissolution rates(52). Co-crystals are crystalline materials composed of an active
pharmaceutical ingredient (API) and a co-crystal former (such as nicotinamide or caffeine) in a defined
stoichiometric ratio, held together by non-covalent interactions like hydrogen bonding(53).

This approach does not alter the drug’s pharmacodynamics but modifies its solid-state properties. Co-
crystals often exhibit improved aqueous solubility and dissolution rates compared to the pure drug because
the new crystal lattice is generally less stable than the original drug crystal, making it easier to break apart
in water(54). This enhanced dissolution is the primary reason for using co-crystallisation as a strategy for
poorly water-soluble drugs(8, 55). These co-crystals are formed by non-covalent interactions between the
APl and a suitable co-crystal former, resulting in a new crystalline structure with improved
physicochemical properties (Figure 1.6). Importantly, the therapeutic efficacy of the drug remains
unchanged, as the API retains its molecular identity. Co-crystals are especially suitable for solid oral
dosage forms such as tablets and capsules, offering enhanced manufacturability and shelf-life
stability(56). Studies have shown that such formulations can lead to improved bioavailability and more
consistent plasma levels, making them a valuable tool in drug development for enhancing performance
while maintaining safety and efficacy(53, 57).
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Fig.1.6: Chemical structures of (A) ibuprofen and (B) nicotinamide. (C) Packing structure of an ibuprofen
/ nicotinamide co-crystal (SODDIZ)(55).

1.3.5. Nanosuspension via Antisolvent Crystallisation Using Porous Hollow-Fibre
Membranes

Porous hollow-fibre antisolvent crystallisation (PHFAC) is a continuous, membrane-intensified route to
produce drug nanocrystals/nanosuspensions by metering an antisolvent through a microporous fibre wall
directly into a flowing API solution, thereby creating controlled supersaturation and uniform
nucleation/growth. In the ibuprofen system most relevant here, the module was built around a clinical
Hemoflow F60 dialyser (a Fresenius hollow-fibre bundle), operated with ibuprofen in ethanol on the shell
side and water (with a trace of Tween-80) in the fibre lumen. Under optimised flow, surfactant
concentration, and temperature, the study achieved 300400 nm particles with narrow PSD (PDI ~0.1—
0.2), complete in-vitro release within ~40 min, and physical size stability for ~3 months—all in a
continuous mode of operation. The membrane serves as a contacting/mixing interface; it does not
chemically combine with the drug (the drug never enters the bore)(54, 58). The Hemoflow/F-series
dialysers are part of Fresenius’ polysulfone membrane family (often branded as Fresenius
Polysulfone/Helixone in their dialyser portfolio). Thus, in the cited ibuprofen PHFAC setup, hollow fibres
can be regarded as polysulfone-based.

In the broader membrane-assisted antisolvent crystallisation literature, polypropylene (PP) membranes
(both flat-sheet and hollow-fibre) are also used as the contacting medium for antisolvent dosing, with
similar benefits for controlling supersaturation and narrowing crystal size distributions(59). The
antisolvent (water) is pumped through the fibre lumen at slightly higher pressure and issues through the
fibre pores as micro-jets into the shell-side drug solution (ethanol). This controlled, distributed mass
transfer avoids local over-supersaturation, enabling uniform nucleation and growth of nanocrystals rather
than broad, polydisperse agglomerates. A small amount of surfactant (e.g., Tween-80, ~0.011 mM in the
optimised case) stabilises the newly formed particles and helps fix the size window (here, 300400 nm at
~30-32 °C). Several groups have shown that residence time and the flow-rate ratio of solvent to
antisolvent are decisive levers for pushing sizes below 200 nm in other APIs, including sub-100 nm with
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short residence in cross-flow HFM modules (e.g., griseofulvin). Extended-duration studies further
demonstrate stable, scalable operation for continuous nanocrystal production(38, 54, 60).

A closely related PHFAC variant can co-feed a polymer with the drug so that, upon antisolvent contact,
polymer precipitates onto the crystal surface (or co-precipitates) to yield polymer-coated nanocrystals for
stabilisation or modified release, implemented in porous hollow-fibre crystallizers and protected by patent
literature(55).

In the 2023 ibuprofen PHFAC study, DLS was used for hydrodynamic size and PDI; SEM confirmed
morphology/size; zeta potential assessed colloidal stability; XRD/DSC confirmed crystallinity/purity; and
FTIR checked surface chemistry. These measurements are standard for nanosuspensions and align with
the broader membrane-assisted crystallisation literature and CFD-aided design studies(54, 61). Relative
to batch antisolvent addition, membrane-assisted antisolvent crystallisation offers finer control of
supersaturation, typically yielding narrower crystal size distributions and more reproducible particle
attributes. Versus top-down routes (high-pressure homogenization, media milling), PHFAC avoids high
energy input and media wear while delivering similar or smaller sizes depending on the API and residence
time; critically, it operates continuously with straightforward scale-out (more fibres or modules).
Contemporary reviews of antisolvent crystallisation(including membrane-intensified variants)
consistently highlight these advantages for particle-size control, morphology/polymorph management,
and process intensification(62).

This approach leverages the high surface area and controlled environment provided by the membrane
system to generate uniform nanosized drug particles, significantly enhancing dissolution and absorption
characteristics (63). Furthermore, membrane-based nanonisation techniques are increasingly recognised
as scalable and efficient solutions for improving the performance of poorly soluble drugs like ibuprofen,
without compromising stability or therapeutic efficacy(58, 64, 65).

1.4 Literature review

Researchers such as Langer and Folkman (1976) pioneered the use of biodegradable polymers for
controlled drug release, further cementing the role of polymers in modern medicine(66). Today, polymeric
drug delivery systems are integral to the design of advanced therapeutics, particularly in oncology,
infectious diseases, and chronic conditions. The historical trajectory of polymer-based drug delivery
underscores its foundational importance and sets the stage for contemporary innovations in
nanocapsulation(67-70). The application of polymers in drug delivery has evolved significantly since the
mid-20th century, marking a transformative era in pharmaceutical sciences(71).

The earliest documented use of polymers for biomedical purposes can be traced back to 1949 with the
development of Ivalon, a poly(vinyl alcohol) hydrogel cross-linked with formaldehyde, which was
initially used as a surgical implant(72). This innovation laid the groundwork for future exploration into
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polymeric materials as drug carriers. In the 1960s, Wichterle and Lim introduced polyhydroxy ethyl
methacrylate (P(HEMA), a hydrophilic polymer that became a cornerstone for hydrogel-based drug
delivery systems(73). These early developments demonstrated the potential of polymers to control drug
release rates, enhance bioavailability, and improve patient compliance.

Over the decades, the field has expanded to include a wide array of synthetic and natural polymers, each
tailored for specific therapeutic applications. The integration of polymers into drug delivery has enabled
the development of systems capable of targeted delivery, sustained release, and reduced toxicity.

1.4.1 Nanocapsulation Techniques

Nanocapsulation involves the entrapment of APIs within nanoscale carriers, typically ranging from 10 to
1000 nm. These carriers are often constructed using biocompatible polymers, which serve as the
encapsulating agents that form the matrix or shell around the drug. Common nanocapsulation techniques
include nanoprecipitation, emulsion-solvent evaporation, spray drying, and layer-by-layer assembly(74).
Each method offers distinct advantages in terms of particle size control, encapsulation efficiency, and
scalability. For example, nanoprecipitation is a simple and rapid method suitable for hydrophobic
drugs(75), while emulsion-based techniques allow for the encapsulation of both hydrophilic and
hydrophobic compounds(76).

Recent advancements have focused on microfluidic-assisted synthesis and supercritical fluid technologies

to achieve uniform particle size and high drug loading(77). Surface modification strategies, such as
PEGylation and ligand conjugation, are employed to enhance targeting and reduce immunogenicity(78).
The choice of polymers such as PLGA, chitosan, or alginate plays a critical role in determining the
carrier’s biodegradability, drug release profile, and compatibility with the encapsulation method. These
techniques and materials are essential for the development of next-generation nanomedicines with
improved therapeutic indices.

1.4.2 Polyethylene glycol (PEG)

Polyethylene glycol (PEG) has emerged as one of the most extensively studied and utilised polymers in
drug delivery (scheme 1.4) due to its biocompatibility, hydrophilicity, and ability to evade the immune
system(79).

PEGylation, the process of attaching PEG chains to drug molecules or carriers, enhances the
pharmacokinetic profile of therapeutics by increasing solubility, reducing renal clearance, and minimising
immunogenicity. This strategy has been successfully employed in several FDA-approved formulations,
including Doxil® and Onpattro®, which utilise PEGylated liposomes and lipid nanoparticles,
respectively. In recent years, PEG has been incorporated into micelles, hydrogels, and dendrimers to
improve drug loading and release characteristics(80).

For instance, PEG-PCL copolymers have been developed into thermoresponsive injectable hydrogels that
provide sustained drug release at physiological temperatures(81). Additionally, PEG-PLA nanoparticles
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have demonstrated enhanced ocular drug delivery by improving corneal penetration and retention
time(82). The versatility of PEG in forming various nanostructures makes it a valuable tool in the design
of targeted and responsive drug delivery systems. Studies by Zhang et al. (2018) and Liu et al. (2020) have
highlighted the role of PEG in enhancing the therapeutic efficacy of anticancer agents while minimising
systemic toxicity. As research continues, PEG-based nanocarriers are expected to play a pivotal role in
the next generation of personalised medicine(75).

PEG-grafted liquid isoprene rubber (PEG-LIR) represents a novel class of amphiphilic polymers that
combine the elasticity of rubber with the hydrophilicity of PEG (scheme 1.5). This hybrid structure allows
for the formation of soft, deformable nanocapsules capable of encapsulating both hydrophilic and
hydrophobic drugs(83). Singh et al. (2024) reported that PEG-LIR nanocapsules exhibited excellent
biocompatibility, prolonged circulation time, and enhanced cellular uptake in vitro(84). The grafting of
PEG chains onto the rubber backbone reduces protein adsorption and opsonisation’, thereby improving
stealth properties. These nanocapsules have been explored for the delivery of anti-inflammatory drugs,
anticancer agents, and vaccines. Their tunable mechanical properties and surface functionality make them
suitable for a wide range of biomedical applications, including targeted and stimuli-responsive drug

delivery(85-87).
O H
CH ;{ \/1\ o~
n

Scheme 1.4: Polyethylene glycol (PEG) chemical structure, n = 45 (88, 89).

1.4.3 Poly (maleic anhydride-alt-1-octadecene) (MA-alt-C,5-g-PEG)

Poly(maleic anhydride-alt-1-octadecene), commonly referred to as MA-alt-C1s-g-PEG, is a hydrophobic
copolymer (scheme 1.6) that has gained attention for its amphiphilic properties and ability to form stable
nanocapsules(90). Its alternating structure of maleic anhydride and long-chain alkyl groups allows for
self-assembly into micellar and vesicular structures in aqueous environments. Recent studies have
demonstrated that MA-alt-C1s-g-PEG can be functionalized with hydrophilic moieties or conjugated with
targeting ligands to enhance its biocompatibility and specificity. Gupta and Mehra (2022) reported the
successful encapsulation of hydrophobic drugs using MA-alt-C1s-g-PEG-based nanocapsules, achieving
sustained release and improved pharmacokinetics(28). The polymer's anhydride groups also allow for
facile chemical modification, enabling the attachment of PEG chains or bioactive molecules. These

7 https://microbenotes.com/opsonization/
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properties make MA-alt-C1s-g-PEG a versatile platform for drug delivery, particularly for poorly soluble
drugs such as NSAIDs and anticancer agents(91-93).

CH2(CH2)xCH3

Scheme 1.5: Chemical structure of the pre-PEGylated poly (maleic anhydride-alt-1-octadecene) (MA-
alt-C1g) backbone® , x = 10, n = 106.

1.4.4 Poly (isobutylene-alt-maleic anhydride) (IB-alt-MA-g-PEG)

Poly (isobutylene-alt-maleic anhydride) (IB-alt-MA-g-PEG) is a copolymer known for its mechanical
stability, hydrophobicity, and the presence of reactive anhydride groups, which enable further chemical
modification (scheme 1.6). These properties make IB-alt-MA-g-PEG a promising material for
nanocapsule formulation in both oral and transdermal drug delivery(94). Its alternating structure provides
a balance between rigidity and flexibility, facilitating the formation of stable nanostructures. For instance,
Zhang et al. (2023) demonstrated that IB-alt-MA-g-PEG-based nanocapsules could encapsulate
hydrophobic drugs with high efficiency and release them in a pH-responsive manner, making them
suitable for gastrointestinal targeting(95). Moreover, IB-alt-MA-g-PEG can be functionalized with
hydrophilic polymers such as PEG to enhance solubility and prolong systemic circulation. Its
compatibility with various fabrication techniques, such as nanoprecipitation and emulsion polymerisation,
further enhances its utility in drug delivery systems (39, 96, 97).

HsC CHs

Scheme 1.6: Chemical structure of the pre-PEGylated poly isobutylene-alt-maleic anhydride (IB-alt-MA-
g-PEG) backbone® ,n=39.

8 https://www.sigmaaldrich.cn/CN/zh/product/aldrich/419117
9 https://www.sigmaaldrich.com/GB/en/product/aldrich/531278
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In contrast, polyisobutylene (PIB) is a homopolymer valued for its excellent barrier properties, flexibility,
and chemical resistance. It is widely used in transdermal patches due to its impermeability to moisture and
gases, which helps maintain drug stability. However, PIB lacks functional groups like anhydrides, limiting
its ability to undergo chemical modification or respond to environmental stimuli. As a result, PIB is
primarily used as a passive matrix or adhesive rather than an active, responsive carrier(98). The anhydride
groups in IB-alt-MA-g-PEG offer a distinct advantage over PIB by enabling post-polymerisation
functionalization, such as conjugation with targeting ligands, pH-sensitive moieties, or hydrophilic chains.
This allows IB-alt-MA-g-PEG-based systems to be tailored for stimuli-responsive release, targeted
delivery, and enhanced bioavailability capabilities that PIB alone cannot provide. While MA-alt-C1s-g-
PEG (poly(maleic anhydride-alt-alkene)) shares some structural similarities with IB-alt-MA-g-PEG and
also contains reactive anhydride groups, its performance depends heavily on the specific alkene used in
the copolymer(99). IB-alt-MA-g-PEG, with isobutylene as the co-monomer, offers a unique combination
of hydrophobicity, mechanical strength, and modifiability, which may not be matched by all MA-alt-Cys-
g-PEG variants. Therefore, the choice between 1B-alt-MA-g-PEG, PIB, or MA-alt-C1s-g-PEG should be
guided by the desired drug release profile, route of administration, and need for functionalisation(100).

1.4.5 Applications to Ibuprofen and Oxaprozin

Ibuprofen and oxaprozin are NSAIDs with poor aqueous solubility, limiting their bioavailability and
therapeutic efficacy. Nanocapsulation using polymers such as MA-alt-C1s-g-PEG, 1B-alt-MA-g-PEG, and
LIR410-g-PEG has shown promise in overcoming these limitations. Wang et al. (2023) developed
ibuprofen-loaded nanocapsules using hollow fibre membrane crystallisation, achieving rapid dissolution
and enhanced bioavailability(58, 101). Similarly, oxaprozin has been encapsulated in solid lipid
nanoparticles and polymeric carriers to improve its solubility and reduce gastrointestinal side effects(23).
PEGylated nanocapsules have demonstrated prolonged circulation and targeted delivery to inflamed
tissues, enhancing anti-inflammatory efficacy while minimising systemic exposure(39, 68, 70). These
findings underscore the potential of polymeric nanocapsulation in optimising the pharmacokinetics and
therapeutic outcomes of NSAIDs (Figure 1.7).
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Fig.1.7: Comparative Overview of Three Grafted Polymers Used in Drug Delivery{Herdiana, 2022
#4}{Raffa, 2021 #5}.

1.5 Research Rationale, Novelty, and Comparative Advantages

Hydrophobic drugs such as ibuprofen and oxaprozin present a persistent formulation challenge due to
their poor aqueous solubility, which limits their absorption and therapeutic performance despite high
membrane permeability. EXisting strategies, including lipid-based carriers, solid dispersions, and
nanocrystals, often suffer from drawbacks such as instability, toxicity, or limited control over release
profiles.

This study introduces a polymer-based nanocapsulation approach using amphiphilic systems (MA-alt-C1s-
g-PEG, IB-alt-MA-g-PEG, and LIR410-g-PEG) that self-assemble into micelles in aqueous and
deuterated environments. These micelles encapsulate hydrophobic drug molecules within their core,
enhancing solubility, stability, and bioavailability. The polymers’ tunable hydrophilic—hydrophobic
balance enables precise control over micelle formation under varying pH and temperature conditions,
offering potential for stimuli-responsive drug delivery.

The novelty of this work lies in its direct comparison of three structurally distinct polymer systems under
identical experimental conditions, supported by advanced characterisation techniques including FTIR,
DLS, and SANS. The use of D20 further enhances structural resolution in neutron scattering studies.
Among the tested systems, IB-alt-MA-g-PEG demonstrated superior performance in forming stable,
uniform nanocapsules. This integrated approach not only provides deeper insight into micelle behaviour
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and drug—polymer interactions but also establishes a versatile platform for designing next-generation
delivery systems for poorly soluble therapeutics.

1.6 Aim and Objectives of the Study

The overarching aim of this project is to characterise the pH-responsive behaviour of LIR410-g-PEG, IB-
alt-MA-g-PEG, and MA-alt-C1s-g-PEG copolymers and assess their ability to encapsulate ibuprofen and
oxaprozin. The specific objectives are:

1. To investigate the effect of pH on the hydrodynamic size and polydispersity of LIR410-g-PEG,
IB-alt-MA-g-PEG, and MA-alt-C1s-g-PEG micelles using DLS across a defined pH range.

2. To examine internal structural features and pH-dependent morphological changes using SANS,
applying appropriate models to extract quantitative parameters.

3. To compare the encapsulation tendencies of ibuprofen and oxaprozin, relating differences to their
molecular properties.

4. To evaluate polymer—drug interactions under acidic, neutral, and alkaline conditions, identifying
any trends relevant to drug delivery applications.

1.7 Thesis Structure

- Chapter 1: Provides the scientific context for amphiphilic polymers and nanocapsulation, reviews
relevant literature on drug delivery systems, and outlines the research objectives.
- Chapter 2: describes in detail the materials, preparation protocols, and experimental methods used,
including DLS and SANS procedures.

- Chapter 3: presents the experimental results, alongside discussions of how pH and polymer concentration
influence micellar behaviour.

-Chapter 4: presents the experimental results, alongside discussions of how pH, drug type and
concentration influence micellar behaviour.

- Chapter 5: Conclusions, limitations, and recommendations for future work
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Chapter 2

Materials and Methods



2.1 Materials

All reagents and solvents were of analytical grade and used as received unless otherwise stated. A detailed
list of materials is provided in Table 2.1.

Table 2.1: List of materials used in this study.

octadecene) (MA-alt-
Cis-g-PEG)

(previous PhD student)

Material Supplier / Source Specification / | Chemical Structure
Details
Ibuprofen (>98%) Sigma-Aldrich, UK —
Oxaprozin (>98%) Sigma-Aldrich, UK —
Poly (maleic | Synthesised by Dr | a=CH2(CH2)xCH3, & T .
anhydride-alt-1- Wafaa Al  Shatee | b=H, m=106 or 177 | . b
and x=10 ° ¥

density ~ 45-50%

Poly (isobutylene-alt- | Synthesised by Dr |a=H, b=(CH3)2 and | "~ * &
maleic anhydride) (IB- | Wafaa Al-Shatee | m=39 ??_\g!
alt-MA-g-PEG) (previous PhD student) © e 0

C

HiC
PEG-grafted liquid | Kindly provided by Dr | LIR  backbone = PN
isoprene rubber | Donald Hill | 41,000 g/mol; PEG t\)\k\fi
(LIR410-g-PEG) (collaborator) side chains ~ 10,000 : R S

g/mol; grafting :

Deuterium oxide (D20,
99.9 atom % D)

Sigma-Aldrich, UK

DCI (35 %wi/w in D20)
and NaOD (40 %w/w
in DzO)

Sigma-Aldrich, UK

Tetrahydrofuran
(THF), Ethanol (HPLC
grade)

Merck / Fisher

Scientific

2.1.1 Polymer synthesis and Molecular Weight Optimization

To construct amphiphilic polymer systems suitable for nanoscale self-assembly, we selected MA-alt-Cys-
g-PEG, LIR410-g-PEG, and IB-alt-MA-g-PEG as the primary components (scheme 2.1). These polymers
were commercially sourced and pre-synthesised and were not synthesised as part of this study. MA-alt-
C1s-0-PEG, a hydrophilic dicarboxylic acid-based polymer, contributes to aqueous solubility and potential

20




hydrogen bonding interactions. IB-alt-MA-g-PEG, a hydrophobic isobutylene-based copolymer, provides
flexibility and hydrophobic character, supporting core formation in nanostructures. LIR410-g-PEG, a graft
copolymer composed of a liquid isoprene rubber backbone and polyethylene glycol side chains, offers
amphiphilic balance, enabling self-assembly into stable nanocapsules with enhanced solubility and
prolonged circulation. The combination of these polymers allows for tunable nanocapsulation behaviour,
responsive to environmental conditions such as pH and temperature.

CH3 CH3

CH3
H3C

CH3 CH3

CH3

I S ot

Schema 2.1: Synthetic route, “graft onto” polymerisation between poly (ethylene glycol) methyl ether
and Poly (maleic anhydride-alt-1-octadecane) backbone.

H3C

To enhance amphiphilicity and promote nanostructure formation, PEG-grafted Liquid Isoprene Rubber
(LIR410-g-PEG) was incorporated as a surfactant. This copolymer consists of a hydrophobic LIR
backbone (MW ~410 g-mol ") grafted with hydrophilic PEG chains! (MW ~10,000 g-mol*)°

2.1.2 Synthesis of LIR410-g-PEG

I https://www.elastomer.kurardy.com/us/wp-content/uploads/sites/2/2021/07/7_Article_RFP_4 2015s.pdf
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LIR410-g-PEG was used as a surfactant and stabiliser during nanoprecipitation and emulsion-based
nanocapsulation procedures. It was dissolved in deionised water or D-O and mixed with drug solutions to
facilitate nanostructure formation.

To prepare the graft copolymer, LIR 410 (1.7 g, 0.056 mmol, 1.0 equivalent) was first dissolved in 150
mL of toluene under magnetic stirring at elevated temperature until a clear solution was obtained. Methoxy
polyethylene glycol (mPEGioo) (5.6 g, 0.56 mmol, 10.0 equivalents) was then added, and the reaction
mixture was heated under reflux conditions for seven days to promote complete grafting.

Upon completion, the reaction mixture was cooled to room temperature, and the solvent was removed
under reduced pressure (in vacuo). The crude product was then dispersed in deionised water and
transferred into dialysis tubing with a molecular weight cut-off of 12—14 kDa. Dialysis was performed
against deionised water for seven days, with the water being replaced at least once daily to remove
unreacted species and low-molecular-weight impurities. Finally, the purified LIR410-g-PEG was
recovered from the tubing and dried on a hot plate under controlled conditions to yield the final solid
product.

2.2 Preparation of Blank and Drug-Loaded Polymeric Micelles

Polymer solutions were prepared by dissolving MA-alt-C1s-g-PEG, 1B-alt-MA-g-PEG, and LIR410-g-
PEG in deionised water at defined weight ratios. Each polymer was treated as an individual system. The
initial polymer concentration was set at 5% w/w in 10 mL of solvent. Additional concentrations of 2%,
1%, 0.5%, 0.25%, and 0.1% w/w were also prepared to study the effect of polymer concentration on
micelle formation and drug encapsulation. These systems were characterised using DLS to measure
particle size and distribution, and SANS to investigate structural features and aggregation behaviour.
Fourier-Transform Infrared Spectroscopy (FTIR) was also employed to confirm the chemical structure
and successful grafting of PEG onto the LIR backbone in LIR410-g-PEG.

The polymer solutions were first subjected to ultrasonic stirring for 30 minutes at 37 °C, followed
by overnight magnetic stirring at the same temperature to ensure complete dissolution and homogeneity.
After this step, stock solutions were prepared and used for drug loading.

Model hydrophobic drugs (ibuprofen and oxaprozin) were added to the polymer solutions at
concentrations of 0.1%, 0.25%, and 0.5% wi/w relative to the total solution volume. After the drug
addition, the mixtures were treated with ultrasonic stirring for 30 minutes at 37 °C, followed by overnight
magnetic stirring to promote encapsulation and prevent aggregation.

To evaluate the effect of pH, selected formulations were prepared using:

e 0.25%wi/w Ibuprofen in 5%w/w polymer solutions
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e 0.5%w/w Oxaprozin in 5%w/w polymer solutions

These concentrations were chosen based on DLS results, which indicated optimal particle sizes in the
nanoscale range at these drug-to-polymer ratios.

Additionally, to investigate the influence of polymer concentration on micelle formation, formulations
with fixed drug concentrations were prepared using varying polymer concentrations (2%, 1%, 0.5%,
0.25%, and 0.1% w/w). This allowed for a systematic study of how polymer content affects micelle size,
stability, and drug encapsulation efficiency.All formulations were stirred overnight before DLS
measurements to ensure equilibrium and minimise aggregation.

2.2.1 Drug-to-Polymer Ratio Studies

Understanding the relationship between drug and polymer concentrations is critical for optimising micelle
formation, drug encapsulation efficiency, and colloidal stability. This section explores how varying
the drug-to-polymer ratio influences the physicochemical properties of micellar systems, particularly
particle size and polydispersity.

2.2.2 Fixed Drug Concentration, Varying Polymer Concentration

In this approach, the drug concentration was held constant at 0.25% w/w, while the polymer
concentration was systematically varied across 0.1%, 0.25%, 0.5%, 1%, and 2% w/w. This design allowed
for the identification of the minimum polymer concentration required to form stable micelles capable of
encapsulating the drug effectively.

The goal was to determine the critical micelle concentration (CMC), the threshold at which amphiphilic
polymers self-assemble into micelles. Below this concentration, micelle formation is incomplete or
unstable, leading to poor encapsulation and larger, polydisperse aggregates. Above the CMC, micelles are
more uniform and stable, which is essential for drug delivery applications.

2.2.3 Fixed Polymer Concentration, VVarying Drug Concentration

In the second set of experiments, the polymer concentration was fixed at 5% w/w, and the drug
concentration was varied at 0.1%, 0.25%, and 0.5% w/w. This setup was used to evaluate the drug-loading
capacity of the micelles and to observe how increasing drug content affects micelle size, encapsulation
efficiency, and colloidal stability. Higher drug concentrations can lead to micelle swelling or
destabilisation, especially if the drug exceeds the solubilisation capacity of the micellar core. These
experiments helped define the optimal drug loading range for each polymer system.

After preparation, samples were subjected to 30 minutes of ultrasonic stirring at 37 °C, followed
by overnight magnetic stirring at the same temperature. Before DLS analysis, samples were equilibrated
for 10 minutes to ensure thermal and structural stability.
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2.3 pH-Dependent Studies

To evaluate the impact of pH on micelle formation, structural stability, and particle size, polymer solutions
were prepared at a fixed concentration of 2% (w/w) in either deionised water or deuterated water (D20).
The pH was adjusted to 3, 5, 8, or 12 using deuterium chloride (DCI, 35% in D-O) or sodium deuteroxide
(NaOD, 40% in D-0) to simulate a range of physiological and pathological conditions, including acidic
tumour microenvironments and alkaline intestinal fluids. For drug-loaded formulations, the polymer
concentration was increased to 5% (w/w) to facilitate adequate micelle formation and drug encapsulation
capacity.

Ibuprofen (0.25% wi/w) and oxaprozin (0.5% w/w) were selected for these studies based on preliminary
dynamic light scattering (DLS) results, which demonstrated favourable particle size profiles and good
compatibility with the polymer systems.

All preparations and pH adjustments were carried out using micropipettes to ensure precise volumetric
control and high reproducibility, particularly in small-volume samples. The pH of each formulation was
verified using pH indicator paper (range 1-14), selected for its practicality in low-volume and deuterated
systems where conventional electrode-based pH meters are less suitable.

Following pH adjustment, samples were subjected to ultrasonic stirring for 30 minutes at 37°C, followed
by overnight magnetic stirring at room temperature, to achieve complete dissolution, homogeneity, and
equilibration prior to DLS analysis. This approach enabled systematic assessment of pH effects on micelle
behaviour, providing data essential for understanding performance in pH-variable biological
environments and potential applications in stimuli-responsive drug delivery.

2.4 Temperature Control and Thermosensitivity Studies

Temperature control was maintained using a temperature-controlled water bath covering the range 15—
45°C to ensure reproducible conditions during polymer dissolution, drug loading, and micelle formation.
For sub-ambient temperatures, a cold-water bath with chilled water was employed.

Thermosensitivity studies evaluated the impact of temperature on micelle hydrodynamic diameter,
polydispersity index (PDI), and stability using dynamic light scattering (DLS). Measurements were
performed at 15°C, 25°C, 35°C, and 45°C to encompass storage, ambient, physiological (37°C), and
hyperthermic conditions. Samples were equilibrated in the water bath for 10 minutes at each temperature
prior to analysis. Increases in size or PDI at higher temperatures would indicate destabilisation,
aggregation, or potential drug leakage, whereas stable profiles suggest thermoresilient formulations.

These protocols were particularly optimised for IB-alt-MA-g-PEG formulations, which exhibited superior
DLS performance (smaller, more uniform particle sizes) compared to MA-alt-C1s-g-PEG and LIR410-g-
PEG. Consequently, IB-alt-MA-g-PEG was prioritised for detailed studies.

24



The standard preparation protocol for all polymers involved:

1. Ultrasonic stirring for 30 minutes at 37°C to promote initial dispersion and minimise aggregation.
2. Overnight magnetic stirring at room temperature to facilitate complete micelle formation and
stabilisation.

This two-step process was repeated after drug addition to ensure efficient encapsulation and prevent drug-
induced aggregation. All samples underwent overnight stirring prior to DLS analysis to reach equilibrium
and reduce measurement variability. Similar procedures were applied to the other polymers, but with
focused optimisation on IB-alt-MA-g-PEG due to its formation of stable nanoscale assemblies.

2.5 Methods (Characterisation Techniques)

2.5.1 Dynamic Light Scattering (DLS)

Particle size and distribution were determined using a Malvern Zetasizer Nano ZS (633 nm He—Ne laser,
173° backscatter detection). Samples were diluted in deuterated water, transferred to disposable
polystyrene or quartz cuvettes, and equilibrated for 10 minutes at room temperature to ensure thermal
stability. Each sample was measured ten times, and average values were calculated for reproducibility.
Zetasizer Software v7.13 was used for data acquisition and analysis, with water refractive index and
viscosity manually entered for each temperature. The polydispersity index (PDI) was used to assess size
uniformity; values below 0.2 indicated monodisperse micelles. Samples showing multimodal distributions
or abnormal scattering were re-prepared to maintain data integrity.

Measurements confirmed nanoscale particle formation for MA-alt-C1s-g-PEG/IB-alt-MA-g-PEG and
LIR410-g-PEG systems, while Ma5000/1B5000 systems exhibited larger aggregates.

For this study, as it is mentioned above, all samples after stirred with an ultrasonic and magnetic stirrer,
stored in glass bottles with a tight lid to keep the content away from any vaporize or additional components
from the environment. They were transferred to the DLS lab, where, before preparing the DLS and
reaching the demand temperature, samples were kept stirring on the magnetic stirrer to avoid any
interference with the sample formation. Then, by using a pipette, samples were transferred to the cuvette
(wearing gloves was necessary to avoid any fingerprints on the cuvette). After confirmation of the volume
in the cuvette with guidelines, the sample was left in the DLS and started the experiment.

2.5.2 Small Angle Neutron Scattering (SANS)

Small-Angle Neutron Scattering (SANS) measurements were performed on the SANS2D beamline at the
ISIS Neutron and Muon Source (UK) to characterise the internal structure of micellar formulations.
Samples were prepared in quartz cells with a path length of 1-2 mm and measured at 298K. Deuterated
water (D20) was used as the solvent to enhance contrast between micellar components and the
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background. SANS detector ranges cover momentum transfers (Q) from 0.0035 to 1 A%, probing particle
or structure sizes from ~1 nm to several hundred nanometers! . !

A collimated beam of cold neutrons was directed through the samples, and scattering was detected at small
angles to probe differences in scattering length density (SLD) between the hydrophobic core, hydrophilic
shell, and solvent. Multiple detector distances and neutron wavelengths were employed to cover a broad
g-range, enabling resolution of both core and shell regions.

Raw scattering data were corrected for background, transmission, and detector efficiency, and
subsequently reduced to one-dimensional scattering profiles (intensity vs. g) for model fitting and

structural analysis.

2.5.3 SANS data analysis (SasView)

This study analysed SANS data in SasView (v6.0.1) to extract size and shape information and to select
physically consistent models for each polymer system. The workflow combined a Guinier check, manual
estimates of contrast and a flat incoherent background (estimated from the high-q tail, typically g~0.3 —
0.9 A), and systematic model testing (Guinier—Porod/Beaucage, Debye/Gaussian coil, flexible cylinder,
homogeneous sphere, core—shell, and two-Lorentzian/correlation-length). For each dataset, we inspected
appropriate g subranges (low q for Guinier, mid q for form-factor features, high q for Porod/background),
fixed or tightly bounded the background during fits, and used initial parameter guesses consistent with the
Guinier bounds. Model selection was based on reduced y?, residual structure, parameter stability and
covariance, and physical plausibility; when no clear Guinier knee was present, we reported a lower bound
on Ryusing R, = 1.3/qmin-. Full fit reports, covariance matrices, exact g-ranges, and the SasView project
files are provided in Appendix A for reproducibility.

2.5.4 Data Import and Preprocessing

Raw SANS data files (in .txt or. hd5 format) were imported into SasView. Each dataset included scattering
intensity (1) as a function of the scattering vector (q). Before fitting, background subtraction and data
normalisation were performed as needed.

Model Selection and Fitting
Appropriate form factor models were selected based on the expected micelle morphology. The most used

models included:

e Core-Shell Sphere Model: to describe micelles with a hydrophobic core and hydrophilic shell

L https://www.isis.stfc.ac.uk/Pages/SANS_Q-range.aspx
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o Polydisperse Sphere Model: to account for size distribution within the micelle population
e Guinier-Porod Model: for systems with less-defined or hierarchical structures
e Cylinder Model: systems like worm-like micelles, nanorods, or polymer fibrils.

o Poly-micelle Model: Suitable for systems where micelles form clusters or networks, such as in
polymer-surfactant complexes.

Initial parameter estimates (e.g., core radius, shell thickness, scattering length densities) were input based
on DLS data and literature values. The Levenberg—Marquardt algorithm was used for non-linear least
squares fitting.

2.5.5 Parameter Extraction

From the fitted models, key structural parameters were extracted:
o Radius of gyration (Rg)
o Core radius and shell thickness
e Volume fraction and SLD contrast
e Chi-squared () and residuals to assess goodness-of-fit

These parameters provided detailed information about the size, shape, and internal structure of the
micelles, complementing the hydrodynamic size data obtained from DLS.

2.5.6 Visualisation and Reporting

SasView’s built-in plotting tools were used to visualise the experimental data alongside the fitted model
curves. Fit quality was evaluated based on residual plots and reduced chi-squared values. Final plots and
parameter tables were exported for inclusion in figures and supplementary materials (for more
information, see Appendix A, B).

2.5.7 Fourier transform infrared (FTIR) spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a widely used analytical technique for confirming
chemical structure and functional group modifications in surfactants and polymer systems. The Thermo
Scientific Nicolet™ iS10 FTIR spectrometer (often referred to as 1510 in shorthand) is a mid-infrared
Fourier Transform Infrared instrument designed for routine material characterization, and when paired
with an ATR (Attenuated Total Reflectance) accessory, it enables rapid, preparation-free analysis of
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solids, powders, and liquids' . In the case of PEG-grafted surfactants, FTIR provides a molecular
fingerprint by detecting characteristic vibrational bands associated with specific bonds. For example, the
presence of strong C-O-C stretching vibrations (typically around 1100 cm™) confirms the PEG
backbone(102), while ester or amide linkages formed during grafting appear as distinct carbonyl (C=0)
absorption bands near 1730—1750 cm™. These spectral features allow verification of successful grafting
and assessment of chemical integrity without destroying the sample. FTIR is particularly advantageous
because it is rapid, non-destructive, and capable of distinguishing between hydrophilic PEG segments and
hydrophobic domains in amphiphilic copolymers. For detailed interpretation of PEG-related FTIR spectra,
readers are referred to specialised literature on polymer characterisation and PEG-based graft
copolymers(103).

2.6 Polymer and Drug Stock Preparation

Polymer stock solutions were prepared by dissolving each polymer (LIR410-g-PEG, IB-alt-MA-g-PEG,
or MA-alt-C1s-g-PEG) in deionised or deuterated water at the desired concentrations immediately after
the overnight stirring step. This approach ensured that the solutions remained homogeneous and
minimised the risk of aggregation before drug loading.

Model hydrophobic drugs (Ibuprofen and Oxaprozin) were added directly to the freshly prepared polymer
solutions at concentrations of 0.1%, 0.25%, or 0.5% w/w, depending on the experimental design. After
the drug addition, the mixtures were subjected to 30 minutes of ultrasonic stirring at 37 °C, followed
by overnight magnetic stirring at the same temperature to ensure complete encapsulation and stability.
In this study, only aqueous solvents (deionised or deuterated water) were used for all formulation steps to
maintain biocompatibility and avoid solvent-related interference. However, THF and ethanol were used
separately in control experiments to dissolve the pure drugs and measure their baseline particle sizes via
DLS and SANS, serving as a reference for evaluating encapsulation efficiency.

All stock solutions were stored at ambient laboratory temperature and used immediately after preparation
to ensure consistency and reproducibility across all formulations.
2.7 Additional Characterisation Techniques

To complement DLS and provide a more holistic understanding of micelle behaviour, several additional
techniques were employed:

I https://www.thermofisher.com/order/catalog/product/IQLAADGAAGFAHDMAPC
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o UV-Vis Spectroscopy: Used to quantify drug loading and release by measuring absorbance at the
drug’s characteristic wavelength (e.g., 220 nm for Ibuprofen). Calibration curves were prepared in
triplicate for each drug to ensure accuracy.

e Visual Inspection and Turbidity Scoring: Samples were visually assessed for clarity, turbidity,
and phase separation. A qualitative turbidity scale was applied:

0 =clear, 1 = slightly turbid, 2 = opaque. This provided a quick visual indicator of micelle stability.

These complementary techniques helped validate DLS findings and provided deeper insight into
the physical stability, encapsulation efficiency, and environmental responsiveness of the micellar
systems.

2.8 Sample Handling and Storage

Proper sample handling and storage are essential to preserve micelle integrity and prevent degradation.
All micellar formulations were prepared fresh and analysed within 24 hours unless otherwise specified.
For temperature-dependent studies, samples were equilibrated at the target temperature for 10
minutes before analysis.

All formulations were prepared using the same stock solutions and under identical stirring and filtration
conditions to minimise batch-to-batch variability. Equipment was thoroughly cleaned between batches to
prevent cross-contamination.

2.9 Controls and Replicates

To ensure the reliability and reproducibility of results, all experiments were conducted in triplicate. The
following controls were included:

« Blank controls: Polymer-only micelles (without drug) were used to assess the baseline size and
stability of the micellar system.

o Negative controls: Drug solutions prepared without polymer were used to confirm that micelle
formation was essential for solubilization. These typically showed visible precipitation or large
particle sizes (>1 um), confirming the stabilising role of the polymer.

For each experimental condition, pH, temperature, polymer concentration, and drug loading, at least three
independent batches were prepared and analysed.

2.10 Data Processing and Statistical Analysis
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All raw DLS and SANS data were processed using Python (v3.10) for statistical evaluation and SasView
for structural modelling. Descriptive statistics, including mean, standard deviation, and coefficient of
variation, were calculated with NumPy and Pandas, and results were reported as mean = SD. No inferential
statistical tests were applied; interpretation relied on trend analysis, data quality assessment, and model
fitting.

SANS profiles were fitted in SasView using appropriate form-factor models such as core—shell spheres,
polydisperse spheres, and Guinier—Porod functions to extract parameters including radius of gyration, core
radius, shell thickness, and scattering length density contrast. Linear regression in Python was used when
examining relationships between micelle behaviour and variables such as temperature, pH, or
concentration. Outliers were removed only when justified by clear technical artefacts.

All figures were generated using Matplotlib and Seaborn, with error bars representing standard deviation.
This combined computational workflow ensured transparent, reproducible, and consistent analysis across
all datasets.

2.11 Method Validation and Reproducibility

To ensure the reliability, accuracy, and reproducibility of all experimental results, a series of method
validation procedures were implemented:

e Instrument Calibration:

The Zetasizer was calibrated weekly using 100 nm polystyrene latex standards to verify particle
size accuracy.

e Inter-Day Variability:

Selected samples were measured on three consecutive days to assess reproducibility. Results were
expressed as relative standard deviation (RSD), with values below 5% considered acceptable.

o Intra-Batch Consistency:

For each formulation, three independent batches were prepared and analysed to confirm
consistency in micelle size, PDI, and drug loading.

All instruments were operated by the same trained user to minimise operator variability. Data was
recorded in laboratory notebooks and cross-checked for consistency and traceability.

These precautions ensured that the data collected reflected the true behaviour of the micellar systems
under controlled and reproducible conditions, supporting the validity of the experimental findings.
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Chapter 3

Results and Discussion

(Aggregation Structure of Grafted

Polymers in Solution without Drug)
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Overview

This chapter presents the experimental findings obtained using the three amphiphilic polymers described
in Chapter 2: poly (maleic anhydride-alt-1-octadecene) (MA-alt-C1s-g-PEG), poly (isobutylene-alt-maleic
anhydride) (IB-alt-MA-g-PEG), and PEG-grafted liquid isoprene rubber (LIR410-g-PEG). These
polymers were used as received and were not synthesised or modified during this project.

The work focused on two principal aspects: (i) the self-assembly behaviour and stability of blank
(drug-free) polymeric micelles in aqueous media as a function of polymer concentration, pH, and
temperature, and (ii) the encapsulation of two model hydrophobic NSAIDs, ibuprofen and oxaprozin, into
the resulting core—shell nanostructures, with emphasis on the influence of pH and drug-to-polymer ratio.
These investigations addressed the research objectives introduced in Chapter 1 by examining how polymer
chemistry and formulation conditions determine micelle size and colloidal stability; by evaluating the
extent to which the systems exhibit pH- and temperature-responsive behaviour suitable for
stimuli-sensitive drug delivery; and by comparing the relative performance of MA-alt-C1s-g-PEG, IB-alt-
MA-g-PEG, and LIR410-g-PEG as nanocarriers for ibuprofen and oxaprozin in terms of encapsulation
behaviour, particle size, and environmental stability.

Results are presented according to the principal characterisation techniques employed: Dynamic Light
Scattering (DLS) and Small-Angle Neutron Scattering (SANS) in D.0O. Structural modelling and
interpretation were performed using SasView software and custom Python scripts, which enabled
extraction of parameters such as radius of gyration (Rg), core—shell dimensions, and aggregation number
(Nagg). DLS provided intensity-weighted Z-average hydrodynamic diameters (Dh) via cumulants
analysis, serving as a rapid screening tool and reference for the more detailed nanoscale structural
information subsequently obtained by SANS. Together, these complementary datasets and modelling
approaches provide an integrated interpretation of polymer responsiveness and suitability for drug
delivery applications.

This chapter is structured as follows: Section 3.1 covers aggregation structure without drug, including
concentration, pH, and comparative summaries; Section 3.2 examines temperature effects; and Section
3.3 provides overall conclusions and future work recommendations. A unique contribution of this study
is the direct, side-by-side comparison of the three polymers using both DLS and SANS, with novel SANS
insights on IB-alt-MA-g-PEG highlighting its distinct shape-shifting response.
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This section examines the self-assembly behaviour of the three amphiphilic graft copolymers (MA-alt-
Cs £-PEG, IB-alt-MA-g-PEG, and LIR410-g-PEG) in the absence of drug.

Polymer solutions were prepared by dissolution in D:O, enabling spontaneous aggregation of the
hydrophobic graft segments under the conditions described in Chapter 2. Concentrations of 0.1, 0.25, and
0.5 % w/w were investigated, with additional pilot screening at higher levels where solubility permitted.
Concentrations varied between techniques: lower for DLS (1-2 %w/w) to optimise solubility and avoid
multiple scattering artifacts, and higher for SANS (2-5 %w/w) to ensure sufficient scattering intensity.
pH was adjusted from 3 to 12 to simulate physiological ranges, and temperatures from 1545 °C to assess
thermoresponsiveness.

Pilot measurements at 2 %w/w and 5 %w/w revealed clear concentration-dependent trends, as summarised
in Table 3.1. IB-alt-MA-g-PEG formed assemblies in the 333-584 nm range, with the substantial size
increase at higher concentration consistent with ionic repulsion between partially hydrolysed maleic
anhydride groups and the relatively low grafting density, both of which promote inter-micellar association
and secondary aggregation. MA-alt-Cs -g-PEG generated moderately sized particles at 2 %w/w but
became highly polydisperse and oversized at 5 %w/w, which is attributed to bridging between its long
hydrophobic C18 grafts, facilitating loose and unstable higher-order aggregates. In contrast, LIR410-g-
PEG produced the smallest and most uniform particles (162-227 nm), indicating that the dense PEG
corona provides effective steric stabilisation that suppresses inter-micellar association and limits aggregate
growth.

Table 3.1: Effect of polymer concentration on micelle size in D20 (pilot screening).

Polymer Concentration (%ow/w) | Particle size (nm)
IB-alt-MA-g-PEG | 2 333+£20
IB-alt-MA-g-PEG | 5 395+ 20
MA-alt-Cs 2PEG |2 215+10
5
2
5

MA-alt-Cs ¢-PEG 653+ 74
LIR410-g-PEG 162+3
LIR410-g-PEG 22710

These pilot data indicate that LIR410-g-PEG provides the most favourable size control, consistent with
steric stabilisation from its PEG grafts. In contrast, MA-alt-Cs 2-PEG and IB-alt-MA-g-PEG exhibit
pronounced concentration-dependent enlargement due to stronger hydrophobic or inter-micellar
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interactions at higher loadings. These observations informed the selection of polymer—concentration
ranges used in the subsequent DLS and SANS analyses.

To evaluate the effect of polymer type and concentration on micelle formation, poly (maleic anhydride-
alt-1-octadecene) (Ma) grafted with different molecular weights of PEG was first screened. The Ma5000
variant produced aggregates exceeding 1000 nm, consistent with excessive hydrophobic chain length
promoting inter-particle association and flocculation. Since particles above ~200 nm typically exhibits
limited circulation and reduced cellular uptake, Ma5000 was excluded from further investigation.
Consequently, MA-alt-C s g-PEG was selected for a more detailed study.

At 2 %w/w, MA-alt-Cs -g-PEG produced particles of approximately 215 nm, whereas increasing the
concentration to 5 %w/w resulted in significantly larger and more polydisperse aggregates (653 £+ 74 nm).
This concentration-dependent enlargement is attributed to hydrophobic bridging between the long Cs
grafts at higher polymer densities, leading to unstable higher-order aggregates. These findings suggest that
2 %w/w is closer to the concentration range supporting effective micelle formation, whereas 5 %w/w
exceeds the threshold at which inter-micellar association becomes dominant. Although the critical micelle
concentration (CMC) was not directly measured, the observed behaviour is consistent with 2 %w/w
approaching the CMC and 5 %w/w exceeding it.

In contrast, LIR410-g-PEG generated the smallest and most uniform assemblies across both
concentrations tested (162-227 nm). This improved stability is consistent with the steric stabilisation
provided by the dense PEG corona, which suppresses inter-micellar association and limits aggregate
growth even at higher polymer loadings. These favourable size characteristics were also maintained under
additional experimental conditions, including variations in temperature and pH.

Overall, all three polymers formed measurable nanoscale assemblies; however, only LIR410-g-PEG
consistently achieved particle sizes within the optimal range for drug delivery (<200 nm at 2 %w/w).
These findings, summarised in Table 3.2, support the selection of LIR410-g-PEG as the lead candidate for
further optimisation and subsequent drug-loading experiments.

When characterizing drug-free micelles, the limitations of Dynamic Light Scattering (DLS) must be
considered. DLS Z-average values are intensity-weighted and, consequently, highly sensitive to even trace
populations of large aggregates or impurities. Therefore, DLS data alone cannot provide definitive
structural confirmation. For a rigorous physical characterization, Z-average diameters must be interpreted
alongside the polydispersity index (PDI) and -potential.

Furthermore, morphology should be validated using complementary techniques such as Small Angle
Neutron Scattering (SANS), Size Exclusion Chromatography (SEC), or cryo-TEM. In the absence of a
drug payload, mapping the Critical Micelle Concentration (CMC) remains essential to establish the
thermodynamic stability of the self-assembled structures and to provide a baseline for understanding their
subsequent performance in biological environments (99, 159).
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Table 3.2: Comparative assessment of polymer systems for nano drug delivery based on particle size and

stability.
Polymer Key findings Suitability for drug delivery
system
[B-alt-MA- | Particle sizes 333-584 nm; strong | Unsuitable —  high risk of
g-PEG concentration-dependent enlargement. aggregation and rapid clearance.
MA-alt- ~215nm at 2 %w/w; becomes oversized and | Borderline — acceptable only near
Cs ¢-PEG | highly polydisperse at 5 %ow/w. lower concentrations; unstable at

higher loadings.
LIR410-g- | 162 nm (2 %w/w) and 227 nm (5 %w/w); narrow | Promising candidate — good size
PEG size distribution; stable under multiple | control; suitable for optimisation and
conditions. drug loading.

As summarised in Table 3.2, LIR410-g-PEG exhibited the most favourable particle sizes and stability
across all tested concentrations, consistently remaining within or near the ideal nanoscale range for drug
delivery applications. In contrast, IB-alt-MA-g-PEG and MA-alt-Cs £-PEG displayed concentration-
dependent particle enlargement and reduced stability, limiting their suitability for systemic use. These
comparative results therefore justified the selection of LIR410-g-PEG as the lead polymer for subsequent
optimisation and drug-loading studies, while IB-alt-MA-g-PEG and MA-alt-Cs 2PEG were retained
solely for limited comparative purposes.

The effect of polymer concentration on particle size was evaluated using Dynamic Light Scattering (DLS).
Measurements were performed at three concentrations (0.1%, 0.25%, and 0.5% w/w) for the alternating
copolymers MA-alt-Cs g-PEG and IB-alt-MA-g-PEG. This analysis aimed to assess how increasing
polymer concentration affects the hydrodynamic diameter, providing insight into concentration-dependent
aggregation behaviour.

Small-Angle Neutron Scattering (SANS) complemented the DLS measurements by offering detailed
information on the internal structure of polymeric micelles. While DLS provides the hydrodynamic
diameter in solution, SANS allows determination of parameters such as core radius, shell thickness, radius
of gyration (Rg), and aggregation number. These parameters are crucial for understanding the spatial
organisation and density distribution within micelles, which cannot be accessed by DLS alone.

Figure 3.1 presents the DLS results for all three amphiphilic polymer systems (IB-alt-MA-g-PEG, MA-
alt-Cs 2PEG, and LIR410-g-PEG) at 0.10, 0.25, and 0.50 % w/w. Error bars indicate the reported
variability (£ values for each data point). Displaying all datasets on a single axis allows direct, like-for-
like comparison of the concentration-dependent changes in hydrodynamic particle size for each polymer.
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Fig 3.1: Effect of polymer concentration on hydrodynamic diameter measured by DLS. Mean particle
sizes were measured at 0.10%, 0.25%, and 0.50% wi/w for three amphiphilic polymers: MA-alt-C1g-g-
PEG (green), IB-alt-MA-g-PEG (orange), and LIR410-g-PEG (blue). Error bars represent standard
deviation across triplicate measurements. IB-alt-MA-g-PEG exhibited a peak in particle size at 0.25%
w/w (=663 nm) followed by a slight decrease. LIR410-g-PEG showed a consistent decrease in size with
increasing concentration, while MA-alt-C1g-g-PEG displayed a shallow maximum at 0.25% w/w
(=298 nm), indicating moderate concentration-dependent aggregation.

Detailed Analysis of Polymer Systems

IB-alt-MA-g-PEG. Increasing concentration from 0.10% to 0.25% w/w caused a marked rise in mean
particle size (445 nm to 662.6+35.3 nm), followed by a modest decrease to 630.7 +18.5 nm at 0.50%
w/w. This sharp increase suggests crossing of a critical aggregation threshold, beyond which micelle—
aggregate formation becomes thermodynamically favourable (104). The slight reduction at 0.50% w/w
may reflect structural rearrangement or compaction. Practically, >0.25% w/w yields >600 nm aggregates,
which risk turbidity and sedimentation, although viscosity effects were not measured here.

MA-alt-Cis-g-PEG. Mean sizes were 175.8 +51.2 nm (0.10% w/w), 298.1 £59.7 nm (0.25% w/w), and
231.4£52.2 nm (0.50% w/w). This profile suggests initial growth followed by compaction, but large error
bars indicate substantial variability. Within the tested range, MA-alt-Cs 2-PEG shows weak and
inconsistent concentration dependence. Further characterisation (PDI, zeta potential, time resolved
stability) is required to confirm structural transitions(105, 106).

LIR410-g-PEG. In contrast, LIR410-g-PEG exhibited a clear monotonic decrease in size with
concentration: 373 = 8 nm (0.10% w/w), 311 £ 10 nm (0.25% w/w), and 237 + 10 nm (0.50% w/w). This
inverse relationship aligns with PEG-based amphiphilic systems, where higher polymer availability
promotes more efficient self-assembly and tighter packing, reducing hydrodynamic diameter through
thinner hydration shells and steric interactions (107, 108).
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Comparative Summary

At matched concentrations, IB-alt-MA-g-PEG consistently formed the largest aggregates (>445-663 nm),
LIR410-g-PEG the smallest (373-237 nm), and MA-alt-Cgs £-PEG intermediate but variable (~176—298—
231 nm). These differences highlight the role of polymer chemistry and architecture in governing
association, packing, and hydration.

From a delivery perspective, LIR410-g-PEG at 0.50% w/w yields compact particles (~237 nm) favourable
for systemic or targeted applications requiring sub-300 nm carriers. IB-alt-MA-g-PEG at >0.25% w/w
produces large aggregates (>600 nm), potentially useful for depot or sustained-release formulations but
requiring attention to syringeability and stability. MA-alt-Cs £-PEG remains a candidate pending
optimisation to reduce variability.

The Guinier—Porod (GP) model combines a low-q Guinier regime with a high-q Porod regime, yielding
size information such as the radius of gyration (Rg) and a dimensionality parameter s (0 for spheres, 1 for
rods, 2 for lamellae). This model is widely applied to compact aggregates and micelles, where shape and
surface characteristics dominate scattering behaviour (109).

In contrast, the two-Lorentzian model is shape-independent and describes scattering in terms of correlation
lengths (&1, &), which capture hierarchical or diffuse structures (Figure 3.2)! . Each Lorentzian term’
corresponds to an Ornstein—Zernike-type decay of correlations, making this model particularly suitable
for systems characterised by short-range order or clustering rather than discrete, well-defined particles

(109).

In practice, the GP model is most appropriate for micellar systems such as MA-alt-Cs g-PEG and
LIR410-g-PEG, where Rg and the Porod exponent provide meaningful information on size and
morphology. Conversely, the two-Lorentzian model is better suited to [B-alt-MA-g-PEG, which exhibits
broad scattering features and concentration-dependent low-q intensity, indicative of correlated domains
rather than discrete micelles (Table3.3).

! Chapter 32: Empirical Models (NIST SAR'S Toolbox)
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Fig.3.2: Schematic of Disc-Like and Cylinder-Like
Aggregates with Correlation Lengths. Disc-like
aggregates (left) are defined by radius R and thickness
T; cylinder-like aggregates (right) by length L and
radius a. Dashed arrows represent correlation lengths

&, indicating short-range structural ordering. The inset

shows a two-Lorentzian scattering profile, where each

term reflects a distinct correlation scale. This model
captures hierarchical or diffuse structures beyond the
scope of Guinier—Porod analysis.

Table 3.3: Comparison of scattering models applied to polymer systems.

Model Key Parameters Best suited for | Applied to Interpretation
Guinier—Porod | Radius of gyration | Compact MA-alt-Cg - | Provides size and
(Rg), Porod exponent, | micelles  with | g-PEG, morphology; suitable for
dimensionality (s) defined shape LIR410-g- spherical  or  rod-like

PEG aggregates

Two-Lorentzian | Correlation lengths (&, | Diffuse or | IB-alt-MA-g- | Captures short-range order
&) hierarchical PEG and clustering; indicates
domains network-like  or  loose

packing

Figure 3.3 shows representative SANS intensity profiles for co-polymer IB-alt-MA-g-PEG at three
different concentrations in ®  Qnd in deuterated THF as a good solvent.
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Fig.3.3: Small-angle neutron scattering (SANS) profiles of IB-alt-MA-g-PEG at varying
concentrations. Scattering intensity (cm™) is plotted against the scattering vector Q (A™") on a log—log
scale. Data sets correspond to IB-alt-MA-g-PEG at 0.10%, 0.25%, and 0.50% wi/w in D20, alongside 2
%w/w sample in d-THF, and IB-alt-MA 2 %w/w back bone in d-THF. Error bars denote measurement
uncertainty. The curves illustrate concentration-dependent low-q upturns and broad features, consistent
with correlated domains rather than discrete micelles. Fitted lines represent the applied scattering models,
highlighting differences in structural interpretation across conditions.

Table 3.4: a) The combined Two-Lorentzian analysis confirms that the 1B-alt-MA-g-PEG samples at 0.1—
0.5 %w/w, b) IB-alt-MA-g-PEG 2%w/w in d-THF, c) IB-alt-MA 2%w/w in d-THF, the applied models
for fitting are Two-Lorentzian, polymer-exclude-volume, and polymer-micelle respectively.

a)
concentration | Lorentz Lorentz Lorentz Lorentz 1
length1(A) length2(A) expl exp2
0.10 1818.2 +£3.6 14.6 = 8.8 3.6 0.6 1.6 £0.6 0.9
0.25 345.7+ 154 11.6 £2.1 28+0.2 22+03 0.8
0.50 4687.6 + 4.7 9.6+13 2.6+0.1 1.9+0.2 0.7
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b)

System Rg (A) Porod-exp | 1
IB-alt-MA 2%w/w in d-THF 462.5+20.2 | 1.9+0.03 0.8

c)
System radius Core (A) | Rg (A) Nagg 1
IB-alt-MA Backbone 2%w/w in d-THF | 41.5+ 3.2 173.5+5.1 |5.7£0.3 2.5

The SANS profiles of IB-alt-MA-g-PEG at 0.10-0.50% w/w reveal a biphasic structural response
consistent with the DLS trends. At 0.10% w/w, the scattering curve shows a smooth decay with minimal
low-q upturn, indicating compact micelles with limited clustering. The Two-Lorentzian model provided
stable fits across all concentrations (Table 3.4a), capturing both short-range internal structure (L =9-15
A) and longer-range inter-aggregate correlations (L ranging from 346 to 4688 A). The initial decrease in
L fiom 1818 A to 346 A between 0.10 and 0.25% w/w suggests tighter packing or reduced spacing
between aggregates. At 0.50% w/w, the sharp increase in L to 4688 A reflects the onset of swelling or
loose clustering, consistent with the DLS-observed size expansion (110, 111).

The Lorentzian exponents (2.6-3.6) fall within the expected range for polymeric micelles and swollen
domains, supporting the use of a Two-Lorentzian model to resolve overlapping structural features. This
approach is particularly useful for systems exhibiting both intra-aggregate and inter-aggregate scattering,
where unified models often suffer from parameter coupling and instability (112).

To contextualise the aqueous behaviour, SANS data from IB-alt-MA-g-PEG in d-THF (2% w/w) were
fitted using a polymer-excluded-volume model (Table 3.4b). The extracted Rg of 462 A and Porod
exponent of 1.9 are characteristic of flexible polymer coils in good solvent conditions, justifying the use
of this model (109). The excluded-volume model is appropriate for describing scattering from polymer
chains where solvent quality leads to chain expansion and deviation from ideal Gaussian behaviour.

In contrast, the IB-alt-MA backbone in d-THF (Table 3.4c) was best described by a polymer-micelle
model, yielding a core radius of 41.5 A, Rg of 173.5 A, and aggregation number of 5.7. These parameters
indicate micelle-like clustering even in organic solvent, consistent with amphiphilic backbone
behaviour(113, 114). The polymer-micelle model is well-suited for systems with a dense hydrophobic core
and diffuse corona, and has been widely applied to amphiphilic block copolymers in both aqueous and
organic media(115).

Model selection was guided by reduced y* values, residual randomness, and physical plausibility. The
Two-Lorentzian model was optimal for IB-alt-MA-g-PEG in water, where both intra- and inter-aggregate
scattering features were present(116). The polymer-excluded-volume and polymer-micelle models were
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applied only where justified by solvent conditions and molecular architecture(117). Reported uncertainties
were derived from covariance matrices and Porod slope regressions, with propagated errors summarised
in Table 3.4. A caveat remains that Rg estimates assume the Guinier knee lies within the measured g-
range; where this was not fully accessible, values should be considered conservative(118).

Characterization of the Ungrafted IB-alt-MA Backbone in d-THF

To provide a baseline for understanding the role of PEG grafting, the ungrafted poly (isobutylene-alt-
maleic anhydride) backbone was characterised in deuterated tetrahydrofuran (d-THF), a good solvent for
the anhydride functional groups. The structure is different in THF as the solvent is the good solvent for
both the backbone and PEG and therefore there is no aggregation, while polymer is in theta state (119,
120).

These findings complement the DLS results: while LIR410-g-PEG exhibited concentration-dependent
size reduction due to tighter packing and more efficient self-assembly, 1B-alt-MA-g-PEG displayed a
biphasic trend with initial compaction followed by swelling, and MA-alt-C1s-g-PEG showed variable
aggregation behaviour. SANS confirmed these trends by quantifying changes in aggregation number and
core dimensions, particularly for MA-alt-C1s-g-PEG, where higher concentrations produced more
compact micelles with increased aggregation numbers.

Robustness of the analysis was ensured by treating the low-q Guinier region and the high-q Porod region
independently, thereby reducing parameter coupling and avoiding instability common in unified
multiregime fits. Reported uncertainties derive from covariance matrices of the Guinier fits and linear
regression of the Porod slopes, with propagated errors presented in Table 3.4. A caveat remains that
inferred Rg values assume the Guinier knee lies within the measured g-range; where the plateau was not
fully accessible, values should be considered conservative estimates. Model selection was guided by
reduced y2, residual randomness, and physical plausibility. Alternative fits (Guinier—Porod, Debye coil,
flexible cylinder, Two-Lorentzian) were tested, with Two-Lorentzian providing the most stable and
interpretable parameters for IB-alt-MA-g-PEG in this concentration range.

DLS is highly sensitive to large, loosely associated clusters and diffuse coronas that dominate light
scattering and therefore yield large apparent sizes. In contrast, SANS primarily resolves the dense internal
cores at higher g, where form-factor scattering dominates, and contributions from low-density outer
regions are minimal. Together, these complementary observations support a hierarchical aggregation
model in which compact nanoscale cores coexist within larger, dynamic superstructures that govern the
hydrodynamic sizes detected by DLS. Full fitting details and g-range specifications are provided in
Appendix A and B.
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Systematic adjustment of pH produced clear and reproducible changes in hydrodynamic size and
dispersity across all formulations, demonstrating a measurable pH-dependence of colloidal behaviour.
Variations in protonation state altered polymer ionisation, hydration, and interparticle interactions, leading
to shifts in micelle packing, aggregation tendency, and overall dispersion stability. In general, acidic
conditions favoured smaller and more compact particles, whereas alkaline conditions promoted larger,
more polydisperse aggregates, indicating the onset of weak clustering. This pH responsiveness is highly
relevant for predicting in-vivo performance, as physiological environments such as the gastrointestinal
tract or tumour microenvironments exhibit substantial pH heterogeneity. Understanding these transitions
is therefore essential for designing formulations with controlled stability, release behaviour, and
site-specific performance(6, 121).

The three polymer systems, IB-alt-MA-g-PEG, MA-alt-Cs g-PEG, and LIR410-g-PEG, displayed
distinct pH-dependent behaviours, confirming that protonation—deprotonation equilibria strongly
influence colloidal structure (Figure 3.4).

IB-alt-MA-g-PEG (2% w/w) showed moderate sensitivity: particle size decreased under mildly acidic
conditions and increased sharply at alkaline pH, consistent with reduced solubility and enhanced
interparticle association at high ionisation levels (122). MA-alt-Cs <PEG (2% w/w) exhibited a
pronounced maximum in size around pH 8, reflecting competition between hydrophobic C18 segments
and ionisation of maleic anhydride groups; structural rearrangement at higher pH accounted for the
subsequent decrease (105, 106). LIR410-g-PEG (5% w/w) demonstrated the strongest pH-driven
expansion, increasing from ~200 nm in acidic media to >850 nm at pH 12, attributable to enhanced
hydration and electrostatic repulsion within the PEG-rich corona (123).

These divergent responses suggest that LIR410-g-PEG is well suited for stimuli-responsive applications,
whereas [B-alt-MA-g-PEG and MA-alt-Cs -g-PEG may offer more controlled behaviour in environments
with narrower physiological pH ranges(124, 125). Because DLS is dominated by scattering from large,
loosely associated clusters, these trends do not necessarily reflect changes in the underlying nanoscale
core structure.

1 Because each polymer exhibits dnique structural responses to pH, detailed data tables are presented separately to avoid
misleading comparisons. A combined schematic graph is included at the end of this section to provide a visual overview of
size trends across polymers, but interpretation should consider the distinct chemistry of each system.
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Fig 3.4: pH-Dependent Particle Size of
Polymer Formulations (DLS). Particle
size variation of IB-alt-MA-g-PEG (2%
w/w), MA-alt-C1s-g-PEG (2% w/w), and
LIR410-g-PEG (5% w/w) as a function of
pH, measured by dynamic light scattering.
LIR410-g-PEG ~ shows  pronounced
swelling under alkaline conditions,
MA-alt-C1g-g-PEG peaks near pH 8, and
IB-alt-MA-g-PEG exhibits moderate pH
sensitivity. Error bars indicate standard

deviation across replicates.

To resolve the structural origin of the pH-dependent behaviour, IB-alt-MA-g-PEG (2% w/w) was further
examined using SANS at pH 3, 6, 8, and 12. The polymer contains alternating isobutylene and maleic
anhydride units; upon hydrolysis, the anhydride converts to maleic acid, which possesses two carboxylic
groups with pKa values of ~1.9 and ~6.1(126). At low pH, these groups remain largely protonated,
resulting in minimal electrostatic repulsion and favouring compact micellar structures (127, 128).

At intermediate pH, partial ionisation introduces negative charges that expand the micelles. At high pH,
full ionisation produces strong repulsion, leading to micelle swelling and the appearance of secondary
aggregation, consistent with the increase in hydrodynamic size observed by DLS(108). Overall, the DLS
results confirm that IB-alt-MA-g-PEG exhibits moderate but distinct pH-responsive behaviour, driven
primarily by the ionisation dynamics of maleic acid groups. This controlled responsiveness suggests its
suitability for applications operating within physiologically relevant pH windows (126).

Figure 3.5 shows the pH-responsive behavior of maleic acid-functionalised polymers, highlighting their
structural transitions across acidic, neutral, and alkaline environments. At low pH, protonated carboxylic
groups minimize electrostatic repulsion, resulting in compact micelle formation. As pH increases toward
neutrality, partial deprotonation stabilizes the structure, balancing hydrophobic and hydrophilic
interactions. Under alkaline conditions, full deprotonation of maleic acid groups generates negatively
charged carboxylates, inducing electrostatic repulsion and pronounced swelling. These transitions
underpin tunable micelle morphology and responsiveness, critical for controlled release, solubility
modulation, and adaptive material design.
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Fig. 3.5: Schematic illustration of pH-dependent micelle behaviour. At low pH, protonated maleic acid
groups (—COOH) promote compact micelles with minimal electrostatic repulsion. Partial ionisation at
intermediate pH stabilises the structure through a balance of hydrophobic and electrostatic interactions.
At high pH, full ionisation to carboxylate groups (—COO") induces strong repulsion, leading to micelle
swelling and increased particle size(105).

Small-angle neutron scattering (SANS) was employed to examine the structural response of IB-alt-MA-
g-PEG micelles to pH variation. As shown in Figure 3.6, the scattering intensity profiles change
appreciably across pH 3, 6, 9, and 12, demonstrating that ionisation of maleic anhydride-derived groups
strongly influences micellar architecture.

At pH 3, the maleic acid groups are predominantly protonated and hydrophobic, favouring compact
micellar assembly. The broad peak likely originates from correlations within the swollen, hydrated PEG-
rich corona, where Gaussian-like chain fluctuations create diffuse inhomogeneities. Polydispersity in
micelle size and shape smears out expected form factor oscillations (e.g., minima from perfect spheres),
rendering rigid geometric models less effective and making the empirical broad peak approach suitable
for capturing these features(129).

The scattering profiles in Figure 3.6 were fitted using a Two-Lorentzian model, as described in Table 3.5.
This model does not assume a core—shell geometry; rather, it separates the scattering into two
characteristic regimes. The short-range Lorentzian term yields a correlation length (§) associated with
local density fluctuations within polymer-rich domains, while the long-range term captures inter-aggregate
correlations. The Porod exponent extracted from the high-q region reflects the smoothness of the polymer—
solvent interface and the compactness of the scattering objects (4). Although the model does not explicitly
impose a core—shell structure, the combination of a stable short-range correlation length and Porod
exponents approaching 4 suggests the presence of compact internal domains surrounded by more diffuse
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polymer regions. This interpretation is qualitative and consistent with micelle-like assemblies, but it
should not be taken as a direct morphological fit.

Collectively, these pH dependent changes in the SANS curves demonstrate that ionisation state governs
internal organisation and packing density within the aggregates. SANS therefore serves as a crucial
complement to DLS, providing access to nanoscale features such as radius of gyration (Rg), correlation
lengths, and interfacial characteristics, all of which are highly sensitive to electrostatic and hydration
driven rearrangements (105, 108).
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Fig 3.6: SANS intensity profiles of IB-alt-MA-g-PEG (2 %w/w) at pH 3, 6, 9, and 12, plotted as log—log
intensity versus scattering vector Q(A). Each curve represents a distinct pH condition, revealing how
ionisation of maleic anhydride groups modulates aggregation. At pH 3, high and low-q intensity and steep
decay indicate compact micelles with strong interchain correlations. The graph illustrates a significant pH-
dependent structural transition.
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Table 3.5: Summary of SANS fits for IB-alt-MA-g-PEG at different pH values (2 %w/w).

pH | Best model lorentz len 1 | lorentz len 2 | lorentz_exp | lorentz _exp | X?
(A) (A) 1 2

3 Two-Lorentzian | 686.7 +30.4 |4.1+0.2 2.4+0.0 33+04 33

6 Two-Lorentzian | 251.7 £ 8.1 7.2+0.2 2.8+0.0 2.7+0.1 2.1
Length (A) Radius (A) X2

9 solid cylinder 65.7+1.0 6.8+0.1 4.5

12 | solid cylinder 62.6+ 1.1 6.7+0.1 4.7

The Small-Angle Neutron Scattering (SANS) analysis of the IB-alt-MA-g-PEG samples demonstrates a
clear structural transition driven by the pH-dependent ionization of the maleic acid (MA) backbone. The
experimental scattering profiles were fitted using two distinct theoretical frameworks, the Two Lorentzian
model and the solid cylinder model, to accurately reflect the changing mesoscopic organization of the
polymer in solution! *' . 56

At pH 3 and 6, the system exhibits a hierarchical structure best captured by the Two Lorentzian model. In
this regime, the primary length scale (lorentz_length_1) is notably large, reaching 686.7 A at pH 3. This
indicates the presence of large-scale aggregates or clusters, likely formed by hydrogen bonding between
the PEG side chains and the protonated carboxylic acid groups of the IB-alt-MA backbone. The observed
intensity upturn at low values, particularly at pH 3 and 6, is primarily attributed to the formation of these
large-scale aggregates. However, it should be noted that such features can also arise from slight attractive
interactions between polymer chains as the system approaches a phase boundary. Additionally,
considering the relatively large error bars in the low-region for some samples, a potential contribution
from slight under-subtraction of the background during data reduction cannot be entirely ruled out, which
might artificially enhance the scattering intensity at these scales. The secondary, much smaller length scale
(4.1-7.2 A) corresponds to local segment-level fluctuations or the "mesh size" within these larger
domains. As the pH increases to 6, the contraction of the primary length scale to 251.7 A marks the onset
of deprotonation, which introduces electrostatic repulsion! and begins to disrupt tHese massive clusters
(130, 131).

At highly alkaline conditions (pH 9 and 12), the data is most effectively described by the Correlation
Length model. The disappearance of the large-scale Lorentzian component confirms that the aggregates
have dissolved into a more homogeneous, well-solubilised network of expanded polymer chains. The
resulting correlation length of ~9.7 A reflects a uniform distribution of polymer segments in the solvent,
where the ionized backbone provides sufficient charge repulsion to prevent cluster formation. The stability

! SANS Course, Chapter 23: "Scatterihg from Polymers", available at: sciencetopics.net
' NIST Center for Neutron Research, *SANS Model Documentation v4.10", [Online]. Available: www.nist.gov
! https://www.sasview.org/docs/user/rhodels/two_lorentzian.html
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of the Porod and Lorentz exponents in this range further indicates that the network has reached a steady-
state conformation with consistent fractal characteristics(132, 133).

Visually, the SANS figures would show a pronounced high-intensity "upturn™ at low scattering vectors
(g) for acidic pH, which is the signature of the large lorentz_length_1 clusters. At pH 9 and 12, the polymer
no longer forms an amorphous network; instead, it has self-assembled into well-defined cylindrical
structures (likely rod-like micelles). The "Length" of ~65 A and "Radius" of ~6.7 A provide specific
physical dimensions for these carriers.

At highly alkaline conditions (pH 9 and 12), the scattering data is most effectively described by a Cylinder-
Cylinder model. The transition from the Two Lorentzian model used at lower pH to a discrete geometric
model confirms that the disordered aggregates have reorganized into well-defined, elongated cylindrical
micelles. The resulting structures exhibit a consistent length of ~63-66 A and a radius of ~6.7-6.8 A. This
shift indicates that the fully ionized backbone, while providing charge repulsion, does not simply lead to
a homogeneous solution but rather drives the formation of stable, anisotropic assemblies with highly
uniform dimensions.

Implications for drug delivery:

The pH-responsive structural transitions of IB-alt-MA-g-PEG copolymers observed via SANS offer
versatile mechanisms for advanced pharmaceutical applications. These implications extend beyond simple
release, touching on stability, localization, and bioavailability:

e pH-Dependent "Switch" from Aggregates to Rods: The transition from a bulk aggregated state
(Two Lorentzian) to a discrete cylindrical geometry provides a clear structural "switch.” This
morphological change, from large, loose clusters to compact, rigid rods, can be exploited for
precision drug release. Such a transition is ideal for biological trigger points, such as the pH
increase encountered when moving from the acidic environment of the stomach to the alkaline
small intestine(134).

« Dual-Cargo Encapsulation and Protection: The hierarchical architecture at lower pH, containing
both long-range aggregates and local segment fluctuations, can potentially house different types
of therapeutic agents simultaneously(135). Large-scale clusters can sequester hydrophobic drugs,
while the smaller mesh-like regions within the network can protect hydrophilic peptides or proteins
from enzymatic degradation in the gastric environment.

e pH-Dependent "Switch™ from Aggregates to Rods: The transition from a bulk aggregated state
(Two Lorentzian) to a discrete cylindrical geometry provides a clear structural "switch.” This
morphological change, from large, loose clusters to compact, rigid rods, can be exploited for
precision drug release. Such a transition is ideal for biological trigger points, such as the pH
increase encountered when moving from the acidic environment of the stomach to the alkaline
small intestine.
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e Avoidance of "Burst Release™: By forming stable, inter-polymer aggregates in the "off" state
(acidic pH), the system can effectively minimize the common "burst release™ effect where a drug
is released prematurely before reaching the target. The high lorentz_length 1 values indicate a
dense matrix that physically entraps the payload until deprotonation occurs((134).

e Tunable Pharmacokinetics via PEG Grafts: The PEG segments not only facilitate the structural
transition but also provide essential "stealth™ properties, reducing protein adsorption and renal
clearance(136). This extends the systemic circulation time of the nanocarriers, allowing them more
opportunity to accumulate at disease sites through the enhanced permeability and retention (EPR)
effect before the pH-triggered release is activated(137).

MA-alt-Cg £-PEG is an amphiphilic copolymer composed of alternating hydrophobic octadecene units
and reactive maleic anhydride groups, which strongly dictate its pH-dependent behaviour. In aqueous
environments, the anhydride groups hydrolyse to form carboxylic acids.

At low pH, these groups remain protonated, minimising electrostatic repulsion and favouring compact
micelle structures. As pH increases, ionisation of the carboxyl groups introduces negative charges along
the polymer backbone, enhancing electrostatic repulsion, micelle swelling, and larger particle sizes (106)

The DLS data reveal substantial variability (Figure 3.4), particularly at higher pH values. Large standard
deviations and overlapping error margins between pH 6, 8, and 12 suggest that the apparent peak at pH 8
may not be statistically significant. Additional replicates and statistical analysis are required to confirm
whether these changes represent genuine structural transitions or experimental uncertainty.
Mechanistically, the behaviour aligns with the expected pH-triggered ionisation of maleic anhydride
groups:

e Low pH: Protonated carboxyl groups allow hydrophobic interactions to dominate, producing
tightly packed micelles.

e Intermediate pH (~8): Partial ionisation increases hydration and repulsion, leading to micelle
expansion and the observed peak in particle size.

e High pH (=12): Full ionisation generates strong electrostatic forces, which may cause further
swelling or secondary aggregation due to disrupted micelle packing (138).

This pH-responsive  behaviour is consistent with previous studies on poly(maleic
anhydride-alt-1-octadecene), where the degree of ionisation directly influences water retention, particle
dispersion, and micelle morphology (106).

The observed trend reflects the interplay between hydrophobic interactions from the long octadecene
chains and the ionisation of maleic anhydride groups. At low pH, limited ionisation permits hydrophobic
interactions to dominate, yielding compact micelles. As pH rises, hydrolysis and ionisation into
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carboxylate anions introduce electrostatic repulsion and hydration, causing micelles to swell and become
more loosely aggregated. Beyond pH 8, further ionisation may lead to partial disassembly or
rearrangement of micelle structures, explaining the slight reduction in particle size at pH 12 (138, 139).

Such pH-responsive behaviour suggests that MA-alt-Cgs £-PEG can be tuned for controlled drug delivery,
particularly in environments where pH varies, such as the gastrointestinal tract or tumour
microenvironments. The ability to swell or disassemble in response to pH changes could be exploited for
site-specific drug release. Future studies may explore how modifying hydrophobic chain length or
copolymer ratio influences this sensitivity and stability(124, 140).

To further investigate the structural behaviour of MA-alt-Cs -g-PEG under aqueous conditions, small-
angle neutron scattering (SANS) measurements were performed at 5% w/w in DO at 298 K. The resulting
scattering profile, shown in Figure 3.7, was fitted using a poly-micelle model. The fit yielded a radius of
gyration (Rg) of 85.5 A, a core radius of 63.7 A, and an aggregation number of 11.2, indicating moderately
sized micellar assemblies.

Guinier—Porod analysis supported these findings, with a dimensionality parameter consistent with
spherical micelles. The presence of a well-defined core—shell architecture suggests that MA-alt-Cs  ¢-
PEG forms stable aggregates under these conditions, with hydrophobic octadecene segments forming the
core and grafted PEG groups contributing to the hydrated shell.

These structural parameters align with the amphiphilic nature of MA-alt-C g 2-PEG and its pH-responsive
behaviour observed in DLS. The spherical morphology and moderate aggregation number suggest a
balance between hydrophobic packing and electrostatic repulsion, which may be tuned by environmental
pH. This supports MA-alt-Cs 2-PEG’s potential as a responsive carrier system, particularly in
physiological environments where pH fluctuations can modulate micelle stability and drug release
dynamics.

102 4 —— M2 [Ma-2000-5%] F|g37 SANS profile of MA-alt-C18-

Ma-2000-5%

g-PEG (5% w/w in D>0, 310 K).

Experimental data (green points) are
fitted with the poly micelle model (red
line), yielding Rg=85.5A, core
radius=63.7A, and aggregation
number = 11.2.
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To investigate the pH-responsive aggregation of MA-alt-Cs g-PEG, small-angle neutron scattering
(SANS) measurements were also performed at 2 % w/w in D20 across pH 3, 6, 8, and 12 at 298 K. The
alternating hydrophobic octadecene segments and ionisable maleic anhydride-derived carboxyl groups
confer pronounced pH sensitivity: at low pH, protonated carboxyl groups minimise electrostatic repulsion
and promote compact micelle formation; with increasing pH, progressive ionisation enhances hydration
and repulsion, ultimately leading to aggregate swelling or disassembly. In the context of styrene-maleic
acid (SMA) or octadecene-maleic anhydride copolymers, swelling occurs due to a transition in the
polymer's conformation and hydration state as pH increases(141, 142).

Probable reasons of swelling:

e Electrostatic Repulsion: As pH rises above the pKa of the carboxyl groups (~4.5-6.0), the groups
deprotonate to form negatively charged carboxylates (COO™). These fixed negative charges along
the polymer backbone repel each other, forcing the previously compact "hypercoil™ or micelle to
expand and increase its volume.

e Hydrophilicity: The charged carboxylate groups are significantly more hydrophilic than neutral
carboxylic acids, which increases the polymer's affinity for water(143).

The proposed core—shell micellar architecture, with a hydrophobic octadecene-rich core and a hydrated
shell composed of ionised maleic acid and PEG chains, is illustrated schematically in Figure 3.8,
highlighting the expected structural changes with pH.

e-Shell Micelle Schematic (Ma2

Low pH (COOH):

Fig.3.8 Core—shell micelle schematic for MA-alt-
cnmpactmi(@he.Tearer—re

Cis5-g-PEG. The hydrophobic core (octadecene) is
surrounded by a hydrophilic shell of ionised maleic
High pH (C00-): acid groups. Annotated dimensions include core
radius, total radius, radius of gyration, and

swelling via electrostatic

________ aggregation number. pH-dependent behaviour is
illustrated: compact micelles at low pH (COOH) and
swollen structures at high pH (COQO"), consistent
with SANS and DLS findings.

Aggregation number N_agg = 11.2

Previous studies support this behaviour. Salamanca et al. (2018) reported pH-dependent swelling and
rearrangement in MA-alt-Cs ¢-PEG micelles (not grafted like our samples), with particle size peaking
near pH 8 due to partial ionisation (106). Popescu et al. (2014) observed that electrostatic repulsion at
alkaline pH disrupts micelle packing, resulting in smaller, more dispersed aggregates. Technical datasheets
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(Sigma-Aldrich, 2022) also highlight that hydrolysis of maleic anhydride to maleic acid introduces
pH-sensitive carboxyl groups, directly modulating micelle stability and dispersity(105).

This mechanistic understanding complements the core—shell schematic shown in Figure 3.8 and provides
context for the scattering profiles presented in Figure 3.9, which illustrate how micelle structure evolves
with pH.
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Fig 3.9: SANS profiles of MA-alt-Cs g-PEG (2% w/w in D20O) at pH 3, 6, 9, and 12. Experimental data
(coloured markers) and fitted curves (solid lines) reveal pH-dependent changes in scattering intensity and
aggregate structure.

At acidic pH (3), the high low-q intensity and Rg values (of around 100 nm) indicate compact micelles
with strong hydrophobic packing. This agrees with Salamanca et al. (2018), who reported that MA -alt-
Cs £-PEG micelles are most stable and compact under acidic conditions due to protonated maleic acid
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groups. At near-neutral pH (6)' , partial ionisation infroduces electrostatic repulsion, producing
hierarchical domains with multiple correlation lengths, and Salamanca et al. (2018) observed similar
swelling behaviour near pH 8, where micelles expand but remain stable. At alkaline pH (9), full ionisation
reduces interchain attraction, shortening correlation length and dispersing aggregates; Popescu et al.
(2014) described this as a disruption of hydrophobic packing by electrostatic forces, leading to smaller,
less correlated micelles. At strongly alkaline pH (12), repulsion dominates, further shortening & and
flattening the low q profile, while mid q curvature suggests rod-like motifs consistent with semiflexible
chain behaviour (144). Popescu et al. (2014) noted that ionised maleic acid groups destabilise micelles,
producing dispersed or elongated structures (145). Across all pH values, Porod exponents remain ~3.3—
3.6, close to the theoretical value of 4 for smooth interfaces, indicating that while aggregate size and
correlation change with pH, the micelles maintain compact, smooth surfaces, a finding consistent with
several studies (146-149).

Table 3.6: Summary of SANS analysis for MA-alt-Cs 2PEG (2 %w/w) at different pH values.
The applied models for pH 3,6 was fractal core-shell and for pH 9,12 was spherical polymer-micelle.

pH | Fractal Dimension | Correlation Length(A) | Core-shell radius(A) | X2

3 2.8+0.0 78.4+0.3 82+0.1 74.0

6 [29+0.0 53.5+0.2 9.3+0.1 34.0
Nage Rg (A) radius_core(A) X2
34+25 31.1+£3.3 345+1.8 10.5

12 [1.3+2.1 42.5+18.2 37.8+0.8 8.3

The SANS fitting results, summarized in the table, provide strong quantitative evidence for the pH-
responsive structural transition of the MA-alt-Cs g-PEG copolymer. At low pH values (pH 3 and 6), the
material forms large, dense fractal aggregates characterized by a high fractal dimension (approximately
2.8-2.9), indicating a compact structure resulting from the protonated, hydrophobic state of the carboxyl
groups. These aggregates exhibit significant correlation lengths (between 53-78 A). As the pH is increased
to 9 and 12, the system undergoes a profound reorganization: the large aggregates disassemble into
smaller, individual polymer micelles (indicated by the shift in models and much lower X values), driven
by the electrostatic repulsion of the deprotonated carboxylate groups. This transition involves a significant
increase in the individual particle's core radius (from ~9 A in the aggregates to ~35-38 A in the micelles),
a morphological change consistent with the swelling and hydration of the system as water penetrates the
core region(150, 151).

Implications for Drug Delivery

MA-alt-C1g-g-PEG exhibits an unusually sharp, pH-triggered burst disassembly around physiological-to-
alkaline pH, in contrast to the gradual swelling/elongation seen with IB-alt-MA-g-PEG. This makes it an

1 This analysis was performed spécifically for IB-ALT-MA-G-PEG and MA-alt-C1s-g-PEG. While other graft copolymer
(LIR410-g-PEG) was studied in separate experiments, they were not included in this study.
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excellent candidate for oral drug delivery (stable large micelles in gastric acid, rapid release in intestinal
pH > 7) or tumour extracellular pH-triggered release applications.

Dynamic light scattering (DLS) was used to evaluate the pH-responsive behaviour of LIR410-g-PEG at 5
% w/w in deionised water. The hydrodynamic diameter increased progressively with pH: ~228 nm at pH
3,~275 nm at pH 5, ~374 nm at pH 8, and ~856 nm at pH 12 (Figure 3.4).

The compact size observed under acidic conditions reflects protonation of ionisable groups, minimising
electrostatic repulsion and favouring hydrogen-bonded, collapsed structures. As pH rises, deprotonation
introduces negative charges, enhancing hydration and chain repulsion, which drives marked swelling and,
at pH 12, possible secondary aggregation or network formation.

This monotonic, pronounced expansion is characteristic of PEG-grafted polyelectrolytes and is consistent
with literature reports on pH- and thermo-responsive PEG-based micelles and nanogels(107, 108, 125).
The large size change (>3-fold) positions LIR410-g-PEG as a highly sensitive candidate for stimuli-
responsive delivery, particularly in environments exhibiting significant pH gradients such as the
gastrointestinal tract (pH 1-8) or the tumour extracellular space (pH 6.5-7.2). Unlike IB-alt-MA-g-PEG
and MA-alt-Cs ¢-PEG, SANS data were not acquired for this polymer; however, the DLS trend provides
clear evidence of strong pH responsiveness.

The temperature-dependent hydrodynamic diameter of the three graft copolymers was investigated by
DLS over the range 1545 °C (Figure 3.10). Due to differences in solubility and colloidal stability,
measurements were performed at different polymer concentrations: LIR410-g-PEG at 1 % w/w, and IB-
alt-MA-g-PEG and MA-alt-Cs 2PEG at 5 % w/w. Consequently, the comparison below is qualitative
and focuses on general trends rather than absolute values.
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Temperature-Dependent Particle Size of Polymer Formulations
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LIR410-g-PEG (1 % w/w): displayed clear thermoresponsive behaviour, with particle diameter
increasing steadily from 162 + 3 nm at 15 °C to 227 + 10 nm at 45 °C (152). This gradual expansion is
consistent with temperature-induced dehydration of PEG chains and enhanced chain mobility commonly
observed in PEGylated systems (153, 154).

MA-alt-Cis-g-PEG (5 % w/w): showed it is not basically temperature sensitive, with size rising from
244 + 8 nm at 15 °C to 278 £ 7 nm at 45 °C. The increase may reflect partial dehydration of the PEG
corona or secondary aggregation driven by the highly hydrophobic C18 side chains (155).

IB-alt-MA-g-PEG (5 % w/w): exhibited moderately large particle sizes (280-395 nm) with a clear
temperature-dependent trend. The particle size increased steadily from 279.6 nm at 15 °C to a peak of
394.7 nm at 35 °C, followed by a dip at 40 °C and partial recovery at 45 °C. This non-monotonic behaviour
suggests a balance between thermal expansion and possible partial disassembly or reorganisation at higher
temperatures. The observed variation, supported by substantial standard deviations (+11.4 to £50.1 nm),
indicates that the aggregates are structurally responsive rather than rigid. The data imply moderate chain
flexibility and dynamic rearrangement, likely influenced by the alternating backbone and hydrophilic—
hydrophobic balance. These features enhance the formulation’s potential for temperature-triggered drug
delivery, where controlled expansion or dispersion can modulate release kinetics (156).

Overall, LIR410-g-PEG displayed the most pronounced and predictable thermoresponsiveness, whereas
MA-alt-Cgs 2-PEG appeared essentially thermoresistant within the studied range, and IB-alt-MA-g-PEG
showed a moderate temperature-dependent increase in particle size up to 35 °C followed by a decrease
and partial recovery at higher temperatures, indicating intermediate rather than fully thermoresistant
behaviour. These differences highlight the dominant influence of backbone hydrophobicity and graft
architecture on thermal behaviour (155). While the concentration discrepancy precludes direct quantitative
comparison, the trends are sufficiently distinct to guide polymer selection: LIR410-g-PEG for applications
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requiring thermal modulation (e.g., hyperthermia-triggered release), MA-alt-Cs g-PEG for systems
demanding high thermal stability, and IB-alt-MA-g-PEG for cases where an intermediate, partially
temperature-responsive behaviour is advantageous.

Drug Delivery Perspective

From a drug delivery standpoint, LIR410-g-PEG demonstrates the most favourable characteristics,
offering small, stable particles suitable for systemic applications and enhanced permeability and retention
(EPR) effects. In contrast, IB-alt-MA-g-PEG and MA-alt-C1s-g-PEG may be better suited for localised or
depot-based delivery systems, where larger particle sizes and slower release profiles are acceptable.

This study has systematically characterised the self-assembly behaviour of three amphiphilic graft
copolymers, IB-alt-MA-g-PEG, MA-alt-C1s-g-PEG, and LIR410-g-PEG, using dynamic light scattering
(DLS) and small-angle neutron scattering (SANS). The combination of hydrodynamic size data and
detailed model-dependent structural analysis in SasView has revealed distinct concentration-, pH-, and
temperature-responsive profiles, each conferring specific advantages and limitations for drug delivery
applications. (Table 3.6, 3.7)

IB-alt-MA-g-PEG exhibits a sophisticated pH-dependent structural evolution, transitioning from
disordered, multi-scale clusters to discrete cylindrical assemblies. While DLS suggests an increase in
overall hydrodynamic size under alkaline conditions due to the progressive ionisation of maleic acid
groups, SANS analysis reveals a fundamental morphological shift. At pH 3 and 6, the system is
characterised by a Two Lorentzian profile, reflecting internal packing density and long-range correlations
within loose aggregates. However, at pH 9 and 12, the system undergoes a discrete transition to a Cylinder-
Cylinder morphology, forming rigid, rod-like structures with a consistent radius of ~6.7 A and a length of
~65 A. This shift from large-scale aggregates to defined nano-cylinders, combined with high thermal
stability and predictable swelling, makes the polymer highly promising for localised delivery systems.
The ability to trigger a transition into compact, uniform cylindrical units provides a unique mechanism for
sustained release depots, where structural robustness and a defined geometric environment are
advantageous for consistent drug elution.

MA-alt-Cis-g-PEG forms large, compact aggregates under acidic-to-neutral conditions, driven by strong
hydrophobic interactions between C18 side chains. Above pH ~8, these aggregates undergo sharp,
near-catastrophic disassembly, producing a pronounced burst-release profile. This switch-like behaviour
aligns well with oral drug-delivery requirements: stability in gastric acid followed by rapid release in the
more alkaline intestinal environment. Although some batch-to-batch variability is observed in DLS, the
overall pH-triggered transition is robust and reproducible.

LIR410-g-PEG exhibits the most predictable and monotonic pH-responsive swelling of the three systems.
Compact micelles (~160-250 nm) at low pH expand steadily with increasing alkalinity, reaching >800 nm
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at high pH. Despite the absence of SANS data, the DLS results indicate a highly responsive, PEG-rich
architecture capable of large, reversible volume transitions. This behaviour, combined with stable
nanoscale dimensions under acidic and physiological conditions, makes LIR410-g-PEG particularly
attractive for systemic nanomedicine, including prolonged circulation, EPR-mediated tumour
accumulation, and pH-triggered release in acidic tumour or endosomal environments.

Table 3.6: Overview of pH-responsive structural changes in the three copolymers

Polymer Low pH (<6) Intermediate pH | High pH (=10) Most promising
~7-9) application

IB-alt-MA- | Compact core— | Morphological Discrete nano- | Precision depot release

g-PEG shell spheres transition to elongated | cylinders R~ 6.7A , | (pH-triggered rod
units L~65A) formation)

MA-alt- Very large | Onset of disassembly | Near-complete Burst release (oral

Cs =PEG | compact disruption delivery)

aggregates
LIR410-g- | Compact (~230 | Moderate swelling | Extreme swelling | Large volume-
PEG nm) (~370 nm) (>850 nm) transition systems (GI
tract)

Table 3.7: Comparative summary of stimulus-responsive behaviour and drug-delivery implications.

Polymer Typical | pH response Temperature response Primary
size (nm) drug-delivery

implication

IB-alt- 280-395 | Cluster-to-Cylinder | Moderate increase up to | Intermediate

MA-g- transition 35 °C, then partial decrease | responsiveness;

PEG and recovery (intermediate | pH-triggered structural

behaviour) release

MA-alt- 244-278 | Sharp  disassembly | Minimal change (thermally | Oral burst-release

C18-g- above pH ~8 stable) (gastric — intestinal)

PEG

LIR410- 160-250 | Pronounced, Clear, predictable | Systemic

g-PEG reversible swelling expansion nanomedicine, = EPR
effect, tumour targeting
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Future work should incorporate structure-factor modelling and explicit polydispersity in SANS analysis,
complemented by orthogonal techniques such as cryo-TEM, zeta-potential measurements (to quantify
surface charge and address observed stability issues in large aggregates), and in vitro release studies under
physiologically relevant conditions. These refinements will enable precise tailoring of polymer
architecture for specific therapeutic applications, ranging from oral burst-release systems to injectable,
tumour-targeted nanocarriers.
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Chapter 4

Results and Discussion

(Encapsulation of hydrophobic drugs into
core-shell grafted polymer structures)
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This chapter investigates the encapsulation behaviour of two hydrophobic drugs, ibuprofen and
oxaprozin, within self-assembled nanostructures formed by three polymer systems with distinct
architectures: the grafted copolymer IB-alt-MA-g-PEG, the modified amphiphilic polymer MA -alt-
Cs £-PEG, and the PEG-grafted LIR410. Although these systems differ in chemical composition and
branching architecture, all can form core—shell micellar assemblies (except IB-alt-MA-g-PEG) in
aqueous media. Understanding how each polymer’s structural features influence drug loading and
colloidal stability is essential for identifying optimal formulation conditions.

Two complementary formulation strategies were therefore applied:

1. Fixed drug concentration with varying polymer concentration, to determine the minimum
polymer content required for stabilising drug-loaded micelles and to assess how polymer
availability influences particle size and aggregation behaviour.

2. Fixed polymer concentration with varying drug concentration, to identify the maximum drug-
loading capacity of each system and to evaluate dispersion stability as a function of hydrophobic
cargo.

Together, these strategies provide complementary insights: the first defines polymer efficiency in
encapsulating a fixed amount of drug, while the second establishes the upper limits of drug loading. These
results ultimately guide the identification of optimal formulation conditions for producing stable,
reproducible micellar drug-delivery systems.

Ibuprofen and Oxaprozin are both hydrophobic, non-steroidal anti-inflammatory drugs (NSAIDs) of the
propionic acid derivative class; however, their molecular characteristics differ significantly, influencing
their compatibility with polymeric carriers (scheme 4.1, Table 4.1).

e lbuprofen
o Small, compact molecule with a simple aromatic ring and a single carboxylic acid group.
o Facilitates hydrogen bonding and hydrophobic association with amphiphilic polymers.
o Structural simplicity makes it more amenable to encapsulation within polymeric matrices
or micellar systems, enabling formation of particles in the micron or submicron range.
e Oxaprozin
o Bulkier, elongated structure with an extended aromatic system and additional functional
groups.
o Increased steric hindrance and reduced flexibility limit efficient accommodation within
hydrophobic polymer domains.
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o Disrupts packing and self-assembly processes, preventing stable microparticle formation
with LIR410-g-PEG, IB-alt-MA-g-PEG, or MA-alt-C1s-g-PEG.

This structural incompatibility underscores the importance of drug—polymer molecular complementarity
in designing polymer-based drug delivery systems. For example, IB-alt-MA-g-PEG (5% w/w) +
Oxaprozin (0.01% w/w) yielded particles of 1109 + 10 nm, while the same concentration with MA-alt-
Ci18-g-PEG produced 1217 + 68 nm, both significantly larger than those observed with ibuprofen under
similar conditions.

Scheme 4.1 a) Ibuprofen' and b) Oxaprozin® chemical structures.

Table 4.1: Drug—Polymer Compatibility Summary

Drug Molecular Encapsulation Observed Particle | Compatibility with
Features Behaviour Sizes (examples) Polymers

Ibuprofen | Small, Favourable IB-alt-MA-g-PEG High  compatibility;
compact; single | interactions (5% + 0.25% drug): | reproducible
aromatic ring; | (hydrogen bonding, | 363 +28 nm; encapsulation across
one carboxylic | hydrophobic LIR410-g-PEG (5% | IB-alt-MA-g-PEG,
acid group association);  stable | +  0.25%  drug): | MA-alt-Cg -g-PEG,

nanoscale micelles 332+ 17 nm LIR410-g-PEG

Oxaprozin | Bulkier, Steric hindrance | IB-alt-MA-g-PEG Low  compatibility;
elongated; disrupts micelle | (5% + 0.01% drug): | unstable,  oversized
extended packing; poor | 1109+ 10nm; MA- | aggregates with all
aromatic encapsulation alt-Cs  2PEG (5% + | tested polymers
system; efficiency 0.01% drug):
multiple 1217 +£ 68 nm
functional
groups

1 Ibuprofen | 15687-27-1
2 QOxaprozin | 21256-18-8

9
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Overview of the Experimental Conditions

Dynamic Light Scattering (DLS) was employed to monitor the Z-average hydrodynamic diameter of three
polymer systems, I1B-alt-MA-g-PEG, MA-alt-C1s-g-PEG, and LIR410-g-PEG, across controlled ranges of
polymer concentration (0.1-2.0% w/w), ibuprofen concentration (0.1-0.5% w/w), temperature (20-37
°C), and pH (3, 5, 8, 12). Complementary Small-Angle Neutron Scattering (SANS) measurements were
used to characterise nanoscale organisation under varying pH and drug-loading conditions, providing
structural insight beyond the size-only information obtainable from DLS.

Two complementary formulation systems were designed:
System A — Loading Window

Polymer concentration fixed at 5% w/w; ibuprofen varied (0.10-0.75% w/w) to identify the maximum
loading that maintains nanoscale size and acceptable dispersion stability (Table 4.1; Figure 4.2).

System B — Polymer Sufficiency

Ibuprofen fixed at 0.25% w/w; polymer varied (0.1-2.0% w/w) to determine the minimum polymer
concentration required to fully solubilise the drug and form stable assemblies.

Concentration ranges were selected based on pilot screens that yielded the most promising combinations
for size stability and solubilisation. For ibuprofen, the loading window was intentionally chosen to steer
particle sizes into the ~100-300 nm range favoured for systemic circulation and EPR-mediated tumour
accumulation (4, 107).

Drug-Polymer Complementarity (Ibuprofen vs Oxaprozin)

Oxaprozin, owing to its bulkier and more rigid aromatic structure, showed poor compatibility with all
three polymers at screening points. Even at extremely low drug levels (0.01% w/w), large particles were
observed, e.g.:

e IB-alt-MA-g-PEG 5% + oxaprozin 0.01% — 1109 + 10 nm
e MA-alt-Cis-g-PEG 5% + oxaprozin 0.01% — 1217 = 68 nm

These sizes are drastically higher than those obtained with ibuprofen, indicating that oxaprozin disrupts
polymer packing and does not integrate effectively into hydrophobic domains. This contrast highlights the
importance of molecular complementarity for achieving compact, stable nanostructures. Although
definitive proof of core encapsulation typically requires spectroscopy or microscopy, the coherent trends
across DLS size reduction, SANS-derived micellar features, and visual solubilisation support effective
ibuprofen incorporation into the polymeric cores (5).
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Unless otherwise stated, subsequent sections focus on ibuprofen-loaded systems because ibuprofen
demonstrated favourable encapsulation behaviour across all polymers (Table 4.2).

Table 4.2: Effect of Polymers and ibuprofen Concentration on Micelle Size in D20.

Formulation(%ow/w) Particle Size (nm)
IB-alt-MA-g-PEG 2 + drug 0.05 289+ 10
IB-alt-MA-g-PEG 5 + drug 0.1 298 £ 10
IB-alt-MA-g-PEG5 + drug 0.25 363 +28
IB-alt-MA-g-PEG 5 + drug 0.5 537 £ 26
IB-alt-MA-g-PEG 5 + drug 0.75 817 +89
MA-alt-Cis-g-PEG 2 + drug 0.05 839 + 38
MA-alt-C1s-g-PEG 5 + drug 0.1 248 £ 14
MA-alt-C1s-g-PEG 5 + drug 0.25 290 £ 15
MA-alt-Cis-g-PEG 5 + drug 0.5 422+ 25
MA-alt-C1s-g-PEG 5 + drug 0.75 304 + 94
LIR410-g-PEG 2 + drug 0.05 201 +8
LIR410-g-PEG 5 + drug 0.1 360 + 26
LIR410-g-PEG 5 + drug 0.25 332+ 17
LIR410-g-PEG 5 + drug 0.5 334+7
LIR410-g-PEG 5 + drug 0.75 354 + 15

Screening at 2% w/w polymer

The 2% data emphasise the importance of polymer sufficiency for effective micelle formation:

e« MA-alt-Cis-g-PEG 2% w/w + 0.05%w/w ibuprofen produced very large particles (839 + 38
nm), indicating inadequate polymer content to stabilise compact micelles.

e IB-alt-MA-g-PEG 2% w/w+ 0.05% w/w ibuprofen produced 289 + 10 nm, showing more
efficient micelle formation.

e LIR410-g-PEG 2% w/w + 0.05% w/w ibuprofen yielded the smallest size (201 £ 8 nm),
consistent with strong steric stabilisation from PEG grafts and its ability to maintain nanoscale
structure even at low polymer levels.

These results provide early evidence that LIR410-g-PEG is the most robust system under polymer-limited
conditions, whereas MA-alt-C1g-g-PEG requires higher polymer content to produce stable nanostructures.
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To quantify the influence of drug loading on micelle formation, ibuprofen concentration was
systematically increased while polymer content was maintained at 5% w/w for all three grafted polymer
systems. This design isolates the effect of drug incorporation from polymer sufficiency, allowing
identification of the maximum ibuprofen loading compatible with stable nanoscale assemblies.

Maintaining particle diameters within the 100400 nm window is widely considered optimal for systemic
administration, ensuring favourable circulation half-life, reduced risk of uptake by the mononuclear
phagocyte system, and effective EPR-mediated accumulation in tumour tissue (4, 107). Deviations beyond
this range typically reflect overloaded micellar cores, partial aggregation, or compromised shell integrity.

Across all three polymers, DLS data (Table 4.2; Figure 4.1) showed a clear loading-dependent increase in
hydrodynamic diameter, consistent with progressive incorporation of ibuprofen into the hydrophobic core.
However, the polymers exhibited distinct tolerances to increased drug concentration.

« IB-alt-MA-g-PEG displayed a steady diameter increase from 298 + 10 nm at 0.10% wi/w drug to 537 +
26 nm at 0.50% w/w, and further to 817 £ 89 nm at 0.75% w/w, indicating that beyond 0.25-0.50% w/w
the system approaches its structural limit and begins to lose colloidal compactness.

* MA-alt-Cis-g-PEG maintained nanoscale size up to 0.25% w/w (290 = 15 nm) but showed less
predictable growth at higher loadings, suggesting a narrower encapsulation window and greater sensitivity
to core-swelling effects.

» LIR410-g-PEG showed the highest resistance to ibuprofen-induced expansion: sizes remained within
330-360 nm across the full 0.10-0.75% w/w range, reflecting the strong steric stabilisation provided by
its PEG corona and more efficient spatial accommodation of hydrophobic cargo.

Overall, these results indicate that while ibuprofen successfully integrates into the micellar cores of all
three systems, the degree of structural tolerance is polymer dependent. LIR410-g-PEG supports the
broadest loading range without excessive size inflation, whereas 1B-alt-MA-g-PEG and MA-alt-C1s-g-
PEG exhibit more defined upper thresholds beyond which micelles become increasingly swollen or
potentially unstable. These DLS trends align with SANS-derived structural parameters (Sections 4.2—4.3),
reinforcing that micellar swelling with increasing drug concentration corresponds to genuine core loading
rather than aggregation artefacts.
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Particle Size vs Ibuprofen Concentration (5% w/w polymer, D,0)
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In the IB-alt-MA-g-PEG 5% w/w formulation, the particle size at 0.10% w/w ibuprofen was ~260 nm,
suggesting efficient incorporation of drug molecules into the hydrophobic cores and tighter packing of the
micelle structure. This compaction is consistent with favourable Gibbs free energy of solubilisation, where
enthalpy gain from drug—core interactions outweigh entropic (4-6, 105) . At 0.25% w/w, the size increased
to 323 nm, consistent with partial saturation of the cores and drug partitioning closer to the interfacial
region. At 0.50% w/w, a sharp increase to 431 nm was observed, which may indicate the onset of
aggregation or micelle fusion as the optimal drug-to-polymer ratio was exceeded. Comparable transitions
in micelle morphology at high drug loading have been reported in polymeric micelle systems (157-159).

At 0.50 % w/w ibuprofen, the sharp increase in particle size may reflect a transition in micelle behaviour,
potentially due to saturation of the hydrophobic core and changes in inter-micellar interactions. As drug
loading exceeds the optimal drug-to-surfactant ratio, excess ibuprofen may localise near the micelle
interface, disrupting surfactant packing and increasing hydrodynamic diameter. While this could suggest
the onset of aggregation or micelle fusion, such conclusions require further evidence beyond DLS alone.
Similar trends have been reported in polymeric micelle systems, where high drug loading alters corona
hydration and micelle morphology (158, 159). This behaviour highlights the concentration-dependent
swelling of IB-alt-MA-g-PEG micelles and suggests that systemic suitability is limited to lower drug
loadings.

For MA-alt-Cs g-PEG 5% w/w, the baseline particle size at 0.10% w/w ibuprofen was around 221 nm,
indicating a critical concentration at which ibuprofen promotes micelle formation or disrupts aggregation.
At 0.25% w/w, particle size increased to approximately 245 nm, reflecting partial re-expansion of the
micelles. Beyond this point, particle size rose further, reaching roughly 350 nm at 0.50% w/w, with large
error bars reflecting variability and poor reproducibility. This non-linear behaviour is consistent with
reports of amphiphilic copolymers exhibiting unstable packing and re-aggregation at higher drug loads
(159).
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Overall, the data show that only IB-alt-MA-g-PEG exhibits pronounced concentration-dependent swelling
and instability, whereas MA-alt-Cs g-PEG and LIR410-g-PEG remain structurally stable across all
ibuprofen concentrations tested.

In contrast, LIR410-g-PEG 5% w/w displayed a stable and narrow size profile across drug concentrations.
The formulation measured ~318 nm at 0.10% w/w, decreased to ~298 nm at 0.25% w/w, and rebounded
slightly to ~305nm at 0.50% w/w. These modest changes suggest that PEG chains provide steric
stabilisation, limiting structural disruption even as drug loading increases. Notably, the coefficient of
variation was lowest at 0.50% w/w, indicating a more uniform dispersion at higher loading. This
consistency aligns with previous findings that PEG grafting enhances dispersion stability and
reproducibility in micellar systems (5, 158). Moderate ibuprofen loading (0.25-0.5% w/w) therefore
produced smaller and more uniform particles than the drug-free baseline, positioning LIR410-g-PEG as
the most reliable carrier among the three systems.

Taken together, IB-alt-MA-g-PEG shows compaction at low drug load but rapid swelling beyond 0.25%,
MA-alt-Cs £-PEG exhibits highly variable behaviour with only transient stability, and LIR410-g-PEG
maintains a consistent nanoscale profile across concentrations. These findings reinforce LIR410-g-PEG
as the most promising candidate for systemic delivery, where reproducible particle size within the 200—
400 nm range is critical for circulation stability and EPR-based targeting (4, 107).

Dynamic Light Scattering (DLS) Z-average values are intensity-weighted and therefore highly sensitive
to small populations of large species. As a result, DLS alone cannot provide definitive structural
information. For rigorous claims, DLS should be paired with complementary parameters such as the
polydispersity index (PDI) and C-potential, while morphology should be validated using techniques such
as Small-Angle Neutron Scattering (SANS), Size-Exclusion Chromatography (SEC), or cryo-TEM (Table
4.3). Furthermore, mapping the critical micelle concentration (CMC), encapsulation efficiency, and drug
release kinetics is essential to establish causal links between drug loading, micelle structure, and
in-vitro/in-vivo performance (99, 159).

Table 4.3: Complementary techniques for validating micelle characterisation and performance

Technique Clarifies

DLS (Z-average, PDI, | Size distribution, polydispersity, surface charge stability

C-potential)

SANS /SEC Micelle morphology, aggregation state, and structural uniformity

Cryo-TEM Direct visualisation of micelle shape and size

CMC mapping Threshold for micelle formation and drug loading capacity

Encapsulation efficiency Drug incorporation effectiveness

Release kinetics Correlation between micelle structure and in-vitro/in-vivo
performance
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Understanding how polymer and ibuprofen concentrations influence nanoscale structure is essential for
optimising micelle-based delivery systems. Variations in concentration can modify micelle formation,
drug encapsulation, aggregation number, and colloidal stability. To assess these effects, SANS was used
to examine structural changes in IB-alt-MA-g-PEG, MA-alt-Cs g-PEG, and LIR410 micelles at different
drug loadings. Particular focus was given to changes in low-q scattering, core radius, and indications of
clustering, as these parameters directly relate to drug incorporation and potential release behaviour.

IB-alt-MA-g-PEG (5% w/w) with Increasing Ibuprofen Concentration

SANS analysis was used to examine how ibuprofen incorporation modifies the micellar architecture of
IB-alt-MA-g-PEG at 5% w/w in D20 at 37 °C. IB-alt-MA-g-PEG, forms amphiphilic assemblies due to
its hydrophobic isobutylene segments and ionisable maleic anhydride groups grafted with hydrophilic
PEG chains (Sigma Aldrich, 2022; ChemicalBook, 2025). Previous studies have shown that maleic
anhydride-based copolymers can accommodate ibuprofen via hydrophobic partitioning, thereby altering
micelle size and aggregation behaviour (100).

At 5% w/w polymer, drug-free IB-alt-MA-g-PEG generates compact micelles with smooth interfaces,
evidenced by Porod exponents close to 4. Upon ibuprofen addition (Figure 4.4), a substantial increase in
low-q intensity is observed, most prominently at 0.1% w/w ibuprofen, where I (q = 0.004 A") increases
from ~150 to ~256 cm™. This rise indicates the formation of larger aggregates or weakly clustered
micelles, consistent with hydrophobic interactions that enhance aggregation number.

The mid- and high-q regions (I (q = 0.010 A") = 13.5-14.5 cm™") remain nearly identical across all drug
loadings. This stability demonstrates that local chain conformation and surface smoothness are not
disrupted by ibuprofen incorporation. Porod exponents of 3.3-3.6 further confirm the persistence of
compact micelles, aligning with observations by Jin et al. (2019), who reported size enlargement without
changes to surface character in similar copolymer systems.

A notable feature of IB-alt-MA-g-PEG is its non-monotonic clustering behaviour. The most pronounced
low-q increase occurs at 0.1% w/w ibuprofen; at higher loadings (0.25-0.5%w/w), low-q intensity
decreases slightly (to ~214-235 cm™). This suggests a threshold effect: small amounts of ibuprofen may
bridge or associate multiple micelles, while higher drug loadings distribute more uniformly among cores,
reducing cluster formation. Similar non-linear loading effects have been reported in amphiphilic
copolymers with hydrophobic drug incorporation.

Across all drug concentrations, Two-Lorentzian model indicates the emergence of weak hierarchical
clustering while preserving micelle integrity. These observations are consistent with previous studies
reporting that maleic anhydride copolymers maintain their micellar framework while tuning aggregate
size in response to additives or pH (105, 106).
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Figure 4.4 presents the corresponding SANS profiles. The pronounced increase in low-q scattering at
0.1%w/w ibuprofen highlights enhanced clustering, while the overlapping mid- and high-q regions
confirm structural stability at the micellar level. These profiles support the model selection and structural
interpretation described above and reinforce literature reports of drug-induced aggregation behaviour in
maleic anhydride copolymers.
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Fig.4.4: SANS intensity profiles of IB-alt-MA-g-PEG (5% w/w) at 37 °C with increasing ibuprofen
concentrations (0—0.5% w/w). Experimental data (markers) and fitted model curves (lines) are shown.
Low-q intensity rises most at 0.1% w/w, indicating weak micelle clustering, while mid- and high-q regions
remain consistent, confirming preserved micelle interface character.
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Table 4.4: Comparative SANS observables for IB-alt-MA-g-PEG (5% w/w, 37 °C) with varying
ibuprofen concentrations(%w/w). The applied model is Two-Lorentzian model.

Ibuprofen | Lorentz length1(A) | Lorentz length2(A) | Lorentz expl | Lorentz exp2 |

0.00 462.5 +20.2 7.7+0.1 2.7+0.00 2.4+0.03 1.4
0.1 272.7+£5.5 79.2+79 3.8+0.03 1.5+0.01 8.7
0.25 2245+2.7 49.7+£29 3.8+0.02 1.5+0.01 7.8
0.5 232.5+3.0 50.7+29 3.8+0.02 1.5+0.01 8.0

Summary of Suggested Morphology:

Because the exponents change from 2.7/2.4 (likely a loose, network-like structure) to 3.8/1.5 upon adding
Ibuprofen, it can be concluded: Phase Separation/Aggregation: The shift to 3.8 suggests the Ibuprofen is
causing the formation of particles with distinct, sharp surfaces (rather than a diffuse network). Elongation:
The shift to 1.5 suggests these particles or the network segments between them are becoming more rod-
like or elongated{Cao, 2022 #2}* . !

Effect of Ibuprofen Concentration on MA-alt-Cis-g-PEG Micelle Architecture (SANS)

MA-alt-Cgs £-PEG is an amphiphilic alternating copolymer composed of hydrophobic octadecene units
and ionisable maleic anhydride groups, which hydrolyse to maleic acid in aqueous solution. This dual
character enables micelle formation and pH-responsive behaviour, making MA-alt-Cs <PEG a
promising candidate for drug delivery systems (105, 106). Previous studies (145, 160-164)have shown
that ibuprofen can partition into hydrophobic domains of maleic anhydride copolymers, altering micelle
size and aggregation number.

The mid- and high-q regions (I (q=0.010 A™') ~55-78 cm™) remain largely unchanged across all drug
loadings, confirming preservation of local chain conformation and interface smoothness. Porod exponents
near 3—4 further support the presence of compact micelles with smooth surfaces, consistent with reports
showing that ibuprofen alters micelle size but not surface character in dual-responsive copolymer
nanoparticles (100).

Unlike IB-alt-MA-g-PEG, where clustering peaked at 0.1% w/w ibuprofen, MA-alt-Cs ¢-PEG exhibits a
more monotonic increase in low-q intensity with drug concentration. This suggests that MA-alt-Cg ¢-

2 https://doi.org/10.1016/j.matdes.2022.110583
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PEG micelles can accommodate higher drug loadings without destabilisation, in agreement with
Salamanca et al. (2018), who reported pH-dependent swelling and rearrangement, and Popescu et al.
(2014), who highlighted the stabilising role of electrostatic repulsion in aggregate dispersion.

Figure 4.5 shows the SANS intensity profiles of MA-alt-C18-g-PEG (5% w/w) at 37 °C with increasing
ibuprofen concentrations (0—0.5% w/w). Visually, all curves for the different drug loadings are nearly
superimposed. All samples display the characteristic decrease in scattering intensity with increasing Q,
which is consistent with hierarchical micellar or poly-micellar structures. Compared with the drug-free
polymer, the ibuprofen-loaded formulations exhibit only negligible visual differences in low-Q intensity.
This observation suggests that the addition of ibuprofen does not drastically alter the overall scattering
behaviour or structural length scales of the system within this concentration range. The curves largely
overlap across all Q regions, indicating that the internal micellar conformation remains largely consistent
across all ibuprofen loadings.
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Fig.4.5: SANS intensity profiles of MA-alt-Cs g-PEG (5% w/w) at 37 °C with increasing ibuprofen
concentrations (0—0.5% w/w). Experimental data (markers) and fitted model curves (lines) are shown. A
progressive increase in low-q intensity is observed with drug loading, consistent with the presence of

larger-scale structures or enhanced micelle association, while mid- and high-q regions show minimal
change.
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Subtle slope changes in the mid-Q region at higher drug loadings imply the development of denser
domains, while the High-Q region remains largely unchanged, indicating that local chain conformation is
unaffected by ibuprofen. These observations align with the poly-micelle model fits (Table 4.5), which
provide quantitative insight into structural transitions.

Table 4.5: Comparative SANS observables for MA-alt-Cs g-PEG (5% w/w, 37 °C) with varying
ibuprofen concentrations(%w/w). The applied model for this data set is Ploymer micelle from Sphere.

Ibuprofen Radius_core(A) Rg(A) n_aggreg x2
0.00 63.7+0.2 854+0.3 11.2+0.1 20.7
0.10 63.7+0.2 85.3+0.48 11.2+0.5 21.7
0.25 47.1£0.9 74.8 £ 8.2 21.0+£438 8.5
0.50 62.6 0.2 94.4+04 145+0.3 25.7

In the absence of ibuprofen, MA-alt-Cs £-PEG micelles exhibit a core radius of approximately 63.7 A
and an aggregation number of ~11, characteristic of small, stable aggregates with smooth interfaces. At
0.1% w/w ibuprofen, both the core radius and aggregation number remain nearly unchanged, and no
substantial increase in low-q intensity is observed. This indicates that micelle architecture is effectively
preserved at low drug loading, consistent with reports that maleic anhydride copolymers can accommodate
small amounts of hydrophobic drug without major structural disruption.

A pronounced transition occurs at 0.25% w/w ibuprofen, where the core radius decreases to ~47 A while
the aggregation number almost doubles (~21). This points to significant micellar reorganisation, likely
involving the formation of more numerous, smaller micelles or partial fragmentation of larger aggregates.
The corresponding SANS profile shows a clear enhancement in low-q intensity, supporting the
interpretation that ibuprofen loading drives redistribution of hydrophobic domains within the polymer and
promotes a higher aggregation number, in agreement with observations in dual-responsive copolymer
systems.

At the highest concentration examined (0.5% w/w), the core radius increases again to ~62.6 A, while the
aggregation number remains elevated (~14) and the radius of gyration rises notably to ~94 A. These
changes point to the formation of larger, loosely associated clusters, accompanied by a marked low-q
upturn in the scattering profile. Such behaviour indicates that high ibuprofen loading promotes partial
inter-micelle association, potentially enhancing colloidal stability but also suggesting a denser network
that may slow subsequent drug release.
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Taken together, these results demonstrate that MA-alt-Cs £-PEG micelles undergo a concentration-
dependent structural response to ibuprofen loading. Moderate drug levels (0.25% w/w) induce substantial
micellar restructuring that enhances drug accommodation by increasing the aggregation number and
decreasing core size. Higher loading (0.5% w/w) triggers partial clustering, which may stabilise the
micellar network but could compromise release efficiency. This dual behaviour highlights the need to
optimise drug-to-polymer ratios to balance encapsulation capacity with desirable release profiles in MA-
alt-Cs 2PEG-based delivery systems.

Effect of Ibuprofen Concentration on LIR410-g-PEG Micelle Architecture (SANS)

In Figure 4.6, shape-predicting analysis is shown for LIR410-g-PEG 2%w/w in deuterated D O and
5%w/w in D OAs previously, first trying to find the most probable model by applying Guinier-Porod
with Rg = 13.1A, s = 0.23 and porod-exp = 1.6, which suggested the sphere category. Again, for this
polymer, some of the auto-fitting values, such as sld-core, were not meaningful. Therefore, by using the
Multimodal option, it could be possible to mix different models that, for this study, polymer-micelle and
Guinier were mixed (Figure 4.6). The polymer micelle model explains the mid-Q region (core—corona
structure), and the Guinier term accounts for the low-Q upturn (large-scale clustering or intermicellar
associations).
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Fig.4.6: a) poly-micelle model, b) Guinier-poly _micelle multiply model.

Poly (ethylene glycol)-based amphiphilic such as LIR410-g-PEG are widely employed in drug-delivery
applications due to their hydrophilic PEG corona, steric stabilisation, and ability to form micellar
structures with hydrophobic cores. PEGylation is well recognised for enhancing colloidal stability,
suppressing protein adsorption, and prolonging circulation time, making these systems attractive carriers
for hydrophobic drugs such as ibuprofen. To assess whether ibuprofen loading alters the structural
organisation of LIR410-g-PEG micelles, SANS measurements were performed on 5% w/w polymer
solutions in D20 at 37 °C with ibuprofen concentrations of 0%, 0.1%, 0.25%, and 0.5% w/w.
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To quantify the effect of ibuprofen loading on LIR410-g-PEG micelle structure, SANS observables were
compared across ibuprofen concentrations of 0-0.5% w/w at a fixed polymer level of 5% w/w. The key
parameters summarised in Table 4.6 provide initial insight into changes in aggregate size, micelle stability,
and the emergence of clustering behaviour.

The Low-Q intensity (I (q = 0.004 A")) increases sharply upon ibuprofen addition, rising from ~948 cm™
in the drug-free sample to over 1170 cm™ at 0.1% w/w. This indicates the formation of larger aggregates
or enhanced micelle—micelle association driven by hydrophobic drug loading. Although the intensity
decreases slightly at higher drug levels (0.25-0.5% w/w), it remains well above the drug-free baseline,
confirming persistent clustering behaviour (Figure 4.7).

In contrast, the mid-Q region (I (q = 0.010 A™")) shows only modest changes across all concentrations,
suggesting that local chain conformation and corona structure are largely preserved. The High-Q overlap
further supports the stability of the PEG corona and indicates that ibuprofen primarily affects larger-
length-scale organisation rather than local segmental packing.

The shift from a single-level Guinier—Porod model (0% w/w ibuprofen) to a two-level unified model for
all drug-loaded samples reflects the emergence of hierarchical structures and the onset of clustering. This
structural transition is consistent with the formation of larger assemblies while retaining compact micelle
cores.
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Fig.4.7: SANS intensity profiles of LIR410-g-PEG (5% w/w) at 37 °C with increasing ibuprofen
concentrations (0-0.5% w/w). Experimental data (markers) and fitted model curves (lines) are shown.
Low-q intensity remains stable across all drug loadings, indicating minimal clustering or aggregate
growth. Mid- and high-q regions exhibit consistent slopes, confirming preserved micelle interface
character and local chain conformation.

Atlow Q, the scattering intensity increases progressively with ibuprofen content, indicating the formation
of larger aggregates or extended structures as drug loading rises. The strong upturn observed at 0.5% w/w
ibuprofen is particularly indicative of weak inter-micellar clustering or loose network formation, a feature
often associated with altered diffusion pathways and slower drug release (106).

In the mid-Q region, samples containing 0.25% and 0.5% w/w ibuprofen show a subtle change in slope,
suggesting a transition toward denser or more compact internal domains. By contrast, the High-Q region
overlaps closely for all samples, confirming that the local chain conformation and PEG corona structure
remain largely unaffected by hydrophobic loading. This stability reflects the well-known steric resilience
of PEG-based coronas, which maintain interface integrity even in the presence of core-modifying
additives (158). To quantify the structural transitions observed in the scattering profiles, the poly-micelle—
Guinier model was applied to LIR410-g-PEG systems at 5% w/w and 37 °C (Table 4.6).
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The poly-micelle—Guinier hybrid model, which includes a core—corona form factor and a Guinier term for
low-Q scattering from weak inter-micellar associations, captures these features (165). In the reported
results, use the Guinier-Porod Rg to describe the "total package" (micelle + drug + PEG) and the Micelle
Core Radius to describe where the Ibuprofen is actually sitting. If the Porod Exponent from GP model
stays near 4, micelles have smooth, distinct surfaces; if it drops toward 2, PEG chains are likely very
swollen and diffuse(166).

Table 4.6: Comparative SANS observables for LIR410-g-PEG (5% w/w, 37 °C) with varying ibuprofen
concentrations(%w/w). The applied model for this data set is polymer-micelle-Guinier. Rg- Guinier is
the total radius of the entire micelle, including the hydrated PEG shell, radius core defines the radius of
the hydrophobic inner region where Ibuprofen is encapsulated, Rg-PEG Corona the radius of gyration of
a single PEG chain attached to the core.

Ibuprofen | Rg- Guinier (A) | radius_core(A) = Rg-PEG Corona(A) n_aggreg 12
0.00 83.6+1.0 121.1£0.6 12.7+0.2 10.8+3.0 2.1
0.10 106.4 £ 3.0 23.0+£34 41.8+14.6 73.2+38.9 19.4
0.25 946+1.1 112.7+£0.3 12.1+0.1 193126 49
0.50 58.3+£0.7 54.2+0.3 18.2+0.3 6.6+1.3 23.5

Core-Corona Relationship: Across the samples, the Rg of the PEG Corona remains relatively small
(12-18A, excluding the unstable 0.10%w/w sample), suggesting that the PEG chains are likely in a
collapsed or "mushroom" conformation rather than an extended "brush" state(167, 168).

Fitting Limitations: The high %2 values at 0.10 and 0.50%w/w confirm that Ibuprofen loading is not
a linear process. The drug likely induces shape transitions (e.g., from spheres to cylinders) or
polydispersity that a simple spherical core model cannot fully capture(169).

Optimal Loading: Based on the ¥ and parameter stability, the 0.25 %w/Ww concentration represents
the most successful incorporation of Ibuprofen into a stable, well-defined micellar structure.

Overview

The SANS datasets for IB-alt-MA-g-PEG, MA-alt-Cs £-PEG, and LIR410-g-PEG at 5% w/w and 37 °C
reveal distinct structural responses to ibuprofen incorporation. While all three polymers exhibit increased
low-Q scattering with drug loading, reflecting enhanced aggregation or clustering, the nature and
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progression of these changes differ significantly between systems. These differences highlight the

influence of backbone chemistry, corona composition, and micelle stability on drug accommodation and

release behaviour (106, 158).

To directly compare the structural consequences of ibuprofen incorporation across the three polymer
systems, the key SANS observables and fitted parameters are summarised

in Table 4.7.

Table 4.7: Comparative Structural Behaviour of three studied polymers in presence of different drug
concentrations.

Polymer | Low-Q Mid-Q High-Q Core radius | Aggregation Interpretation
system | response behaviour | behaviour | trend number trend
IB-alt- | Non-monotonic: | Stable Preserved | Decrease Increase at | Threshold
MA-g- | strongest at | slopes interfaces | then 0.1% w/w, | clustering;
PEG 0.1% w/w ibu, recovery moderate at | depot-like
weaker at 0.25— higher behaviour at
0.5% w/w low drug,
dispersed
micelles at
higher
MA-alt- | Monotonic Slight Preserved | Decrease to | Doubling at | Progressive
Cis-g- increase  with | slope interfaces | 0.25%, 0.25%, elevated | aggregation;
PEG drug loading changes at recovery at | at 0.5% w/w structurally
0.25-0.5% 0.5% w/w tolerant to
W/W higher  drug
loadings
PEG-g- | Unstable Structural | Poorly Sharp Extreme Spike | Non-linear
LIR410 | fluctuations: disruption | defined collapse at|at 0.10(~73), | loading: Initial
Max Rg at 0.10 & | interfaces | 0.10 (23A), | stabilizes at | instability
at 0.10%; | 0.50 (High recovery at | 0.25 (~19) (0.10)
decrease at | Yow/w =) 0.25 (113A) precedes
0.50%w/w optimal drug-
assisted
packing (0.25).
Excess  drug
(0.50) disrupts
micellar
integrity.

These results highlight the importance of tailoring drug-to-polymer ratios to the specific carrier system.
[B-alt-MA-g-PEG requires careful optimisation to avoid non-monotonic clustering and ensure predictable
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release. MA-alt-Cs g-PEG tolerates higher drug loadings with progressive aggregation, favouring
sustained release. LIR410-g-PEG achieves sustained release primarily through micelle population
increases rather than core swelling, maintaining colloidal stability while slowing diffusion.

Varying IB-alt-MA-g-PEG concentrations in the presence of a fixed ibuprofen concentration (DLS)

To investigate the influence of polymer concentration on micelle formation and particle size at a fixed
drug loading, dynamic light scattering (DLS) measurements were performed for IB-alt-MA-g-PEG
systems containing 0.25% w/w ibuprofen and varying polymer concentrations (0.1-2.0% w/w).

As is shown in Figure 4.9, the particle size decreased sharply as IB-alt-MA-g-PEG concentration increased
from 0.1% to 1.0% wi/w, reaching a minimum at 1.0% w/w. This trend is consistent with the progressive
self-assembly of surfactant molecules into micelles as the system approaches the critical micelle
concentration (CMC). Below the CMC, surfactant monomers dominate, and particle size reflects loose
aggregates or uncoated drug cores. As the concentration increases toward and beyond the CMC, micelle
formation becomes more efficient, leading to smaller, more uniform particles.

At concentrations above 1.0% w/w, the particle size stabilises or slightly increases, suggesting saturation
of micelle formation and possible onset of inter-micellar interactions or crowding effects. This behaviour
aligns with previous reports on amphiphilic copolymer systems, where micelle size minimisation occurs
near the CMC? (as is shown in Figure 428), followed by structural reorganisation at higher concentrations
(170).
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Fig 4.8: Surface tension measurements of grafted polymer-brine (undiluted seawater) droplet in air: (a)
grafted PEG onto IB backbone, and (b) grafted PEG onto Octa backbone.

2 The Figure (4.8) prepared by Br. Wafaa Al Shatti, and I applied it hear under her authorization.
https://specific-ikc.uk/wafaa-al-shatty/
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Effect of Polymer Concentration on Particle Size
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Fig.4.9: Effect of polymer concentration on particle size for two amphiphilic systems, highlighting
architecture-dependent aggregation behaviour.

Both polymer systems exhibit concentration-dependent size transitions, though with distinct architectural
signatures. IB-alt-MA-g-PEG displays a clear trend toward an optimal concentration for minimum size at
1.0% w/w; the particle size drops sharply from ~720 nm at 0.25% w/w to ~380 nm at 1.0% w/w. This is
consistent with micelle compaction as the system approaches the critical micelle concentration (CMC),
where improved packing yields more uniform assemblies. At higher concentrations (2.0% w/w), the size
increases to ~470 nm, suggesting post-CMC swelling or emerging inter-micellar interactions.

In contrast, MA-alt-Cs =PEG maintains a relatively stable size profile at lower concentrations, with the
first three data points (0.25% to 1.0% w/w) remaining within error of each other (ranging between ~1050
nm and ~1150 nm). This suggests a plateau in the aggregation state during initial assembly. A notable
decrease to ~590 nm is only observed at 2.0% w/w, indicating that higher polymer content eventually
promotes tighter packing or a transition to more compact structures. These contrasting behaviours
highlight how polymer architecture governs the sensitivity of aggregation dynamics to concentration in
drug delivery systems(158).

As shown in Figure 4.8, the IB-alt-MA-g-PEG formulations exhibit a clear trend where the particle size
reaches a minimum at a specific concentration.

77



o The size initially decreases sharply from approximately 630 nm at 0.25% wi/w to about 150 nm at
1.00% w/w. This initial reduction reflects increasingly efficient micelle formation and surfactant
organization as the polymer concentration increases past the critical aggregation threshold.

e At low concentrations (0.25% and 0.50% w/w), loose aggregates or incomplete micelles likely
dominate, resulting in larger particles and greater polydispersity.

e The size then slightly increases to around 270 nm at 2.00% wi/w. This subtle upturn suggests that
concentrations beyond the optimum (1.00% w/w) may lead to some degree of inter-micellar
association or the formation of larger secondary structures.

The subsequent increase at 2.0% w/w may indicate post-CMC phenomena such as micelle swelling,
inter-micellar interactions, or structural rearrangements due to excess surfactant. These transitions are
commonly observed in amphiphilic copolymer systems and suggest that micelle morphology evolves with
concentration beyond the CMC, though further characterisation (e.g., zeta potential or SANS) would be
needed to confirm the underlying mechanisms(4-6, 83).

Varying IB-alt-MA-g-PEG concentrations in the presence of a fixed ibuprofen concentration
(SANYS)

To assess the influence of polymer concentration on drug-loaded micelles, SANS measurements were
performed for IB-alt-MA-g-PEG at 0.25%, 0.5%, 1%, and 2% w/w in D20 at 37 °C, each containing a
fixed ibuprofen concentration of 0.25% w/w. This design isolates the effect of polymer concentration
while maintaining constant drug loading, thereby clarifying how micelle population, aggregation number,
and clustering evolve under constrained drug-to-polymer ratios. The SANS profiles in Figure 4.10
demonstrate the influence of polymer concentration on the structural organisation of IB-alt-MA-g-PEG
systems containing a fixed ibuprofen concentration (0.25% w/w). All samples exhibit the characteristic
decay in scattering intensity with increasing Q, typical of hierarchical structures in polymeric micellar
systems.

At low Q, the sample with 0.25% w/w polymer shows the highest intensity, indicating the presence of
larger aggregates or more extensive network formation compared to lower concentrations. This trend
reflects increased interparticle correlations as polymer content rises, leading to enhanced scattering at
larger length scales. The progressive increase in I (q=0.004 A™") from 3.73 at 0.25% w/w to 100.0 at 2%
w/w (Table 4.8) quantitatively confirms this clustering behaviour.
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Fig.4.10: Scattering curves show a concentration-dependent effect: low polymer content yields larger
aggregates, while higher concentrations produce smaller, more compact micelles.

In the mid-Q regime, slopes remain broadly similar across concentrations, suggesting that local micelle
interface characteristics are preserved despite changes in aggregate size. At high Q, overlapping profiles
indicate that chain conformation and corona structure remain stable, consistent with PEG-like steric
protection of micelle cores (171). The combined analysis of Figure 4.9 and model fits (M5-M8) reveals
that aggregate shape remains relatively consistent across polymer concentrations, likely Flexible cylinder.
This is supported by smooth mid-Q decay and Porod slopes approaching 3—4, indicative of well-defined
interfaces and compact micellar structures rather than loose networks (158).

As polymer concentration increases from 0.25% to 2% w/w (with ibuprofen fixed at 0.25% w/w), the
low-Q intensity rises markedly, especially at 1% and 2%, suggesting the onset of interparticle correlations
or weak clustering. This behaviour is typical of concentrated polymer solutions, where increased chain
availability promotes micellar association and reduces hydration within aggregates (4-6, 83).

Despite these changes in aggregate size and connectivity, the high-Q region of the scattering curves
converges across all samples. This indicates that the local chain conformation remains largely unaffected
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by polymer concentration, and that the fundamental micelle structure is preserved. The constant ibuprofen
level likely stabilises hydrophobic domains, but its influence appears secondary to polymer concentration
in determining the overall scattering profile.

Table 4.8: Comparative SANS observables for IB-alt-MA-g-PEG at varying polymer
concentrations(%w/w) with fixed ibuprofen (0.25% w/w, 37 °C). Two — Lorentzian and polymer-micelle
models are applied in this table to compare with the previous section.

Polymer Relevant parameters

concentration(% w/w)

Polymer - micelle radius_core(A) | Rg(A) Nagg x?

0.25 198.0+12.2 100.1 £58.1 11.4+£3.7 1.4

0.50 82.6+33 290.7 £22.2 12.8+0.7 2.7

Two-Lorentzian Lorentz Lorentz Lorentz Lorentz X2
length1(A) length2(A) expl exp2

1.00 279.4+£25.9 197.1£2.5 39+0.3 1.5+£0.0 1.8

2.00 285.7+28.9 12691 £ 4.9 41+£03 1.5+0.0 3.0

Structural Interpretation of Parameters
1. Dilute Regime (0.25% — 0.50% w/w): Micellar Assembly
In the lower concentration range, the system is best described by a Polymer-micelle model(172).

o Contraction of the Core: As concentration increases from 0.25% to 0.50%, the radius_core drops
significantly from ~198 A to ~83 A. This suggests that higher polymer density promotes a more
compact, better-defined hydrophobic core.

« Expansion of the Corona: Conversely, the radius of gyration (Rg) nearly triples (100.1 A to 290.7
A). This indicates that while the core tightens, the polymer chains in the corona extend further into
the solvent, likely due to increased steric repulsions between neighbouring chains as the
aggregation number (Nagg) rises slightly from 11.4 to 12.8(173).

2. Semi-Dilute Regime (1.00% — 2.00% w/w): Network Formation

At 1.00% and above, the "micelle” description fails, necessitating a Two-Lorentzian model. This shift
indicates the formation of a complex, interconnected network or a "mesh™ rather than discrete
particles(174).
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o Structural Length Scales: The system exhibits two distinct correlation lengths. Lorentz lengthl
remains relatively stable (~280-285 A), representing the primary mesh size or the distance
between physical crosslinks.

« Large-Scale Heterogeneity: At 2.00%, Lorentz length2 explodes to ~12,691 A. This suggests the
emergence of massive, long-range structural fluctuations or the development of a macroscopic gel-
like matrix.

o Fractal Scaling: The Lorentz expl values (~3.9 to 4.1) are near the Porod limit (4.0), indicating
the presence of structures with very sharp, smooth interfaces. Meanwhile, Lorentz exp2 remains
at 1.5, which is characteristic of Gaussian chains in a theta solvent, suggesting that the "links"
between the large-scale structures remain flexible and polymeric in nature.

3. Model Fitting Quality

The 2 values remain relatively low (1.4 to 3.0), though the increase at 0.50% and 2.00% suggests these
concentrations are near "tipping points” where the chosen models begin to struggle with the increasing
structural complexity of the system.

Varying MA-alt-Cis-g-PEG concentrations in the presence of a fixed ibuprofen concentration (DLS)

In Figure 4.8, particle size changes with increasing MA-alt-Cis-g-PEG concentration in the presence of a fixed
0.25% w/w ibuprofen. Initially, particle size increases from ~1050 nm at 0.25% w/w to ~1150 nm at 0.5% w/w,
suggesting enhanced aggregation and micelle swelling. This behaviour may reflect loose packing of amphiphilic
chains and incomplete shielding of hydrophobic domains, leading to larger, more polydisperse structures.

As MA-alt-Cs g-PEG concentration continues to rise, the particle size decreases steadily, reaching
~600 nm at 2.0% w/w. This downward trend likely indicates a transition from loosely packed aggregates
to more compact micellar structures, driven by improved polymer—drug interactions and saturation of
available hydrophobic sites (Scheme 4.2). The error bars suggest moderate variability, particularly at lower
concentrations, consistent with unstable or transitional morphologies.

These data reflect a concentration-dependent restructuring of the polymer—drug system. Unlike IB-alt-
MA-g-PEG, which shows a clear CMC-driven compaction phase(CMC was observed to be ~1.7 to 3
%wiw) followed by post-CMC swelling, MA-alt-Cs 2-PEG demonstrates initial aggregation before
gradual size reduction(175). This contrast underscores the role of polymer architecture in determining
aggregation dynamics and micelle evolution.

From a drug delivery perspective, IB-alt-MA-g-PEG can achieve sub-400nm sizes at optimal
concentration, but its tendency to swell at high polymer content may limit systemic use. In contrast, MA-
alt-Cs 2-PEG remains above 600nm even at 2.0% w/w, making it less suitable for intravenous
administration but potentially useful for local or sustained-release applications. These findings align with
previous reports on amphiphilic copolymers, where concentration-dependent morphology changes
influence encapsulation efficiency and colloidal stability.
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Scheme 4.2: Conceptual illustration of micelle
morphology evolution with polymer
concentration relative to the CMC. Below CMC:
loose aggregates dominate. Near CMC: compact
micelles form. Above CMC: micelle swelling and
intermicellar interactions emerge, potentially
compromising colloidal stability{Tawfik, 2020
#6}.

Varying MA-alt-Cis-g-PEG concentrations in the presence of a fixed ibuprofen concentration

(SANS)

To investigate the effect of polymer concentration on micellar structure under constant drug loading,
SANS measurements were performed at 0.25%, 0.5%, 1%, and 2% w/w MA-alt-Cs £-PEG in D20 at
37°C, each containing 0.25% w/w ibuprofen. This design isolates the role of polymer content in
modulating micelle population, corona hydration, and interparticle association.
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Fig.4.11: SANS intensity profiles for MA-alt-Cs g-PEG micelles at fixed ibuprofen loading (0.25% w/w)
and varying polymer concentrations (0.25-2% w/w). Increasing polymer content leads to higher low-Q

intensity and model transitions from one-level to two-level fits, indicating progressive clustering and
corona restructuring.

The scattering profiles in Figure 4.11 and the corresponding fit parameters confirm that MA-alt-Cs -
PEG micelles, loaded with 0.25% w/w Ibuprofen, transition from discrete spherical units to a
hierarchically clustered network as polymer concentration increases.
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Table 4.9: Comparative SANS observables for MA-alt-Cs g-PEG at varying polymer concentrations
(%ow/w) with fixed ibuprofen (0.25% w/w, 37 °C).

Polymer | Rg(A) radius_core(A) | n_aggreg | Best model X?
0.25 1243 +£22.6 66.4+72 6.4+2.4 | Poly micelle 8.3
0.5 1243 £22.6 66.4+7.1 6.4+2.5 | Poly micelle 8.3
1 Rg(guinier) | Rg 58.1+0.8 45+0.6 | Poly- 2.5
(corona) micelle guinier
49.7+1.6 |45+0.3
2 245.1+2.1 | 88.1+£2.1 |[40.9+09 10.4+2.3 | Poly- 7.6
micelle guinier

At Low Polymer Concentration (0.25%—0.5%) concentrations, the system is adequately described by a
standard Polymer Micelle model (X?= 8.3). The micelles possess a hydrophobic core radius of 66.4 A and
a small aggregation number ( Nagg~ 6.4). The identical parameters across these two points suggest a stable,
dilute regime where increasing the polymer does not yet force inter-micellar reorganization (176, 177).

The system reaches its most statistically reliable state (X? = 2.5) at 1%w/w concentration when
transitioning to the Hybrid Poly-micelle-Guinier model. The core radius contracts to 49.7 A, and the
aggregation number drops to 4.5. The emergence of the Guinier term (Total Rg = 58.1 A) captures weak
inter-particle associations, while the very small corona Rg (4.5 A) suggests the PEG chains are in a highly
collapsed, "mushroom™ conformation at this concentration (178). At the highest concentration (2 % w/w),
the micelles undergo significant drug-assisted growth and clustering. The aggregation number increases
to 10.4, and the core radius expands to 88.1 A. The massive jump in the Guinier Rg (245.1 A) indicates
that the micelles are no longer isolated but have formed large-scale clusters or a networked structure (171,
179).

The SANS profiles in Figure 4.10 and the corresponding model fits confirm that increasing MA-alt-Cs -
g-PEG concentration (0.25% to 2% w/w) induces a non-linear structural reorganization rather than a
fundamental change in core-shell morphology. At low concentrations (0.25-0.5%), the system maintains
discrete spherical micelles; however, at 1%, the transition to a multi-model Poly-micelle—Guinier model
reveals an optimal structural state with refined core packing (Rg ~50 A) and stabilized associations. At
the highest concentration (2%), the significant increase in Nage and the spike in Guinier Rg (~245 A)
indicate that while the underlying spherical architecture remains intact, the system transitions toward a
hierarchically clustered network. These findings highlight the delicate balance between polymer solvation,
Ibuprofen loading, and inter-particle effects in determining micellar stability and long-range organization.
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IB-alt-MA-g-PEG

SANS analysis confirms the presence of compact, spherical micelles with Porod slopes between 3 and 4,
indicating well-defined interfaces. At a polymer concentration of 0.25% w/w, micelles are small and
discrete, which typically favours rapid drug release. As the concentration increases (0.5-2%), the rise in
Low-Q intensity reflects emergent clustering and inter-particle correlations. The aggregation behaviour is
non-monotonic, peaking at intermediate concentrations before stabilizing, which suggests that release
kinetics in this system are heavily influenced by the competitive balance between micellar stability and
weak clustering.

MA-alt-C1s-g-PEG
This system exhibits a non-linear structural transition best captured by the multi model Poly-micelle—
Guinier model.

e Aggregation and Growth: The aggregation number does not increase linearly; instead, it shifts
from approximately 6.4 at low concentrations to a stabilized state of 4.5 at 1% w/w, before spiking
to 10.4 at 2% w/w due to drug-assisted packing.

« Size Evolution: The Rg (Guinier) peaks at 1% w/w (~138 A) due to optimal hydration and corona
expansion, followed by contraction at 2% w/w (~115 A) caused by crowding-induced compaction.

« Core Stability: The core radius fluctuates (from 66 A to 50 A and eventually 88 A), indicating that
Ibuprofen partitioning is concentration-dependent. At 2% wi/w, the significant jump in both core
size and total Rg (~245 A) signifies the formation of a hierarchically clustered network.

LIR410-g-PEG

DLS data show moderate size redistribution rather than clustering. Hydrodynamic diameters increase with
drug loading, reflecting more chains per micelle, but PEG coronas provide steric stabilisation that prevents
extensive aggregation. Micelles remain discrete even at higher drug loadings, with drug accommodation
occurring via population increase rather than corona expansion or clustering, consistent with PEGylated
micelle behaviour.

To evaluate the impact of environmental pH on micellar stability and particle size, DLS measurements
were performed for ibuprofen-loaded formulations containing 5% w/w polymer and 0.25% w/w ibuprofen
across a pH range of 3—14. This approach enables assessment of colloidal behaviour under physiologically
and pharmaceutically relevant conditions, including acidic, neutral, and alkaline environments. The results
provide insight into how polymer architecture influences pH responsiveness, micelle integrity, and
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potential release dynamics. Figure 4.11 presents the particle size profiles for IB-alt-MA-g-PEG, MA-alt-
Cs £-PEG, and LIR410-g-PEG systems under varying pH conditions.

Effect of pH on Particle Size (Polymer + |Ibuprofen 0.25% w/w)
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Fig.4.12: Effect of pH on particle size for polymer—ibuprofen formulations (0.25% w/w ibuprofen, 5%
w/w polymer). IB-alt-MA-g-PEG shows a significant size increase at pH 14, while MA-alt-C1s-g-PEG
and LIR410-g-PEG maintain stable particle sizes across the pH range, indicating differential pH
sensitivity and colloidal stability.

IB-alt-MA-g-PEG exhibits a notable increase in particle size at pH 14, compared to the relatively stable
sizes of 457 £ 31 nm, 467 + 137 nm, and 403 + 40 nm observed at pH 3, 5, and 9, respectively. This
stability across acidic to near-neutral conditions suggests that limited ionization of the maleic anhydride
groups preserves hydrophobic interactions and prevents excessive swelling. While the data at pH 14
suggests a transition toward larger assemblies, it is acknowledged that additional data points between pH
9 and 14 would be necessary to further clarify and confirm this observed trend. Nonetheless, the current
results provide an initial indication of the system’s sensitivity to highly alkaline environments.

At pH 14, particle size dramatically increased to 1656 + 128.7 nm, suggesting significant aggregation and
structural rearrangement. This behaviour is consistent with the hydrolysis of maleic anhydride units into
maleate salts under strongly alkaline conditions, leading to increased chain ionisation, electrostatic
repulsion, and possible bridging interactions that destabilise the micellar or aggregate structure. The large
size increase may also indicate partial precipitation and formation of loose flocs. The IB polymer system
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is pH-sensitive, remaining relatively stable in acidic and near-neutral environments but undergoing
significant structural changes under highly alkaline conditions. This is important for formulation design,
as extreme pH conditions (e.g., intestinal or cleaning environments) could compromise stability and drug
delivery performance.

MA-alt-Cis-g-PEG maintains relatively stable particle sizes across the pH range, with only minor
fluctuations. This indicates robust micelle formation and tolerance to both acidic and alkaline
environments. The alternating maleic acid—octadecene architecture likely provides pH buffering capacity
and structural resilience, preserving micelle integrity.

At pH 3, limited hydrolysis keeps anhydride groups protonated, preserving hydrophobic interactions but
reducing electrostatic stabilisation. As pH increased to 5 and 8, particle size rose to 366 = 18 nm and 333
+ 15 nm, respectively, with much lower variability. This indicates the formation of more uniform
aggregates, likely due to partial hydrolysis of anhydride groups into carboxylates, introducing moderate
charge repulsion while preserving hydrophobic domains. This balance promotes stable micelle-like
structures.

At pH 12, particle size decreased slightly to 284.4 + 8.8 nm, with the lowest variability. Under strongly
alkaline conditions, extensive hydrolysis of anhydride groups to maleate salts occurs, increasing
hydrophilicity and electrostatic repulsion. This likely leads to more compact, uniform aggregates or partial
disassembly of larger clusters into smaller, stabilised particles.

Unlike IB, which showed dramatic size increase at high pH, the Ma system demonstrates greater
adaptability and stability across the pH range, with no extreme aggregation even under alkaline conditions.
This behaviour is attributed to the amphiphilic nature of Ma, where long hydrophobic octadecyl chains
maintain core integrity, while ionizable anhydride groups modulate surface charge with pH. Such
responsiveness is advantageous for controlled drug delivery, as it suggests Ma-based carriers can maintain
colloidal stability in diverse physiological environments.

LIR410-g-PEG DLS data revealed that LIR410-g-PEG dispersions containing 0.25% w/w ibuprofen
exhibit a non-linear response to pH variation. Under acidic conditions (pH 3—4), particle sizes remained
relatively stable, with the smallest mean size observed at pH 4 (~324 nm). This behaviour suggests that
near this pH the polymer—drug system achieves optimal electrostatic stabilisation, likely due to reduced
ionisation of functional groups, which minimises interparticle repulsion and aggregation (180). At neutral
pH (pH 7), particle size increased significantly to ~401 nm, representing a ~24% enlargement compared
to pH 4. This increase may be attributed to enhanced ionisation of carboxylic groups in the polymer
backbone, leading to greater hydration and swelling of micellar structures, or partial aggregation driven
by charge screening in the presence of counter ions (181). Under strongly alkaline conditions (pH 12),
particle size decreased again to ~340 nm, approaching values like those at acidic pH. This reduction likely
reflects complete ionisation of polymer chains, which promotes electrostatic repulsion and partial
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disassembly of aggregates. However, the higher variability observed at pH 12 indicates reduced structural
stability under these conditions (6).

LIR410-g-PEG is a grafted copolymer of PEG2000, and the PEG chains impart hydrophilicity and steric
stabilisation to the system? . This steric protection Hkely contributes to colloidal stability at extreme pH
values, while the grafted hydrophobic segments enable association with ibuprofen. The observed pH
sensitivity therefore reflects a delicate balance between hydrophobic association and electrostatic
repulsion, strongly influenced by the ionisation state of the polymer backbone. Such behaviour has direct
implications for drug release, as micelle swelling at neutral pH may favour sustained release, while
dispersion under alkaline conditions could accelerate release kinetics (182, 183).

IB-alt-MA-g-PEG 5% w/w + ibuprofen 0.25%w/w (SANS)

To investigate the influence of pH on micellar architecture and drug encapsulation, SANS measurements
were performed on IB-alt-MA-g-PEG formulations containing 5% w/w polymer and 0.25% w/w
ibuprofen across four pH conditions: 3, 5, 8, and 12. These conditions span the protonation states of
carboxylic acid groups (from hydrolyzed maleic anhydride residues), affecting micelle stability, corona
hydration, and interparticle interactions. By applying advanced models including the elliptical cylinder, 2
Lorentzian + polymer-micelle, and cylinder-cylinder approaches, the data enable a detailed interpretation
of pH-dependent structural rearrangements and their implications for drug encapsulation and release(184).

Figure 4.13 presents the SANS intensity profiles of IB-alt-MA-g-PEG formulations containing 5% w/w
polymer and 0.25% w/w ibuprofen across the four pH conditions (3, 5, 8, and 12). These profiles highlight
how scattering behavior evolves with pH, reflecting changes in micelle size, corona hydration, and
interparticle interactions. The low-Q region captures clustering and aggregate formation (prominent at pH
3 and 5), while mid- and high-Q slopes provide insight into micelle compactness and interface definition.
The curves demonstrate non-linear, phase-like transitions that require different analytical models at each
pH.

2 https://www.specialchem.cof/adhesives/product/kuraray-kuraray-lir-410
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Fig.4.13: SANS intensity vs. Q for IB-alt-MA-g-PEG + 0.25% w/w ibuprofen at 5% w/w polymer
concentration under different pH conditions. Symbols represent data points with error bars; lines indicate
model fits where applicable. Data show large aggregates at low pH (high low-Q intensity) transitioning to
smaller, more compact structures at high pH (reduced low-Q scattering).

The small-angle neutron scattering (SANS) data, characterized by the fitting parameters in Table 4.10,
reveal a profound pH-dependent structural evolution of the IB-alt-MA-g-PEG system in the presence of
ibuprofen. Progressive deprotonation of carboxylic acid groups drives a contraction from large, elongated
nanostructures at low pH to much smaller, rigid cylindrical structures at high pH.
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Table 4.10. SANS-derived parameters for IB-alt-MA-g-PEG (5% w/w) with 0.25% w/w ibuprofen across
pH conditions. The applied models for pH 3 was Two-Lorentzian, for pH 5 was multimode from Two-
Lorentzian and polymer-micelle, and finally for pH 8,12 was Cylinder- cylinder.

Model per pH Relevant parameters

elliptical_cylinder radius_minor(A) axis_ratio length(A) x*
pH3 20.0£0.0 1.5+0.0 400.0 £ 0.0 8.2
2lor_polymer_micel radius_core(A) Rg(A) Nagg x*
pH 5 120.5+0.2 10.9+£0.1 445 +£3.1 21.6
Cylinder-Cylinder Length (A) Radius(A) x?
pH 8 1.8+0.9 16.7+0.1 34.9
pH 12 54.1+0.3 7.1+0.03 8.6

At pH 3, the elliptical cylinder model indicates formation of elongated, stable core—shell aggregates
(length 400 A) in the acidic environment, consistent with protonated carboxylic groups favoring
hydrophobic collapse (185). As pH increases to 5, partial ionization leads to swelling (larger core radius
120.5 A, Nagg = 44.5). At pH 8 and especially pH 12, the cylinder-cylinder model provides the best
description, yielding compact cylindrical structures (notably at pH 12: radius 7.1 A, length 54.1 A,
excellent fit x> = 8.6). The poorer fit at pH 8 (%> = 34.9, near-negligible length) suggests a transitional state
before full stabilization of the cylindrical morphology under stronger alkaline conditions.

This overall contraction, from large elliptical cylinders (pH 3) to swollen micelles (pH 5) to small, rigid
cylindrical nano-units (pH 12), demonstrates structural refinement and increased geometric uniformity
with progressive ionization. This behavior contrasts with some carboxylic-acid-based systems that fully
disassemble at high pH (186), but aligns with observations in hydrophobic-backbone graft copolymers
where electrostatic repulsion compacts aggregates into shorter cylinders rather than promoting dispersion
(187).

These structural changes significantly impact drug loading and release. The most favorable state for
incorporating hydrophobic drugs like ibuprofen is at low pH (<6), where stable, compact micelles and
elliptical cylinders provide substantial hydrophobic cores (e.g., large internal volume at pH 3; sizable core
at pH 5). This ensures effective partitioning, protection, and stability in acidic environments (e.g., gastric
conditions).(38,49) At high pH (=8), the shift to small cylinders reduces the available hydrophobic volume
and may alter corona hydration, diminishing sustained loading capacity but enabling faster release kinetics
(e.g., triggered disruption of larger assemblies or altered partitioning in alkaline sites like the intestines or
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tumor microenvironment) (115, 134). Thus, the IB-alt-MA-g-PEG system offers promise as a pH-
responsive delivery vehicle, with optimal loading at low pH and smart triggered release at high pH.

MA-alt-Cis-g-PEG 5% w/w + Ibuprofen 0.25%w/w (SANS)

While DLS highlights overall particle size trends, SANS provides deeper insight into micellar architecture,
confirming how pH modulates core—corona dimensions and clustering behaviour.

The SANS profiles for MA-alt-Cs 2-PEG with 5%w/w polymer and 0.25%w/w ibuprofen across pH
levels 3, 5, 8, and 12 reveal significant structural changes in response to pH variation (Figure 4.14).
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Fig.4.14: SANS intensity profiles for MA-alt-Cs g-PEG micelles (5% w/w polymer, 0.25% w/w
ibuprofen) across pH 3, 5, 8, and 12. The profiles show a progressive shift from compact aggregates at

acidic pH to dispersed micelles under alkaline conditions, with decreasing low-Q intensity and Porod
slopes, consistent with reduced clustering and corona contraction.

91



Table 4.11. SANS-derived parameters for MA-alt-Cg g-PEG (5% w/w) with 0.25% w/w ibuprofen across
pH conditions. The multi model poly-micelle guinier is applied for this dataset.

pH |Porod | Coreradius (A) |Rg(A) Rg corona (A) | Aggregation X2
slope number

3 ~3.9 31.2+0.7 84.3+1.0 | 23.5+1.7 12.4+1.2 4.9

5 ~3.8 30.7+0.6 76.5£1.8 | 24.8£1.5 129 +1.2 3.9

8 ~3.0 28.1+£0.4 126.1+6.5 | 18.2+0.8 46.5+3 .4 2.7

12 ~2.9 27.1+0.3 46.3+14.4 | 18.5+1.6 2.2+0.8 2.1

The SANS profiles of MA-alt-C1s-g-PEG micelles loaded with ibuprofen reveal a transition from stable,
well-defined spheres to a highly dispersed, low-aggregation state as pH increases. At pH 3 and 5, the
system is characterized by compact, core-shell micelles with core radii of approximately 31 A and sharp
interfaces, evidenced by Porod slopes of ~3.8-3.9 (188, 189). The statistical reliability is high, with chi-
squared values between 3.9 and 4.9, and a steady aggregation number of approximately 12.4-12.9. This
indicates a robust micellar architecture where the ibuprofen is effectively sequestered within the core
(190).

As the pH increases into the alkaline regime, the system undergoes a significant, non-monotonic structural
reorganization. At pH 8, a distinct peak in the total radius of gyration (126.1 A) and a sharp rise in the
aggregation number to 46.5 suggest a transition toward drug-induced clustering or inter-micellar
networking(144, 191). However, by pH 12, the aggregation number collapses to 2.2 and the core radius
reaches its minimum of 27.1 A. While the system reaches its most statistically optimal fit at this stage
(chi-squared of 2.1), it possesses the lowest structural density. The Porod slope further drops to ~2.9,
signalling a shift toward very diffuse, fractal-like interfaces (192). Unlike IB-alt-MA-g-PEG, which
exhibits different morphological shifts, MA-alt-C1s-g-PEG maintains an underlying spherical architecture
across the entire pH range. This adaptability is driven by the long hydrophobic octadecyl chains that
preserve core integrity in acidic media, while the ionization of anhydride groups at higher pH modulates
corona hydration and triggers dispersion (191). Functionally, this ensures robust drug protection and
sustained release in acidic environments, while promoting triggered, rapid release at pH 12 as the micellar
units disassemble into small, highly dispersed aggregates. The PEG coronas maintain colloidal stability
through steric hindrance even as the aggregate population collapses (180, 193).

PEG-g-LIR-410 5%w/w + ibuprofen 0.25%w/w (SANS)

To gain deeper structural insight, SANS was employed to probe the core—corona dimensions, aggregation
number, and interparticle interactions of LIR410-g-PEG micelles loaded with 0.25% w/w ibuprofen across
pH 3—12. The fitted parameters are summarised in Table 4.12, and the corresponding scattering profiles
are presented in Figure 4.15.
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Table 4.12. SANS-derived parameters for LIR410-g-PEG (5% w/w) with 0.25% w/w ibuprofen across
pH conditions. Poly-micelle and Poly-micelle guinier models are applied.

pH | Porod | Core Rg (A) Rg Nagg Interpretation X2
slope | radius corona
A) A)
3 ~3.9 111.2 959 £1.2 | 12.9£1.2 | 18.9+2.4 Compact spherical micelles, | 4.2
+0.4 moderate clustering
5 ~3.8 [99.8+0.1 |229.5+1.7 | - 22.1£0.1 Weak clustering, swollen | 9.3
corona, spherical shape
8 |~3.1 99.7£0.2 | 186.6 - 14.4 £0.2 | Dispersed micelles, reduced | 53.1
+0.1 hydration
12 | ~3.0 |81.1+0.3 |395.449.1 | - 16.3£0.5 | Highly dispersed, small | 13.6
spherical micelles
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Fig.4.15: SANS intensity profiles for LIR410-g-PEG micelles (5% w/w polymer, 0.25% w/w ibuprofen)
across pH 3, 5, 8, and 12. Experimental data (markers) are overlaid with model fits (lines). Low-Q intensity
decreases markedly from acidic to alkaline pH, accompanied by reductions in Porod slope, core radius,
Rg, and aggregation number, indicating a transition from moderately clustered, swollen-corona micelles
to highly dispersed, small spherical micelles.

The SANS fitting results for LIR410-g-PEG micelles loaded with ibuprofen across pH 3—12 reveal a clear

pH-sensitive modulation of micellar organisation while maintaining spherical morphology throughout
(Table 4.12, Figure 4.15).
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Acidic to Neutral Transition (pH 3-5) At pH 3, scattering intensity is highest (~437 cm™) and the system
forms the most statistically reliable and well-defined structures. The Porod slope of ~3.9 confirms a sharp,
smooth interface for these compact spherical micelles (194). As the pH increases to 5, the core radius
slightly contracts (111.2 to 99.8 A), while the Rg more than doubles (to 229.5A)(195). This indicates a
transition from discrete clustering to a state of weak clustering with a significantly swollen corona, likely
driven by the partial deprotonation of the polymer backbone (196).

Alkaline Response (pH 8-12) At higher pH, the system becomes increasingly disordered, as evidenced
by the high chi-squared values reaching up to 53.1. This transition is marked by a drop in the Porod slope
to approximately 3.0-3.1, signalling a shift from smooth, well-defined surfaces to diffuse or fractal-like
interfaces (104). By pH 12, the core radius reduces to its minimum of 81.1 A, while the total radius of
gyration spikes to 395.4 A, indicating significant spatial expansion or long-range fluctuations.
Furthermore, the aggregation number decreases from its peak of 22.1 at pH 5 to 16.3 at pH 12, suggesting
that the micelles are breaking down into smaller, highly dispersed units with long-range spatial
correlations rather than maintaining their original compact aggregate form (197).

Taken together, the SANS data establish a predictable transition from moderately clustered,
swollen-corona micelles under acidic conditions to highly dispersed, small spherical micelles under
alkaline conditions. PEG coronas confer steric stabilisation that preserves spherical architecture and
suppresses clustering even when hydrophobic association is strong, while the ionisation state of the graft
backbone modulates corona hydration and interparticle interactions (198). Functionally, this behaviour
implies greater retention and potentially sustained release in mildly acidic environments, and accelerated
release under alkaline conditions, with pH-robust colloidal stability across physiologically relevant
regimes.

The comparative evaluation of SANS and DLS parameters (Table 4.13) highlights distinct structural
behaviour across the three micellar systems. IB-alt-MA-g-PEG micelles at concentrations between 0.25—
2% w/w exhibit scattering intensities of 190-280 cm™ at pH 3-5, with Porod slopes ~3.8—4.0 and
aggregation numbers ranging from 6-15. These values confirm spherical morphology but reveal
non-monotonic clustering, with weak interparticle correlations that vary with concentration and pH(199).
In contrast, MA-alt-Cs =PEG micelles at 5%w/w concentration show intensities of 105-125 cm™, Porod
slopes ~3.8-3.9, and aggregation numbers between 6—15, reflecting monotonic aggregation behaviour.
Corona expansion is evident at mid pH (~5), followed by compaction under alkaline conditions,
supporting predictable modulation of micellar organisation (182). LIR410-g-PEG micelles, also at 5%
concentration, display higher intensities (242—437 cm™) with Porod slopes ~3.8-3.9 and aggregation
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numbers ~9—16. These results confirm sterically stabilised spherical micelles, with moderate clustering
under acidic conditions and dispersion under alkaline conditions, consistent with PEG-mediated steric
protection (104).

Table 4.13. Summary of SANS/DLS parameters for IB-alt-MA-g-PEG, MA-alt-Cs g-PEG, and LIR410-
g-PEG micelles (5% w/w polymer, 0.25% w/w ibuprofen).

System Porod Core R¢ (A) Aggregation | Shape/Interpretation

slope radius (A) number(Nagg)
IB-alt- ~3.04.1 | ~27-31 ~46-126 | ~2—46 Non-monotonic
MA-g- clustering/network expansion, pH
PEG sensitive
MA-alt- ~2.9-3.9 | ~27-31 ~46-126 | ~2-46 Non-monotonic
Cs ¢ aggregation/dispersion, structurally
PEG tolerant spheres
LIR410- | ~3.8-3.9 | ~80-111 ~96-395 | 14-22 Sterically  stabilised  spherical
g-PEG micelles, moderate clustering at

acidic pH

o IB-alt-MA-g-PEG: extended large elliptical cylinders at low pH give way to swollen micelles at
intermediate pH and then to short rigid cylindrical nanostructures at high pH. Increasing
electrostatic repulsion from ionized carboxylic groups on the maleic anhydride backbone drives
compaction into shorter more uniform cylinders (rather than swelling or full disassembly), while
PEG grafts maintain solubility. This non-monotonic shape evolution (initial swelling followed by
sharp contraction) highlights the system's unique response due to its graft architecture and
hydrophobic isobutylene components.

e MA-alt-Cis-g-PEG: Demonstrates non-monotonic aggregation behavior across both
concentration and pH gradients. The system reaches an optimal structural state at 1% w/w or pH
5, characterized by refined core packing and corona expansion. However, at higher concentrations
(2-5% w/w) or extreme alkaline pH (12), the system undergoes significant reorganization,
transitioning from clustered networks at pH 8 (Nagg~46) to highly dispersed, low-density
aggregates at pH 12 (Nage~ 2)(200).

o LIR410-g-PEG: Maintains a robust spherical morphology across all pH conditions, supported by
strong steric stabilization from PEG coronas. At acidic pH, the system forms the largest and most
well-defined core-shell structures (R_core ~ 111 A). As pH increases, the core contracts while the
total Rg spikes, indicating a shift toward highly dispersed micelles with significant long-range
spatial fluctuations but no irreversible clustering.
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In addition to the intrinsic pH-responsiveness of the polymeric micelles discussed above, the ionisation
behaviour of ibuprofen itself plays a critical role in governing pH-dependent drug release. Ibuprofen is a
weakly acidic non-steroidal anti-inflammatory drug with a reported pKa? of approximately 4.45-5.3 in
aqueous media, depending on solvent composition and ionic strength (201). As a result, changes in
environmental pH strongly modulate the balance between its unionised and ionised forms, directly
affecting its solubility and affinity for hydrophobic micellar domains.

Below its pKa, ibuprofen exists predominantly in the unionised, hydrophobic form, favouring partitioning
into the micellar core through hydrophobic and van der Waals interactions. This promotes efficient
encapsulation and stabilisation within the core—shell assemblies. As the pH increases beyond the pKa,
ibuprofen becomes progressively ionised, leading to increased aqueous solubility and reduced affinity for
the hydrophobic core. This ionisation-driven shift favours diffusion of ibuprofen into the continuous phase
and contributes to enhanced drug release.

Such behaviour has been well documented for weakly acidic drugs in amphiphilic micellar systems. In
Pluronic—drug complexes, Alexander et al. demonstrated that increasing pH beyond the drug pKa resulted
in partial or complete drug release accompanied by reductions in micelle aggregation number and
structural integrity(202). While flurbiprofen was used in that study, the underlying mechanism, pKa-
controlled ionisation of a weakly acidic NSAID, applies directly to ibuprofen and supports the
interpretation of the present results.

Based on the structural trends observed in Chapter 3 and the pH-dependent release behaviour reported
here, three non-mutually exclusive mechanisms can account for the enhanced release of ibuprofen at
higher pH values:

1. Polymer-driven pH sensitivity:

As shown in Chapter 3, ionisation of pendant functional groups within the polymer backbone at
elevated pH leads to increased polymer solvation, micellar swelling, and partial destabilisation,
facilitating drug release through increased permeability or micelle disassembly(180, 188).

2. Ibuprofen ionisation-driven release:

At pH values above the pKa of ibuprofen, ionisation reduces hydrophobic interactions between the
drug and the micellar core, favouring its partitioning into the aqueous phase. This mechanism is
expected to be particularly significant near and above physiological pH(203).

3. Combined polymer and drug effects:

2 National Center for Biotechnofogy Information (2026). PubChem Compound Summary for CID 3672, Ibuprofen, (+-
)-- Retrieved January 23, 2026 from https://pubchem.ncbi.nlm.nih.gov/compound/Ibuprofen.
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The most plausible explanation for the observed behaviour is a synergistic effect in which polymer

pH-responsiveness and ibuprofen ionisation act concurrently. Polymer structural reorganisation
weakens micellar confinement, while ibuprofen ionisation further diminishes drug—polymer affinity,

together producing the pronounced pH-triggered release observed experimentally(204, 205).

Accordingly, the pH-dependent drug release behaviour described in this chapter should be interpreted as

the combined consequence of polymer structural responsiveness and the pKa-controlled ionisation of
ibuprofen. Explicit consideration of ibuprofen’s pKa provides a more rigorous mechanistic framework for
understanding release behaviour and strengthens the relevance of these findings for pH-responsive drug
delivery applications(203, 206, 207).

The comparative analysis highlights distinct release strategies:

IB-alt-MA-g-PEG: is well suited for sustained release in acidic environments and faster release
at alkaline pH. At low pH (3), the large elongated elliptical cylinders (length ~400 A) and
associated aggregates provide a hydrophobic core and tortuous path that slow ibuprofen diffusion,
supporting prolonged/depot-like release in acidic conditions.

At high pH (8-12), the transition to small compact cylinders (radius ~7 A, length ~54 A at pH 12)
reduces hydrophobic domain size and aggregation, enabling accelerated, diffusion-controlled
release in alkaline sites (e.g., intestines).

MA-alt-Cis-g-PEG: Offers highly tuneable, stimulus-responsive release. The non-monotonic
behaviour allows for "triggered" release; specifically, the breakdown of the micellar structure at
pH 12 (Nage collapse to 2.2) promotes rapid drug unloading. Conversely, the stable spherical
architecture at pH 3—5 ensures drug protection and sustained release in mildly acidic physiological
sites.

LIR410-g-PEG: Provides the most stable platform for systemic delivery. The high core volume
at low pH maximizes drug loading capacity, while the steric stabilization ensures the carriers
remain discrete in the bloodstream. The transition to a highly dispersed state at alkaline pH, marked
by a Porod slope drop to ~3.0, suggests a mechanism for accelerated release through diffuse
interfaces in targeted alkaline microenvironments.
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The three grafted polymer systems display markedly different structural behaviours and colloidal
responses when encapsulating ibuprofen, reflecting differences in backbone chemistry, hydrophobic
content, and PEG steric stabilisation.

o IB-alt-MA-g-PEG is a highly pH-sensitive graft copolymer with excellent potential for controlled
drug delivery. SANS data show progressive structural contraction with rising pH: large elongated
elliptical cylinders at low pH (pH 3) resulted swollen micelles at pH 5 and small compact cylinders
at high pH (pH 12). This enables sustained ibuprofen release in acidic environments (large
hydrophobic domains and aggregates) and faster triggered release in alkaline conditions (reduced
core size and aggregation). The system maintains good colloidal stability across pH 3-12, making
it a promising platform for site-specific, pH-responsive nanocarriers.(105, 106, 180, 208).

« MA-alt-Cis-g-PEG tolerates the widest range of drug and polymer concentrations with
progressive (mostly monotonic) structural adaptation — including core contraction and
aggregation number increase at intermediate loadings, followed by partial clustering at the highest
levels. It maintains good colloidal stability across a broad pH range without catastrophic changes,
positioning it as the most promising system for sustained release with higher payload capacity(106,
182, 191).

o LIR410-g-PEG exhibits the highest colloidal robustness. It maintains hydrodynamic diameters in
the 290-360 nm range across the broadest drug-loading window tested and shows only modest
size/pH-induced changes. Strong PEG steric stabilisation minimises uncontrolled aggregation and
polydispersity shifts, making it the preferred candidate for systemic intravenous delivery requiring
reproducible nanoscale size and environmental stability(5, 104, 158).

In summary:

e |B-alt-MA-g-PEG — pH-responsive; suited for triggered or depot release in acidic settings
e MA-alt-C1s-g-PEG — highest concentration & loading tolerance; best for sustained release
o LIR410-g-PEG — most sterically stabilised; optimal for systemic applications

These complementary profiles demonstrate how backbone hydrophobicity, maleic anhydride content,
chain flexibility, and PEG grafting density can be strategically adjusted to target specific administration
routes, release kinetics, and physiological microenvironments. The combination 5% w/w polymer with
0.25% wi/w ibuprofen provides a stable, reproducible baseline for subsequent release, cytotoxicity, and in-
vivo studies.
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Chapter 5

Conclusion and future works
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This research set out to address one of the enduring challenges in pharmaceutical science: the effective
delivery of hydrophobic drugs such as ibuprofen and oxaprozin. Their poor aqueous solubility and variable
bioavailability limit therapeutic performance and complicate formulation. By focusing on amphiphilic
grafted copolymers, IB-alt-MA-G-PEG, MA-alt-C g 2-PEG, and PEG-g-LIR410, this study explored how
polymer architecture, concentration, and environmental conditions shape micelle formation, stability, and
drug-release behaviour.

Through a combination of Dynamic Light Scattering (DLS), Small-Angle Neutron Scattering (SANS),
and complementary spectroscopic analyses, the work provided a detailed picture of how these systems
behave at the nanoscale. DLS offered insight into hydrodynamic diameters and concentration-dependent
size changes, while SANS revealed internal structural parameters such as core radius, radius of gyration,
and aggregation number. Together, these techniques allowed a nuanced comparison of the three polymers
under matched conditions.

The findings demonstrate that each polymer system offers distinct advantages. IB-alt-MA-G-PEG forms
compact, near-spherical aggregates but shows non-monotonic clustering behaviour, with particle sizes
increasing at intermediate concentrations before modest compaction at higher levels. Its moderate pH
sensitivity, combined with an intermediate temperature response, characterised by an increase up to 35 °C
followed by partial reorganisation, suggests suitability for depot-like release applications where slower
diffusion and controlled structural rearrangement are advantageous. MA-alt-Cs g-PEG displayed more
predictable monotonic aggregation, with corona expansion at mildly acidic pH and compaction under
alkaline conditions. Its reproducible shifts in aggregation number support concentration- and pH-tuned
sustained release, making it a versatile candidate for controlled delivery. PEG-g-LIR410 consistently
maintained spherical morphology and steric stabilisation across all conditions. DLS showed a monotonic
decrease in particle size with increasing concentration, while SANS confirmed moderate clustering at
acidic pH and dispersion at alkaline pH. The PEG corona provided steric stabilisation, preventing
excessive aggregation and ensuring colloidal stability, positioning PEG-g-LIR410 as particularly suitable
for systemic delivery.

Taken together, these results confirm that micelle stability, corona hydration, and clustering behaviour are
tightly coupled to drug-release kinetics. More broadly, they highlight how polymer design—balancing
hydrophobic and hydrophilic segments, controlling corona chemistry, and introducing PEGylation—can
be strategically leveraged to tailor micelle carriers for specific therapeutic contexts. IB-alt-MA-G-PEG is
most appropriate for local depot release, MA-alt-Cs -g-PEG for sustained release tuned by concentration
and pH, and PEG-g-LIR410 for robust systemic delivery.

Overall, LIR410-g-PEG displayed the most pronounced and predictable thermoresponsiveness,
MA-alt-Cs 2-PEG remained essentially thermoresistant within the studied range, and IB-alt-MA-g-PEG
showed intermediate behaviour with a temperature-dependent increase up to 35 °C followed by partial
recovery at higher temperatures. These differences highlight the dominant influence of backbone
hydrophobicity and graft architecture on thermal behaviour. While the concentration discrepancy
precludes direct quantitative comparison, the trends are sufficiently distinct to guide polymer selection:
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LIR410-g-PEG for applications requiring thermal modulation, MA-alt-Cg g-PEG for systems demanding
high thermal stability, and IB-alt-MA-g-PEG for cases where an intermediate, partially
temperature-responsive behaviour is advantageous.

5.1 Limitations and Outlook

While this study has provided valuable insights into the aggregation behaviour and drug-delivery potential
of IB-alt-MA-G-PEG, MA-alt-Cs g-PEG, and LIR410-g-PEG micelles, several limitations should be
acknowledged. First, the work relied primarily on in vitro scattering techniques (DLS and SANS), which,
although powerful for structural characterisation, cannot fully replicate the complexity of biological
environments. The absence of drug-release kinetics experiments means that the structural behaviours
observed here were interpreted as proxies for release potential rather than being directly validated against
release profiles. Similarly, in vivo pharmacokinetic and biodistribution studies were beyond the scope of
this thesis, limiting the ability to confirm how pH- and concentration-dependent behaviours translate into
therapeutic outcomes.

Another limitation lies in the variability of DLS measurements, particularly for MA-alt-Cs -g-PEG, where
large error bars indicate inconsistent aggregation behaviour. Although DLS can also provide
polydispersity indices (PDI), these were not considered here. This omission represents a limitation, as PDI
offers insight into size distribution. However, complementary SANS analyses provided more detailed
structural information, mitigating this limitation. While SANS offered nanoscale resolution, further
orthogonal methods such as zeta potential analysis, cryo-TEM, or flow imaging microscopy would
strengthen confidence in the observed trends. Additionally, the study focused on ibuprofen and oxaprozin
as model drugs, which, while representative of hydrophobic NSAIDs, may not capture the full diversity
of drug—polymer interactions relevant to other therapeutic classes.

Despite these limitations, the thesis establishes a robust comparative framework for understanding how
polymer architecture influences micelle behaviour. The findings provide a foundation for future work that
integrates drug-release assays, in vivo validation, and advanced imaging techniques, ensuring that the
structural insights gained here can be translated into practical therapeutic applications.

5.2 Future Work

While this thesis has provided a comprehensive structural and functional comparison of three amphiphilic
copolymers, several avenues remain open for further exploration. Future studies should investigate
multi-responsive micelles that respond not only to pH but also to reactive oxygen species, enzymatic
activity, or temperature, enabling multi-modal release in complex biological environments (209). Hybrid
nanocarriers that combine polymer—lipid or polymer—inorganic components could offer enhanced
targeting and imaging capabilities (210). In vivo pharmacokinetic and biodistribution studies are essential
to validate how the concentration- and pH-dependent behaviours observed here translate into therapeutic
efficacy, particularly in tumour and inflamed tissue microenvironments (104).
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There is also scope to tailor micelle formulations to patient-specific microenvironments, aligning with the
growing emphasis on personalized nanomedicine(211). Gene delivery represents another promising
direction, with MA-alt-Cis g-PEG and PEG-g-LIR410 systems offering stability and tunability for nucleic
acid encapsulation (210). Finally, sustainable synthesis routes for amphiphilic copolymers should be
pursued to reduce environmental impact while maintaining performance, reflecting the broader move
toward green chemistry in pharmaceutical development.

5.3 Suggested research
Building on these promising results, several directions are recommended:
1. Im Vitro Drug Release Studies

e Conduct release kinetics experiments under simulated physiological conditions (e.g.,
gastric and intestinal fluids).

e Use UV-Vis spectroscopy or HPLC to monitor ibuprofen release over(212).
2. Cytotoxicity and Biocompatibility Testing

e Perform cell viability assays (MTT, LDH) to assess safety.

e Evaluate hemocompatibility and immunogenicity for systemic(213).
3. Cellular Uptake and Targeting

e Use fluorescently labelled micelles to study uptake via confocal microscopy or flow
cytometry.

e Investigate passive targeting (EPR effect) and active targeting with ligands (folate,
peptides)(214).

4. In Vivo Pharmacokinetics and Biodistribution

e Test formulations in animal models to assess circulation time, organ distribution, and
bioavailability.

e Compare LIR410-g-PEG and MA-alt-Cs g-PEG for tumour accumulation or intestinal
absorption(215).

5. Polymer Engineering and Optimisation
e Vary hydrophobic chain length, grafting density, or molecular weight.

e Introduce stimuli-responsive linkers (pH-cleavable, redox-sensitive)(216).
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6. Multi-Drug Encapsulation
e Explore co-encapsulation of hydrophobic and hydrophilic drugs for combination therapies.
e Study drug—drug interactions within micelles and their impact on(217).
7. Long-Term Stability and Shelf-Life
e Assess physical and chemical stability under storage conditions.
e Monitor particle size, PDI, and drug retention over time(218).
8. Scale-Up and Formulation Development
e Investigate scalable synthesis methods for polymer micelles.

e Develop injectable formulations suitable for clinical translation(219).

5.4 Final Remarks

This thesis demonstrates that amphiphilic copolymers can be rationally designed to overcome the
limitations of hydrophobic drug delivery. By integrating DLS and SANS analyses, it has provided a robust
comparative framework for wunderstanding how IB-alt-MA-g-PEG, MA-alt-Cs £-PEG, and
PEG-g-LIR410 behave under different conditions and how these behaviours translate into drug-release
strategies. The work underscores the versatility of polymeric micelles in modern nanomedicine and lays
the foundation for future innovations in responsive, patient-tailored drug delivery systems.

Ultimately, integrating structural characterisation with functional assays and clinical translation will
ensure that amphiphilic copolymers advance beyond laboratory models into practical therapeutic
applications.
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Appendix A — SasView Workflow, g Range Guidance, and Fit Report Templates

A.1 Overview and Provenance
This appendix documents the exact steps used in SasView so examiners can reproduce fits and verify
model selection. Archived files include:

o Raw and masked 1D I(q) data

e SasView project or parameter files

o Exported fit reports (text/PDF)

e Residual plots

o Post-processing scripts used to compute derived quantities (e.g., aggregation number, Nagg)

A.2 Definitions and Recommended g Ranges
« Instrument q range (measured): Full dataset range. Example (IB-alt-MA-g-PEG 0.1%): gmin =
0.00408 A~', gmax = 0.985 A",
e Low q (Guinier region): Probes overall size. Use only where Guinier criterion holds (q-Rg < 1.3).
If the Guinier knee lies below gmin, treat Rg as a lower bound.
e Mid q region: Contains form factor features (oscillations, shoulders) revealing internal structure
(core—shell contrast, shell thickness). Typically, 0.02-0.2 A",
« High g (Porod region): Probes surface/local structure. Use q > 0.3 A" (rightmost 20-30% of data)
to estimate Porod exponent and incoherent background.
Rules of thumb:
e QGuinier fits: Select leftmost points until curvature appears; verify q-Rg < 1.3.
« Porod fits: Perform log—log linear regression on high q tail after background subtraction.
« Model fits: Choose q window containing relevant features (e.g., sphere oscillations in mid q).

A.3 Small Angle Neutron Scattering (SANS)

Small-Angle Neutron Scattering (SANS) measurements were performed on the SANS2D beamline at the
ISIS Neutron and Muon Source (UK) to characterise the internal structure of micellar formulations.
Samples were prepared in quartz cells with a path length of 1-2 mm and measured at room temperature.
Deuterated water (D20) was used as the solvent to enhance contrast between micellar components and the
background.

A collimated beam of cold neutrons was directed through the samples, and scattering was detected at small
angles to probe differences in scattering length density (SLD) between the hydrophobic core, hydrophilic
shell, and solvent. Multiple detector distances and neutron wavelengths were employed to cover a broad
g-range, enabling resolution of both core and shell regions (Figure A.1).

Raw scattering data were corrected for background, transmission, and detector efficiency, and
subsequently reduced to one-dimensional scattering profiles (intensity vs. q) for model fitting and
structural analysis.

This experiment took place in ISIS Neutron and Muon Source, located at the STFC Rutherford Appleton
Laboratory in Oxfordshire, which is a globally recognised research facility specialising in physical and
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life sciences. All samples were prepared again, but this time they used DO and all lids were kept closed
with parafilm to avoid unwanted interaction with oxygen. Then, after overnight magnet stirring, samples
were transferred to the SANS2D and exposed to radiation.

All signals were stored in a folder and sent to us for analysis in SasView.

z
Detector
X c
N |

Neutron beam
Sample

Fig A.1: Schematic of SANS experimental setup [3]. Reprinted with permission. Copyright 2016 Nature
Publishing Group(220).

The scattering wave vector (Ks) and the incident wave vector (Ki) define the angle between them, denoted

as 20. Mathematically, the magnitude of the scattering vector q is expressed as:

A p
q =—-sin

where A is the neutron wavelength and 0 is half the angle between Ks and Ki. The unit of q is typically
A" or nm™. In real space, q can also be represented as:

q=d

where d is the interplanar spacing in the crystal. For a more comprehensive explanation, readers are
encouraged to consult specialised literature(220).

The scattering intensity I(q) is calculated as

Q=g * 170

+
o T background

The first term describes Porod scattering from clusters (exponent = n), and the second term is a Lorentzian
function describing scattering from polymer chains (exponent = m). This second term characterises
polymer/solvent interactions and therefore the thermodynamics. The two multiplicative factors, A and C,
and the two exponents n and m, are used as fitting parameters (Respectively, porod_scale, lorentz scale,
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porod exp, and lorentz exp in the parameter list). The remaining parameter & (cor length in the
parameter list) is a correlation length for the polymer chains. Note that when m=2, this functional form
becomes the familiar Lorentzian function. Some interpretation of the values of A and C may be possible
depending on the values of m and n.

A.4 SasView Procedure

o Import data: File — Load 1D data — select reduced I(q). Verify units (q in A*, Iin cm™).

o Masking/trimming: Mask detector edges/outliers; trim noisy extremes.

« Background estimation: Inspect high q region (e.g., 0.3-0.9 A-'). Compute weighted average of
I(g) to estimate flat incoherent background B. Example: IB-alt-MA-g-PEG 0.1% — B = 0.02035
cm™.

e Guinier check: Plot In[I(g)] vs g2 for leftmost points. Fit linear region only if Guinier criterion
holds. If not, report Rg lower bound.

o Model testing: Load candidate models, set initial guesses/bounds, fix or tightly bound background,
choose weighting (o if present, otherwise 1/6?), fit over appropriate q range. Inspect parameters,
uncertainties, residuals. Save reports and plots.

e Model selection: Compare reduced 2, residuals, parameter plausibility, and consistency with
DLS/chemistry. Prefer simpler or chemically consistent models if fits are comparable.

o Post processing: Export best fit parameters and covariance matrix. Compute derived quantities
(sphere radius R = \(5/3)-Rg, Nagg) with error propagation. Archive outputs.

A.5 Initial Guesses and Bounds

e Background: Set to high g average; bound £10-20% if not fixed.

« Guinier—Porod (Beaucage): Rg start 350-600 A; Porod exponent start 2.0-3.0; bounds Rg [50,
5000] A; s [0.5, 6].

« Debye (Gaussian coil): Rg start 400-800 A; bounds [50, 5000] A.

« Flexible cylinder: Persistence length 2050 A; contour length 1000-10000 A; cross section radius
5-20 A.

« Sphere/Core-Shell Sphere: Seed radius from Guinier Rg (R = \(5/3)-Rg); otherwise 50-70 A.

« Two Lorentzian: Correlation lengths & ~ 10-50 A, & ~ 100-1000 A.

A.6 Data Preprocessing

o File import and masking: Load reduced 1D I(q) files; mask detector edges and remove obvious
outliers.

o Background estimation: Estimate a flat incoherent background from the high q tail (q = 0.3-0.9
A). For IB-alt-MA-g-PEG 0.1%, B = 0.02035 cm™'; fixed or tightly bounded during fits.
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« ( range trimming: Retain full measured g range (0.00408—0.985 A"); select subranges for specific
fits (Guinier, Porod, mid g model checks).

Guinier Check and Limits

e Guinier validity: Use criterion q-Rg < 1.3. If no Guinier knee is visible at g min, report lower
bound: Rg > 1.3/q_min. For IB-alt-MA-g-PEG 0.1%, q_min = 0.00408 A" — Rg>319 A.

o Practical Guinier fit: Attempt In[1(q)] vs g2 fits only where Guinier condition holds; otherwise treat
Rg as bound.

A.7 Model Selection Strategy

Decision tree:

o Ifaclear Guinier plateau exists — use Guinier — test sphere/core—shell or Guinier—Porod.

e Iflow q shows power law scaling — prefer Guinier—Porod or Debye (Gaussian coil).

e Ifmid q indicates semiflexible behaviour — test flexible cylinder.

o Ifbroad low q intensity and hierarchical structure appear — test two Lorentzian / correlation length
models.

Model comparison criteria:

e Reduced y?

e Residual structure

o Parameter uncertainties and covariance

« Physical plausibility (e.g., Rq consistent with q range)
e Reproducibility across replicates

A.8 Practical SasView Settings and Initial Guesses

o Weighting: Use experimental uncertainties if available; otherwise use 1/6? or default SasView
weighting.

e Background: Fix or tightly bound near high q estimate (e.g., 0.02035 cm™! for IB-alt-MA-g-PEG
0.1%).

« Guinier—Porod: Rg start 350-600 A; Porod exponent start 2.0-3.0.

« Debye (Gaussian coil): Rq start 400-800 A; allow background +10—-20%.

« Flexible cylinder: Persistence length 20-50 A; contour length sufficient for Rg in hundreds of A;
cross section radius a few A—nm.

« Bounds and convergence: Use physically reasonable bounds; inspect covariance and parameter
limits after fitting.
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Notes on Two-Term Scattering Function

The first term describes Porod scattering from clusters (exponent = n), and the second term is a Lorentzian
function describing scattering from polymer chains (exponent = m). This second term characterises
polymer/solvent interactions and therefore the thermodynamics. The two multiplicative factors, A and C,
and the two exponents n and m, are used as fitting parameters (porod_scale, lorentz_scale, porod_exp,
lorentz_exp). The remaining parameter & (cor_length) is a correlation length for the polymer chains. When
m = 2, the second term becomes the familiar Lorentzian function. Interpretation of A and C may be
possible depending on the values of m and n.

A.8 Fit Report Template

Table A.1 — Fit summary (example: IB-alt-MA-g-PEG 0.1%)

Model q fit range | Background Parameters (best £+ err) | Notes

(A™) (em™)
Guinier— 0.00408-0.2 | 0.02035 (fixed) | Ry lower bound >319 A | No clear Guinier knee
Porod
Debye coil 0.0055-0.02 | 0.02035 (£10%) | R, = 227 A (weakly | Driven to upper bound

constrained)

Two 0.00408-0.3 | 0.02035 (fixed) |& =..;§ =... Preferred if residuals
Lorentzian minimal

Record for each dataset:

e (ranges used
e Background estimate

o Parameter values + errors

e Reduced y?
o Residual plots and covariance matrices
« Derived quantities (sphere radius, Nagg) With assumptions stated

A.9 Notes on Models Used in This Work

e Guinier—Porod: applied to MA-alt-C1s-g-PEG and LIR410-g-PEG micelles, capturing overall size
and Porod slope for compact spherical aggregates.
o Debye coil: tested for IB-alt-MA-g-PEG to probe coil-like behaviour; fits often weakly
constrained, reported cautiously.
o Sphere/Core-Shell Sphere: used where mid-q oscillations suggested discrete micelles; provided
radius and shell thickness estimates.
o Flexible cylinder: explored for LIR410-g-PEG under conditions suggesting elongated structures;
persistence length and contour length parameters reported.
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Two Lorentzian: preferred for 1B-alt-MA-g-PEG in D-O, capturing correlation lengths of diffuse
domains and clustering behaviour.

A.10 Reproducibility Checklist

SasView version and platform

Raw filenames and acquisition metadata (wavelength, detector distance, exposure time)
Mask file and trimming details

Exact q ranges used

Initial guesses and bounds

Weighting scheme

Exported fit reports and covariance matrices

Post-processing scripts with README

Appendix B — SANS2D Experiment and SasView Analysis Guide

B.1 SasView User Guide for SANS Data Analysis

SasView is an open-source application for analysing small-angle scattering data (SANS/SAXS), enabling
users to fit experimental data to theoretical models and extract structural parameters.

Workflow:

N

Install SasView (sasview.org).

Launch and load 1D SANS data (.txt, .h5, .xml).

Select appropriate model (Core—Shell Sphere, Guinier—Porod, Debye coil, Flexible cylinder, Two
Lorentzian).

Set parameters (core radius, shell thickness, SLDs, volume fraction).

Fit model using non-linear least squares. Inspect ¥* and residuals.

Export results (parameters, plots, reports).

Use contrast variation (D20/H20) for better visibility.
Fit multiple datasets together for comparative studies (e.g., pH, concentration).
Use log—log plots to visualise low-g and high-q regions.

B.2 Python workflow

Here is the Python workflow that reads reduced 1D SANS files, subtracts the background, and extracts
key parameters such as Guinier radius Ry, Porod exponent, and correlation lengths.
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import numpy as np

import pandas as pd

import matplotlib.pyplot as plt
from scipy.stats import linregress

# === Load SANS file ===
# Assumes columns: g, I(g), error, (optional extra)
def load sans file(filename) :
data = np.loadtxt (filename, comments=["'#"', 'SANS2D', 'Workspace'],
usecols=(0,1,2))
q, Igq, err = datal[:,0], datal:,1], datal:,2]
return q, Iqgq, err

# === Background subtraction ===

def subtract background(q, Igq, high g range=(0.3,0.9)):
mask = (g >= high g range[0]) & (g <= high g range[l])
B = np.average (Ig[mask])
Iq corr = Ig - B
return Iq corr, B

# === Guinier fit ===
def guinier fit (g, Ig corr, gmax=0.02):
mask = (q <= gmax) & (Ig corr > 0)
InI = np.log(Ig corr[mask])
slope, intercept, r, p, se = linregress(glmask]**2, 1nI)

Rg = np.sqgrt(-slope) if slope < 0 else None
return Rg, slope, intercept

# === Porod fit ===
def porod fit(g, Ig corr, gmin=0.3):
mask = (g >= gmin) & (Ig corr > 0)

InI = np.log(Ig _corr[mask])

Ing = np.log(glmask])

slope, intercept, r, p, se = linregress(lng, 1nI)
porod exp = -slope

return porod exp, slope, intercept

# === Example usage ===

if name == " main
g, Ig, err = load sans_file("IB-BB-2%-d-THF merged 1D.txt")
Ig corr, B = subtract background(qg, Iqg)

ALY

Rg, slope g, intercept g = guinier fit(q, Ig corr)
porod exp, slope p, intercept p = porod fit (g, Ig corr)

~ {B:.5f} cm™*")
{Rg:.1f} A (if valid)™)
t ~ {porod exp:.2f}")

print (f"Background B
print (f"Guinier Rg =
print (f"Porod exponen

# Plot corrected data
plt.loglog(g, Ig corr, 'o', label="Corrected I(qgq)")

plt.xlabel ("qg (A71)™)
plt.ylabel ("I(g) (cm *)")
plt.legend()

plt.show ()
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What this code does

e Loads reduced 1D SANS file (skips headers).

e Subtracts background using the weighted average of the high-q tail.
e Guinier fit: linear regression of In[1(q)] vs g2 in the low-q region.

e Porod fit: slope of In[l1(g)] vs In(q) in the high-q region.

o Outputs background, Guinier radius, and Porod exponent.

o Plots corrected scattering curve for quick inspection.

Appendix C — Dynamic Light Scattering (DLS) Sample Preparation and SOP

C.1 Overview

This appendix documents the procedures used to prepare polymer—drug micelle samples for DLS analysis,
the rationale for solvent and temperature selection, and the standard operating procedure (SOP) followed
on the Malvern Zetasizer instrument. The aim is to ensure reproducibility and transparency in the
measurement of hydrodynamic size and polydispersity.

Dynamic Light Scattering (DLS), also known as Photon Correlation Spectroscopy (PCS), measures the
translational diffusion of particles in solution. The diffusion coefficient is converted to hydrodynamic
diameter, providing insights into particle size and conformation. This technique is widely applied to
evaluate micellar systems, confirm nanoscale particle formation, and assess stability.

Concentration limits are critical:

e >1% w/w in cuvette — multiple scattering, inaccurate readings.
e <0.001% w/w — weak signals.

Careful dilution and baseline stability checks were therefore essential. Samples showing multimodal
distributions or abnormal scattering were re-prepared to maintain data integrity (221).

C.2 Sample Preparation
Solvent and buffer selection

o Ultrapure water (18.2 MQ-cm) for baseline measurements.

e DO for contrast matching experiments aligned with SANS.

o Buffers: acetate (pH 4.5-5.5), phosphate (pH 7.0-7.4), Tris (pH 8.0-8.5).

o lonic strength varied between low salt (<10 mM) and physiological (~150 mM NacCl).

Polymer and drug handling

o Polymer stocks prepared at 1-2% w/w, equilibrated 12—24 h for micelle formation.
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o lbuprofen dissolved in minimal ethanol or neutralised NaOH before addition.
e Target drug loadings: 0.10-0.50% w/w.
o Gentle stirring and dialysis used to remove cosolvent.

Clarification

e Filtration through 0.45 um syringe filters (PTFE/PES) unless aggregates disrupted.
o Degassing by brief sonication to eliminate bubbles.

Concentration selection

e Screening: 0.10%, 0.25%, 0.50% w/w polymer.
e Drug loading at 0.25% wi/w prioritised for balance of compactness and stability.

Cuvettes and cleanliness

o Disposable polystyrene cuvettes for aqueous samples.

e Quartz cuvettes for elevated temperatures or organic traces.

o Rinsed with DI water — ethanol — DI water, dried with filtered air.
« Solvent blanks measured to confirm cleanliness.

C.3 SOP Design for Malvern Zetasizer
Instrument settings

e Measurement angle: backscatter (173°).

o Equilibration: 120-300 s per measurement.

o Temperature: 25 °C baseline; 37 °C physiological; 20-45 °C thermoresponsive screening.
e Replicates: 10 runs per sample.

« Automatic attenuation enabled.

« Viscosity and refractive index entered according to solvent/buffer composition.

Workflow steps

Prepare polymer—drug solution at target pH and ionic strength.

Load cuvette carefully, avoiding bubbles.

Measure solvent blank to confirm baseline.

Select SOP parameters (temperature, runs, attenuation, viscosity, RI).

Acquire data: cumulant analysis (Z average, PDI), distribution analysis (multimodal behaviour).
Review quality metrics: count rate stability, correlogram intercept, PDI thresholds.

Export raw autocorrelation data, cumulant fits, distribution tables.

No ook owbdE
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8. Record metadata: sample ID, SOP name, instrument serial number, date/time, solvent, buffer, pH,
ionic strength, temperature.

C.4 Data Processing and Interpretation
Core outputs
e Zaverage hydrodynamic diameter (Dh).
o Polydispersity index (PDI).
e Intensity, number, and volume distributions.
Quality criteria
« Count rate stability within £10%.
e Autocorrelation function (ACF) intercept >0.9.
e PDI <0.2 narrow; 0.2-0.4 moderate; >0.4 broad/multimodal.
Cross validation
e DLS results compared with SANS parameters (core radius, Rg, aggregation number).
e Full PDF reports archived (intensity, number, volume distributions).
C.5 Practical Notes
e Residual cosolvent (e.g., ethanol) can inflate Dh — dialysis or buffer exchange recommended.
e Dust and bubbles are common artefacts — rigorous cleaning and gentle handling essential.
e Incorrect viscosity inputs skew Dh — solvent viscosity must match measurement temperature.

e Avoid aggregation during filtration — low-speed centrifugation may be used as alternative.
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Fig C.1: The method that DLS uses to get data® . >

C.6 Dynamic Light Scattering (DLS) Data Output and Processing

To illustrate how DLS data were obtained and processed (Figure C.1), representative reports from the
Malvern Zetasizer instrument are included. In this study, DLS measurements were restricted to the
determination of hydrodynamic diameters (Dh). Although DLS can also provide polydispersity indices
(PDI), these were not considered here. Instead, distributional and structural characteristics were assessed
using Small Angle Neutron Scattering (SANS) and model fitting with SasView and Python scripts, which
offered more detailed and reproducible insights into micelle morphology, aggregation number, and core—
shell dimensions. This methodological choice reflects a focus on size as a primary screening parameter,
with structural heterogeneity addressed through complementary scattering analyses.

Perspectives on DLS Output
The Zetasizer reports provide three complementary perspectives on particle size distribution:

o Intensity distribution Particle size is reported based on the relative intensity of scattered light.
Larger particles scatter disproportionately more light, so intensity distributions are often
dominated by rare large aggregates.

e Number distribution By applying Mie theory and instrument algorithms, intensity data are
converted into an estimated number distribution. This reduces the bias toward large particles and
highlights the most abundant species in solution.

2 https://www.biorender.com/¢emplate/dynamic-light-scattering
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« Volume distribution A further transformation provides the relative contribution of each size class
to the total sample volume. This is useful for correlating with drug loading capacity, since larger
micelles contribute more volume per particle.

Representative Dataset

A dataset from the IB-alt-MA-g-PEG + drug 1 formulation illustrates how DLS output is structured and
interpreted:

o Sample ID: IB-alt-MA-g-PEG + drug 1

o Date measured: 19 November 2024

e SOP used: Tamara — IB.sop

e Z-average hydrodynamic diameter (Dh): 268.7 nm
o Standard deviation: 3.35 nm (narrow distribution)

« Derived count rate: 21,228 kcps (strong scattering, good sample quality)

Size Statistics Report by Intensity A
v2.0
Malvern Instruments Lid - © Copyright 2008
Sample Details
Sample Name: 1B2000+drug 1
File Name: Tamara - IB.dts
SOP Name: Tamara - IB.sop
Measurement Date and Time: 19 November 2024 14:20:05
Z-Average (nm): 268.6878 Derived Count Rate (kcps): 21228.7197853...
Standard Deviation: 3.349959 Standard Deviation: 3485.61670568.. Statistics Graph (10 measurements)
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Fig. C.2: Representative DLS Output for IB-alt-MA-g-PEG + ibuprofen Formulation. a) Tabulated
intensity-based size distribution showing particle diameters (d.nm), mean intensity percentages, and
standard deviations across size bins. Larger particles dominate the intensity signal due to their higher
scattering power. b) Logarithmic plot of intensity (%) versus particle size (d.nm), highlighting the peak
around 100-300 nm where micelle populations are most prevalent. Error bars represent £1 standard
deviation across 10 measurements.
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Intensity distribution: This representation is dominated by larger particles due to their disproportionate
scattering power. In this sample, the intensity curve showed peaks around 295.3 nm, contributing over
12% of the total intensity, while smaller micelles in the 190-255 nm range contributed cumulatively over
50%. This suggests a mixed population with some larger aggregates present.
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Fig. C.3: DLS Number-Based Size Distribution for IB-alt-MA-g-PEG + ibuprofen. a) Tabulated number
distribution showing particle diameters (d.nm), mean number percentages, and standard deviations across
size bins. This representation corrects for intensity bias and highlights the most abundant micelle
population. b) Logarithmic plot of number (%) versus particle size (d.nm), with a clear peak around 100—
220 nm, indicating the dominant micelle size range. Error bars represent +1 standard deviation across 10
measurements.

Number distribution: The number-based curve revealed that most micelles were in the 190-255 nm range,
with the highest number percentage (~18.7%) at 220.2 nm. This distribution corrects for the bias of larger
particles and reflects the dominant population in solution. The presence of particles above 300 nm was
minimal in number, despite their strong intensity signal.
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Fig.C.4: DLS Volume-Based Size Distribution for IB-alt-MA-g-PEG + ibuprofen. a) Tabulated volume
distribution showing particle diameters (d.nm), mean volume percentages, and standard deviations across
size bins. This representation reflects the relative contribution of each size class to the total sample volume,
which is relevant for drug-loading capacity. b) Logarithmic plot of volume (%) versus particle size (d.nm),
with a peak around 255-295 nm, indicating micelles with the greatest volumetric contribution. Error bars
represent +1 standard deviation across 10 measurements.

Volume distribution: Volume-based data showed that micelles around 255-295 nm contributed most to
the total sample volume, consistent with their larger size and encapsulation potential. This is particularly
relevant for drug delivery, where volume may correlate with payload capacity.

C.7 Data extraction and analysis:

The Zetasizer software provides comprehensive data analysis, exporting tabulated values for size (nm),
mean percentage, and standard deviation across each distribution. Key metrics are the Z-average
hydrodynamic diameter (D%) and the Polydispersity Index (PDI), both derived from the cumulant analysis
of the autocorrelation function to report average size and assess sample heterogeneity, respectively.
Derived count rates (kcps) are simultaneously recorded to monitor sample quality and scattering intensity.
For detailed interpretation, intensity distributions are specifically utilized to identify rare, large aggregates,
while the number and volume distributions help determine the primary micelle population. All relevant
values are cross-checked, where appropriate, against parameters from Small-Angle Neutron Scattering
(SANS) measurements, such as core radius, radius of gyration (Rg), and aggregation number, to ensure
consistency between hydrodynamic and structural characterizations. Including these raw reports
demonstrates the workflow from instrument output to processed data. It also highlights the importance of
interpreting DLS results cautiously: intensity distributions can exaggerate the presence of large
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aggregates, while number and volume distributions provide a more realistic view of the micelle
population.

Appendix D — Fourier-Transform Infrared (FTIR) Spectroscopy
D.1 Overview and Instrumentation

Fourier-transform infrared (FTIR) spectroscopy was employed to investigate chemical interactions
between polymer and drug components, confirm functional group presence, and assess formulation
stability. FTIR provides spectral fingerprints by measuring the absorption of infrared radiation across a
range of wavenumbers, typically 4000-500 cm™.

Measurements were performed using a standard FTIR spectrometer equipped with a Michelson
interferometer, a DTGS detector, and a KBr beam splitter (Figure D.1). Samples were prepared as thin
films or dispersions, depending on solubility and formulation type. The interferogram generated by the
modulated IR beam was processed via Fast Fourier Transform (FFT) to yield transmittance spectra (%T
vs. wavenumber).

Spectrometer
1. Source 2. Interferometer
% - Sl
' |'| 90 { Polystyrene run as film | "
——y— Nl | U
. ||| 80 - I bl thd
: S
H o It
| | %T a0 Il
| - | N—y —> - 1
3. Sample m——m || | o |
l | | = 10 ‘ ‘
I| : 0 : J
| || 4000 3500 3000 2500 2000 1500 1000 500
I- - Wavenumbers (cm-1)
! Interferogram FFT Spectrum
} 5. Computer
4. Detector @

Fig.D.1: FTIR operation: light from the source passes through an interferometer and the sample,
producing an interferogram at the detector, which is converted into a spectrum via Fast Fourier
Transform (FFT).

119



D.2 Measurement Workflow
The FTIR process follows five key stages (see Figure D.1):

Source — emits broadband infrared radiation.

Interferometer — modulates the IR beam using a moving mirror.

Sample — absorbs specific wavelengths corresponding to molecular vibrations.
Detector — records the transmitted or reflected light.

Computer — applies FFT to convert the interferogram into a usable spectrum.

ok wbdPE

Spectra were collected in the range 4000-500 cm™, with a resolution of 4 cm™ and 32 scans per sample.
Background spectra were recorded prior to each run and subtracted automatically.

D.3 Sample Preparation

o Polymers and micelles were cast as thin films or freeze-dried and pressed into KBr pellets.
e Ibuprofen was measured both as a pure compound and within polymer—drug formulations.
e Solvent traces were minimized by drying under vacuum or nitrogen flow.

e Film uniformity was confirmed visually and by baseline stability in the spectrum.

D.4 Data Interpretation
FTIR spectra were analysed to identify characteristic peaks corresponding to:

e C=O0 stretching (carboxylic acid, ester) near 1700 cm™!

e O—H stretching (hydrogen bonding) near 3200-3600 cm™!
e C—H stretching (alkyl chains) near 2800-3000 cm™!

e C-O stretching (ethers, esters) near 1000-1300 cm™!

Comparative analysis between pure ibuprofen, polymer-only, and polymer—drug formulations revealed
peak shifts, broadening, or intensity changes, indicating possible hydrogen bonding, encapsulation, or
chemical interactions.

D.5 Representative Spectrum

A sample spectrum from Polystyrene run as film is shown in Figure D.2. The x-axis represents
wavenumbers (cm ') and the y-axis shows % transmittance. Key peaks were annotated and compared to
literature values for validation.
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Appendix E— Prepared Sample Photographs

This appendix presents photographic documentation of the polymer—drug micelle samples prepared for
experimental analysis. These images serve as visual records of sample appearance, clarity, and
homogeneity before measurement. They were taken immediately after preparation, ensuring consistency
with the conditions described in Appendices C and D.

Each image captures the physical appearance of micelle dispersions across varying polymer
concentrations and drug loadings. Labels on the vials indicate formulation details, including polymer type,
concentration (% w/w), and drug content. These records support reproducibility by allowing examiners to
verify sample clarity, homogeneity, and labeling accuracy.
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Fig. E.1: six formulations of IB-alt-MA-g-PEG combined with oxaprozin (Oxa) at 5% and 7.5% w/w
polymer concentrations, with drug loadings of 0.1%, 0.25%, and 0.5% w/w. All samples were stored in
sealed vials and photographed under ambient light conditions.
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Fig. E.2: Second series of samples at 5% w/w polymer concentration, with increasing
ibuprofen loadings from 0.05% to 0.75% w/w. Variations in turbidity suggest
concentration-dependent aggregation or solubility effects.
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Fig. E.3: Four samples of MA-alt-C1s-g-PEG 5% with ibuprofen at 0.25% w/w, prepared at different pH
values (pH 3, 5, 8, and 12). These images illustrate pH-dependent solubility and micelle appearance.
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Fig. E.4: shows a separate pH screening series for MA-alt-C1s-g-PEG at 2% wi/w, with pH values ranging
from 3 to 12. These samples were used to assess micelle stability and visual clarity across acidic, neutral,
and basic conditions.
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Fig. E.5: Four formulations of MA-alt-C1s-g-PEG with ibuprofen at 0.25% w/w, across polymer
concentrations from 0.25% to 2%, highlighting concentration-dependent turbidity and solubility effects.
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Fig. E.6: pH-dependent solubility study for I1B-alt-MA-g-PEG with ibuprofen 0.25% w/w at fixed drug
loading, across pH values of 3, 5, 9, and 14. Visible differences in clarity and precipitation suggest strong
pH sensitivity.
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Fig. E.7: LIR410-g-PEG + ibuprofen 0.25% wi/w, pH series (3, 4, 7, 12), showing sedimentation at high
pH.
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