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2. Abstract

This research presents a dual approach to advancing cancer therapy and sustainable
polymer synthesis. To overcome the limitations of chemotherapeutic drugs like
camptothecin (CPT), such as poor solubility and off-target effects, a series of polymer-drug
conjugates were developed. These conjugates, utilising biodegradable polymers including
polysarcosine (PSar) and polyglutamic acid (PGA), were engineered to self-assemble into
nanoparticles (NPs), improving CPT’s water solubility and enabling targeted delivery to
pancreatic cancer cells via fucose modification. The synthesis of camptothecin glycinate
initiated polysarcosine (CPT-Gly-PSar) conjugates achieved a high drug content but exhibited
instability in NPs formation. This was overcome by PGA conjugation, forming PGA-(PSar-Gly-
CPT), which produced stable NPs in PBS solution for four weeks across different
concentrations. Also, PSar modification further refined NP uniformity, with PGA-[(CPT-Gly)-
co-(PSar)] outperforming PGA-(CPT-Gly) in size consistency and stability. The fucose-
incorporated conjugate, PGA-[(CPT-Gly)-co-(F-PSar)], achieved a high drug content and
formed stable NPs. Drug release studies showed a slow, sustained release in pH7.4 PBS
solution, but its extremely slow CPT release in pH5.0 acetic buffer solution showing it may

be a potential candidate of adjuvant therapeutic for targeting S-phase cancer cells.

Additionally, Cu?* ion complexation using PGA-[(CPT-Gly)-co-(F-PSar)] was explored to
integrate chemotherapeutic and chemodynamic therapies (CDT) for enhanced efficacy. Cu?*
complexation was analysed via thermogravimetric analysis (TGA) revealed an incomplete
metal complexation possibly due to acid produced during sample preparation. Energy
dispersive X-ray (EDX) analysis identified the residue as copper oxide, and dialysis at acidic

solution confirmed the Cu?* release in acidic conditions.

Concurrently, to eliminate the use of toxic phosgene derivatives in polymer production,
amino acid diketopiperazines (DKPs) and morpholines (DKMs) were synthesised as the
alternatives of NCAs and assessed for ring-opening polymerisation (ROP) to produce

biocompatible and biodegradable poly(amino acids) and polydepsipeptides.

This work advances cancer therapy through innovative, targeted drug delivery systems and
promotes sustainable polymer chemistry by developing safer synthesis alternatives, laying a

foundation for future clinical and environmental applications.
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Chapter 1. Introduction to Research

1.1. Background Introduction

Pancreatic ductal adenocarcinoma (PDAC), commonly referred to as pancreatic cancer
throughout this paper, represents the predominant form of pancreatic malignancy,
accounting for more than 90% of all diagnoses [1]. Its average five-year survival rate
consistently below 10%, stems primarily from late-stage detection with fewer than 20% of
patients are identified at a localised, potentially curable phase, owing to the lack of distinct
early symptoms and dependable biomarkers [2,3]. Staging follows the tumour-node-
metastasis classification, categorising the disease into resectable, locally advanced, or
metastatic stages [3]. In the absence of treatment, median survival is 3-5 months for
metastatic disease and 6-10 months for locally advanced cases [4]. Even surgical resection

extends it only to 11-15 months [4].

Conventional therapies, including chemotherapy, surgery, and radiation, have achieved
limited progress in enhancing outcomes [5,6]. Even when surgical resection was performed
at the earliest stages, two year survival rates linger around 50%, highlighting the urgent

demand for innovative therapeutic approaches [5,6].

Addressing pancreatic cancer effectively stands as a challenge in oncology. A key barrier for
many chemotherapeutic agents is their suboptimal bioavailability, often due to poor
aqueous solubility in biological fluids like blood [7,8]. Moreover, these potent drugs
inadvertently affect healthy tissues, triggering severe adverse effects unless protected by a
delivery vehicle [9,10]. Polymeric nanoparticles mitigate these issues by encapsulating
hydrophobic drugs, thereby enhancing solubility, facilitating targeted release, and

minimising unintended interactions with non-cancerous cell [8,9].

To optimise therapeutic efficacy, an ideal polymeric drug delivery system must exhibit
certain essential characteristics. The polymer should be biodegradable, allowing for safe
bodily elimination after drug release [11,12]. It also needs to self-assembly into
nanostructures in agueous media, effectively encapsulating and transporting therapeutic
payloads [13,14]. Poly(amino acids) fulfil these criteria, as they are inherently biodegradable,
biocompatible, and non-toxic [15, 16], while the diverse side chains (R groups) of amino

acids enable tailored functionalities to suit specific applications [16].
1



Amphiphilic block copolymers, consisting of at least one hydrophobic and one hydrophilic
segment, are widely employed for such systems. In the context of poly(amino acids), the
hydrophobic block is typically formed from amino acids with hydrophobic R groups, whereas
the hydrophilic block derives from those with polar or charged R groups. These block
copolymers can self-assembly in aqueous solutions to form NPs, with hydrophobic segments
clustering into a core to reduce water contact [14]. Meanwhile, hydrophilic segments orient
outward stabilising the NPs structure [13,14]. During polymer self-assembly, dissolved
hydrophobic anticancer drugs can associate with the core, becoming entrapped and shielded
from external degradation or premature release [17]. This encapsulation not only protects
surrounding tissues from the drug's toxicity but also preserves the drug's integrity.
Nevertheless, these systems face notable limitations, including low drug loading capacity

[18] and burst release [19], which can compromise therapeutic precision and outcomes.

To overcome these challenges, the concept of pharmacologically active polymers emerged in
1975 [20]. In which , a polymer chain is divided into three different moieties and carrying
different molecules: hydrophilic part for solubility, covalently attached therapeutic agents for
controlled release, and targeting groups for site-specific delivery [20]. Covalently bonded
highly hydrophobic drug molecule allows polymer to self-assembly and can be released
under specific conditions preventing burst release. For pancreatic cancer, where nearly all
patients overexpress fucose receptors [21,22], incorporating fucose as a targeting ligand
enhances cellular recognition, thereby improving delivery specificity and treatment efficacy

[21,23].

Other than chemotherapy, chemodynamic therapy (CDT) represents an emerging cancer
treatment that exploits the tumour’s distinctive microenvironment to produce reactive
oxygen species (ROS) such as Oz~ and -OH, via metal ion catalysed Fenton and Fenton-like
reactions causing cancer cell death [24,25]. Additionally, CDT synergises with other therapies
like chemotherapy, radiotherapy, and photodynamic therapy, where catalytic metal ions
sensitise cancer cells and amplify overall effectiveness [26,27]. Thus, integrating metal ions
with chemotherapeutic agents holds substantial promise for cancer management, and this

report will outline the process made toward this aim.

In addition to exploring polymeric drug conjugate synthesis for targeted pancreatic cancer



therapy, this report also investigates through experimental approaches to seek safer
alternatives to conventional poly(amino acids) production methods, with the goal of
achieving more sustainable synthesis. Triphosgene is utilised to produce poly(amino acids)
[28]. Yet, it decomposes into phosgene, a highly toxic, volatile gas infamous for its use as a
chemical weapon in World War | and other warfare [29,30], upon contact with moisture or
heat [31]. This hazard intensifies during large-scale production, where phosgene leaks could
have catastrophic consequences. Recognising these dangers, there is a compelling

imperative to explore safer alternatives for poly(amino acids) production.
1.2. Chapter Guide to This Research Study

In the 2"d chapter, research focuses on using two poly(amino acids), PSar and PGA as the
major building blocks to create novel drug conjugates that overcome the solubility and
delivery challenges of camptothecin (CPT), a potent chemotherapeutic agent [32, 33]. PSar
acts as the hydrophilic moiety of the drug conjugate while PGA may be employed as the
polymeric backbone on which covalent functionalisation with drug molecules may be
achieved. Pro-drug camptothecin glycinate (CPT-Gly) initiated PSar (CPT-Gly-PSar) and PGA
conjugated CPT-Gly-PSar, PGA(CPT-Gly-PSar), were synthesised to assess how PSar impacts
CPT’s water-solubility and how PGA conjugation improves NPs formation. Two additional
conjugates, PGA-(Gly-CPT) and PGA-[(Gly-CPT)-co-(PSar)] were synthesised to explore the

influence of PSar modified drug conjugate on NPs properties.

In the 3" chapter, to achieve targeted delivery for pancreatic cancer, fucose should be
presented on the NPs exterior to allow nanoparticle-pancreatic cell binding. Consequently,
modified fucose was used to initiate the polymerisation of Sar-NCA, yielding fucose-
terminated PSar (F-PSar). This was then used to create PGA-[(Gly-CPT)-co-(F-PSar)],
capitalising on fucose’s affinity for pancreatic cancer cells. This conjugate was further

complexed with Cu?* ions to introduce CDT which will be discussed in chapter 5.

Chapter 4 aims to advance polymer synthesis by developing alternatives to amino acid N-
carboxyanhydrides (NCAs), whose production relies on toxic phosgene derivatives. New
monomers, including amino acid diketopiperazines (DKPs) such as sarcosine DKP (Sar-DKP),
alanine DKP (Ala-DKP), amide activated N-Boc-Ala-DKP, glutamic acid y-benzyl ester DKP
(Glu(OBzyl)-DKP), and lysine(Cbz)-DKP (Lys(Cbz)-DKP), along with amino acid morpholines

3



(DKMs) such as sarcosine-glycolic acid DKM (Sar-GA DKM) and glutamic acid(OBzyl)-glycolic
acid DKM (Glu(OBzyl)-GA DKM), were synthesised. Their capability and effectiveness for ROP
is evaluated to explore a safer, more sustainable approach to poly(amino acid) or polyester-
amide production. Then poly(Glutamic acid- glycolic acid) (P(Glu-GA)) produced from ROP of
Glu(OBzyl)-GA DKM was used to synthesise two drug conjugates, P(Glu-GA)-(CPT-Gly-PSar)
and P(Glu-GA)-[(Gly-CPT)-co-(F-PSar)], to study the physical impacts of replacing PGA with

P(Glu-GA) in the nanoparticle’s formation.

Chapter 5 aims to incorporate Cu?* ion into the drug conjugate for the co-delivery of
chemotherapeutic and chemodynamic therapeutic agents. The Cu?* complexed drug
conjugate slowly release CPT and affecting S-phase cancer cells, while Cu?* catalysing
formation of reactive oxygen species (ROS) inducing cell death. The metal loading was

estimated by thermogravimetric analysis (TGA).

In summary, this research aims to develop a fucose-targeted drug conjugate capable of Cu?*
ion loading, for pancreatic cancer treatment, combining chemotherapeutic and CDT for
enhanced efficacy. Simultaneously, it explores novel DKP and DKM monomers to replace
NCAs, reducing the use of hazardous reagents in poly(amino acids) synthesis. These efforts
aim to contribute to the advancement of targeted drug delivery and sustainable polymer

chemistry.

1.3. Research Novelty

This study presents several innovative contributions to the field of polymer-drug conjugates

and nanomedicine for cancer therapy.

The work introduces F-PSar as a hydrophilic stealth component in combination with CPT-Gly
conjugated onto a PGA backbone. To the best of my knowledge, this is the first report of a
PGA- based conjugate simultaneously incorporating both fucose for active targeting and PSar
for enhanced biocompatibility and stealth properties. The fucose moiety plays a significant
role in fucose-mediated endocytosis for pancreatic cancer targeting. Furthermore, the
resulting drug conjugate demonstrates the ability to self-assemble into stable nanoparticles

concentration of 1.0 mg/mL while exhibiting the capability to carry metal ions, opening

4



potential applications in combination therapies.

Moreover, the exploration of alternating P(Glu-GA)as substitutes for PGA. This modification
yielded two entirely novel drug conjugates, expanding the structural diversity of PGA-based

delivery systems

In parallel, an attempt was made to synthesise Sar-NCA alternatives through the preparation
of Sar-GA DKM, a novel cyclic monomer. Although its ROP was unsuccessful, its synthesis
represents a new chemical route worthy of documentation. Additionally, extensive
investigations into the ROP of amino acid DKPs using a wide range of catalysts were
conducted. These systematic studies contribute new insights into the challenging ROP of
DKPs and represent an original effort toward more sustainable or cost-effective routes for

poly (amino acids) synthesis.

Collectively, these innovations distinguish this work from existing CPT-polymer conjugates
and provide a versatile platform for the development of targeted nanomedicines against

pancreatic cancer.

1.4. General Experimental
1.4.1. Synthesis of Monomers
1.4.1.1. Synthesis of Amino Acid NCAs

Amino acid (1.0 eqv) was placed in a three-necked RB flask fitted with a condenser and a
dropping funnel. The system was purged with nitrogen for 15 minutes, three times.
Anhydrous THF and a-pinene (2.0 eqv) were then added to the flask. Triphosgene (0.67 eqv),
dissolved in anhydrous THF, was added dropwise via the dropping funnel once the reaction
mixture was heated to reflux. The reaction was monitored, and completion was indicated
when the solid dissolved, signifying the formation of NCA. The solution was filtered and
evaporated using rotary evaporation, yielding a crude product which was dissolved in
minimal amount of THF and precipitated into hexane (in an 8:1 hexane ratio). The mixture
was stored overnight in a freezer to facilitate precipitation. The product was collected by

vacuum filtration and washed with cold THF to remove unreacted triphosgene and a-pinene.



Recrystallisation was repeated three times, and the final product was dried under vacuum

overnight.

1.4.1.2.  Synthesis of Amino Acid DKPs Via Thermal Condensation Reaction

Amino Acid was added into an RB flask equipped with an air condenser. Ethylene glycol was
added into the reaction flask followed by heating at 170 °C overnight under strong nitrogen
flow into the system. The nitrogen flow can reduce the oxidisation of amino acid and side
reactions and drive the reaction to completion by removing the water steam generated
during reaction. The solution was turned into clear yellow solution after the reaction. The
crude product was collected by suction filtration or liquid-liquid extraction. The crude

product was purified by hot recrystallisation in methanol then dried in vacuum overnight.

1.4.2. ROP Amino Acid Monomers
1.4.2.1. ROP of Amino Acid NCAs

NCA was added to a Schlenk tube, which was purged with nitrogen three times, 15 minutes
each. Amine initiator was dissolved in anhydrous DMF and added to the reaction flask at 0°C
in an ice bath. The reaction mixture was allowed to warm slowly to room temperature over

two days under a constant nitrogen bubbling through the reaction solution.

After the polymerisation, the crude product was precipitated by adding diethyl ether,
followed by centrifugation. The product was washed with diethyl ether three times and

dried under vacuum to yield the final polymer.

1.4.2.2. ROP of Amino Acid DKPs

Amino acid DKPs were placed in a Schlenk tube and purged with nitrogen three times for 15
minutes each. Amine initiator was then added to the reaction flask, either alone or in
combination with various solvents and catalysts. The reaction mixture was heated to

different temperatures under nitrogen and maintained for two weeks. 'H-NMR analysis was



performed daily to monitor the reaction progress. After two weeks, regardless of the extent

of the reaction, the mixture was subjected to dialysis before further processing.

1.4.3. Drug Conjugation

Carboxylate acid (1.0 eqv), EDC.HCI (3.0 eqv) and NHS (3.0 eqv) were placed in an RB flask
and purged with nitrogen three times for 15 minutes each. Anhydrous DMF was then added,
and the mixture was stirred for 1 hour in ice bath to activate the carboxylate groups.
Subsequently, CPT-Gly and PSar or F-PSar in anhydrous DMF was added. The reaction
mixture was allowed to warm to room temperature while kept stirring for two days. The
crude product was dialysed against methanol overnight then in DI water for two days then

freeze dried.

1.5. Instrumentations, General Methods and Materials
1.5.1. Instruments
1.5.1.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy was utilised to analyse both polymers and small molecules using two
distinct instruments. For polymers, IH-NMR spectra were recorded on a Bruker AV-NEO 500
MHz spectrometer equipped with a 5 mm DCH cryoprobe and housed in WILMAD 528-PP
NMR tubes. For small molecules, the spectra were obtained using a Bruker AV3HD 400 MHz
spectrometer fitted with a 5 mm BBO Probe and contained in Norell® XR-55 NMR tubes. In
all experiments, chemical shifts were calibrated to a trimethylsilane reference standard set
at 0 ppm. The resulting spectra were processed and evaluated using MestreNova® Research

Lab software.

1.5.1.2. Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectra were recorded for solid samples using a Perkin ElImer Spectrum One equipped

with Bruker OPUS 7.0 software and a Specac Golden Gate Attenuated Total Reflection



diamond top plate, accumulating 100 scans. Vibrational frequencies are expressed in cm?,

1.5.1.3. Matrix-Assisted Laser Desorption/lonisation -Time of Flight Mass Spectrometry
(MALDI-TOF MS)

Matrix-Assisted Laser Desorption/lonisation Time-Of-Flight (MALDI-TOF) Spectroscopy Mass
Spectrometry was carried out using a MALDI-TOF spectrometer (Shimadzu AXIMA
performance) in positive mode. 2,5-Dihydroxybenzoic acid (DHB) was used as the matrix and

the samples were dissolved in DMF.

1.5.1.4. Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) experiments were performed using a Malvern Zetasizer Nano
ZSP instrument. This system features a 4 mW He-Ne laser with a wavelength of 633 nm and
an avalanche photodiode (APD) detector, configured with a non-invasive back-scatter-optic
setup to detect light scattered at a 173° angle. Samples were prepared in disposable 12 mm
poly(styrene) cuvettes, equilibrated for two minutes, and measured at a stable temperature
of 25°C. The collected data underwent cumulative analysis of the experimental correlation
function, with particle diameters calculated from diffusion coefficients using the Stokes-
Einstein equation. To ensure accuracy, each measurement was repeated three times. The

results were then evaluated using the Malvern Zetasizer Software.

1.5.1.5. High Performance Liquid Chromatography (HPLC)

HPLC analysis was performed using an Agilent 1290 Infinity Il HPLC system (Agilent, Santa
Clara, CA, United States), with a diode array detector (DAD). The DAD was set to record the
chromatogram at a wavelength of 254 nm. Chromatographic separations were performed
using an InfinityLab Poroshell 120 EC-C18 (2.1x50 mm i.d., 1.9 um; Agilent, Santa Clara, CA,
United States) at a column temperature of 402C. The mobile phase used was 0.1 % TFA in
water (95 %) and 0.1 % TFA in acetonitrile (5%) and the gradient running to 5 % water over 5

minutes at a flow rate of 0.5 mL/min. Injection volume was 1 pL. Retention time for



camptothecin is 2.47 minutes. The correlation coefficient for camptothecin in drug release

study was 0.999478.

1.5.1.6. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) samples were loaded on conductive carbon adhesive
taps and sputter-coated with a thin layer of iridium (4 nm thickness) in a Quorum Q150RS

sputter-coater. The samples were analysed with Nova NanoSEM 450 (FEI) instrument.

1.5.1.7. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) was performed with PerkinElmer TGA 4000. The weight
change of samples was analysed in a ceramic bowl at a heating rate of 10 °C per minute until

900 °C.

1.5.1.8. Energy Dispersive X-ray (EDX)

Samples were loaded on silicon wafer then were analysed with Nova NanoSEM 450 (FEI)

instrument equipped with an Energy-Dispersive X-ray Spectroscopy (EDX) system.

1.5.2. General Methods

1.5.2.1. Preparation of Phosphate Buffered Saline (PBS) and Sodium Acetate Buffer

Solutions

One PBS tablet was dissolved in DI water (200.0 mL) under stirring to obtain a PBS buffer
solution (pH 7.4). A sodium acetate buffer solution was prepared by dissolving 3.69 mL
glacial acetic acid in 1.0 L of DI water before 1.42 g of NaOH was slowly added. The pH of the

solution formed was then adjusted using NaOH and HCl solution.



1.5.2.2. Preparation of Nanoparticles for DLS analysis

The drug conjugate to undertake self-assembly was dissolved in DMF at a concentration of
100.0 mg/mL. This drug conjugate solution was added slowly to the aqueous medium via
autopipette, under vigorous stirring at 1200 rpm to produce NPs with different
concentrations. This stirring was maintained for 30 minutes as NPs creation took place. Then
NPs sample was taken for DLS analysis and then stored in at room temperature for reanalysis

over a period of time.

1.5.2.3. Preparation of Nanoparticles for SEM Analysis

The drug conjugate was first dissolved in DMF, yielding a solution with a concentration of
100.0 mg/mL. This solution was then gradually added to DI water using an autopipette
under vigorously stirred at 1200 rpm to create NPs with different concentrations. This
stirring was continued for 30 minutes as nanoprecipitation took place. Following this, the
resulting solution was subjected to dialysis (MWCO: 2000) against DI water for two days to
remove DMF. Then the NPs was freeze dried. Then the NPs was gently spread on conductive
carbon adhesive taps and sputter-coated with a thin layer of iridium (4 nm thickness) before

SEM analysis.

1.5.2.4. Drug Release Studies

The drug conjugate was first dissolved in DMF, yielding a solution with a concentration of
100.0 mg/mL. This solution was then slowly transferred into an aqueous medium using an
autopipette, while being vigorously stirred at 1200 rpm for 30 minutes to ensure NPs
formation. Next, the resulting mixture was subjected to dialysis (MWCO: 6000) in the same
aqueous medium at a temperature of 37°C, with continuous stirring to maintain consistency.
During dialysis, 1.0 mL samples were periodically removed from the aqueous medium, and
an equal volume of fresh agueous medium was added back to maintain the volume. Finally,
the collected samples were stored in a freezer to preserve them until analysis could be

performed.
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1.5.2.5. MALDI-TOF Analysis Calculations

Number average molecular weight (M,) of polymer was calculated through below equation:

Y'Ni * Mi
Y.

Mn

Where Niis the number of molecules with molecular weight Mi.

While weight average molecular weight (My) of polymer was calculated through below

equation:

Y'Ni * Mi?
"~ YNi * Mi

Mw
1.5.2.6. CPT content (w/w%) Estimation Via HL NMR Spectrometry Analysis

Drug content of drug conjugates was estimated through the integrated proton ratio of the

500 MHz 'H NMR Spectra.

Component of Drug Conjugates Molecular Weight

Repeating unit of PSar 71

CPT in drug conjugate 347.3

CPT-Gly in Drug conjugate 404.4

PGA repeating unit 129

CPT-Gly in Durg conjugate 404.4-17 (to compensate the -OH loss in
PGA after conjugation)

Repeating unit of P(Glu-GA) 187.2

2.7-3.0 ppm: 3H from PSar (-N(CHs)-)

3.8-4.4 ppm: 1H from PGA (-NH-CH-C=0-) , 2H from CPT-Gly (-NH-CH,-C=0-), 2H form PSar (-
N(CHs)-CH;-)
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5.1-5.6 ppm: 4H from CPT-Gly (-N-CH3-, -O-CH>-)

Drug Content (WO/)f (CPT — Gly — PSar) 347.3
rug Content (—% ) for — Gly — PSar) = —
w 404.4 + (w* 71)

w
Drug Content (; %) for PGA(CPT — Gly)

(5.1 — 5.6 ppm)/4 * 347.3

((3.8 — 44 ppm) — 21 52'6 ppm) £ 129 + (2L 54'6 PP, (4044 — 17))

For simplicity, the molecular weight of fucose was neglected, and the drug content (w/w%)

of PGA-(PSar-Gly-CPT) was estimated through the same equation of below

w
Drug Content (;%) for PGA — [(CPT — Gly) — co — (PSar or F — PSar)]

(5.1 =5.6 ppm)/4 = 347.3

<(3'8 _ 44 ppm) — 51-5.6ppm _ (2.7 —3.0ppm 2)) L 129 + (2.7 —3.0ppm 71)

2 3 3

51—-5.6ppm

+( 7

x (404.4 — 17))

1.5.2.7. CPT content (w/w%) Estimation for P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] And P(Glu-
GA)-(PSar-Gly-CPT)

Drug content of drug conjugates was calculated from the integrated proton ratio of the 500

MHz 'H NMR Spectra.
2.7-3.0 ppm: 3H from PSar (-N(CHs)-)

3.7-5.3 ppm: 3H from P(Glu-GA) (-NH-CH-C=0-, -C=0-CH2-0-), 4H from CPT-Gly (-NH-CH,-
C=0, -0-CHz3-), 2H form PSar (-N(CH3)-CH3-)
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5.4-5.6 ppm: 2 H from CPT-Gly (-N-CH,-)

w
Drug Content (W%) for P(Glu — GA) — [(CPT — Gly) — co — (F — PSar)]
& PGlu — GA(PSar — Gly — CPT)

B (5.4 — 5.6ppm)/2 + 347.3

((3.7 — 5.3ppm) — (5.4 — 5.6ppm * 2) — (m . 2)> «187.2 + (w . 71)

5.4 — 5.6ppm

+( 5

* (404.4 — 17))

1.5.2.8. Metal lon Release Study

The Cu?* complexed drug conjugate was first dissolved in DMF, yielding a solution with a
concentration of 100.0 mg/mL. This solution was then slowly transferred into an aqueous
medium using an autopipette, while being vigorously stirred at 1200 rpm for 30 minutes to
allow nanoprecipitation. Next, the resulting mixture was subjected to dialysis (MWCO: 6000)
in the same aqueous medium at a temperature of 37°C, with continuous stirring to maintain
consistency. During dialysis, 1.0 mL samples were periodically removed from the aqueous
medium, and an equal volume of fresh aqueous medium was added back to maintain the
volume. Finally, the collected samples were stored in a freezer to preserve them until

analysis could be performed.

1.5.3. Materials
1.5.3.1. Solvents

All solvents used if not specified were purchased from either Sigma Aldrich or Fisher.
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1.5.3.2.

Amino Acids

Chemical Supplier Chemical Supplier

H-Glu(OBzI)-OH Fluorochem Boc-Gly-OH Fluorochem

Sarcosine Fluorochem N-Boc-Glu(OBzl)- Fluorochem

OH

L- Alanine Fluorochem Boc-Lys(Z)-OH Fluorochem

H-Glu(OBzI)-OH Fluorochem Boc-Sar-OH Fluorochem

H-Glu(OtBu)-OH Fluorochem Boc-Gly-OH Fluorochem
1.5.3.3. Polymer Initiator

Chemical Supplier Chemical Supplier

Benzylamine Sigma Aldrich Hexylamine Fluorochem

Benzylalcohol Fluorochem Poly(ethylene glycol) | Sigma Aldrich

methyl ether

Poly(ethylene

glycol) diamine

Thermo Scientific

Methoxypolyethylene

glycol amine

Thermo Scientific
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1.5.3.4. Other Chemicals
Chemical separate the Supplier Chemical Supplier
Chemicals from chapter to
chapter
Triphosgene Fluorochem | Hydrobromic acid, 33% in | Sigma
Acetic Acid Aldrich
trifluoracetic acid Fluorochem | a-pinene Sigma
Aldrich
Sodium hydroxide Fisher sodium bicarbonate Fisher
L(-)-Fucose Acros Acetic anhydride Sigma
Aldrich
K.CO3 Fluorochem | 3-(Boc-amino)propy! Fluorochem
bromide
N,N-Diisopropylethylamine Fluorochem | Camptothecin (CPT) Fluorochem
(DIPEA)
N,N'-Dicyclohexylcarbodiimide Fluka N-Hydroxysuccinimide Apollo
(DCC) (NHS) Scientific
4-Dimethylaminopyridine Acros 1-(3- Fluorochem
(DMAP) Organics Dimethylaminopropyl)-3-
ethylcarbodiimide
hydrochloride (EDC.HCI)
Alanine-DKP Thermo Sarcosine-DKP Thermo
Scientific Scientific
Bis(1,5-cyclooctadiene)nickel(0) | Thermo Glycolic acid Thermo
(Ni(0)Cod;) Scientific Scientific
tert-Butyl 2-hydroxyacetate Thermo 2-Chloro-1- Thermo
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Scientific methylpyridinium iodide | Scientific
1,3-Bis-(2,6- Thermo chloroacetyl chloride Thermo
diisopropylphenyl)imidazolinium | Scientific Scientific
chloride (SIPr.HCI)

Di-tert-butyl dicarbonate Fluorochem | pyridine Thermo
Scientific
ethylenediamine Thermo Lithium Sigma

Scientific bis(trimethylsilyl)amide Aldrich

(LIHMDS) (1M in Toluene)
Tin(Il) 2-ethylhexanoate Sigma Methanesulfonic acid Thermo
(Sn(Oct)2) Aldrich (MSA) Scientific
1,5,7-Triazabicyclo[4.4.0]dec-5- | Fluorochem | 1,8- Sigma
ene (TBD) Diazabicyclo[5.4.0]Jundec- | Aldrich
7-ene (DBU)
Schreinen’ s Thiourea Catalyst Fluorochem | Copper (ll) Chloride, Thermo
anhydrous Scientific
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Chapter 2. Synthesis of Poly(Amino Acids) and their corresponding Drug
Conjugates

2.1. Introduction

Poly(amino acids) are excellent candidates for use as drug delivery systems. They are
biodegradable, biocompatible, and originate from a bio-renewable source. Controlled
synthesis of such polymers typically involves the conversion of an amino acid to a cyclic
structure that can undergo ROP. This chapter will disclose the synthesis of two poly(amino
acids), PSar and PGA, which may be included in a drug delivery vehicle to provide

hydrophilicity and sites for drug/polymer conjugation.

2.1.1. Amino Acids

Amino acids are fundamental building blocks of proteins are essential components found in
all living organisms. Each amino acid is characterised by a consistent structure that includes
an amino group, a carboxylic group, and a unique side chain (R group), which differentiates
one amino acid from another (Figure 2.1-1)[1]. These R groups vary in structure, size, and
electric charge, thereby determining the chemical properties of both the individual amino
acid and the protein they form. For example, the nature of the R group influences key

properties such as solubility in water, the pH of the solution, and protein polarity [1].

O

H,N
2 OH

Figure 2.1-1. Molecular structure of amino acids

More than 300 amino acids have been identified in cells, but only 21 directly take part in
polypeptide or protein synthesis during mRNA translation [2]. The remaining amino acids
typically serve other roles, often acting as intermediates in biosynthesis pathways or the
product of post-translational modification of proteins [3]. Among these, some play
significant roles in metabolic processes. For instance, sarcosine a N-methylated derivative of

glycine functions as both the intermediate and by-product in the synthesis and degradation
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of glycine, and it is commonly found in muscles and other bodily tissues [4].

2.1.2. Poly(Amino Acids)

A linear polypeptide chain is formed when amino acids are covalently joint together through
a peptide bond by removal of water molecules [1]. The biologically occurring polypeptides
are of a wide range of molecular weights and can include 2,000 amino acid repeat units in
the chain with specific amino acid sequence [1]. Unlike polypeptides, poly(amino acids) are
artificially synthesised polymers that often consist of one type of amino acid as the repeat
unit. Random, block and graft copolymers can also be created but polymers of specific
amino acid order analogous to polypeptides can only viably be done by solid-phase peptide
synthesis (SPPS)[5]. Polypeptides, including artificial ones, can be hydrolysed under
physiological conditions or by enzymatic catalysis yielding a mixture of their constituent
amino acids, which are then absorbed and metabolised by cells [6,7]. Despite its
biodegradability, the half-life of polypeptides can be as long as seven years under most
intracellular conditions, which shows that poly(amino acids) can be created to be chemically
robust, but they may also be biodegradable and are biocompatible and non-toxic to

cells[1,7].

The chemical and physical properties of polypeptides are determined by the sequence and
the nature of constituent amino acids’ R groups that are presented along the polypeptide
chain. While poly(amino acids) lacks the specific amino acid sequence that polypeptides and
proteins possess, they can possess the diverse functionalities that are afforded by the amino
acid R group. Therefore, polymers can be created that are cationic/ anionic or hydrophilic/
hydrophobic based on the amino acids polymerised for different applications [7]. Crucially,
because of their biodegradability and biocompatibility, poly(amino acids) is widely used as

drug carriers [7].

2.1.2.1. Solid-phase peptide synthesis (SPPS)

The creation of poly(amino acids) with precise amino acid sequences, like polypeptides, can

only be done by SPPS (Scheme 2.1-1)[5]. The general process for synthesising peptides starts

23



by attaching the first amino acid (AA1) to a resin support through its C-terminal carboxyl
group. Then the peptide chain is constructed step-by-step, extending toward the N-terminal
end. Each new amino acid is linked to the growing chain via its a-amino group, while
temporary protecting groups (P) prevent any reactive side chains. Once the amino acid is
attached, the resin is filtered and washed to eliminate excess reagents and byproducts. The
N-protecting group (R) on the amino acid is then removed, followed by another wash of the
resin before coupling of the subsequent amino acid. This sequence of coupling, washing,
deprotection, and washing is repeated for each subsequent amino acid coupling, until the
entire desired peptide sequence is assembled. Once complete, all protecting groups are
deprotected, the resin is washed again, and the finished peptide is cleaved from the resin.

(Scheme 2.1-1)[8].
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Scheme 2.1-1. General procedure of solid-phase peptide synthesis (SPPS) [8]

However, SPPS faces significant challenges as peptide length increases. The crude yield and
purity of synthesised peptides drop sharply due to steric hindrance and chain aggregation as

the peptide length increases. These issues impair the efficiency of coupling and deprotection
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steps by hindering interactions between the growing peptide, coupling reagents, and the
solid support [9,10,11]. As a result, the repetitive cycles become less effective and time
consuming with amplifying yield losses with each additional amino acid [9,10,11].
Consequently, SPPS is constrained in the length of peptides it can produce, which limits its
scalability and sustainability for large scale or environmentally conscious applications and

was not employed in this research study.

2.1.2.2.  Ring Opening polymerisation of Amino Acid N-carboxyanhydrides (NCAs)

The polymerisation of amino acid NCAs offers the most economical and efficient approach
for synthesising long chains of poly(amino acids) [11]. Amino acid NCAs are cyclic monomers

commonly made from refluxing amino acids with phosgene derivatives (Scheme 2.1-2).
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Scheme 2.1-2. Reaction mechanism of amino acid-NCA synthesis with triphosgene

Polymerisation commences when a nucleophile, usually a primary amine, attacks the
anhydrous carbon in the NCA ring prompting ring opening, carbon dioxide release, and the
formation of a new amine terminus that propagates the chain by targeting additional NCA
units [11]. This reaction is termed as ring opening polymerisation (ROP) (Scheme 2.1-3). This
process allows the control of polymer chain length by adjusting the monomer to initiator
ratio where the polymer could grow linearly if side reactions were absent, providing a

significant advantage in polymer synthesis [11,12].
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Scheme 2.1-3. Reaction mechanism of the amine- initiated ROP of amino acid NCAs

However, NCAs can be initiated by a deprotonated NCA where the resulting anion acts as a
nucleophile that initiates chain growth and both amine initiation and monomer initiation
mechanism take place simultaneously during the polymerisation (Scheme 2.1-4) [11]. The
loss of reactivity control over the growing polymer chain-end results in amine, carbamate or
NCA anion end groups that are free to undergo a variety of unwanted side reactions [11].
Moreover, crystalline NCAs often harbour minute traces of acid, acid chlorides, or
isocyanates that can terminate growing chains [11]. Consequently, polymers prepared by
NCA ROP using amine initiators often deviate from expected molecular weights based on
feed ratios [11]. While transition metal complexes can suppress these side reactions
increasing both reaction selectivity and efficiency [13], for the production of biomaterials
intended for in vivo use, such as drug delivery vehicles, the use of toxic organometallic
catalyst should be avoided. This research opted against them in favour of a simpler, greener
alternative by conducting ROP at 0°C to minimise side reactions effectively [11,14].
Furthermore, only Sar-NCA and Glu(OBzyl)-NCA were used to produce PSar and PGA in this
research, Sar-NCA lacks an acidic proton to enable monomer initiation, and dialysis ensures

PGA achieves a minimum molecular weight threshold.
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Scheme 2.1-4. Reaction mechanism of monomer-initiated ROP of amino acid-NCAs

In contrast to SPPS, NCA ROP has far superior efficiency in both time and cost for the
production of poly(amino acids) [9,10,11,12]. It is straightforward, requiring only the NCA,
an initiator, and a solvent without catalysts [11]. This straightforward approach yields high
molecular weight polymers in large quantities, while maintaining the integrity of chiral
centres with no detectable racemisation [15]. Additionally, ROP enables good control over
the molecular weights of the resulting poly(amino acids) [12,15,16]. The versatility of this
method is further enhanced by the wide range of available NCAs with over hundred distinct
types have been synthesised, allowing for the production of poly(amino acids) with diverse
properties tailored to various applications [16]. Furthermore, the living nature of poly(amino
acids) produced by ROP of NCAs allows for facile synthesis of block-co-polymers or end-

group functionalisation via the terminal amine [11].

2.1.3. Polymer Nanoparticles

Amphiphilic block copolymers are polymers composed of at least one hydrophobic block and
one hydrophilic block. In the context of poly(amino acids), the hydrophobic block is typically
formed from amino acids with hydrophobic R groups, such as phenylalanine or valine, while
the hydrophilic block consists of amino acids with polar or charged R groups, like lysine or
glutamic acid. These copolymers can self-assemble in agueous solutions to form NPs, driven
by the tendency of the hydrophobic blocks to aggregate forming a core to minimise their
interfacial tension in water [17]. Meanwhile, the hydrophilic blocks remain exposed to the

aqueous environment, stabilising the NPs structure [18,19,20].
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Figure 2.1-2. When the amphiphilic polymer is dissolved in a polar solvent that is miscible with water
(e.g. DMF) is dropped into rapidly stirred water, it self-assembles into a NPs by hiding the
hydrophobic blocks in the core while the hydrophilic blocks are exposed to the external aqueous

environment.

During polymer self-assembly, other dissolved hydrophobic materials such as anti-cancer
drugs may interact with the hydrophobic block and become entrapped in the hydrophobic
core [21,22] (Figure 2.1-2). This encapsulation serves multiple purposes; it shields the
external environment from the cytotoxic effects of the drug, protects the drug from
premature degradation or reaction with external factors and allowing sustained and
controlled release [20,23]. Furthermore, the hydrophilic outer layer prevents the NPs from
interacting with proteins or other blood components, reducing the risk of aggregation
through steric repulsion [19,24,25]. Consequently, amphiphilic block copolymer NPs have
been extensively explored for use in drug delivery due to their versatility, stability, and ability
to be tailored for specific treatments [18]. For instance, these polymers can be engineered to
target particular cancer cells by incorporating cell-targeting groups, while remaining stable in

non-target environments or during storage [7,14].

2.1.4. Drug Delivery Mechanisms

In cancer therapy, NPs carry anticancer drug to the target site through two main pathways to
increase their access and accumulations in cancer cells [18,20]. The prolonged circulation
times causing the NPs to preferentially accumulate in the cancer site by the enhanced
permeability and retention (EPR) effect (passive targeting) [18,20]. While active targeting is

achieved if the NPs are designed to be stimulus responsive such as pH change caused drug
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release [18,20,26,27], or modification of NPs surface with ligands that specifically target
receptors that are overexpressed on targeted cancer cells [18,20,27]. This active targeting
aims to enhance cancer cells specific accumulation and cellular uptake, further improving

therapeutic precision [20].

2.1.5. Enhanced Permeability and Retention (EPR) Effect

Many unique pathophysiological traits are observed in blood vessels of most solid tumours,
such as extensive angiogenesis and hence high hypervasculture [28,29,30], defective
vascular architecture, hypoplastic in arterioles within and around the tumour [28,29,30],
impaired lymphatic drainage or recovery system around the interstitial space of tumour
tissues [30,31], and intensive vascular permeability induced by significant raise in synthesis
of various permeability mediators [28,29,30,31,32]. Such enhancements play a vital factor in
tumour growth which facilitate the provision of nutrients and oxygen to meet the huge need
for rapid tumour growth [28]. And this phenomenon is termed as the EPR effect. Not only
EPR important for tumour growth, but also in delivery of macromolecular anti-cancer drug
which makes the development of highly cancer cell selective drug delivery becomes feasible
[28,31,32]. Owing to these unique tumour microenvironment (TME), macro-drug molecules
exceeding certain molecular wight threshold tents to accumulate at higher concentration in
the tumour interstitial space than in normal tissues [28,29,30,32]. Therefore, EPR effect is
being widely accepted and regarded as the most fundamental concept and standard in
designing tumour targeting macromolecular anti-cancer drug [28,32]. Therefore, the longer
the drug circulates in the blood vessels, more the drug accumulate and higher the drug
concentration in tumour tissue. However, in case of pancreatic tumour, which lacks sufficient
vascularity and hence, macro-drug molecules cannot be delivered to the tumour tissue
effectively by relying only on EPR effect [33,34,35,36]. Therefore, active targeted drug
delivery is needed for pancreatic cancer treatment. And an emerging strategy for this task is

targeting drug delivery mediated by fucose.
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2.1.6. Limitations of Physical Drug Encapsulation

Freely loaded amphiphilic NPs in which the drug molecules are not covalently bound to the
polymer is a frequently employed drug delivery system, yet it has many drawbacks. Drug
encapsulation typically occurs during self-assembly of amphiphilic polymer in aqueous
solution. However, due to the potentially poor solubility of many drug molecules in the
polymer matrix, low drug loading may occur [37]. Secondly, burst release occurs when a
fraction of the drug is adsorbed onto or located near the surface of the NPs, which rapidly
diffuses into the surrounding medium [38]. Thirdly, premature leakage is often observed
such as caused by interaction with abundant blood components, such as albumin [39]. As a
result, these drug molecules are released in the initial minutes or hours at the injection site
after administered, which may result in high local or system toxicity [40]. Moreover, since
NPs are mainly prepared in aqueous medium, which cause hydrolysis or oxidisation of some
of the components of the NPs during storage, affecting their stabilities and efficacy [41].
Attempts to address this issue through freeze-drying the polymer NPs, this process can
rupture NPs leading to drug leakage upon administration [41]. Consequently, this project
focus on the creation of drug delivery systems in which drug molecules are covalently bound
to the polymer chains that form NPs, hence the drug releasing rate is limited by the drug-
polymer linkage hydrolysis, setting the stage for more advanced drug delivery approaches in

an attempt to tackle these issues.

2.1.7. Polymer-Drug Conjugates

The modification of hydrophobic chemotherapeutic agents through the covalent
incorporation of hydrophilic polymers is another well-established and extensively studied
approach aimed at improving their solubility in agueous environments, which in turn
enhances their bioavailability and therapeutic effectiveness in clinical applications [42,43].
For example, PEGylation of camptothecin (CPT) has been successfully utilised to increase its
water solubility [42]. To achieve optimal drug loading capacities while ensuring adequate
therapeutic effects, these drugs are commonly conjugated with hydrophilic oligomers that
function as solubility enhancers [44,45].

However, a significant challenge arises from the tendency of self-assembly NPs to
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disintegrate prematurely after administration due to in vivo dilution [39,46,47,48,49]. This
disintegration is often attributed to the high critical micellar concentrations (CMC) of small-
molecular-weight drug conjugates, which can lead to the unintended release of the drug
prior to reaching its intended target site [39,46,47,48,49]. This premature release diminishes
the drug's therapeutic effectiveness and increases the risk of side effect due to systemic

distribution of the toxic drug.

To mitigate this issue, chemical crosslinking is commonly employed to improve the stability
of drug conjugates by creating covalent bonds between polymer chains providing
reinforcement to the weak intermolecular interactions that facilitate polymer micelle
assembly and existence. This reduces the likelihood of premature disintegration and ensures

the drug remains intact until it reaches the target site [39,46,47,48,49].

2.1.8. Pharmacologically Active Polymers

Building on the foundation of polymer-drug conjugates, pharmacologically active polymers
offer a more refined and sophisticated solution to the challenges of drug delivery. The
concept of the pharmacologically active polymer was first introduced in 1975 by Helmut
Ringsdorf [50]. In this model, a polymer chain is divided into three different moieties and
carrying different molecules: hydrophilic polymeric chain, therapeutic agent and cell
targeting group (Figure 2.1-3). The covalent bonding of the therapeutic agent to the polymer
ensures that release occurs preferably under specific environmental conditions, such as the
acidic extracellular environment of cancerous tissues (pH 6.0-7.0), dropping to pH 5.0-6.0 in
late endosomes [51,52]. This pH-responsive, site-specific release mechanism effectively
prevents both premature and burst drug release, overcoming the key limitations of both

physical encapsulation and traditional polymer-drug conjugates [39,46,47,48,49].
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Figure 2.1-3. A model of a pharmacologically active polymer, containing a polymeric backbone

carrying chemotherapeutic agent, cell directing group and hydrophilic moiety [50]

By adopting to this concept, my approach centres on a polymeric NPs composed of PGA as

the polymeric backbone, to which both fucose-polysarcosine (F-PSar) and the anti-cancer

drug camptothecin glycinate (CPT-Gly) were conjugated creating a drug conjugate designed

to target pancreatic cell and minimise the burst release effect seen in traditional

encapsulation methods. (Figure 2.1-4).

This system leverages the acidic TME to trigger controlled drug release, aiming to enhance

therapeutic efficacy while reducing side effects. By integrating fucose-mediated targeting

and pH-responsive drug-glycine linker, this approach offers a potential advancement in the

treatment of pancreatic cancer.
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Figure 2.1-4. The model of the target product PGA-[(CPT-Gly)-co-(F-PSar)], PGA is the polymeric
backbone, CPT-Gly is both the therapeutic agent and the hydrophobic moiety, F-PSar is both the

hydrophilic moiety and the cell directing group.

2.1.9. Chemotherapeutic Drugs

Many anticancer drugs that are approved for clinical use suffer from low solubility in
aqueous solutions, which limits their efficacy during chemotherapy. This remains a major
obstacle in drug development and clinical administration through oral and intravenous or
intramuscular injection [40,53,54]. Extensive research has been conducted to counter such
problems from different approaches, including using polymeric vesicles [40]. However, many
proposed drug delivery systems suffer from the previous mentioned issues, low drug
loading, burst release, and non-continuous drug release [40]. Therefore, the effectiveness of

drug delivery systems needs to be improved.

2.1.9.1. Camptothecin

CPT is a potent topoisomerase | (top I) poison which stabilise the top I-DNA complex
preventing the relegation of the cut DNA strand, which damages the DNA and results in
apoptosis of the cell [55,56]. It has been shown by many clinical trials that CPT is the most

effective anticancer drug against lung, ovarian, breast, pancreas, and stomach cancers
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among all the clinically available anticancer drugs such as 5-fluorouracil, doxorubicin,
methotrexate, vincristine, and vinblastine [54,57]. Also, CPT is one of the four main
components of FOLFIRINOX which is currently the most effective treatment for advanced
state pancreas cancer [58]. Therefore, CPT is chosen as the chemotherapeutic agent in this

research.

During DNA replication, top | is attached to DNA strands to release all the torsional strain
caused by splitting the DNA double strands by changing the DNA topology through DNA
rotation around the breakpoint [54,59]. When CPT attaches and stabilises the top I-DNA
complex, which causes the irreversible double stranded breaks of DNA as the result of
collision of the stabilised complex with DNA replication fork and transcription bubble, which
leads to apoptosis of the affected cell [54,60,61]. Therefore, its cytotoxicity expresses in S-
phase when DNA replication is taking place. Compared to G1 and G2 cells, S-phase cells are
100-1000 times more sensitive to CPT [62]. However, less than a quarter of tumour cells are
typically in the S-phase, and so slow and continuous release of CPT in tumour cells is

favoured to target these cells selectively over time [63,64].

CPT’s cytotoxic potential not only selectively targets cells during DNA replication but also
possesses unigue properties that enable it to bypass specific resistance mechanisms,
enhancing its effectiveness compared to other chemotherapeutics. One of the common drug
resistances in cancer cells is caused by ATP-binding cassette (ABC) transporters that
facilitates the energy-dependent efflux of various hydrophobic drugs [65]. Among these, P-
glycoprotein (Pgp) provides the strongest resistance to widest variety of compounds
contributing the most in drug resistance across many cancer cell lines [65,66]. Yet, CPT is not
a substrate of Pgp and not affected by the overexpressed Pgp in cancer cells. Hence, CPT can

be used to treat cancers with or without Pgp mediated multidrug resistance [54,67,68].

CPT was found from the extracts of a trees grown in south-eastern provinces of China of,
Camptotheca acuminata, Nyssaceae, which is an indole alkaloid with an unsaturated
pentacyclic ring which is rapidly hydrolysed to the ineffective water-soluble carboxylate form
under normal physiological pH environment (Figure 2.1-5) while inducing more severe side-
effects, such as cumulative haematological toxicity, diarrhoea and chemical or haemorrhagic

cystitis, [54,68,69,70]. Therefore, to maintain its cytotoxicity while avoid un-necessitate side-
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effects, CPT must be fixed in the lactone form during and after administration.

OH"™
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Figure 2.1-5. the conversion of between lactone and carboxylate form of camptothecin.

A facile strategy for CPT modification is to couple one or more amino acids to the C-20 OH
group which shields and slow down the hydrolysis of the lactone ring [63,71,72]. Glycine is
used to couple to the C-20 OH group because of its structural simplicity through an ester
bond forming camptothecin glycinate (CPT-Gly) to stabilise the lactone ring from opening
during circulation under physiological conditions prior to entering the cancer cells to
maximise its therapeutic effect while reducing toxicity as the CPT-Gly ester bond is slowly
hydrolysed releasing CPT [63,71,72]. Moreover, a glycine linker able to reduce the steric

hindrance during conjugation therefore enhancing its coupling efficacy [73].

2.1.9.2. Metallic Chemotherapeutics

Metallic chemotherapeutics are metal-based compounds that show potent tumour growth
inhibition and tumour toxicity [74]. Metal ions that can form complexes with various ligands
at different coordination numbers, geometries, and redox states. Their physical and chemical
properties can be tailored specifically with different ligands. For instance, ligands that can be
replaced by biomolecules containing nitrogen, sulphur or selenium in proteins causing
enzyme inhibition and cell death [75]. While some complexes can even mimic inhibitors of a
specific protein or enzyme to prohibit the vital cell activities leading to cell death [75].
Therefore, metallic chemotherapeutics offer great potential in the development of original

and highly potent cancer treatments.

However, the use of metallic chemotherapeutic agents is severely limited due to their
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intense side-effects, including neurotoxicity, hepatotoxicity, and nephrotoxicity [74].
Moreover, its lack of selectivity and the ability of binding to human serum albumin and
proteins killing healthy cells [75]. Therefore, to counter these drawbacks, metallic

chemotherapeutics must be encapsulated into a polymeric carrier before administration.

2.1.10. Poly(ethylene Glycol) (PEG)

PEG is a highly hydrophilic, biocompatible, non-immunogenic, and non-toxic polymer widely

utilised in biomaterials, biotechnology, and medicine (Figure 2.1-6) [24,25,76].

0 H
O

Figure 2.1-6. Poly(ethylene glycol)

Its unique properties, including steric stabilisation, enable PEG to repel other
macromolecules and particles in the bloodstream, thereby preventing aggregation and
enhancing the stability of drug delivery systems [24,77,78]. As a result, PEG is frequently
incorporated as the hydrophilic segment in amphiphilic block copolymers, which are
promising candidates for drug delivery vehicles [79]. For instance, PEG-modified poly(amino
acid) drug carriers significantly extend drug retention time post-administration, improving
therapeutic efficacy [80,81,82]. Moreover, when PEG is synthesised with a molecular weight
exceeding 6,000 g/mol, it prolongs the circulation half-life of the drug carrier in the blood,

facilitating greater accumulation at tumour sites through the EPR effect [25,79].

2.1.11. Replacement of PEG with Polysarcosine

Amphiphilic block copolymers that generate NPs in aqueous environments frequently
incorporate PEG as the hydrophilic segment, primarily due to its favourable properties for in
vivo applications and approval from the FDA [24,25,76,83]. However, the frequent
administration of PEG has been associated with several adverse effects, including
hypersensitivity, immunological responses, accumulation in tissues and the accelerated

blood clearance effect [84]. The identification of anti-PEG antibodies were first reported in
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1984 [85] which enhance the elimination of PEG-conjugated drugs from the bloodstream
[86]. Furthermore, there has been a notable increase in both immediate and delayed
hypersensitivity reactions to medications containing PEG [87]. Also, PEG's inability to
degrade within the body leads to its accumulation in various tissues particularly within
macrophages in the liver, pituitary gland, spleen, and eye, as well as in the epithelial cells of
the choroid plexus and kidneys in animal tests [88,89,90,91,92,93]. This accumulation
manifests as vacuolation, which occurs at all dosage levels and exhibits a dose-dependent
severity, with no signs of clearance observed even two months post-administration [93].
Furthermore, it has been tested in monkeys that vacuolation in different organ tissues may
adversely affect their functionality and architecture when dosed beyond a certain threshold,
with the potential for progressive accumulation of PEG [93]. In addition to these concerning
effects, PEG has been documented to interact with various proteins and positively charged

amino acids, further complicating its use in drug delivery systems [48,94,95,96].

Given the growing apprehensions regarding the negative impacts of PEG on human health
and the destabilisation of NPs caused by its interaction with proteins in vivo [48, 88-96].
There is an urgent need to explore alternative polymers for the formulation of NPs intended
for drug delivery. Among the array of hydrophilic polymers available, such as polyglycerols,
polyoxazolines, polypeptides, and polypeptoids, PSar (Figure 2.1-7), (also known as poly(N-

methylated glycine)) has garnered considerable attention as a promising substitute for PEG

initiator_ LA H
H | ]

Figure 2.1-7 Polysarcosine

in recent years [97].

PSar is a non-ionic, hydrophilic stealth polymer that offers several advantages over PEG for
biomedical applications [98,99,100]. It exhibits superior biocompatibility and reduced
immunogenicity while its structure suggests similar hydrogen bonding capabilities with
water and conformational flexibility as PEG [98,99,101,102]. These properties contribute to

PSar’s excellent hydrophilicity, which is comparable to or even exceeds that of PEG, making it
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an attractive candidate for drug delivery applications [98,99,101,102]. More importantly,
PSar is a stealth polymer that can provide shielding to NPs prevent the undesired
interactions with biomolecules and aggregation thus to enhance blood circulation time
[103,104]. Moreover, stealth properties could be achieved for NPs grafted with relatively
short PSar with as low as 19 repeating units (1400 Da) of PSar which is lower than that of
PEG to achieve stealth properties (2000 to 5000 Da) proving its ability in shielding the NPs
from the outer biomolecules and reduce clearance by kidney and liver, expending the
circulation time from minutes to hours [103,104,105,106]. Unlike water-insoluble
polyalanine (poly isomer of PSar), PSar lacks hydrogen bond donors, preventing the
formation of inter-molecular beta-bridges (pairs of hydrogen-bonded peptides in beta
conformation) that can lead to aggregation [101]. Notably, PSar has demonstrated the ability
to undergo decomposition in vivo by liver enzymes, addressing a key limitation of PEG [99].
Given these benefits, this study aims to utilise PSar as the hydrophilic component in the drug

delivery systems developed.

2.1.12. Poly(glutamic acid)

PGA is another commonly studied poly(amino acid) [107,108]. It is water-soluble,
biodegradable, edible, non-toxic, and anionic polyamide biopolymer, which is synthesised by
the nucleophile-initiated ROP of the y-protected NCA of L- glutamic acid [109]. Owing to its
high biocompatibility, over the past decades PGA-containing products such as antimicrobial
complexes, vaccine adjuvants, cancer therapy materials, and medical devices including

scaffolds for tissue regeneration have been developed [110,111,112].

Each PGA repeat unit contains a carboxylate group for covalent modification. Anticancer
drugs including paclitaxel, cisplatin, doxorubicin and camptothecin are suitable for covalent
conjugation to PGA [108,113]. Moreover, owing to its anionic nature, PGA will not form
aggregates with other negatively charged serum proteins and blood cells, thus overcoming
the serum inhibitory effect [109, 114]. While its negative charge could potentially lead to
electrostatic repulsion with cell surfaces or complexation with cationic species in the blood,
which might reduce cellular uptake [107,115]. Research has consistently shown that these
concerns do not compromise the EPR effect and the accumulation and retention of PGA
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based drug conjugate [113,116,117,118]. Consequently, PGA serves as an effective

polymeric backbone or drug carrier in this study.

2.2. Experimental

2.2.1. Amino Acid N-carboxyanhydrides (NCAs) Synthesis
2.2.1.1.  Synthesis of Sar-NCA

Sarcosine (4.45 g, 50.0 mmol, 1.0 eqv) was placed in a three-necked RB flask fitted with a
condenser and a dropping funnel. The system was purged with nitrogen for 15 minutes,
three times. Anhydrous THF (70.0 mL) and a-pinene (16.0 mL, 100.0 mmol, 2.0 eqv) were
then added to the flask. Triphosgene (10.0 g, 33.0 mmol, 0.67eqv), dissolved in 20.0 mL of
anhydrous THF, was added dropwise via the dropping funnel once the reaction mixture was
heated to reflux. The reaction was monitored, and completion was indicated when the solid
sarcosine dissolved, signifying the formation of Sar-NCA. The solution was filtered and
evaporated using rotary evaporation, yielding an oily crude product, which was dried under

nitrogen stream overnight to allow crystal formation.

The crude solid was dissolved in a minimal amount of THF and precipitated into hexane (in
an 8:1 hexane ratio). The mixture was stored overnight in a freezer to facilitate Sar-NCA
precipitation. The product was collected by vacuum filtration and washed with cold THF to
remove unreacted triphosgene and a-pinene. Recrystallisation was repeated three times,

and the final product was dried under vacuum overnight. Yield: 57 %

IH-NMR spectrum (400 MHz, DMSO-d¢) of Sar-NCA: 4.22 ppm (-CH»-), 2.86 ppm (-CH3)

2.2.1.2.  Synthesis of L-Glutamic acid y-benzyl ester N-carboxyanhydride (Glu(OBzyl)-NCA)

L-Glutamic acid y-benzyl ester (1.186 g, 5.0 mmol, 1.0 eqv) was added to a three-necked RB
flask equipped with a condenser and a dropping funnel. After purging the system with
nitrogen for 15 minutes, three times. Then 50.0 mL of anhydrous THF and a-pinene (1.6 mL,
10.0 mmol, 2.0 eqv) were added to the flask. Triphosgene (1.0 g, 3.3 mmol, 0.67 eqv)
dissolved in 20.0 mL of anhydrous THF, was added dropwise through the dropping funnel

once the mixture was heated to reflux. The reaction was complete when all solid amino acid
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dissolved, indicating the formation of Glu(OBzyl)-NCA.

After completion, the solution was filtered and evaporated using rotary evaporation to yield
a solid crude product. The solid was dissolved in a minimal amount of THF and precipitated

into hexane (8:1 hexane ratio). The mixture was stored overnight in a freezer to precipitate

Glu(OBzyl)-NCA. The product was then collected by vacuum filtration and washed with cold
THF to remove any unreacted triphosgene and a-pinene. Recrystallisation was performed

three times before drying the final product under vacuum overnight. Yield: 81%

IH-NMR spectrum (400 MHz, DMSO-d¢) of Glu(OBzyl)-NCA: 9.09 ppm (-NH), 7.37 ppm (-
OBzyl), 5.10 ppm (-OBzyl), 4.45 ppm (-CH-), 2.54-1.89 ppm (-CH2-CH;-)

2.2.2. Ring Opening Polymerisation of NCAs
2.2.2.1.  Synthesis of PGlu(OBzyl)

Glu(OBzyl)-NCA (2.0 g, 7.6 mmol, 1000.0 eqv) was added into a Schlenk tube and purged
with nitrogen for 15 minutes, three times, before hexylamine (0.99 ul, 0.0076 mmol, 1.0
eqv) in 50.0 mL of anhydrous DMF at 0°C was added into the reaction flask. The reaction
solution was kept at 0°C in ice bath and was allowed to slowly rise to room temperature for
four days under nitrogen bubbling. The completion of polymerisation was confirmed with
'H-NMR, and the crude product was precipitated in diethyl ether and collected by

centrifugation and wash with diethyl ether for three times and dried in vacuum. yield: 99%

2.2.2.1.1. Deprotection of OBzyl Group

Poly(y-benzyl-L-glutamate) (PGlu(OBzyl)) (1.0 g) was dissolved in 20.0 mL of trifluoroacetic
acid (TFA), and 6.0 mL of hydrobromic acid in acetic acid (33% HBr/AcOH) was added to the
reaction flask dropwise. The reaction mixture was stirred at room temperature for 90
minutes and precipitated in cold diethyl ether and collected by centrifugation, followed by
drying under vacuum overnight. The above process was repeated twice to fully deprotect
the OBzyl protecting group.

The resulting polymer was dissolved in a saturated solution of Na,COs and dialysed (MWCO:
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12k-14kDa) against DI water for three days. After dialysis, the pH value of the polymer
solution was adjusted to pH 1.0 by addition of concentrated HCl to protonate polyglutamic
acid sodium salt and precipitate out polyglutamic acid. The precipitated polymer was
washed with 0.1M HCl solution twice and later washed with DI water five times and freeze-

dried to obtain the final product-PGA. Yield: 60%

H-NMR spectrum (500 MHz, DMSO-dg) of PGA: 12.13 ppm (-COOH), 8.23 ppm (-NH), 3.96
ppm (-CH-), 2.28-1.94 ppm (-CH2-CH;-), 1.24-0.84 ppm (initiator).

2.2.2.2. Synthesis of PSar

Sar-NCA (2.0 g, 17.4 mmol, 70.0 eqv) was added to a Schlenk tube, which was purged with
nitrogen three times, 15 minutes each. Hexylamine (32.6 pL, 0.25 mmol, 1.0 eqv) was
dissolved in 5.0 mL of DMF and added to the reaction flask at 0°C in an ice bath. The reaction
mixture was allowed to warm slowly to room temperature over two days under a constant

nitrogen flow.

After the polymerisation, the crude product was precipitated in diethyl ether, followed by
centrifugation. The product was washed with diethyl ether three times and dried under

vacuum to yield the final PSar polymer. Yield: 99%

H-NMR spectrum (400 MHz, DMSO-dg) of PSar: 7.95 ppm (-NH-), 4.33-3.93 ppm (-CH»-),
2.96-2.75 ppm (-CH3), 1.37-0.85 ppm (Initiator)

2.2.3. Drug Conjugation Synthesis
2.2.3.1.  Synthesis of Boc-Gly-CPT

CPT (50.0 mg, 0.144 mmol, 1.0 eqv), Boc-Gly-OH (75.4 mg, 0.432 mmol, 3.0 eqv) and DMAP
(35.2 mg, 0.288 mmol, 2.0 eqv) were added into a 100.0 mL two necked flask. Purged with
nitrogen for three times before addition of DCM (40.0 mL). The reaction mixture was cooled
in ice bath to 0°C, then DCC (89.0 mg, 0.432 mmol, 3.0 eqv) in DCM was added into the
reaction mixture slowly through a needle. The reaction mixture was allowed to warm to

room temperature and left for 24 hours.

After the reaction, the solution was filtered and solvent evaporated under reduced pressure
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to yield a crude product. The crude product was purified by column chromatography (eluent:

DCM: acetone, 8:2). Yield: 99%
2.2.3.2.  Deprotection of Boc Group to Yield CPT-Gly

Boc-Gly-CPT (0.5 g) was dissolved in DCM (10.0 mL) and trifluoracetic acid (5.0 mL) was
added into the solution, which was stirred for 15 minutes at room temperature. The end
point of reaction was determined by thin layer chromatography (TLC). The reaction solution
was evaporated under nitrogen flow, and the product was recrystallised in methanol/ diethyl
ether three times to obtain the TFA salt of CPT- Gly. The TFA salt was removed by dissolving
the product in DMF then added 0.5 mL of triethylamine. The CPT-Gly was then precipitated
out in diethyl ether/ hexane 1:1 and washed with diethyl ether three times and dried in

vacuum overnight. Yield: 82%.

'H-NMR spectrum (400 MHz, DMSO-ds) of CPT-Gly: 8.72 ppm (=CH-), 8.17 ppm (=CH-), 7.88-
7.74 ppm (=CH-), 7.23 ppm (=CH-), 6.68 ppm (-NH,), 5.54- 5.33 ppm (-N-CH,-, -O-CH,-), 4.12-
3.87 ppm (-CH»-C=0-), 2.17 ppm (CH3-CH>-), 0.94 ppm (-CH3)

2.2.3.3.  Synthesis of CPT-Gly-PSar Drug Conjugate

CPT-Gly (50.0 mg, 0.12 mmol, 1.0 eqv) and Sar-NCA(58.3 mg, 0.51 mmol, 4.1 eqv) were
added to an RB flask, which was purged with nitrogen for three times (15 minutes each). 5.0
mL of anhydrous DMF was then added to the reaction flask. The reaction mixture was stirred
continuously at 0°C in an ice bath for two days with a steady flow of nitrogen bubbling
through the solution. The resulting polymer-drug conjugate was precipitated in diethyl ether,

washed three times with diethyl ether, and dried under vacuum overnight. Yield: 99%

'H-NMR spectroscopy (400 MHz, DMSO-ds) of PSar-Gly-CPT: 8.71 ppm (=CH-), 8.44 ppm (-
NH-), 8.17 ppm (=CH-), 7.86- 7.74 ppm (=CH-), 7.17 ppm (=CH-), 5.50- 5.31 ppm (-N-CH-, -O-
CH3-), 4.36-3.99 ppm (-C=0-CH,-N- (PSar)), 2.95-2.73 ppm (-N-CHs ), 2.17 ppm (CH3-CHy-),
0.92 ppm (CH3s) (Figure 2.3-18)

2.2.3.4. Synthesis of PGA-(PSar-Gly-CPT) Conjugate

PGA (3.2 mg, 0.025 mmol, 1.0 eqv), EDC.HCI (14.4 mg, 0.075 mmol, 3.0 eqv) and NHS (8.7
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mg, 0.075 mmol, 3.0 eqv) were added to a Schlenk tube, which was purged with nitrogen
three times (15 minutes each) before addition of 1.0 mL of anhydrous DMF. The reaction
mixture was allowed to stir for an hour in ice bath to activate the carboxylate group. Then,
PSar-Gly-CPT (20.0 mg) in 1.0 mL of anhydrous DMF was added into the reaction mixture.
The reaction mixture was allowed to warm to room temperature and stirred for two days.
The crude product was dialysed against DI water three days before being freeze dried. Yield:

78%

H-NMR spectrum (500 MHz, DMSO-dg) of PGA-(PSar-Gly-CPT): 8.68 ppm(=CH-), 8.45 ppm (-
NH-), 8.17 ppm (=CH-), 7.86-7.71 ppm (=CH-), 7.16 ppm (=CH-), 5.50-5.28 ppm (-N-CH-, -O-
CH;-), 4.28-3.96 ppm (-NH-CH-C=0-,-NH-CH;-C=0-, -N(CH3)-CH3-), 2.89-2.71 ppm (-N-CH3),
2.43-1.78 ppm (-CH2-CH>-)

2.2.3.5.  Synthesis of PGA-(Gly-CPT) Conjugate

PGA (10.0 mg, 0.078 mmol, 1.0 eqv), EDC.HCI (45.0 mg, 0.23 mmol, 3.0 eqv) and NHS (27.0
mg, 1.45 mmol, 3.0 eqv) were added to a Schlenk tube. Purged with nitrogen for three times
(15 minutes each) before addition of 1.0 mL of anhydrous DMF. The reaction mixture was
allowed to stir for an hour in ice bath to activate the carboxylate group, then CPT-Gly (14.0
mg, 0.034 mmol, 0.44 eqv) in 1.0 mL of anhydrous DMF was added into the reaction
mixture. The reaction mixture was allowed to warm to room temperature while kept stirring
for two days. The crude product was dialysed against methanol overnight then in DI water

for two days then freeze dried. Yield: 73%

1H-NMR spectrum (400 MHz, DMSO-dg) of PGA-(CPT-Gly) drug conjugate: 8.66- 7.16 ppm
(=CH-, -NH-), 5.51-4.97 ppm (-N-CHy-, -O-CH5-), 4.21-3.95 ppm (-NH-CH-C=0-,-NH-CH,-C=0-),
2.39- 1.84 ppm (-CH2-CH3-, CH3-CH3-), 1.23-0.91 ppm (initiator)

2.2.3.6.  Synthesis of PGA-[(CPT-Gly)-co-(PSar)] Conjugate

PGA (10.0 mg, 0.078 mmol, 1.0 eqv), EDC.HCI (45.0 mg, 0.23 mmol, 3.0 eqv) and NHS (27.0
mg, 1.45 mmol, 3.0 eqv) were added into Schlenk tube. Purged with nitrogen for three times
(15 minutes each) before addition of 2.0 mL of anhydrous DMF. The reaction mixture was
allowed to stir for an hour in ice bath to activate the carboxylate group, then PSar (7.5 mg,

0.0015 mmol, 0.02 eqv), CPT-Gly (11.2 mg, 0.028 mmol, 0.36 eqv) in 1.0 mL of anhydrous
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DMF were added into the reaction mixture. The reaction mixture was allowed to warm to
room temperature while kept stirring for two days. The crude product was dialysed against

methanol overnight then in DI water for two days then freeze dried. Yield: 60%

H-NMR spectrum (400 MHz, DMSO-dg) of PGA-[(CPT-Gly)-co-(PSar)]: 8.69 ppm (=CH-),8.29
ppm (-NH), 8.17 ppm (=CH-), 7.89-7.73 ppm (=CH-), 7.19 ppm (=CH-), 5.49-5.29 ppm (-N-
CH;-, -O-CH»-), 4.34-3.91 ppm (-NH-CH-C=0-,-NH-CH2-C=0, -N(CH3)-CH>-), 2.94-2.72 ppm (-
N(CH3s)-), 2.42-1.86 ppm (-CH2-CH;-, CH3-CH,-), 1.23- 0.90 ppm (initiator)

2.3. Result & Discussion

The overarching aim of this research is to create a polymer-drug conjugate that can complex
with metal ion as a potentially highly effective drug delivery system. The polymer-drug
conjugate should form NPs in aqueous solution and so the designed macromolecule consists
of different polymeric components. Initially the synthesis of the poly(amino acid)
components PSar and PGA were created, followed by the creation of their corresponding
drug conjugates CPT-Gly-PSar, PGA-(PSar-Gly-CPT), PGA-(Gly-CPT) and PGA-[(CPT-Gly)-co-
(PSar)]. Their differences in physical behaviour in aqueous solution were analysed and
discussed in terms of chemical structural design for the creation of fucose incorporation

drug conjugate that synthesised later.

2.3.1. Synthesis of Amino Acid NCAs

In this study, poly(amino acids) was produced through the ROP of amino acid NCAs. This
method of poly(amino acid) creation provides greater control and a more straightforward
route to polymer in the absence of catalysts compared to polycondensations and is much
more efficient/less labour intensive compared to SPPS [9,10,11,12]. Therefore, synthesis of
Sar-NCA and Glu(OBzyl)-NCA were the very first step to the final drug conjugate synthesis.
Through reacting with triphosgene, amino acids form a penta-cyclic structure that is
susceptible towards nucleophilic attack(Scheme 2.1-2) and eventually forming the final

polymer, PSar (Figure 2.3-1) and PGA (Figure 2.3-2).
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2.3.1.1.  Synthesis of Sar-NCA

Sar-NCA (Figure 2.3-3) was synthesised using triphosgene as a precursor monomer of PSar. It

was obtained as a white powder, yield 57% and confirmed through 'H-NMR spectroscopy.
OO
=0
N
\

Figure 2.3-3. Sar-NCA

The 'H-NMR spectrum displayed characteristic peaks at 2.86 ppm, corresponding to the
methyl group, and at 4.22 ppm, representing the two protons of the sarcosine backbone
(Figure 2.3-4) consistent to that of literature [119]. The remaining peaks in the spectrum are
assigned to DMSO-des and water that is associated with highly hygroscopic DMSO. The lack of
further peaks confirmed that a highly pure product was formed, which is essential for

successful ROP
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Figure 2.3-4. "H-NMR spectrum (400 MHz, DMSO-ds) of Sar-NCA: 4.22 ppm (-CH,-), 2.86 ppm (-CHs)
[119].

FTIR spectroscopy further validated the successful synthesis of Sar-NCA, with a sharp peak
observed at 1851 cm™ which corresponds to the anhydride stretch of the NCA monomer
(Figure 2.3-5). The presence or absence of this peak is extremely useful to confirm NCA

creation. While peak at 1757 cm™ were correspond to the C=0 bonds stretch.
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Figure 2.3-5. FTIR spectrum of Sar-NCA

2.3.1.2.  Synthesis of Glu(OBzyl)-NCA

Glu(OBzyl)-NCA (Figure 2.3-6) was obtained as a white powder, yield 81% and its chemical
structure was confirmed by 'H-NMR spectroscopy (Figure 2.3-7). Glu(OBzyl)-NCA was
produced as a monomer of PGlu(OBzyl) and subsequently PGA.

O._o
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Figure 2.3-6. Glu(OBzyl)-NCA

The 'H-NMR spectrum shows distinct peaks, including 9.09 ppm for the amide proton, 7.37
ppm for the five aromatic protons of the OBzyl protecting group, 5.10 ppm for the two non-
aromatic protons of the protecting group, 4.45 ppm for the proton present on the carbon

atom that is connected to the amino group, and a range of peaks (2.54 to 1.89 ppm) for the
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four protons of the side chain (Figure 2.3-7) consistent to that in literature[120].
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Figure 2.3-7. *H-NMR spectrum (400 MHz, DMSO-ds) of benzyl ester glutamic acid-NCA: 9.09 ppm (-
NH), 7.37 ppm (-OBzyl), 5.10 ppm (-OBzyl), 4.45 ppm (-CH-), 2.54-1.89 ppm (-CH,-CH,-) [120].

FTIR spectroscopy further confirmed the structure of Glu(OBzyl)-NCA by revealing peaks
characteristic of its functional groups: an amide stretch at 3248 cm™, an anhydride stretch at

1863 cm™, and a C=0 stretch at 1771 cm™ (Figure 2.3-8).
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Figure 2.3-8. FTIR spectrum of Glu(OBzyl)-NCA

2.3.2. Synthesis of PSar

PSar was then synthesised via Sar-NCA ROP through hexylamine initiation (Figure 2.3-9).
PSar is synthesised as a potential replacement for PEG owing to its comparable
hydrophilicity and was produced for inclusion as the hydrophilic moiety of the drug
conjugate [121,122,123]. Also, owing to its stealth properties, it prevents the undesired
interactions of NPs with biomolecules and aggregation enabling the NPs to diffuse in
physiological environments, such as the bloodstream, allowing the NPs to potentially reach
their target site in vivo, with potentially harmful and wasteful polymer aggregation
prevented [103,104]. This PSar was synthesised with a specific purpose: to demonstrate that
PSar modification can enhance the water solubility and stability of NPs in drug conjugates.
For simplicity, hexylamine was used as the initiator as the alkyl chain provides clear NMR

peaks, and fucose was not included at this stage.
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Figure 2.3-9. Ring opening polymerisation of Sar-NCA.

The synthesised polymer was analysed by *H-NMR spectroscopy to confirm its structure. The
peak at 7.95 ppm corresponds to the two nitrogen protons, while peaks within the range of
4.33-3.93 ppm represent the two protons in the backbone of the PSar repeating unit.
Additionally, peaks within the range of 2.96-2.75 ppm correspond to the methyl group of the
PSar repeat unit, and a broader range of 1.37-0.85 ppm accounts for the 13 protons
provided by from the initiator (Figure 2.3-10) consistent to the literature [119]. By
integrating the 'H-NMR spectrum, it was determined that the polymer consists of

approximately 60 repeating units.
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Figure 2.3-10. *H-NMR spectrum (400 MHz, DMSO-ds) of PSar: 7.95 ppm (-NH-), 4.33-3.93 ppm (-
CH,-), 2.96-2.75 ppm (-CHs), 1.37-0.85 ppm (Initiator)
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MALDI-TOF mass spectrometry analysis was carried out to further determine the degree of
polymerisation achieved for the PSar synthesised. Its M, and M,, were calculated through
the below equations

YNi*Mi 90%4862.918+82+4933.998++18+3938.035+18%3866.955
=== Mn= =4842.00
YNi 90+82+++18+.18

Mn

Where Ni is the number of molecules or the intensity of percentage with molecular weight

Mi.

1*Mi * . + * . +e * . + * K
NixMi? 90%4862.918%2482%4933.9982 18+3938.035%+18+3866.9552
i*Mi * . * . eee *39 . + * 9
NixM 90%4862.918+82%4933.998+:+-+18+3938.035+18%3866.955

Mw =4880.10

The MALDI spectrum shows the PSar has a number average molecular weight (M) of
4842.00 g/mol, a weight average molecular weight (M,,) of 4880.10 g/mol, and a very
narrow dispersity of a 1.008Dy . (Figure 2.3-11). The repeat unit of the PSar synthesised was

calculated to be 66, showing good correlation with the NMR data.

) 4790.9946{r7506}
100

904 4862.9180{r1249}
804
704
60
50
404
304

20

4000 4200 4400 4600 4800 5000 5200 5400 5600 5800
miz7

Figure 2.3-11. MALDI-TOF mass spectroscopy analysis of PSar synthesised. M, = 4842.00, M,, =
4880.10, dispersity= 1.008Dy;, Repeat unit: 66.

However, because of the different of ionisation efficiency of different molecular weight
polymer chains, higher molecular weight polymer chains generally exhibit lower ionizability
compared to lower molecular weight species [124, 125]. This occurs because larger

macromolecules require higher laser fluence for effective desorption and ionisation, and
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they tend to form fewer charged species per molecule. As a result, the mass spectra are
often biased toward the lower molecular weight population, leading to an under-
representation of high-mass polymers. Also, detector saturation resulting from strong signals
of matrix-related and low-mass oligomer ions can further potentiating this problem [126].
These discrimination effects shift the observed molecular weight distribution toward lower
values, potentially underestimating the true average molecular weight (M and M) of the

polymer.

2.3.3. Synthesis of PGA

The carboxylate group of PGA may be covalently coupled CPT-Gly, PSar, and cell targeting
groups by EDC/NHS coupling, providing further function to the polymeric component
[108,113,127,128].
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Figure 2.3-12. Ring opening polymerisation of Glu(OBzyl)-NCA to produce PGA

PGA was successfully synthesised via ROP of Glu(OBzyl)-NCA through hexylamine initiation,
followed by acid-mediated cleavage of the benzyl protecting groups to yield the final
polymer (Figure 2.3-12). Dialysis bag with high MWCO (12k-14k Da) was used to ensure the

removal of oligomer and the minimal repeating unit is no less than 78.

The structure of PGA was confirmed using *H-NMR spectroscopy (Figure 2.3-13) which
shows only trace of protecting group proton peak at 5.32 ppm remain, indicating the
successful deprotection and the PGA was used as it is. A broad peak at 12.13 ppm
corresponding to the carboxylic acid proton, peaks from 8.23 ppm representing the amine
and amide protons, a peak at 3.96 ppm for the backbone proton, peaks from 2.28 to 1.94
ppm for the four protons of the side chain, and peaks from 1.23 to 0.84 ppm for the initiator
protons consistent to the literature [129]. After deprotection and dialysis, the overall yield
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was less than expectation with only 60%. This moderate yield may be attributed to factors
such as formation of oligomer during the ROP reaction like initiation by impurities (e.g.,
moisture) or undesired initiation by amine of NCA, backbiting reactions, or chain cleavage

during the acid-mediated deprotection of the benzyl groups [11].
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Figure 2.3-13. '"H-NMR spectrum (500 MHz, DMSO-ds) of PGA: 12.13 ppm (-COOH), 8.23 ppm (-NH),
3.96 ppm (-CH-), 2.28-1.94 ppm (-CH2-CH,-), 1.24-0.84 ppm (initiator) [129].

2.3.4. Synthesis of CPT-Gly Conjugate

To enable the efficient conjugation of CPT to PGA, the tertiary hydroxy group of CPT was
chemically modified through DCC/DMAP conjugation with Boc-Gly-OH. This modification
fulfils several critical objectives: it mitigates steric hindrance between adjacent CPT
molecules attached to PGA by increasing their spatial separation, thereby improving
coupling efficiency [107]; it enhances the water solubility of CPT owing to the hydrophilic
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properties of glycine [63]; it introduces a primary amino group, which functions as a
nucleophile, facilitating a direct and efficient coupling reaction with the carboxylate groups
of PGA[107,113]; also, its ester bond linkage between glycine and CPT can be hydrolysed in

acidic conditions allowing the release of free CPT in the cancer cells [63,71].

O O
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. _N
N7\

Figure 2.3-14. CPT-Gly

The successful synthesis of the CPT-Gly was confirmed through *H-NMR and FTIR
spectroscopy. The disappearance of the hydroxy group proton signal at 6.5 ppm in 'H-NMR,
confirming the esterification of CPT’s hydroxy group with glycine(Figure 2.3-14).

Subsequent deprotection conducted in a 1:1 mixture of DCM: TFA, hydroxy or carboxylic acid
proton signals were not observed in *H-NMR spectrum, verifying that the CPT lactone ring

remained intact under these conditions (Figure 2.3-15) consistent to the literature [63].
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Figure 2.3-15. 'H-NMR spectrum (400 MHz, DMSO-ds) of CPT-Gly. TFA salt: 8.73 ppm (=CH-), 8.32
ppm (-NH5%), 8.15- 7.73 ppm (=CH-), 7.29 ppm (=CH-), 5.55- 5.34 ppm (-N-CH,-, -O-CH,-), 4.33-4.13
ppm (-CH,-C=0-), 2.19 ppm (CHs-CH,-), 0.96 ppm (-CHs) [63].

Furthermore, the removal of the TFA salt and neutralisation of the amine cation were
evidenced by the elimination of a peak at 8.32 ppm which correspond to the primary
ammonium salt and the emergence of a new peak at 6.68 ppm representing the primary

amine in the *H-NMR spectrum (Figure 2.3-16).
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Figure 2.3-16. *H-NMR spectrum (400 MHz, DMSO-ds) of CPT-Gly: 8.72 ppm (=CH-), 8.17 ppm (=CH-),

7.88-7.74 ppm (=CH-), 7.23 ppm (=CH-), 6.68 ppm (-NH,), 5.54- 5.33 ppm (-N-CH,-, -O-CH,-), 4.12-

3.87 ppm (-CH,-C=0-), 2.17 ppm (CHs-CH,-), 0.94 ppm (-CHs)

FTIR spectroscopy provided additional confirmation of the structural modifications, revealing

characteristic absorption bands at 3402 cm™ (broad, indicative of a primary amine stretch)

and 1752 cm™ (sharp, corresponding to an ester carbonyl stretch) in the CPT-Gly conjugate

(Figure 2.3-17).
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Figure 2.3-17. FTIR Spectra of CPT-Gly, amine stretch at 3402 cm™, ester carbonyl stretch at 1752 cm~
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2.3.5. Synthesis of CPT-Gly-PSar

CPT-Gly initiated ROP of Sar-NCA (Scheme 2.3-1) provided a straightforward and efficient
approach to enhance the water solubility of the highly hydrophobic CPT. Due to its structural
and synthetic simplicity, the CPT-Gly-PSar drug conjugate was designed as a straightforward

model to assess the necessity of conjugation with PGA.
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Scheme 2.3-1. Synthesis of CPT-Gly-PSar through CPT-Gly initiated ROP of Sar-NCA

CPT-Gly-PSar with three different extents of CPT conjugation were synthesised, with their
respective weight ratios determined by *H-NMR spectrum peak integration using formular:

CPT.MW _ 347.3
CPT—Gly.MW +Sar repeating unit MWSar repeating unit number  404.4+ 71x repeating unit number "

By the above formular 3 different trials of CPT-Gly-PSar were estimated: trial 1, 28%(Figure
2.3-18), trial 2, 35% (Appendix 0-1) and trial 3, 44% (Appendix 0-2). Their drug content was
estimated purely depends on the H-NMR integration; therefore, its resolution and the
integration greatly influence the result, and other technique should be used to further verify
the drug content. In the 'H-NMR spectra, the range of 8.71 to 7.17 ppm corresponds to six
protons from CPT and one amide proton, 5.50 to 5.31 ppm relates to four CPT protons, 4.36
to 3.99 ppm reflects protons on the PSar backbone, and 2.95 to 2.73 ppm indicates the
methyl group protons of the PSar side chain. In the *H-NMR spectra of drug conjugate (28%
w/w), the CPT-Gly is linked to PSar chain with 12-13 peat units (Figure 2.3-18). These signals

are consistent with the expected structure and indicate successful formation of CPT-Gly-PSar.
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Figure 2.3-18. *H-NMR spectroscopy (400 MHz, DMSO-ds) of PSar-Gly-CPT (28% drug
content): 8.71 ppm (=CH-), 8.44 ppm (-NH-), 8.17 ppm (=CH-), 7.86- 7.74 ppm (=CH-), 7.17
ppm (=CH-), 5.50- 5.31 ppm (-N-CH,-, -O-CH>-), 4.36-3.99 ppm (-C=0-CH,-N- (PSar)), 2.95-

2.73 ppm (-N-CH3 ), 2.17 ppm (CH3-CH>-), 0.92 ppm (CH3)

Subsequently, drug conjugate with higher drug content were produced as confirmed in the
1H-NMR spectra of drug conjugate (35% w/w), the CPT-Gly is linked to PSar chain with 8-9
peat units (Appendix 0-1), and the *H-NMR spectra of drug conjugate (44% w/w), the CPT-
Gly is linked to PSar chain with 4-6 peat units (Appendix 0-2).

The polymers produced contain a hydrophobic drug head group and a hydrophilic PSar tail,
ensuring amphiphilicity, which may enable NP formation. All samples did not produce stable
and consistent NPs, suggesting that this amphiphilic drug conjugate requires further

structural optimisation to achieve stable NP formation.
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2.3.6. Synthesis of PGA-(PSar-Gly-CPT)

To enhance the stability of NPs derived from the conjugation of CPT-Gly-PSar, it was
conjugated onto PGA not only to increase the hydrophilicity of the polymer-drug conjugates,
but also facilitates the nano-precipitation by formation of a hydrophobic core by tying the

hydrophobic segment- CPT together via conjugation (Figure 2.3-19) [39,48,49].

0. ° o —NH"
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Figure 2.3-19. PGA-(PSar-Gly-CPT). /: indication of the random position of carboxylate side chain and
CPT-Gly-PSar in PGA backbone.

PGA-(PSar-Gly-CPT) was synthesised through EDC/NHS coupling reaction with PGA and CPT-
Gly-PSar with drug weight ratio quantified by *H-NMR integration using formular:

(5.31-5.50ppm)/4+347.3

5.31—-5.50ppm (2.75—2.93ppm *2)>*129+(2.75—2.93ppm*71)
2 3 3

((3.96—4.26ppm)
5.31-5.50ppm

+(C2SS0PPM (404.4-17))
13473 0.33 (Figure 2.3-20
 (092-222 202 )s1204(H0e71)+ 223874 (Figure 2.3-20)

Given drug weight ratio of 33.0% (Trial 1) and 41.9% (Trial 2). Where 5.31-5.50 ppm
correspond to the four protons of CPT, 3.96- 4.26 ppm contains a proton from PGA, two
protons from CPT-Gly and two protons from PSar, 2.75-2.93 ppm represent the three
protons from methyl group; 347.3 is the MW of CPT, 129 is the MW of PGA repeating unit,
71 is the MW of PSar repeating unit, 387.4 represent the MW of CPT-Gly after losing a -OH
group during conjugation. The drug content was calculated exclusively from '"H NMR
integration, making the results sensitive to spectral resolution and integration accuracy.
Therefore, orthogonal techniques should be used to further validate the drug content in the
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future. Peaks from 8.71 to 7.68 ppm correspond to the CPT protons and the amide protons
of the polymer. A broad peak from 4.26 to 3.96 ppm represents two protons of PSar
backbone, two protons of the glycine linker, and one proton from the PGA backbone. A peak
from 2.93 to 2.75 ppm corresponds to the three protons of the PSar methyl group. A peak
from 2.32 to 1.84 ppm accounts for the four protons of the PGA side chain (Figure 2.3-20).
Characteristic peaks in the spectra confirmed the presence of CPT, PSar, and PGA backbone

structures (Figure 2.3-20).
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Figure 2.3-20. '"H-NMR spectrum (500 MHz, DMSO-ds) of PGA-(PSar-Gly-CPT) (33.0% drug load): 8.71
ppm(=CH-), 8.45 ppm (-NH-), 8.15 ppm (=CH-), 7.88-7.71 ppm (=CH-), 7.17 ppm (=CH-), 5.50-5.31 ppm
(-N-CH3-, -O-CH5-), 4.26-3.96 ppm (-NH-CH-C=0-,-NH-CH,-C=0-, -N(CHs)-CH,-), 2.93-2.75 ppm (-N-
CHs), 2.32-1.84 ppm (-CH,-CH,-)

2.3.6.1.  Analysis of PGA-(PSar-Gly-CPT) Nanoparticles

PGA-(PSar-Gly-CPT) with the two different drug conjugation amounts were converted to NPs
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by the ‘dropping-in’ method in pH 7.4 PBS solution simulating the physiological conditions,
which were assessed by DLS analysis three times each for precision. The formation of NPs
indicates the conjugation to PGA does increase the dispersibility because the additional
hydrophilicity. But the similarity in drug content of both drug conjugate may suggest the
increased hydrophobic interactions between CPT molecules may also facilitate the formation
of stable NPs [48,130,131]. NPs close to 200 nm in diameter were produced when PGA-
(PSar-Gly-CPT) with 33.0% drug content (w/w) was converted to NPs. Furthermore, DLS
results indicated that the conjugates have a low CMC, enabling NP formation at reduced
concentrations as low as 100 pug/mL, which is advantageous for drug delivery applications
preventing NPs disintegration due to the in vivo dilution (Table 2.3-1) [39,48,49]. And ten
times increase in NP concentration to 1.0mL/mL represents a more practical concentration
in real therapeutic applications [132] while higher concentration may risk of data distortion
due to the particle-particle interactions [133,134]. There is only a 11% increase in particle
size at concentration 1.0 mg/mL (Table 2.3-1). The PDI values of these NPs are also less than
0.3, revealing moderate dispersity. A tiny fraction of few thousands nm observed in both DLS
results, pointing only minute trace assembles into large aggregates. This is likely
overestimated due to the intensity-weighted nature of DLS measurements, which
disproportionately emphasises larger particles [106]. This large fraction may arise from the

unconjugated CPT-Gly-PSar persisted in the system.
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Trial 1 Z-Average PDI
(d.nm)

188.1 (+1.778) | 0.256

Size Distribution by Intensity

T ——— SR ER— : (#0.015)
1 10 1000 - 10001
Size (d.nm}
100 pg/mL
Size Distribution by Intensity 209.4 (¥+3.751) | 0.251
(+0.009)

1 10 100 1000 10000

Size (d.nm)

1.0 mg/mL

Table 2.3-1. The mean of three DLS size distribution by intensity analyses report for PGA-(PSar-Gly-

CPT) (Trial 1) at two concentrations in pH 7.4 PBS solution.

However, both the NP size and PDI value increases over time, signifying some particle
aggregation and rendering the particles unsuitable for long-term storage in agueous solution

(Table 2.3-2).
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Trial 1 Z-Average Pdi

(d.nm)

(after 4 weeks)

Size Distribution by Intensity 353.8 (+146.0) | 0.486

(+0.042)
1 10 100 1000 1000¢
Size (d.nm}

100 pg/mL

Size Distribution by Intensity 332.1 (12998) 0.636
.................. ................. ................. (£0.05)

Size (d.nm}

1.0 mg/mL

Table 2.3-2. The mean result of three DLS size distribution by intensity analyses for PGA-(PSar-Gly-

CPT) (Trial 1 ) at two concentration after 4 weeks in pH 7.4 PBS solution.

NPs created from PGA-(PSar-Gly-CPT) with 41.9% (w/w) drug content possessed even
smaller Z-average sizes of 125.7 nm at very low concentration of 100 pug/mL and slightly
higher PDI values of 0.338, further increase the concentration to 1.0 mg/mL resultin a
reduction in both size and PDI value of 110.9 nm and 0.303 respectively (Table 2.3-3). Drug-
carrying NPs of such dimensions may be suitable for the cancer treatment [69]. While a tiny
fraction of few thousands nm observed in both DLS results, indicating the presence of
minute trace of large aggregates. This is likely overestimated by intensity-weighted DLS
analysis, which disproportionately emphasises larger particles [126]. This large fraction may

arise from the unconjugated CPT-Gly-PSar persisted in the system.
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Trial 2 Z-Average Pdi
(d.nm)
Size Distribution by Intensity 125.7 0.338
.................. ,, ............. ................. (i4.869) (1_0'042)
1000 10000
Size (d.nmj}
100 pg/mL
Size Distribution by Intensity 110.9 0.303
e I E O SCUTHTRTIIES : (+1.419) (+0.027)
1 1000 10000
Size (d.nm})
1.0 mg/mL

Table 2.3-3. The mean result of three DLS size distribution by intensity analyses for PGA-(PSar-Gly-

CPT) (Trial 2) at various concentration in pH 7.4 PBS solution.

Four-week storage resulted in particle aggregation, suggesting again that the long-term
storage of PGA-(PSar-Gly-CPT) in aqueous solution may not be viable (Table 2.3-4). Because
from the date of manufacture and packaging till shipment and to be administered may takes

longer than four weeks.
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Size (d.nm}

1.0 mg/mL

Trial 2 Z-Average Pdi
d.nm

(after 4 weeks) ( )

Size Distribution by Intensity 308.6 0.422
1 10 1000 10000
Size (d.nm)
100 pg/mL
Size Distribution by Intensity 442 .1 0.520 (iOOG)
............................................................................ (116.79)

Table 2.3-4. The mean result of three DLS size distribution by intensity analyses for PGA-(PSar-Gly-

CPT) (Trial 6 ) at various concentration after 4 weeks in pH 7.4 PBS solution.

The morphology of the NPs was assessed using SEM, revealing spherical shapes for the PGA-

(PSar-Gly-CPT) NPs validating the spherical assumption used in the DLS analysis(Table 2.3-5).

In SEM images, the particles observed approximately 400 nm in trial 1 and 200 nm in trial 2.

These values were larger than the DLS results, which is unexpected because DLS typically

reports larger particle sizes owing to the hydration shell surrounding the particles

[135,136,137], while SEM measures the dry core diameter of individual particles under

vacuum and is therefore expected to yield smaller sizes [138]. This discrepancy can be

attributed to the external forces applied during SEM sample preparation, which induced

partial deformation or spreading of the NPs. Furthermore, SEM only captures a tiny fraction
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of the NPs present in the sample, whereas DLS provides an ensemble-averaged size
distribution of particles in suspension. Also, the differences in the sizes of the particles are
represented as PDI value reported in the DLS data. Particle aggregation may have occurred
between the DLS and SEM measurements which could be attributed to physical stress put on
the NPs during freeze drying process causing aggregation or fusion of the NPs [139,140].
Additionally, variations in NP size may be caused by uneven conjugation of the drug
conjugate during synthesis. This inconsistency may influence the NPs' physical behaviour in
aqueous environments [141]. Finally, some NPs appeared ruptured in SEM images, a
phenomenon possibly attributed to rapid water sublimation during the freeze-drying process

[41].

Trial 1 Trial 2

Table 2.3-5. SEM images on two Trials of PGA-(PSar-Gly-CPT)

However, this scheme was not used for metal ion complexation in this study. To effectively
deliver metal ions to cancer cells, the metal ion-PGA complex needs to be shielded from the
outer physiological environment to prevent the unwanted ion exchange. Based on the
chemical structure of the PGA-(PSar-Gly-CPT), the NPs formed may feasibly position PGA on
the outer most point, forming a hydrophilic shell that preferably interacts with aqueous
solution. Such placement could lead to direct interaction with the external environment,
resulting in ion exchange and premature release of metal ions following administration

(Figure 2.3-21).

To mitigate this risk, the metal ion- PGA complex should be shielded by the stealth polymer
PSar. In this manner, PSar acts in a comparable way to PEG in PEGylated drug delivery

systems [103,104,105]. Therefore, modification to the polymer design was done in which
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PSar and CPT-Gly are conjugated to PGA independently, rather than with PSar-Gly-CPT. In this
strategic placement, the hydrophobic interaction of CPT may help to pull the ion-PGA
complex towards inner position of the NPs, while the long chain of PSar shields the ion-PGA
complex from external interactions, ensuring controlled release and enhancing the NPs'

suitability for drug delivery applications involving metal ions (Figure 2.3-21).

H M
O hase/
0 (6] | NH O- V. (_) 2g;seizlljosgii)caallseenvironment
(0] o N

MR 0

N__~ L Nanoprecipitate o-
— |\/|+\
/ N °
O’M»

Carboxylate group at the outer most position
directly interact with ions in outer environment

Gly-CPT

aqueous phase/
physiological environment

o 0=
H
R N N N Nanoprecipitate
H —
As suggest by its chemical structure,
o
Uco:

metal ion is close to the hydrophobic CPT moiety of
. the drug conjugate, so during nanoprecipitation,
se-Polysarcosine metal ion and carboxylate group should be near the

hydrophobic CPT core, buried inside and shielded
by PSar shell

Figure 2.3-21. lllustration of NPs formed from PGA-(PSar-Gly-CPT)-ion complex (top) where the metal
ions (M) locate at the outer most of the NPs; illustration of NPs formed from PGA-[(CPT-Gly)-co-(F-
PSar)]- ion complex (bottom) where metal ions are shielded by PSar. \: indication of the random
position of carboxylate side chain, CPT-Gly, Fucose-polysarcosine (F-PSar) and CPT-Gly-PSar in PGA

backbone.

2.3.7. PSar Conjugation to Achieve a Stable Drug Delivery System

Stable NPs that do not aggregate in aqueous solution are essential if they are to be used as a
drug delivery system. Consequently, polymer redesign was done to create a polymer-drug

conjugate with incorporation of PSar.

To achieve this, drug conjugate made by the random conjugation of PGA with CPT-Gly only

(Scheme 2.3-2) and in combination with PSar (Scheme 2.3-3) were created. In this way, drug
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conjugates with and without hydrophilic PSar chains were produced and comparison of the

effects of PSar to enhance NP stability in aqueous solution could be made.

OH Gly-CPT
o)

EDC/ NHS coupllng \?\ g
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H

ZT
I

CPT-Gly

Scheme 2.3-2. Random conjugation of PGA with CPT-Gly for the synthesis of PGA-(CPT-Gly). \:

indication of the random position of carboxylate side chain and CPT-Gly in PGA backbone.
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Scheme 2.3-3 random conjugation of PGA with CPT-Gly and PSar or F-PSar for the synthesis of PGA-
[(CPT-Gly)-co-(PSar or F-PSar). \: indication of the random position of carboxylate side chain, CPT-Gly

and PSar or F-PSar PGA backbone.

It should be remembered that the final goal of this research is also to create polymeric drug
conjugate that can self-assemble to form NPs containing metal ions. As discussed above
(2.3.6.1), compared to PGA-(PSar-Gly-CPT), the aggregation of CPT moiety in PGA-[(CPT-Gly)-
co-(PSar)] may drag the ion-PGA complex inward, while the long chain of PSar provides
shielding to the ion-PGA complex from external interactions, prevent the premature release

of metal ions (Figure 2.3-21).

Polymeric drug conjugates were created because freely loaded drug encapsulation has many

limitations, including burst release and premature drug leakage [37,38,40,41]. Polymeric
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drug conjugates may ensure that the drug will not be released until certain criteria are met
to cleave the drug from the polymer, such as the acidic TME catalysing hydrolysis of the
labile bond that links the drug and polymer [42,43,63,71,72,107]. The conjugation of PGA
with Gly-CPT had been reported previously (Scheme 2.3-2)[107]. However, reduced polymer-
drug conjugated solubility and dispersibility in water with increasing CPT content limits its
application. In chemotherapy, it is essential that a high concentration of chemotherapeutic
reaches the cancer site to kill the cancerous cells. To circumvent aggregations, and to
improve the performance of PGA-(Gly-CPT) drug conjugates, hydrophilic PSar is included to
enhance solubility, and fucose is incorporated to enable cell binding to pancreatic cancer
cells. A polymeric drug conjugate that includes these features is entirely novel but also has
great potential for effective pancreatic cancer treatment. Before that, drug conjugate PGA-
(Gly-CPT) was first synthesised as a control sample for comparison of the PSar-enhanced

drug conjugate (Figure 2.3-22).

2.3.7.1.  Synthesis of the Control PGA-(Gly-CPT) Drug Conjugate

To investigate the impact of PSar modification on NP formation and stability, drug conjugate
PGA-(Gly-CPT) was synthesised (Figure 2.3-22). This conjugate served as a control sample,
allowing for a comparative analysis of the stability and structural advantages introduced by

PSar modification [113].

Achieving 100% coupling efficiency of CPT-Gly onto PGA is not feasible due to steric
hindrance between adjacent CPT-Gly molecules [113]. As a result, the unmodified
carboxylate groups on PGA are serving as the hydrophilic component, while CPT-Gly
functions as the hydrophobic segment within the drug conjugate. This amphiphilic nature

may enable the conjugate to self-assembly in aqueous environments, forming NPs.
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Figure 2.3-22. The chemical structure of PGA-(Gly-CPT). /: indication of the random position of

carboxylate side chain and CPT-Gly in PGA backbone.

The structure of the synthesised drug conjugate was verified by *H-NMR spectroscopy. The
'H-NMR spectrum revealed distinct peaks confirming the presence of PGA and CPT-Gly, with
peaks from 8.66 to 7.16 ppm corresponding to the amide proton of the PGA backbone and
the protons of CPT, while peaks from 5.51 to 4.97 ppm represented the four protons from
CPT. Additionally, peaks from 4.21 to 3.95 ppm were assigned to one proton of the PGA
backbone and two protons from the glycine linker, and peaks from 2.13 to 1.84 ppm
accounted for the four protons of the PGA side chain and two protons of CPT. (Figure

2.3-23). The drug content was estimated via the following equation:

(4.97-5.51 ppm)/4+347.3
4.97-5.51 ppm 4.97—-5.51 ppm

((3.95—4.21 ppm) > )*129+( «(404.4—17))
0255 4,53
= E7EE 62.55 =054
(61.88 _ T) + 129 + 2572+ 387.4

The drug content was estimated to be 54.0% (w/w). Where 4.97 to 5.51 ppm correspond to
the four protons of CPT, 3.95 to 4.21 ppm contains a proton from PGA, two protons from
CPT-Gly; 347.3 is the MW of CPT, 129 is the MW of PGA repeating unit, (404.4-17) represent
the MW of CPT-Gly after losing a -OH group during conjugation. This drug content was

estimated exclusively from '"H NMR integration, making the result sensitive to spectral

71



resolution and integration accuracy. Therefore, other techniques should be used to further

validate the drug content in the future.
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Figure 2.3-23. *H-NMR spectrum (400 MHz, DMSO-ds) of PGA-(CPT-Gly) drug conjugate: 8.66-7.16
ppm (=CH-, -NH-), 5.51-4.97 ppm (-N-CH-, -O-CH,-), 4.21-3.95 ppm (-NH-CH-C=0-,-NH-CH,-C=0-),
2.39- 1.84 ppm (-CH»-CH,-, CH3-CH;-), 1.23-0.91 ppm (initiator)

2.3.7.1.1. DLS Analysis of PGA-(CPT-Gly) Drug Conjugate in pH 7.4 PBS Solution

NPs were prepared by the ‘dropping-in” method in pH 7.4 PBS solution to mimic
physiological conditions, which were assessed by DLS analysis three times each for precision.
DLS analysis showed that the drug conjugate, with approximately 54% (w/w) drug content,
was only capable of self-assembling into NPs with a Z- average of 246 d.nm and a PDI value
of 0.442 at a concentration as low as 100 pg/mL (Figure 2.3-24). This indicates that while the
polymer-drug conjugate can form NPs, the PDI value suggests a considerable size variation
that is not ideal for drug carriers [105,142,143].
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Figure 2.3-24. The mean average of triplicate DLS size distribution by intensity analyses report for

PGA(CPT-Gly) (54% drug content) in pH 7.4 PBS solution at concentration 100ug/mL.

To improve solubility and enhance NP formation/stability, PGA-(CPT-Gly) with a lower drug
content of approximately 31% (w/w) was synthesised and subjected to DLS analysis under
the same conditions. The drug conjugate was able to form NPs at concentration of 600
ug/mL with average size of 133.7 d.nm and PDI value of 0.525 with large aggregate
observed, again showing high polydispersity. Furthermore, the size increases significantly to
228.2 d.nm after storage at room temperature for 10 days (Table 2.3-6). Therefore, NPs
prepared from PGA(CPT-Gly) are not ideal for use as drug delivery vehicles. The inconsistent
NP size distribution and relatively large PDI values highlight the need for modification in

polymer design.
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Size (d.nm}

10 Days After

PGA(CPT-Gly) (31%) 600 ug/mL in pH 7.4 PBS Solution Z-Average PDI value
(d.nm)
Size Digtribution by Intensity 1337 0525
............................................................................. (+7.605) (+¥0.057)
10000
Size (d.nm}
Size Distribution by Intensity 228.2 0.344
_____________________________________________________________________________ 5 (+23.01) (+0.004)
10000

Table 2.3-6. Three DLS size distribution by intensity analysis result of PGA(CPT-Gly) (31%) 600 pg/mL

in pH 7.4 PBS Solution on first day and 10 days after

2.3.7.2.  PGA-[(CPT-Gly)-co-(PSar)] Drug Conjugate

The feasibility of coupling PSar onto the PGA backbone to increase polymer hydrophilicity

and NP stability was then assessed. PGA-[(CPT-Gly)-co-(PSar)] (Figure 2.3-25) drug conjugate

was successfully synthesised via random coupling of CPT-Gly and PSar with PGA to

investigate both the structural integrity of the conjugate and the stability of the resulting NPs

in physiological conditions.
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Figure 2.3-25. PGA-[(CPT-Gly)-co-(PSar)] drug conjugate. /: indication of the random position of

carboxylate side chain, CPT-Gly and PSar in the PGA backbone.

The structure of the synthesised drug conjugate was verified using '"H-NMR spectroscopy.
The '"H-NMR spectrum revealed distinct peaks confirming the presence of PGA, CPT-Gly and
PSar. Peaks from 8.69 to 7.19 ppm corresponded to the amide proton of the PGA backbone
and the protons of CPT, while peaks from 5.49 to 5.29 ppm were attributed to the four
protons of CPT. Peaks from 4.34 to 3.91 ppm represented one proton from the PGA
backbone, two protons from the PSar backbone, and two protons from the glycine linker.
Additionally, peaks from 2.94 to 2.72 ppm indicated the three protons of the PSar methyl
group, and peaks from 2.42 to 1.86 ppm accounted for the four protons of the PGA side
chain and two protons of CPT (Figure 2.3-26). Characteristic peaks in the spectra confirmed

the presence of CPT, PSar, and PGA backbone structures in the system.

The drug content was determined through proton integration in the 'TH-NMR spectrum

(5.29—5.49 ppm)/4+347.3

(391_4.34 ppm) 5.29—5.249 ppm (2.72—2.:4 ppm *2)>*129+(2.72—2.:4 ppm*71)

through equation: (

5.29-5.49 ppm

+( *(404.4—17))
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019 ,347.3

= 4 = 0.279
(0.89—0'1289—1_;’—0*2)*129+1é—0*71+0'i9*387.4

Revealing a drug content of 27.9% (w/w)(Figure 2.3-26). Where 5.29 to 5.49 ppm
correspond to the four protons of CPT, 3.91 to 4.34 ppm contains a proton from PGA, two
protons from CPT-Gly and two protons from PSar, 2.72 to 2.94 ppm represent the three
protons from methyl group; 347.3 is the MW of CPT, 129 is the MW of PGA repeating unit,
71 is the MW of PSar repeating unit, 387.4 represent the MW of CPT-Gly after losing a -OH
group during conjugation. The drug content was estimated purely by integration of
characteristic signals in the 'H NMR spectra, making the result sensitive to spectral
resolution and integration accuracy. Therefore, orthogonal techniques should be used to

further validate its drug content in the future.

g
58 T
CH, qd
A g
3
57 d
:22 DO~ O [N < = < D N © o O
NH © NN < N @ o ONWSY R NO
/ © 0 O N~ NN 0 < N N N~ - O
o—. N \ Y/ I/l N 1
21 \
18
8 oH /
H,C—N.
\55/66 3go §7
‘ 1‘5:0 /
64 16
\63 ° P
‘ wo I NH [ ] _CH
H 59 ;
61 NH/ \‘ 2 \‘3/ NH/6\7 24 \%5};55 3
o bR
o 9
2l I
o="13
14
\NH\52 28
53
\
51— A1~— 0,5
O// 26\31/ \EJ 20
54 e \ 40
/ o=/
wd 34
N \
\ =0
e 35,40 3,6,59
20
N=—="¢ | 18,52
3‘} \37/35
455“\ /
/ ya—42
48
N
47

145 135 1205 15 1005 95 85 75 65 | 55 45 35 275

£1 (ppm)

Figure 2.3-26. *H-NMR spectrum (400 MHz, DMSO-ds) of PGA-[(CPT-Gly)-co-(PSar)]: 8.69 ppm
(=CH-),8.29 ppm (-NH), 8.17 ppm (=CH-), 7.89-7.73 ppm (=CH-), 7.19 ppm (=CH-), 5.49-5.29 ppm (-N-
CH,-, -O-CH,-), 4.34-3.91 ppm (-NH-CH-C=0-,-NH-CH,-C=0, -N(CH3)-CH;-), 2.94-2.72 ppm (-N(CHs)-),

2.42-1.86 ppm (-CH;-CH,-, CH3-CH,-), 1.23- 0.90 ppm (initiator)
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In the polymer produced, PSar acts as the hydrophilic component promoting water solubility
and NPs stability [98,99,100]. While CPT-Gly forms the hydrophobic segment, which is
expected to aggregate into the core of the NPs in aqueous environments. Since this drug
conjugate is mainly composed of amino acid-based components, it can be hydrolysed into its
respective amino acids- sarcosine, glycine, and glutamic acid under appropriate conditions
[1,6,7]. Moreover, CPT is designed for pH-responsive release, as the ester bond between CPT
and glycine is hydrolysed in acidic TME, enabling controlled drug release in response to pH

variations [63,71,72].

Additionally, given the potential NP forming capability of the PGA-[(CPT-Gly)-co-(PSar)] drug
conjugate, it presents an opportunity for co-encapsulation of metal-based chemotherapeutic
agents during NP formulation or metal ions complexation for CDT. This expands the potential
of the proposed drug delivery system as a multifunctional drug delivery system, combining

polymeric drug conjugation with metal-assisted cancer treatment approaches.

2.3.7.2.1. DLS Analysis of PGA-[(CPT-Gly)-co-(PSar)] Particles formed in pH 7.4 PBS

Solution

NPs were prepared through ‘dropping- in” method in pH 7.4 PBS solution to simulate
physiological conditions and analysed by DLS three times each to ensure precision. The drug
conjugate with 27.9%(w/w) drug content self-assembled to form stable NPs with a desirable
size distribution with Z- average 89.62 d.nm (+1.576) and PDI value of 0.302 (+0.003) at a
concentration of 600 pg/mL (Table 2.3-7) showing great improvement in terms of Z-average
and size distribution comparing to non- PSar conjugated in Table 2.3-6. A tiny fraction of few
thousands nm observed in the DLS results, pointing only minute trace assembles into large
aggregates. This fraction is probably overestimated, as intensity-weighted DLS is highly
sensitive to larger particles, amplifying their apparent contribution [106]. This large fraction
may be attributable to residual unconjugated CPT-Gly persisted in the system after dialysis.
The Z-average of the NPs gradually increase to 112.4 d.nm on the fifth day then to 204 d.nm
with PDI of 0.491 on the thirteen days storage at room temperature, indicating aggregation
and its short shelf- life of the NPs after nanoprecipitation (Table 2.3-7). Yet, DLS generally
gives a larger particle size due to the presence of a hydration shell [135,136,137] and the
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present of minute trace of DMF in the solution from the NPs preparation may affect the

stability of NPs during storage.

First Day, 600ug/mL Z-Average PDI

Size Distribution by Intensity (d.nm)

89.62 (+1.576) | 0.302

I (+0.003)
1000 10000
Size (d.nm})
5 Days After, 600pug/mL 112.4 (¥1.735) | 0.254
Size Distribution by Intensity (iOOOZ)
1000 100
Size (d.nm)
13 Days After, 600ug/mL 204.0 (¥2.919) | 0.491
(+0.004)

Size Distribution by Intensity

10000

Size (d.nm}

Table 2.3-7. DLS size distribution by intensity analysis of three trials analysis of PGA-[(CPT-Gly)-co-

(PSar)] with 27.9% drug content (w/w) pH7.4 PBS at concentration of 600ug/mL.
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A drug conjugate with a higher drug conjugation content (34.0% w/w) was then synthesised
and analysed by DLS. The results showed that the conjugate successfully formed stable NPs
at 1.0 mg/mL with an optimal size of 102 d.nm (+1.375) and a low PDI value of 0.236
(x0.014) in pH 7.4 PBS solution (Table 2.3-8). It represents a more practical concentration in
real therapeutic applications [132] while higher concentration may risk of data distortion
due to the particle-particle interactions [133,134]. Also, the NPs sizes are suitable for drug
delivery where require NPs size smaller than 200nm for efficient endocytosis [143]. And
again, large aggregate was detected in one of the triplicate analyses pointing out the

overestimation by intensity weighted DLS measurements [106].

1.0 mg/mL Z-Average PDI
(d.nm)
Size Distribution by Intensity
SRR R R SR ST : 102nm 0.236
: : ' ' : | (21.375) (+0.014)

1000 10000

Size (d.nm}

Table 2.3-8. Average DLS size distribution by intensity analysis of three trials analysis of PGA-[(CPT-
Gly)-co-(PSar)] drug conjugate with 34.0% drug content (w/w) in pH7.4 PBS at concentration of 1.0

mg/mL.

These results strongly suggest that PSar greatly improves the uniformity of the NPs with
higher drug content and higher concentration compared to that of PGA-(CPT-Gly) (Table
2.3-6), yielding NPs of appropriate size for use as drug delivery vehicles. But the NPs of this
drug conjugate only able to remain desirable deviation in size at physiological condition for
less than two weeks in room temperature, such short shelf-life pointing it only to be best

administered short after NPs’ preparation [105,142,143].

2.3.7.2.2. DLS Result in Different pH

To allow NPs to be delivered effectively into the cancer cells via endocytosis, the NPs need to
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remain stable with size smaller than 200 nm in the slight acidic cancer extracellular
environment (pH 6.0 -7.0) [51,52,143]. Also to have a probe in to how NPs behave after
endocytosis, NPs were prepared in acetate buffer solutions at pH 6.0 and pH 5.5 not only to
mimic the endosomes or lysosomes pH of cancer cells, also proving NPs remain stable in the
slight acidic cancer extracellular environment [51,52]. At pH 6.0 drug conjugate was able
form highly uniform (PDI: 0.277(+£0.009)) and small NPs (104nm (+0.2887)) with minute trace
aggregate being overestimated by intensity weighted DLS [106] (Table 2.3-9). As the pH
decreased to 5.5, the vacant carboxylate groups became protonated, reducing water
solubility and the formation of larger NPs (204 d.nm) with an increased PDI of 0.538,
indicating a broad size distribution and sign of aggregation (Table 2.3-9). Although the pKa of
PGA is 4.45, calculations (data not included) suggest that at pH 5.5, only around 8% of PGA’ s
carboxylate groups are protonated. These findings indicate that NPs remain stable at slightly
acidic pH (<6.0) ensuring its ability to pass through the acidic extracellular environment (pH
6.0- 7.0) and undergo endocytosis into the cells [51,52,143]. But NPs destabilised and
aggregated after entering the more acidic endosomes or lysosomes of cancer cells [51,52],
This aggregation within cancer cells may have an unknown impact on the drug release

profile; further studies are required to clarify this effect.
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1000 10000

Size (d.nm)

600ug/mL, pH 6.0

Size Distribution by Intensity Z-Average PDI
(d.nm)
204.1 0.538(+0.13)
(x7.427)
10 100 1000 100
Size (d.nm}
600ug/mL, pH 5.5
Size Distribution by Intensity 104nm 0.277(+0.009)
.............................................................................. (i0.2887)

Table 2.3-9. Average DLS size distribution by intensity analysis of PGA-[(CPT-Gly)-co-(PSar)] with

27.9% drug content (w/w) in pH 5.5 (above) and pH 6.0 (below) Acetate buffer solution at

concentration of 600pg/mL.

2.3.7.2.3. Drug Release Study

To assess whether the drug conjugate could prevent the rapid release of toxic CPT in

physiological environment during circulation reducing its toxicity towards healthy cells, a

proof-of-concept drug release study was conducted in pH 7.4 PBS at 37 °C to simulate

physiological condition over three weeks.
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Drug Release Profile of PGA-[(CPT-Gly)-co-(PSar)]in pH 7.4

PBS Solution
50
S
= °o
o 40
8 °
S 30 g
(&)
5 [ ]
o
3 20
4]
Q@
o
EIO ° o © o
°
0 @@
0 5 10 15 20 25
Time (Day)

Figure 2.3-27. Drug release study of PGA-[(CPT-Gly)-co-(PSar)] with 23% drug content (w/w) in pH7.4

PBS at concentration of 600 pug/mL over three weeks.

The results revealed that approximately 10% of CPT was released during the first week.
Following this initial release, a plateau phase occurred with no significant additional release
until the third week, when a sudden increase brought the total to about 30%. By the end of

the study, approximately 40% of CPT had been released (Figure 2.3-27).

The early release observed primarily attributed to the physically encapsulated CPT during
first four days. And the releasing rate slows down suggesting that only the ester bond linking
CPT to the conjugate underwent continuous slow hydrolysis, leading a gradual release of CPT
over the three-week duration. As this was a proof-of-concept study, analysis was performed
only once, experimental error emerged, including an unexpected plateau in the second
week. Ideally, the release rate should have decreased after the depletion of physically
encapsulated CPT leaving only conjugated CPT slowly hydrolysed and released as observed

in Figure 3.3-17. Nevertheless, the findings confirmed that the drug conjugate successfully
minimise burst release and extended the drug release timeline, potentially reducing

cytotoxicity.

However, biological interactions such as enzymatic and protein effects were excluded from

the drug release medium in this study. This represents a limitation that may affect the
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reliability of the results compared to in vivo behaviour. Nevertheless, this study provides a
fundamental understanding of the drug release profile of the conjugate under conditions
that mimic physiological pH and ionic strength. More comprehensive studies incorporating
relevant biological proteins and enzymes are required in the future to obtain an accurate

representation of drug release behaviour.

2.4. Summary

Sar-NCA and Glu(OBzyl)-NCA were synthesised using triphosgene, followed by amine-
initiated ROP to generate their respective polymers for drug conjugate preparation.
Concurrently, CPT-Gly prodrug was synthesised enhancing its coupling efficiency by
alleviating steric hindrance and to introduce a primary amine for effective coupling with

PGA’s carboxylate groups.

Initially, CPT-Gly was served as an initiator Sar-NCA polymerisation, yielding CPT-Gly-PSar
conjugates with different drug content. Incorporation of PSar markedly enhanced solubility
but failing to produce stable and consistent NPs. To overcome this issue, PGA coupling was
introduced as a solution to produce PGA-(PSar-Gly-CPT). This approach effectively stabilised
the NPs by enhancing the structural integrity of the conjugates, allowing them to self-
assembly reliably. PGA-(PSar-Gly-CPT) conjugates with 33.0% and 41.9% drug content (w/w)
were produced and self-assembly into NPs of 188 d.nm and 125 d.nm, respectively. The
improved NPs stability capable of forming NPs at concentration as low as 100 pg/mL and 1.0
mg/mL. SEM imaging confirmed the spherical NP morphology. However, increases in particle
size and PDI over time pointed to aggregation, restricting long-term aqueous storage. These
results highlight the critical role of PGA coupling, as it not only enables stable NP formation
but also able to supports integration of both the therapeutic agents and other functional
moieties onto the PGA backbone, improving the overall functionality and stability of the
drug delivery system. This approach was later adopted in the synthesis of conjugates such as

PGA-[(CPT-Gly)-co-(PSar)] and PGA-[(CPT-Gly)-co-(F-PSar)].

To enable effective metal ion delivery, a redesigned drug conjugate- PGA-[(CPT-Gly)-co-
(PSar)] conjugate was synthesised. Rather than conjugating PGA with CPT-Gly-PSar, PSar and

CPT-Gly are conjugated to PGA independently, positioning hydrophobic CPT to draw the ion-
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PGA complex inward while PSar provided an outer shield against premature ion release. As a
benchmark, PGA-(CPT-Gly) conjugates at 54% and 31% drug contents struggled to produce
NPs with uniform size distributions at 600 pug/mL, whereas PGA-[(CPT-Gly)-co-(PSar)] at
27.9% and 34.0% content generated smaller, more uniform particles at 600 pg/mL (89.62
d.nm, PDI 0.302) and 1.0 mg/mL (102 d.nm, PDI 0.236), respectively. Indicating PSar' s role in
enhancing hydrophilicity and consistency. NPs maintained stability with only modest Z-
average growth after five days at room temperature, but aggregation occurred during
second weeks.

A proof-of-concept drug release study of PGA-[(CPT-Gly)-co-(PSar)] in pH 7.4 PBS solution
showed 40% CPT release over three weeks, with minimal burst release. Indicating the NPs
structure and the bonded CPT in achieving controlled release and mitigating potential

toxicity.
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Chapter 3. The synthesis of a Fucose-Conjugated Drug Delivery System

3.1. Introduction

The extremely low survival rate of late-stage pancreatic cancer patients highlights the
limitations of current treatments and the urgent need for more effective solutions. To
address this challenge, a drug conjugate containing fucose cell targeting unit is synthesised
in this research with the overarching aim of precisely delivering therapeutic agents to
pancreatic cancer cells. The research in this chapter utilises the PGA and CPT-Gly synthesised
in chapter 2, incorporating them into a polymer that may act as a drug delivery system for

pancreatic cancer treatment.

3.1.1. Introduction of Current Pancreatic Cancer and its Treatment

Pancreatic cancer is the most prevalent form of pancreatic cancer, comprising over 90% of all
cases [1]. This highly aggressive and lethal malignancy originates from structural and
functional mutations in the exocrine acini and duct cells of the pancreas [2]. Its average five-
year survival rate remains below 10%, largely because fewer than 20% of patients are
diagnosed at a localised, potentially curable stage due to the absence of clear, distinctive

symptoms and reliable biomarkers for early detection [3,4].

Pancreatic cancer is classified using the tumour-node-metastasis system, which divides cases
into three stages: resectable, locally advanced, and metastatic disease [3]. The prognosis
varies starkly depending on the stage at diagnosis. Without active treatment, median
survival is just 3-5 months for metastatic cases and 6-10 months for locally advanced disease
[5]. Even with surgical resection, survival extends only to 11-15 months [5]. The tumour’s
location also influences outcomes. Approximately 65% of PDAC cases occur in the head of
the pancreas, where symptoms like obstructive jaundice and pancreatitis may lead to earlier
detection [6,7]. In contrast, tumours in the body (15%), tail (10%), or those that are

multifocal (2%) tend to present later, correlating with a poorer prognosis [6,7].

Traditional treatment, including chemotherapy, surgery, and radiation, has yielded limited
success in improving outcomes [8,9]. Even when surgical resection was performed at the
earliest stages, the two-year survival rate is approximately 50% [8,9]. For advanced
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pancreatic cancer, gemcitabine has been the standard first-line chemotherapy for more than
two decades, though it offers only a modest extension of life expectancy as well as its
combinations [9,10]. Combination therapies, such as FOLFIRINOX (a regimen of oxaliplatin,
irinotecan, fluorouracil, and leucovorin), have shown slight improvements. In metastatic
cases, FOLFIRINOX increases median survival from 6.8 months with gemcitabine alone to
11.1 months, and progression free time from 3.4 to 6.4 months [11]. Despite these
advances, the overall impact remains limited, underscoring the critical need for more

effective therapeutic strategies.

r

»
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Figure 3.1-1. Anatomy of Pancreas Exocrine pancreas primarily composed of acinar cells and ductal
cells. Acinar cells produce digestive enzymes and sodium bicarbonate, which are secreted into ducts

and transported to the small intestine for the normal digestion[12]

3.1.2. Difficulties of Current Pancreatic Cancer Treatment

PDAC is a highly aggressive cancer notorious for its poor prognosis, a consequence of its
intricate and multifactorial nature. Pancreatic cancer often evades early detection because it
lacks simple diagnostic methods and distinctive symptoms in its initial stages [3,4,13].
Typically, symptoms only emerge after cancer has progressed and metastasised to distant
sites, leaving fewer than 20% of patients with localised, potentially curable tumours at
diagnosis [3,4,13]. This late presentation severely limits opportunities for timely

intervention.
The unique TME of pancreatic cancer is marked by dense desmoplasia and extensive
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immunosuppression. The TME is shaped by pancreatic stellate cells, fibroblasts, and various
proteins that collectively form a formidable physical barrier around the tumour [14]. This
barrier not only promotes tumour progression and invasion but also significantly impedes
drug delivery [14,15,16,17]. Unlike other cancers with abundant vasculature, pancreatic
cancer’s desmoplastic stroma reduces stromal vascularisation, undermining conventional
drug delivery strategies that rely on the EPR effect to passively target tumour cells [15,

16,17,18].

The difficulty in pancreatic cancer treatment is further heightened by its high genetic
heterogeneity, which poses a significant obstacle to effective treatment [1,9]. Cell-targeting
drug delivery systems depend on the overexpression of specific receptors for selective
uptake, but the variable receptor expression across different tumour regions disrupts this
process. For instance, the plasminogen activator receptor may be abundant in invasive
tumour areas yet scarce in the tumour’s core, leading to inconsistent uptake via receptor-

mediated endocytosis and reducing the overall efficacy of targeted therapies [19,20,21].

Furthermore, this heterogeneity are key genetic mutations in genes such as KRAS,
CDKN2A/p16, TP53, and SMADA4, each contributing to PDAC’s resistance to chemotherapy
[1,13,22]. KRAS mutations, found in 75-90% of cases, trigger a cascade of signals that rewire
cell metabolism into a growth-promoting state, inhibit apoptosis, which diminishes the
cytotoxic impact of chemotherapeutic agents [9,13,23]. The CDKN2A/p16 locus, inactivated
in 80-95% of pancreatic cancer, allowing uncontrolled proliferation and enabling cancer cells
to bypass DNA damage-induced checkpoints that would otherwise trigger apoptosis or
senescence [27,28,29]. TP53, another critical tumour suppressor mutated in 50-74% of
cases, its inactivation hinders the recognition of DNA damage and blocks cell cycle arrest,
permits cells to proliferate despite genetic damage, driving tumour progression [30].
Similarly, SMAD4, dysregulated in over half of PDAC cases, its disruption associate with
various aspects of cancer progression, encompassing autophagy, invasion and metastasis,
disrupting DNA damage response and repair further fuelling cancer advancement and
resistance [28,31,32]. Overall, around 60 mutations in 12 different signalling pathways
accompany the development of aberrant ducts in pancreatic cancer [33]. These mutations
are normally responsible for the correct development of the pancreas, are recognised as

main contributors in cancer progression influencing its resistance to therapy and correlate
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with poor prognosis [9]. Some of these may contribute to the specific resistance to

chemotherapy in yet unidentified ways [13].

These mutations do not function independently. Together, they sustain survival signalling,
disable apoptotic pathways, and accelerate tumour proliferation, giving rise to diverse
subpopulations of cancer cells with varying treatment sensitivities. This genetic and
environmental complexity creates a multifaceted barrier, making the development of

effective therapeutic strategies for pancreatic cancer exceptionally challenging.

3.1.3. Adjuvant Therapy and Recurrence of Pancreatic Cancer

For patients with resectable pancreatic cancer, surgical resection remains the only potential
curative option [34]. However, 60-80% of patients experience recurrence after resection and
die of metastatic disease [35,36]. Adjuvant therapy significantly extends median survival to
approximately two years [8,9,13,34], far surpassing the 10-15 months observed in those
who undergo surgery alone without additional treatment [34,37]. This underscores the
critical role of adjuvant therapy in post-operation management. Common chemotherapeutic
agents include fluorouracil, gemcitabine, leucovorin, etc, or their combination were
commonly used in postsurgical adjuvant treatment [35,36,38,39]. The optimal timing for
initiating adjuvant therapy appears to be between 28 and 59 days after surgery showing the
highest overall survival median compared to earlier (within 28 days) or later (beyond 59
days) starts [37]. Even in cases of postoperative complications or slow recovery leading to
delayed treatment beyond 12 weeks, patients still derive survival benefits over surgery alone
[37,40]. Given that resectable pancreatic cancer still accounts for 10-20% of cases [3,4], and
surgery alone yields dismal outcomes [34]. Therefore, there is a need for further research

into adjuvant therapies to optimise survival rates.

3.1.4. Introduction to Fucose Targeted Drug Delivery

Pancreatic cancer, especially in its advanced stages, poses significant treatment challenges,
as evidenced by the limited survival rates associated with current therapies [8,9,10,11].

Approximately 80% of the patients with advanced stage of pancreatic cancer are treated
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with gemcitabine, gemcitabine combined with Erlotinib, or FOLFIRINOX, yet these regimens
result in median survival times of only 5.7 months, 6.8 months, and 11.1 months,
respectively [9,10,11,41,42]. As discussed above, the disappointing outcomes stem in part
from the pancreatic cancer’s unique TME, which is marked by dense desmoplasia and
reduced vascularisation creating a substantial obstacle to drug delivery, particularly for

treatments that depend on the EPR effect to passively target tumour cells [14,15,16,17,18].

To overcome this issue, targeted drug delivery methods for anticancer drugs have been
explored aiming to enhance the effectiveness of anticancer drugs while reducing side effects
by delivering them directly to cancer cells [43]. Such methods capitalise on the differences in
receptor expression between tumour and normal cells, enabling selective targeting of
diseased cells [43] . Receptors like folate [44], integrins [45], and epidermal growth factor
[46] have been widely utilised for this purpose. To achieve this specificity, various
molecules—including saccharides [47], antibodies [48], vitamins [44], peptides,[49] etc., are
conjugated to nanocarriers, allowing them to bind to receptors overexpressed on cancer
cells [43]. This targeted strategy offers a promising alternative to overcome the barriers

posed by pancreatic cancer’s complex TME.

Among the potential targets, fucose stands out due to its significant role in cancer biology
[43]. Fucose receptors are overexpressed in numerous cancers, including pancreatic [15],
colon [50], breast [51], lung [52], thyroid [53], ovarian [54] and colorectal [55] cancers etc. In
pancreatic cancer, nearly all patients exhibit abnormal secretion of fucosylated antigens such
as Sialyl Lewis X-I and carbohydrate antigen-19-9 (CA19-9) which contains another glycan
known as Sialyl Lewis A [56], which are detectable in both sera and tumour tissues
[57,58,59,60,61]. For instance, CA19-9, in particular, is elevated in about 75% of patients and
serves as a widely recognised tumour marker for pancreatic cancer detection [62,63]. This
increase in fucosylation, driven by heightened expression of fucosyltransferases, enzymes
that responsible for catalysing fucosylation [64], plays a critical role in processes like cell
growth, adhesion, and metastasis [64]. This substantial demand for fucose in cancer cells,
sourced from enzymatic synthesis from mannose [65] and or extracellular and lysosomal
free fucose through pathway like endocytosis [66], further highlights its relevance as a

therapeutic target[57,59].
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Therefore, the present study developed a fucose-bound drug conjugate to deliver CPT to
pancreatic cancer cells through fucose receptor-mediated endocytosis [15]. This approach
seeks to improve treatment precision and efficacy, offering a potential solution to overcome

the formidable biological barrier of pancreatic cancer TME.

3.1.5. Mechanism of Receptor-Mediated Endocytosis Drug Delivery

NPs can enter cells through various mechanisms, such as simple diffusion driven by
concentration gradients and translocation, which are energy-independent processes [67].
However, pancreatic cancer is marked by dense desmoplasia and hypovascularity within the
TME [14,16,17], receptor- mediated endocytosis stands out as the preferred method for
delivering therapeutic agents [15,43]. This process involves a ligand, which is fucose-bound
NPs in this study, binding to a specific receptor on the cell surface triggering a
conformational change prompting the plasma membrane to invaginate and form an
intracellular compartment called clathrin- coated vesicle [68,69,70]. These clathrin vesicles
are limited in size, typically accommodating NPs size up to 150 nm with a maximum of size
of 200 nm [71]; larger NPs are mainly internalised through alternative pathways like

micropinocytosis or phagocytosis [71].

Later, the clathrin-coated vesicles shed their clathrin coating and merge to create early
endosomes then mature into late endosomes, which eventually fuse with lysosomes [72,73].
Within the mildly acidic environment of the late endosome (pH 6.2-6.4), receptors and their
bound ligands are sorted, and their subsequent fates define the receptor classification
[22,74]. Receptor- mediated endocytosis is classified into four major pathways based for the
final destination of both receptor and ligand [75,76,77,78]. Although fucose receptors are
less extensively studied [79], their binding behaviour and affinity for sugars like mannose
and N-acetylglucosamine suggest they align with class | receptors similar to other sugar-
binding receptors [79,80,81]. After endocytosis class | receptors are recycled back to the

plasma membrane, while their ligands dissociate and are degraded in the lysosome [22].
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3.1.6. Use of Chemotherapeutic Agents in Pancreatic Cancer treatment
3.1.6.1. Gemcitabine

Gemcitabine (difluorodeoxycytidine) is a deoxycytidine analogue having a broad spectrum of
antitumor activity [82]. Once inside cells, it undergoes phosphorylation to form diphosphate
and triphosphate derivatives, which drives its dual inhibitory mechanisms.
difluorodeoxycytidine diphosphate strongly inhibits ribonucleotide reductase, thereby
blocking the conversion of ribonucleotides to deoxyribonucleotides [83]. Meanwhile,
difluorodeoxycytidine triphosphate competes with deoxycytidine triphosphate for
integration into elongating DNA strands, causing DNA polymerase to halt at the
incorporation site [83]. Since a 1997 study demonstrated gemcitabine's superiority over
fluorouracil in terms of overall survival, performance status, and pain management, it has
emerged as the standard therapy for locally advanced and metastatic pancreatic cancer
[10,42]. Subsequent trials combining gemcitabine with newer chemotherapeutics such as
fluorouracil [84], irinotecan [85], oxaliplatin [86], pemetrexed [87] and exatecan mesylate
[88], etc. have yielded only marginal or negligible improvements in survival compared to

gemcitabine monotherapy.

For patients with advanced disease, treatment with gemcitabine alone typically resultsin a
median survival of just 5.6 to 6.8 months [10,11]. This limited efficacy not only attributed
from the poor drug penetration into the hypo-vascularised, dense tumour stroma as
mentioned above [14,15,16,17]. But also, because the rapid development of gemcitabine

chemoresistance often within weeks of treatment initiation [89].

Cancer cells develop resistance through three primary pathways. First, reduced expression of
transporters impairs the uptake of water-soluble drugs, including nucleoside analogues like
gemcitabine [90]; for instance, downregulation of nucleoside transporters directly limits
gemcitabine entry [91,92,93]. Second, genetic alterations diminish drug sensitivity by
disrupting cell cycle regulation, enhancing DNA repair, or inhibiting apoptosis [1,13,22,90]

for example, downregulation of deoxycytidine kinase which is essential for initial activation
of gemcitabine [83,94,95] and the upregulation of ribonucleotide reductase which
counteract the inhibition effect of gemcitabine [83,96]. Third, upregulation of ABC
transporters that facilitates the energy-dependent efflux of various hydrophobic drugs [90].
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Among these, Pgp provides the strongest resistance to widest variety of compounds
contributing the most in drug resistance across many cancer cell lines [90,97]. Although
gemcitabine is not a substrate of ABC transporters, its deaminated metabolite dFdU is
effluxed by these transporters enabling continuous deamination of gemcitabine [98].
Inhibition of ABC transporters result in intracellular accumulation of dFdU, thereby blocking
deamination boosting gemcitabine levels and cytotoxicity, and improve sensitivity of

gemcitabine in gemcitabine-resistant cell [98,99].

3.1.6.2.  FOLFIRINOX

FOLFIRINOX, a combination chemotherapy regimen comprising oxaliplatin, irinotecan,
fluorouracil, and leucovorin, offers significant improvements over gemcitabine monotherapy
for advanced pancreatic cancer. Compared to gemcitabine’s median overall survival of 6.8
months and progression-free survival of 3.3 months, FOLFIRINOX extends these to 11.1

months and 6.4 months, respectively [41].

While individual components fluorouracil [84], irinotecan [85] or oxaliplatin [86] fail to
enhance survival when used alone or paired with gemcitabine, their combination in
FOLFIRINOX produces a synergistic effect through their distinct mechanisms. Irinotecan, an
analogue of CPT and a potent top-I inhibitor, arrest cells at S-phase by stabilising top- |- DNA
complexes or the DNA double-strand breaks that accumulate as replication forks collide with
these complexes [100]. Fluorouracil, which targets DNA synthesis and repair primarily in the
S-phase [101], achieves greater cytotoxicity when administered after irinotecan, with
leucovorin enhancing its efficacy [100,102,103]. Oxaliplatin further amplifies this effect by
potentiating irinotecan-induced S-phase arrest [104], creating conditions that enhance the
impact of subsequent S-phase-targeting agents like fluorouracil [100,102,103]. Additionally,
oxaliplatin synergises with fluorouracil, improving overall survival compared to either of

them [105].

The non-overlapping toxicity profiles among fluorouracil, leucovorin, irinotecan, and
oxaliplatin, allow FOLFIRINOX to deliver a broad spectra of antitumor activity, with each
component enhancing the others through different mechanisms of action to promote cancer

cell apoptosis [41,102,104].
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However, better clinical outcomes of FOLFIRINOX also comes with higher toxicity, including a
higher incidence of grade 3 or 4 adverse events compared to gemcitabine [41]. As a result,
FOLFIRINOX is preferred treatment for patients with metastatic pancreatic cancer who have

a good performance status [41].

In this research, only camptothecin, analogue of irinotecan, is incorporated into the
polymeric drug conjugate produced. Not only because its highly hydrophobicity which could
again be induced as the hydrophobic moiety in the drug conjugate promoting
nanoprecipitation and its facile prodrug- CPT-Gly synthesis, but also greatly reduced the

difficulties in characterisation in *H-NMR due to peak overlap from other therapeutics.

3.2. Experimental

3.2.1. Modification of L-fucose
3.2.1.1.  Conversion of Fucose to Tetra-O-Acetyl-Fucose

L-Fucose (1.0 g, 6.1 mmol, 1.0 eqv) and acetic anhydride (5.7 mL, 61 mmol, 10.0 eqv) were
combined in 10.0 mL of glacial acetic acid. Then, 0.2 mL of concentrated H,SO, was added to
the mixture. The reaction was stirred at room temperature for three hours. After
completion, 100.0 mL of DCM was added, and the mixture was washed twice with 20.0 mL
of water, followed by three washes with saturated Na,HCOs; solution (20.0 mL each). The
organic layer was dried over anhydrous MgSQ,, and the solvent was removed under vacuum.

Yield: 74%.

H-NMR spectrum (400 MHz, CDCls) of Tetra-O-Acetyl-Fucose: 6.33-3.95 ppm (-O-CH-), 2.17-
1.99 ppm (-C=0-CHs), 1.30-1.14 ppm (-O-CH-CHj3) (Figure 3.3-2) [106]

3.2.1.2.  Regioselective Anomeric Deacetylation of fucose

Tetra-O-Acetyl-fucose (1.0 g, 3.0 mmol, 1.0 eqv, 0.3 M) was dissolved in 10.0 mL of
anhydrous THF, and benzylamine (0.493 mL, 4.5 mmol, 1.5 eqv) was added. The reaction was
stirred at room temperature overnight. After completion, the solvent was evaporated under

vacuum, and the product was purified by column chromatography (DCM: Acetone 9:1).
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Yield: 68%.

H-NMR spectrum (400 MHz, CDCls) of 3,4,5-Tri-O-acetyl-fucose: 5.48 -4.41 ppm (-O-CH-),
2.17 ppm (-C=0-CHs), 2.10 ppm (-C=0-CHs), 2.00 ppm (-C=0-CHs), 1.31-1.15 ppm (-O-CH-
CH;s) (Figure 3.3-4) [106, 107].

3.2.1.3.  Synthesis of 2-(3-((tert-butoxycarbonyl)amino)propoxy)-6-methyltetrahydro-2H-

pyran-3,4,5-triyl triacetate

3,4,5-Tri-O-acetyl-fucose (0.5 g, 1.7 mmol, 1.0 eqv, 0.1 M), anhydrous K,CO3 (0.95 g, 6.9
mmol, 4.0 eqv), and 3-(Boc-amino)propyl bromide (0.82 g, 3.4 mmol, 2.0 eqv) were added to
a RB flask and purged with nitrogen for 15 minutes three times. Next, 17.0 mL of anhydrous
DMF was added. The reaction mixture was stirred under nitrogen at room temperature for
two days. Afterward, the solvent was evaporated under nitrogen flow at room temperature,
and the product was purified by column chromatography (eluent: Ethyl Acetate: Hexane 2:8,
then gradually switched to Ethyl Acetate: Hexane 3:7). The purified product was stored in its

Boc-protected form to prevent deacetylation by the free amino group. Yield: 47%.

IH-NMR spectrum (400 MHz, CDCls) of 2-(3-((tert-butoxycarbonyl)amino)propoxy)-6-
methyltetrahydro-2H-pyran-3,4,5-triyl triacetate: 5.36-5.03 ppm (-O-CH-), 4.83 ppm (-NH-),
4.15 ppm (-O-CH-), 3.81-3.19 ppm (-O-CH>-CH>-, -CH;-CH3-NH-), 2.17- 1.98 ppm (-C=0-CH3),
1.78 ppm (-CH2-CH3-CH5-), 1.43 ppm (-O-C-(CH3)s3), 1.15 ppm (-O-CH-CH3s) (Figure 3.3-6).

13C-NMR spectrum (100 MHz, CDCl3): 96.28 ppm (-O-CH-0-), 71.05 ppm (-O-CH-), 68.01 ppm
(-O-CH-,-O-CH-), 67.05 ppm (-O-CH2-CH3-), 64.39 ppm (-O-CH-), 38.30 ppm (-CH,-CH2-NH-),
29.49 ppm (-CH»-CH>-CH3-), 28.31 ppm (-O-C-(CHs3)s), 20.57 ppm (-O-C-(CH3s)3), 15.81 ppm (-
O-CH-CHs)

3.2.2. Synthesis of F-PSarss

Sar-NCA(2.0 g, 17.4 mmol, 35.0 eqv) was placed in a Schlenk tube and purged with nitrogen
three times. Separately, 2-(3-((tert-butoxycarbonyl)amino)propoxy)-6-methyltetrahydro-2H-

pyran-3,4,5-triyl triacetate (222.2 mg, 0.50 mmol, 1.0 eqv) was dissolved in a mixture of 1.0
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mL DCM and 1.0 mL TFA. This solution was stirred at room temperature in open air for 30
minutes to remove N-Boc protecting group, the end point of deprotection was tracked by

TLC, then dried under nitrogen flow.

The deprotected 2-(3-((tert-butoxycarbonyl)amino)propoxy)-6-methyltetrahydro-2H-pyran-
3,4,5-triyl triacetate was dissolved in anhydrous DMF along with DIPEA (0.21 mL, 1.2 mmol,
5.0 eqv), and the mixture was added to the Schlenk tube containing Sar-NCA. The reaction

was stirred overnight under nitrogen bubbling at 0°C in an ice bath.

The completion of polymerisation was confirmed with *H-NMR and the crude F-Psarss
product was precipitated in diethyl ether, followed by centrifugation. The product was
washed with diethyl ether three times and dried under vacuum to yield the final fucosylated

PSar. Yield: 99%

'H-NMR spectrum (500 MHz, DMSO-d¢) of F-PSar: 5.31-4.87 ppm (-O-CH-), 4.37-3.92 ppm (-
C=0-CH3-), 2.98-2.72pm (-N(CH3s)-), 2.13- 1.91 ppm (-C=0-CHs) (Figure 3.3-9)

3.2.3. Synthesis of Fucose incorporated Drug Conjugate - PGA-[(Gly-CPT)-co-(F-PSar)]

Conjugate

PGA (10.0 mg, 0.078 mmol, 1.0 eqv), EDC.HCI (45 mg, 0.23 mmol, 3.0 eqv) and NHS (27 mg,
1.45 mmol, 3.0 eqv) were added into Schlenk tube. Purged with nitrogen for 15 minutes
three times before addition of 1.0 mL of anhydrous DMF. The reaction mixture was allowed
to stir for an hour in ice bath to activate the carboxylate group, then F-PSar (18.0 mg, 0.0067
mmol, 0.087 eqv), CPT-Gly (14.0 mg, 0.034 mmol, 0.44 eqv) in 1.0 mL of anhydrous DMF
were added into the reaction mixture. The reaction mixture was allowed to warm to room
temperature while kept stirring for two days. The crude product was dialysed against

methanol overnight then in DI water for two days then freeze dried. Yield: 63%.

H-NMR spectrum (500 MHz, DMSO-dg) of Acetyl protected PGA-[(CPT-Gly)-co-(F-PSar)] drug
conjugate: 88.70-7.11 ppm (=C-CH= (CPT),-NH), 5.50-4.92 ppm (-N-CH,-C- (CPT), -O-CH,-C-
(CPT), -O-CH- (Fucose)), 4.34- 3.92 ppm(-NH-CH-C=0- (PGA), -N(CH3)-CH,- (PSar), -O-CH-
(Fucose)), 2.92-2.73 ppm (-N(CH3s)- (PSar), 2.31-1.66 ppm (-CH2-CHz- (PGA), -C=0-CHj3

(Fucose)) (Figure 3.3-14)
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3.2.3.1.  Deprotection of O-Acetyl group on PGA-[(Gly-CPT)-co-(F-PSar)] Conjugate

The synthesised drug conjugate was dissolved in 1.0 mL of a DMF/benzylamine mixture (4:1,
v/v) and stir in ice bath and allowed to warm to room temperature overnight. The resulting
deprotected conjugate was then precipitated using a 1:1 (v/v) diethyl ether/hexane mixture,
followed by four successive washes with diethyl ether to ensure purity. Finally, the purified

product was dried under vacuum to remove any residual solvents. Yield: 99%

H-NMR spectrum (500 MHz, DMSO-d¢) of PGA-[(CPT-Gly)-co-(F-PSar)] drug conjugate: 8.71-
7.13 ppm (=C-CH= (CPT),-NH), 6.66-6.20 ppm (-CH-OH (Fucose), 5.47-5.28 ppm (-N-CH,-C-
(CPT), -O-CH,-C- (CPT), -O-CH- (Fucose))), 4.34- 3.93 ppm(-NH-CH-C=0- (PGA), -N(CH3)-CH»-
(PSar), -O-CH- (Fucose)), 2.93-2.72 ppm (-N(CHs)- (PSar)), 2.26-1.96 ppm (-CH2-CH,- (PGA)),
1.47-1.23 ppm (-CH,-CH3 (CPT), initiator, -O-C-CHs (fucose)) (Figure 3.3-16).

3.3. Results and Discussion

Building on the successful synthesis of PGA and PSar in Chapter 2, these polymers were
conjugated with CPT-Gly to form two distinct polymeric drug conjugates: PGA-[(CPT-Gly)-co-
(PSar)] (Figure 2.3-25)and PGA-(CPT-Gly) (Figure 2.3-22). Comparative studies demonstrated
that incorporation of PSar significantly enhanced NP size uniformity and colloidal stability,

establishing a promising platform for improved CPT delivery.

Leveraging these insights, fucose-modified PSar was produced, leading to the synthesis of
PGA-[(CPT-Gly)-co-(F-PSar)], a conjugate designed for fucose-mediated cell targeting. The
synthesis of F-PSar commenced with full acetylation of fucose's hydroxy groups for
protection, followed by selective deprotection of the anomeric position to expose a single
hydroxy group. This was then functionalised with a protected primary amine, which served
as an initiator for the ROP of Sar-NCA, forming F-PSar. The terminal amine on F-PSar was
subsequently conjugated to the PGA backbone alongside CPT-Gly, producing the advanced
drug conjugate PGA-[(CPT-Gly)-co-(F-PSar)]. This design not only enables fucose-mediated
recognition of overexpressed receptors on pancreatic cancer cells but also mitigates the

burst release commonly associated with physical drug encapsulation approaches.

The behaviour of the drug conjugates during nanoprecipitation, along with their stability in a
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pH 7.4 PBS solution, was assessed using DLS analysis. Then the CPT releasing study of PGA-
[(CPT-Gly)-co-(F-PSar)] was carried out in both pH 7.4 PBS solution and pH 5.0 acetic buffer
solution at 37°C simulating physiological and endosomal/lysosomal environments,

respectively.

3.3.1. Synthesis of F-PSar

OH
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O_ OH 1 »
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Scheme 3.3-1. Overall reaction scheme F-PSar, from acetyl protection of fucose to the ROP of Sar-

NCA

3.3.1.1.  Synthesis of Acetylation of Fucose

To synthesise fucose-conjugated PSar (F-PSar) as the hydrophilic block and cell directing
group of the drug conjugate. Fucose needs to be the outer most point of the NPs formed to
ensure its interaction with the fucose receptor on the pancreatic tumour cells. Therefore,
fucose must be linked to a water-soluble moiety of the drug conjugate, namely PGA
backbone or PSar. Because the PGA backbone will be conjugated with CPT-Gly, conjugation
to PSar was deemed more suitable to ensure that fucose-presenting NPs are formed. This is
perhaps emphasised by the fact that in the drug conjugate, PSar is less hindered than PGA,

enhancing fucose accessibility to cell receptors.
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Figure 3.3-1. Tetra-O-Acetyl-Fucose

To ensure that fucose resides at the terminus of PSar, whilst PSar retains secondary amine
functionality, fucose was required to be modified to initiate Sar-NCA ROP. To prevent side
reactions, the hydroxy groups of fucose were protected via acetylation with acetic anhydride
in glacial acetic acid catalysed by H,SO4  (Figure 3.3-1). The successful protection is
confirmed by *H-NMR spectroscopy with the distinct acetyl peaks appearing from 2.17-1.99
ppm as 12 protons as indicated by integration, which corresponds to the four acetyl group
(Figure 3.3-2) and is consistent the literature [106]. Acetyl acetate was co-eluted with the
product which appears to be the main impurity in the reaction as shown in the 'H-NMR

spectrum at around 2.20 ppm (Figure 3.3-2).
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Figure 3.3-2. *"H-NMR spectrum (400 MHz, CDCl;) of Tetra-O-Acetyl-Fucose: 6.33-3.95 ppm (-O-CH-),
2.17-1.99 ppm (-C=0-CHs), 1.31-1.15 ppm (-O-CH-CHs) (Figure 3.3-2) [106]

3.3.1.2.  Anomeric O-Acetyl Deprotection
@)
Oy\
Figure 3.3-3. 3,4,5-Tri-O-acetyl-fucose

The anomeric acetyl group was then selectively removed by addition of 1.5 equivalence of
benzylamine in DMF leading to tetra-O-Acetyl-Fucose in DMF which was subsequently
purified by column chromatography (Figure 3.3-3). The disappearance of one of the O-acetyl

peaks at around 2.0 ppm indicates the deprotection of anomeric acetyl group (Figure 3.3-4)
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[106, 107].
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Figure 3.3-4. *"H-NMR spectrum (400 MHz, CDCls) of 2,3,4-Tri-O-acetyl-fucose: 5.48 -4.41 ppm (-O-
CH-), 2.17 ppm (-C=0-CHs), 2.10 ppm (-C=0-CHjs), 2.00 ppm (-C=0-CHs), 1.24-1.15 ppm (-O-CH-CH3)
[106, 107].

3.3.1.3.  Synthesis of 2-(3-((tert-butoxycarbonyl)amino)propoxy)-6-methyltetrahydro-2H-
pyran-3,4,5-triyl triacetate

After deacetylation of the anomeric hydroxy group, the product was used as a nucleophile to
substitute the bromide of 3-(Boc-amino) propyl bromide generating the target compound,
with K,COs to neutralise the acid (Figure 3.3-5). Which can be used to initiate the NCA ROP
after Boc group deprotection generating 2-(3-aminopropoxy)-6-methyltetrahydro-2H-pyran-

3,4,5-triyl triacetate revealing the amino- group.

123



Figure 3.3-5. 2-(3-((tert-butoxycarbonyl)amino)propoxy)-6-methyltetrahydro-2H-pyran-3,4,5-triyl

triacetate

The product was characterised by H-NMR spectroscopy: the peak at 1.43 ppm represents
the 9 protons of N-Boc group. The 3 distinct acetyl peaks appear at 2.17 ppm, 2.09 ppm and
1.98 ppm respectively (Figure 3.3-6).
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Figure 3.3-6. *H-NMR spectrum (400 MHz, CDCls) of 2-(3-((tert-butoxycarbonyl)amino)propoxy)-6-

methyltetrahydro-2H-pyran-3,4,5-triyl triacetate: 5.36-5.03 ppm (-O-CH-), 4.83 ppm (-NH,-), 4.15

ppm (-O-CH-), 3.81-3.19 ppm (-O-CH-CH,, -CH,-CH2-NH-), 2.17- 1.98 ppm (-C=0-CHs), 1.78 ppm (-
CH,-CH,-CH,-), 1.43 ppm (-0-C~(CHs)3), 1.15 ppm (-O-CH-CHs)
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The product was further confirmed by Distortionless Enhancement by Polarization Transfer
(DEPT-135) to distinguish -CH, -CH;, and -CH3 fragments. Peaks at 96.28, 71.05, 68.01 and
64.39 ppm were assigned to the carbons of the six-membered fucose ring, while peaks at
67.05, 38.30 and 29.49 ppm correspond to the propyl carbon chain from 3-(Boc-
amino)propyl bromide. The peak at 28.31 ppm is attributed to the three methyl carbons of
the Boc protecting group, while the signal at 15.81 ppm corresponds to the methyl carbon of
fucose. But due to the nature of DEPT-135, quaternary carbons are not shown in the

spectrum which should be addressed with *C NMR (Figure 3.3-7).
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Figure 3.3-7. DEPT135 spectrum (100 MHz, CDCl;): 96.28 ppm (-O-CH-0-), 71.05 ppm (-O-CH-), 68.01
ppm (-0-CH-,-0-CH-), 67.05 ppm (-O-CH2-CH,-), 64.39 ppm (-O-CH-), 38.30 ppm (-CH,-CH2-NH-),
29.49 ppm (-CH,-CH,-CH,-), 28.31 ppm (-0-C-(CH3)3), 20.57 ppm (-O-C~(CHs)s), 15.81 ppm (-O-CH-
CH;)
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These NMR signals are consistent with the expected structure of the modified fucose, and
the absence of additional peaks indicates that a pure product was obtained. This is
important for subsequent ROP of Sar- NCA, as impurities can initiate uncontrolled

polymerisation.

3.3.1.4. ROP of Sar-NCA Initiated by 2-(3-aminopropoxy)-6-methyltetrahydro-2H-pyran-

3,4,5-triyl triacetate

To synthesise fucose-modified polysarcosine (F-PSar) (Figure 3.3-8), careful control of
reaction conditions was necessary to prevent unwanted side reactions. The N-Boc protecting
group was cleaved immediately prior to the ROP of Sar-NCA with 1:1 TFA: DCM solution, as
the O-acetyl group on fucose can be removed by reaction with a primary amine. The end
point of the deprotection was determined by TLC. To ensure successful polymerisation,
excess DIPEA was added to the reaction mixture to neutralise residual TFA from the
deprotection step ensuring the initiation. Till this stage F-PSar is made (Scheme 3.3-1). To
prevent the deacetylation by the free secondary amine end group of PSar, the reaction was
conducted in an ice bath with nitrogen bubbling through the reaction solution to increase

the rate of polymerisation [108].

Ihenad sl
o~ o~

Figure 3.3-8. The chemical structure of F-PSar

The resulting F-PSar structure was confirmed using 'H-NMR spectroscopy. The spectrum
displayed characteristic peaks at 2.13-1.91 ppm for the acetyl groups of fucose, 2.98-2.73
ppm for the methyl group of PSar, 4.37-3.92 ppm for the two protons of the PSar backbone,
and 5.31-4.87 ppm for the five protons of fucose. (Figure 3.3-9). Through integration of the
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'H-NMR spectrum, the degree of polymerisation was calculated to be approximately 103

repeating units (Figure 3.3-9).
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Figure 3.3-9. '"H-NMR spectrum (500 MHz, DMSO-ds) of F-PSar: 5.31-4.87 ppm (-O-CH-), 4.37-3.92
ppm (-C=0-CH,-), 2.98-2.72pm (-N(CHs)-), 2.13- 1.91 ppm (-C=0-CH;)

3.3.1.5. MALDI-TOF mass spectrometry Analysis of F-PSar

The molecular weight of the synthesised F-PSar was determined by MALDI- TOF mass
spectrometry. Its M, and My, were calculated through the below equations

YNi*Mi 44+1968.61+62%2039.05+ - +10%3600.20+5%3671.20
=== Mn= =2697.46
YNi 44+62+-+10+5

Mn

Where Ni is the number of molecules or the intensity of percentage with molecular weight

Mi.

i1xMi * .61°+62x* . +---+10%* . +5% .
__ YNixMi?_ _ 44%1968.61%+62+2039.05% 10+3600.20%+5%3671.202
T ONNixMi " 44%1968.61+62+2039.05++10+3600.20+5%3671.20

Mw =2770.51
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. . Mw 277051
The dispersity of the polymer = = Seorae

=1.027 By (Figure 3.3-10). However, the

degree of polymerisation, calculated as 33 repeat units based on MALDI data, was only one-
third of that estimated from *H-NMR integration. This discrepancy suggests that some Sar-
NCA may have been initiated by impurities, such as moisture, present in the reaction
mixture. Or the deprotection of N-Boc group was not completed with some of the fucose

initiator successful initiate the Sar-NCA which resulted in the integration error in *H-NMR

spectrum.
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Figure 3.3-10. MALDI-TOF mass spectrometry analysis data of F-PSar: Number-average molecular
weight (M,)=2697.46; Weight-average molecular weight (M,,)= 2770.51. The dispersity of the

polymer = 1.027 Dw.

By subtracting the molecular weight of the detected peaks from that of the PSar repeating
units, multiple molecular weights corresponding to fragmented fucose initiators (e.g., 331,
260, and 188) were identified in approximately half of the observed peaks (Table 3.3-1). This
result confirms that about half of the PSar chains were started by the fucose initiator, while
the remaining chains were initiated by impurities. This mixed initiation led to the bimodal
molecular weight distributions observed in the MALDI spectra, spanning 1968—-2690 Da and
2760-3387 Da.
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MW: 331 MW: 260 MW: 188

Table 3.3-1. Molecular weight of some of the fragmented fucose initiator.

However, as discussed in previous chapter, because of the lower ionisation efficiency of
high-molecular-weight polymer chains, they tend to generate fewer charged ions per
molecule and weaker signals [109,110]. Also, detector saturation by intense matrix ions and
low-molecular-weight oligomers signals further shift the observed molecular weight
distribution toward lower values, potentially resulting in an underestimation of the true

average molecular weights (My, and M,) of the polymer [111].

3.3.1.6.  Deacetylation of F-PSar

To assess whether the terminal secondary amine of F-PSar reacts with the O-acetyl
protecting group during ROP, a portion of F-PSar was subjected to O-acetyl group
deprotection with excessive benzylamine. As depicted in (Figure 3.3-11), the absence of
acetyl peaks around 2.0 ppm following deacetylation indicates the complete removal of
acetyl group. This informs that formation of acetamide under the given reaction conditions
does not occur, confirming that the terminal secondary amine of PSar did not remove the O-
acetyl group during ROP. Consequently, the terminal secondary amine of PSar retains its

status as an active nucleophile, suitable for subsequent coupling reactions.
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Figure 3.3-11. *H-NMR spectrum (400 MHz, DMSO-ds) of F-PSar after deacetylation

3.3.2. Synthesis of Fucose Incorporated Drug Conjugate to Achieve Stable
Fucose-Mediated Drug Delivery System

OH Gly-CPT OH
o) 0 o)

EDC/ NHS coupling

R N RN N N H
H H
n X

CPT-Gly, O
Fucose-Polysarcosine Fucose-Polysarcosine

Ir=z

Scheme 3.3-2. Reaction scheme of PGA-[(CPT-Gly)-co-(F-PSar)]. \: indication of the random position
of carboxylate side chain, CPT-Gly and F-PSar in PGA backbone.

To obtain drug conjugate containing fucose to achieve fucose-mediated drug delivery, PSar
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was replaced with F-PSar, and underwent a similar reaction scheme producing PGA-[(CPT-
Gly)-co-(F-PSar)] (Scheme 3.3-2). With a fucose attached to the end point of hydrophilic
polymer chain, allowing the fucose-receptor interactions of the cancer cell inducing

endocytosis.

3.3.2.1. PGA-[(CPT-Gly)-co-(F-PSar)] Drug Conjugate
3.3.2.1.1. O-Acetyl Protected PGA-[(CPT-Gly)-co-(F-PSar)] Drug Conjugate

The drug conjugate was synthesised via EDC/NHS-mediated coupling in DMF, where F-PSar,
PGA, and CPT-Gly were assembled into a single polymeric system (Figure 3.3-12). In this
design, fucose attached to the terminus of PSar, the resulting F-PSar serves as the active
targeting moiety, facilitating selective drug delivery to fucose receptor-expressing cells.
Meanwhile, PSar functions as the hydrophilic segment, enhancing the water solubility and
stability of the NPs, while CPT-Gly serves both as the chemotherapeutic agent and the

hydrophobic domain, driving self-assembly via nanoprecipitation in aqueous environments.
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Figure 3.3-12. Acetyl protected PGA-[(CPT-Gly)-co-(F-PSar)] Drug Conjugate. /: indication of the

random position of carboxylate side chain, CPT-Gly and protected F-PSar in PGA backbone.

The presence of three distinct peaks at ~2.00 ppm in the "TH-NMR spectrum, corresponding
to the O-acetyl groups of fucose, indicating the present of F-PSar in the system (Figure

3.3-13).
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Figure 3.3-13. Zoom in image of *H-NMR spectrum (500 MHz, DMSO-ds) of Acetyl protected PGA-
[(CPT-Gly)-co-(F-PSar)] drug conjugate, 2.13 ppm, 2.03 ppm, 1.93 ppm are the acetyl protecting

group of fucose.

Peaks from 8.70 to 7.11 ppm corresponded to the amide proton of the PGA backbone and
the protons of CPT, while peaks from 5.50 to 4.92 ppm were attributed to four protons of
CPT and 4 protons of fucose. Peaks from 4.34 to 3.92 ppm represented one proton from the
PGA backbone, two protons from the PSar backbone, a proton from fucose, and two protons
from the glycine linker. Additionally, peaks from 2.92 to 2.73 ppm indicated the three
protons of the PSar methyl group, and peaks from 2.31 to 1.66 ppm accounted for the four
protons of the PGA side chain, two protons of CPT and protons from the three acetyl groups
(Figure 3.3-14). Characteristic peaks in the spectra confirmed the presence of CPT, PSar, O-
Acetyl and PGA backbone structures. And the absence of additional peaks confirmed the

purity of the product that was used in the subsequent procedures.
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Figure 3.3-14. 'H-NMR spectrum (500 MHz, DMs0-ds) of Acetyl protected PGA-[(CPT-Gly)-co-(F-PSar)]
drug conjugate (drug content (w/w): 44.2%): 8.70-7.11 ppm (=C-CH= (CPT),-NH), 5.50-4.92 ppm (-N-
CH,-C- (CPT), -O-CH,-C- (CPT), -O-CH- (Fucose)), 4.34- 3.92 ppm(-NH-CH-C=0- (PGA), -N(CHs)-CH,-
(PSar), -O-CH- (Fucose)), 2.92-2.73 ppm (-N(CHs)- (PSar), 2.31-1.66 ppm (-CH,-CH,- (PGA), -C=0-CHs

(Fucose))

3.3.2.1.2. Deprotection of O-Acetyl Protecting Group in PGA-[(CPT-Gly)-co-(F-PSar)]
Drug Conjugate

A key challenge in the synthesis was the selective deprotection of the O-acetyl groups on
fucose without compromising the ester linkage of CPT-Gly. Conventional strong bases such
as sodium methoxide could not be used for deacetylation due to the unintended hydrolysis
of the CPT-Gly ester bond. To circumvent this issue, benzylamine, a weak base, was
employed as the deprotecting agent. The efficacy of benzylamine in selectively removing O-

acetyl groups from fucose has been proven in previous experiment [Regioselective Anomeric
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Deacetylation of fucose]. Moreover, the bulky structure of benzylamine, compared to other
primary amines like hexylamine, further reduces the likelihood of CPT-Gly ester cleavage due
to steric hindrance, ensuring the integrity of the drug conjugate during deprotection.
However, real challenges arise when in experiment. CPT cleavage was observed when the
benzylamine: DMF ratio is larger than 1:4, and uncomplete deprotection was observed when
below this ratio. And CPT cleavage occurred when performed at room temperature
regardless of the ratio while ice bath greatly reduces this risk. Still uncomplete deprotection
or CPT cleavage were observed in some of the reaction trials leading to a need to seek

optimisation in the future.

Figure 3.3-15. PGA-[(CPT-Gly)-co-(F-PSar)] Drug Conjugate. /: indication of the random position of

carboxylate side chain, CPT-Gly and F-PSar in PGA backbone.
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The disappearance of peaks at 2.13 ppm, 2.03 ppm, 1.93 ppm in *H-NMR spectrum indicated
the successful deprotection of the acetyl protecting group of fucose (Figure 3.3-16). The

drug content was determined through proton integration in the '"H-NMR spectrum through

(5.28—-5.47 ppm)/4%347.3

(3.93—4.34 ppm) 5.28—5.;17 ppm (2.72—2.;33 ppm *2))*129+(2.72—2.:3 ppm*71)

equation:
(

5.28—5.47 ppm

+( *(404.4—17))

042 ,347.3

= = = 0414
(1.05—%&—2—0*2)*129+2—0*71+0':2*387.4

Revealing a drug content of 41.4% (w/w) (Figure 3.3-16). Where 5.28-5.47 ppm correspond
to the four protons of CPT, 3.93-4.34 ppm contains a proton from PGA, two protons from
CPT-Gly and two protons from PSar, 2.72-2.93 ppm represent the three protons from methyl
group; 347.3 is the MW of CPT, 129 is the MW of PGA repeating unit, 71 is the MW of PSar
repeating unit, 387.4 represent the MW of CPT-Gly after losing a -OH group during
conjugation. Drug content of other four samples were also estimated through *H NMR
integration, yielding an average drug content of 39.8% (+4.4%) (w/w), demonstrating a

relatively consistent drug incorporation rate.

The drug content was estimated purely by integration of characteristic signals in the '"H NMR
spectra, making the result sensitive to spectral resolution and integration accuracy.
Therefore, orthogonal techniques should be used to further validate its drug content in the

future.
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Figure 3.3-16. '"H-NMR spectrum (500 MHz, DMs0-ds) of PGA-[(CPT-Gly)-co-(F-PSar)] drug conjugate
(drug content (w/w): 41.4%): 8.71- 7.13 ppm (=C-CH= (CPT),-NH), 6.66-6.20 ppm (-CH-OH (Fucose),
5.47-5.28 ppm (-N-CH,-C- (CPT), -O-CH,-C- (CPT), -O-CH- (Fucose))), 4.34- 3.93 ppm(-NH-CH-C=0-
(PGA), -N(CH3)-CH,- (PSar), -O-CH- (Fucose)), 2.93-2.72 ppm (-N(CHs)- (PSar)), 2.26-1.96 ppm (-CH,-
CH,- (PGA)), 1.47-1.23 ppm (-CH,-CH3 (CPT), initiator, -O-C-CHj; (fucose)).

3.3.2.1.3. Analysis on Nanoparticles / Nanoprecipitation

NPs were prepared through ‘dropping- in” method in pH 7.4 PBS solution to simulate
physiological conditions and at concentration of 1.0 mg/mL to simulate the practical
concentration in real therapeutic applications [112]. The NPs prepared were analysed by DLS
three times each to ensure precision. However, higher concentration was not tested because
of the risk of data distortion due to the particle-particle interactions [113,114]. At a drug
content of 42.6%, the NPs exhibited a small diameter of 87.19 (+1.117) d.nm and a low PDI
of 0.243 (+0.008), indicating high uniformity (Table 3.3-2). Reducing the drug content to
35.4% resulted in a moderate increase in NP size to 113.2 (+2.079) d.nm, with the PDI rising

137



t0 0.322 (+0.012) (Table 3.3-2). Another trial with similar drug content of 34.9% led to a
more significant size increase to 156.2 (£3.044) d.nm, with the PDI slightly increasing to

0.331 (+0.021) (Table 3.3-2).

DLS Result Z-Average PDI
(d.nm)
Size Distribution by Intensity 87.19 (4_.1 117) 0.243
PP PPN sy (£0.008)
T
1000 10000
Size (d.nm}
Drug content (w/w): 42.6%
Size Distribution by Intensity 113.2 (+2.079) | 0.322
.................. _ ................. ................. (io'olz)
A
1000 10000
Size (d.nm)
Drug content (w/w): 35.4%
Size Distribution by Intensity 156.2 (£3.044) | 0.331
.................. .\ ............. ................. (io'ozl)
3 A
1 10 1000 10000
Size (d.nm)
Drug content (w/w): 34.9%

Table 3.3-2. summary of intensity-weighted diameter distribution of 3 trials DLS analysis, under
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concentration of 1.0 mg/mL in pH 7.4 PBS solution

This NP size varied across different trials, likely due to the ambiguous chemical structures
formed during the drug conjugation process [115,116,117]. The drug conjugation was
conducted in a one-pot reaction via random conjugation between the carboxylate groups of
the PGA backbone and the amino groups of CPT-Gly and PSar. The significant differences in
molecular size and functional group reactivity between CPT-Gly and PSar led to polydisperse
polymer mixtures with varying density of different components along PGA chain
[115,116,117]. Additionally, differences in reaction conditions, such as concentration and
temperature, further contributed to the differences in the degree and distribution of
conjugation, which directly influences the size of the resulting NPs [118]. As a result, NPs
ranging from 80-160 nm were produced, which is ideal for pancreatic cancer targeting,
where fucose-mediated endocytosis facilitates drug delivery to bypass dense desmoplasia.

[14,71].

Additionally, following a two-week storage period at ambient temperature, both the size and
PDI of the NPs exhibit only slight increases, highlighting the enduring stability of the NPs
formed (Table 3.3-3). And still, minor intensity peak at thousands d.nm was observed in all
DLS measurements. Which is likely overestimated due to the intensity-weighted nature of
DLS measurements, which disproportionately emphasises larger particles [119]. These
aggregates probably result from the unconjugated CPT-Gly remained in the system after

dialysis.
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DLS Result Z-Average PDI
(d.nm)
Size Distribution by Intensity 111.9 0.371
(+2.669) (+0.006)
1 10 100 1000 10000
Size (d.nm)
Drug content (w/w): 42.6%
Size Distribution by Intensity 113.6 0.343
.................. _ ................. ................. (i3.736) (i0'015)
1nu-n 1nulnu
Size (d.nm}
Drug content (w/w): 35.4%
Size Distribution by Intensity 175.6 0.316
S g ey O ; (+4.596) (+0.01)
Ly
1000 10000
Size (d.nm}
Drug content (w/w): 34.9%

Table 3.3-3. Summary of intensity-weighted diameter distribution of 3 trials DLS analysis after 2

weeks stored at room temperature, under concentration of 1.0 mg/mL in pH 7.4 PBS solution.

But still, their ability to form stable NPs at concentration as high as 1.0 mg/ml indicates their

enhanced drug solubility, potentially prolonged circulation time, and improved
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bioavailability, which are crucial factors for effective drug delivery [41,120,121,122].
Furthermore, the presence of the fucose acceptor within the conjugate may facilitate
targeted interactions with cancer cells, particularly in pancreatic cancer, where fucose-
mediated recognition plays a significant role[15,43,123]. These combined properties
highlight the drug conjugate's potential as a promising candidate for pancreatic cancer

treatment.

The morphology of the NPs was assessed using SEM, revealing spherical shape for the PGA-
[(CPT-Gly)-co-(F-PSar)] NPs (Table 3.3-4) justifying the spherical assumption used in the DLS
analysis. The particles observed in SEM were generally within 200 nm, showing good
agreement with the size populations determined by DLS (80-160 nm). Although DLS typically
reports larger particle sizes due to the surrounding hydration shell [124,125], SEM measures
the dry core diameter of individual particles under vacuum and is therefore expected to
yield smaller values than DLS [126]. In this study, SEM measurements produced slightly
larger apparent diameters. This discrepancy is likely caused by the external forces applied
during SEM sample preparation, which induced partial deformation or spreading of the NPs.
Also, in SEM, only small part of the NPs is observed while DLS provides an ensemble-

averaged size distribution of particles in suspension.

Also, the uneven conjugation of the drug conjugate during synthesis that may lead to uneven
hydrophobic and hydrophilic density along PGA chain resulting in NP size variations. This
heterogeneity may influence the NPs' physical behaviour in aqueous environments [117].
Additionally, some NPs appeared ruptured in SEM images, a phenomenon possibly
attributed to rapid water sublimation during the freeze-drying process [127]. Also, large
particles were observed in all the SEM images, this could be attributed to physical stress put
on the NPs during freeze drying process which causes aggregation or fusion of the NPs

[128,129].
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Drug load: 34.9%

Table 3.3-4. SEM images on three trials of PGA-[(CPT-Gly)-co-(F-PSar)]
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3.3.2.1.4. Analysis of Nanoparticles at Acidic Conditions

To evaluate the impact of pH to the stability of the NPs produced from the drug conjugate,
PGA-[(CPT-Gly)-co-(F-PSar)], NPs were prepared in acetate buffer solution at two distinct pH
levels: 6.0 and 5.5 and analysed with DLS three times each. At pH 6.0 the NPs displayed an
average diameter of 164.7 d.nm and a PDI of 0.221 (Table 3.3-5), suggesting a consistent size
distribution. In contrast, at pH 5.5, the NPs aggregated, causing their average diameter to
increase significantly to 663.5 d.nm, with a PDI of 0.613, indicating a much wider variation in
particle sizes (Table 3.3-5). This suggests that the protonation of carboxylate group start at
around pH 5.5 and result in dramatic increase in hydrophobicity that leads to aggregation
which is similar to the observation in (2.3.7.2.2), reinforcing the reliability of this behaviour

for the drug conjugate under acidic conditions.

This finding is particularly meaningful when considering the TME, which typically has a
slightly acidic pH ranging from 6.0 to 7.0 [130,131]. Since the NPs remained stable at pH 6.0
but aggregated at pH 5.5, it is reasonable to conclude that they will maintain their integrity
within the tumour's slightly acidic environment. This stability is especially critical for
pancreatic cancer treatment, which is characterised by hypovascularity and dense
desmoplasia [14,15]. As a result, fucose-receptor-mediated endocytosis becomes the
primary pathway for NPs to enter tumour cells [15]. However, endocytosis can only
efficiently internalise particles up to 150 nm, with a maximum size limit of 200 nm [68,71].
Thus, avoiding aggregation in the TME is vital to keep the NPs within this size range for
successful cellular uptake. However, DLS typically yields larger particle sizes due to the
presence of a hydration shell [124,125], therefore, the actual size of the NPs could be

smaller and easily endocytosed with in pancreatic cancer cells.
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pH 6.0 Acetate Buffer Solution pH 5.5 Acetate Buffer Solution

........................................................

1000 10000 10 100

1000
Size (d.nm) Size (d.nm)
Z-Average: 164.7 d.nm (+4.96) Z-Average: 663.5 d.nm (+53.22)
PDI: 0.221 (£0.019) PDI: 0.613 (£0.015)

Table 3.3-5. Three replicate DLS analysis (size distribution by intensity) of PGA-[(CPT-Gly)-co-(F-PSar)]

(44.7% drug content) (1.0 mg/mL) in pH 6.0 and pH 5.5 acetate buffer solution.

3.3.2.1.5. Drug Release Study of PGA-[(CPT-Gly)-co-(F-PSar)]

Drug release studies were conducted on three individual samples of PGA-[(CPT-Gly)-co-(F-
PSar)] under two distinct conditions: pH 7.4 PBS, which simulates the physiological
environment, and pH 5.0 acetate buffer, designed to mimic the acidic endosomes or
lysosomes of cancer cells [130,131]. In both conditions, an initial burst release of
approximately 5% of the drug occurred within the first few hours (Figure 3.3-17,Figure
3.3-18), a phenomenon likely attributable to non-conjugated CPT that persisted after
purification and presented as the large aggregates in the DLS reports. Indicating the samples
require extended duration of dialysis against MeOH. Following the burst release phase,
physically encapsulated non conjugated CPT was gradually released over the first three days.
After day four, the release rate decreased, with continued drug liberation primarily governed
by the slow hydrolysis of the ester linkage between CPT and the polymer conjugate,

resulting in sustained CPT release over a period of up to 26 days (Figure 3.3-17).

Under physiological conditions at pH 7.4, a total of approximately 46% of the drug was
released after 26 days, aligning closely with previous findings (2.3.7.2.3). This substantial
release suggests that the PGA-[(CPT-Gly)-co-(F-PSar)] conjugate maintains relative stability in
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environments mimicking the physiological condition, potentially minimising the cytotoxicity

of CPT during circulation.

Drug Release Profile of PGA-[(CPT-Gly)-co-(F-PSar)] in
pH 7.4 PBS Solution
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Figure 3.3-17. The drug release profile of PGA-[(CPT-Gly)-co-(F-PSar)] was evaluated in pH 7.4 PBS at

37°C over 26 days, three analyses were conducted on each of three independent samples.

In contrast, the drug release rate in the acidic condition at pH 5.0 proved unexpectedly
slower than at pH 7.4. After the initial 5% burst release, only an additional 5% of the drug
was gradually released over the 26 days (Figure 3.3-18) This observation stands in contrast
to the anticipated hydrolysis rate of the ester bond in CPT-Gly under acidic conditions, as
documented in the literature [132]. Several factors might account for this slower release in
the acidic environment. Aggregation of NPs at pH 5.0 could reduce the surface area available
for interaction with the surrounding solution (Table 3.3-5) [133]. Additionally, this
aggregation might trigger precipitation of the drug conjugate as observed in DLS result that
few micro large of particles present in the system (Table 3.3-5), leading to phase separation
that limits contact with the solution and decelerates hydrolysis [133,134]. Furthermore,
protonation of PGA at pH 5.0 may enhance its hydrophobicity, strengthening hydrophobic
interactions with CPT and thereby further impeding hydrolysis and diffusion into the
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aqueous phase [134].

Drug Release Profile of PGA-[(CPT-Gly)-co-(F-PSar)] in pH
5.0 Acetate Buffer Solution
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Figure 3.3-18. The drug release profile of PGA-[(CPT-Gly)-co-(F-PSar)] was evaluated in pH 5.0 acetate
buffer solution at 37°C over 26 days, three replicate analyses were conducted on each of three

independent samples.

Because of this unanticipated release profile, the slow and continuous release of CPT in
acidic conditions, this drug conjugate is excluded from first-line pancreatic cancer treatment,
which require rapid deposition of high quantity of therapeutic agent after endocytosis by the
cancer cells [135,136]. However, given its slow drug releasing profile within acidic cancer
cells, it offers potential advantages for targeting S-phase cancer cells and could be used in
combination with other therapeutics in adjuvant treatments. CPT is a potent top-l inhibitor,
primary affecting cells actively synthesising DNA during the S-phase [137,138,139]. However,
cancer cells, including those in pancreatic tumours, often reside in the quiescent GO phase
for extended periods, potentially lasting 6 to 10 months based on cancer recurrence data
[140,141]. Especially for pancreatic cancer, even after surgical resection and adjuvant

therapy, patients still face significant morbidity and have almost inevitable recurrence with
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median survival rate of approximate two years [13]. Moreover, CPT is not a substrate of Pgp
[137,143,144], the most potent efflux pump contributed the most in drug resistance across
many cancer cell lines [90,97], potentially allowing CPT to remain in cancer cells. And
consequently, this prolonged GO phase allows CPT to be released and accumulate gradually
within these resting cells [137,143,144], increasing the likelihood that the drug will be
present and effective when the cells eventually transition into the S-phase hoping to prevent
recurrence, especially the S phase typically last for around 8 hours in normal pancreatic cells
[142]. Given that less than a quarter of tumour cells are typically in this phase [132,145], a

sustained release mechanism may selectively target these cells over an extended duration.

This characteristic of slow and sustained release in acidic conditions complements other
features of the conjugate, placing it as a potential adjuvant therapeutic option for pancreatic
cancer. In addition, the NPs demonstrate stability at physiological pH (Table 3.3-2,Table
3.3-3) likely to remain intact during circulation. Finally, fucose-mediated cell targeting
facilitates specific uptake by pancreatic cancer cells to further enhance the potential of the
disclosed polymeric drug delivery system. Together, these properties position PGA-[(CPT-
Gly)-co-(F-PSar)] as a candidate for post-surgery adjuvant therapy for pancreatic cancer,
capitalising on both its unique CPT release kinetics in acidic condition and its cell-targeting

capabilities, with in vitro cell testing the next stage in product development.

As highlighted in the previous chapter, the release medium did not incorporate key biological
interactions (such as enzymatic activity and protein binding), thereby limiting its
physiological and in vivo relevance. Nevertheless, the present study offers a baseline for
drug release under endosomal/lysosomal-like conditions. Future work incorporating
biological components will be essential to generate a more representative and clinically

relevant release profile.

3.4. Summary

To explore the impact of PSar modification, two conjugates, PGA-[(CPT-Gly)-co-(PSar)] and
PGA-(CPT-Gly), were synthesised with comparable drug (CPT) content. DLS analysis revealed
a key difference: while PGA-(CPT-Gly) produced NPs with a broad range of sizes, the PSar-

modified PGA-[(CPT-Gly)-co-(PSar)] formed more uniform NPs, a critical factor for effective
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drug delivery [146]. Furthermore, PSar enhanced NP stability in pH 7.4 PBS by preventing
aggregation over time, a property observed in both PGA-(PSar-Gly-CPT) and the later-

developed PGA-[(CPT-Gly)-co-(F-PSar)]. These results confirm the importance of including
hydrophilic PSar in the polymer formulations to restrict polymer-polymer interactions and

consequent NP aggregation.

Building on these advancements, a fucose incorporated drug conjugate, PGA-[(CPT-Gly)-co-
(F-PSar)] was synthesised with a drug content of 39.8% (+4.4%) (w/w). The addition of PSar
markedly improved water-solubility, enabling stable NP formation at concentrations up to
1.0 mg/mL, and the NPs maintaining their size in pH 7.4 PBS solution for over two weeks at
room temperature, in the absence of aggregation. These NPs, ranging from 80nm to 160nm,
are designed to benefit from the stealth effect imparted by PSar, which can reduce plasma
protein binding, uptake by phagocytic cells and clearance by liver and kidney prolonging

circulation time in the bloodstream [146,147,148].

CPT release from PGA-[(CPT-Gly)-co-(F-PSar)] revealed distinct release profiles under
physiological (pH 7.4) and acidic (pH 5.0) conditions, mimicking healthy tissue and cancer
cell endosomes/lysosomes, respectively. In both environments, an initial burst release of
approximately 5% of CPT occurred within hours, then physically encapsulated non-
conjugated CPT was gradually released over the first few days, followed by CPT release from
slow hydrolysis of CPT- polymer conjugate. At pH 7.4, about 46% of the drug was released,
demonstrating stability in physiological conditions. Unexpectedly, at pH 5.0, only an
additional 5% was released, contradict to that anticipated. This result was probably because
of NP aggregation reducing surface area and hydrolysis, and PGA protonation increasing
hydrophobicity, further impeding drug diffusion. This slow, sustained release in acidic
conditions could be beneficial when administered as part of the adjuvant therapy after
surgery because the cancer cells can remain quiescent in GO phase potentially lasting 6 to 10
months [140,141], given enough time for CPT cumulation, and activate once cancer cells

entered S-phase, where CPT is most effective.

However, the overall yield of the synthesised polymeric drug conjugates was lower than
expected, possibly due to two main factors. First, the hydrolysis of the ester bond in the CPT-

Gly linker during dialysis may have degraded the conjugate [132]. Second, steric hindrance
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from the bulky CPT moiety likely impeded the conjugation of PSar or the other way round,

resulting in their loss during the reaction.

Interestingly, a comparison of different conjugate structures revealed insights into improving
efficiency. The yield of PGA-(PSar-Gly-CPT), where CPT is positioned at the terminal end of
the PSar, was higher than that of both PGA-[(CPT-Gly)-co-(PSar)] and PGA-[(CPT-Gly)-co-(F-
PSar)]. This difference suggests that placing CPT at the terminal position enhances
conjugation efficiency by allowing the amino group of PSar to react more effectively with
PGA possibly by avoiding steric hindrance of bulky CPT. Additionally, PSar may offer steric
protection to the ester bond, reducing its susceptibility to hydrolysis [132]. These findings

highlight the importance of conjugate design in optimising synthesis outcomes.

To improve the yield and minimise the loss of the therapeutic agent, two modifications are
recommended: (1) replacing glycine with an alternative amino acid linker featuring a bulkier
side chain to better shield the ester bond [132]. and (2) increasing the distance between the
carboxylate side chain and CPT by using a dimer or trimer instead of a single amino acid
linker. The first change would enhance the preservation of the therapeutic agent, while the
second would reduce steric hindrance from CPT, facilitating PSar conjugation and boosting

overall reaction efficiency.

While the drug conjugate demonstrates promising properties—such as forming stable NPs in
PBS and favourable size and uniformity for drug delivery systems [71,146,147,148], a
significant challenge remains [115,116,117]. The uncontrolled conjugation of CPT-Gly and
PSar introduces unpredictable physicochemical heterogeneity such as a range of NPs size
were produced (80- 160nm), which may impede further study in clinical development [117].
Therefore, overcoming this variability is essential for advancing the conjugate toward
practical applications. Specifically, the random attachment of CPT-Gly and PSar along the
polymer chain can lead to inconsistent drug distribution and density, affecting the
reproducibility of NP formation, drug release kinetics, and therapeutic efficacy. Addressing
this issue will require future efforts focused on controlled conjugation strategies to ensure
uniformity in drug distribution and NP behaviour. Also given the fact that the O-acetyl
deprotection step result in loss of CPT or incomplete deprotection in some of the reaction

trials, indicating the need for further optimisation.
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Chapter 4. Replacement of Amino Acid NCAs

4.1. Introduction

Triphosgene is widely employed in the synthesis of NCAs from amino acids [1], serving as a
solid-phase alternative to phosgene, a highly toxic and volatile gas notorious for its historical
use as a chemical weapon during warfare [2,3]. While triphosgene offers improved handling
and stability, it decomposes into phosgene upon exposure to moisture or elevated
temperatures [4]. This poses a significant safety concern, particularly when large-scale
production is involved, where the risk of accidental phosgene release escalates dramatically.
Given these hazards, there is a pressing need to develop safer synthetic routes for
poly(amino acids). Moreover, reducing the use of pricy triphosgene in poly(amino acid)
synthesis helps to bring down the economic cost to the product. Consequently, the ROP of
amino acid 2,5-diketopiperazines (DKPs) and amino acid diketomorpholines (DKMs) or
namely morpholine-2,5-dione were attempted. In all instance, the use of triphosgene in

monomer synthesis is eliminated.

4.1.1. Amino Acid Diketopiperazines (DKPs)

Naturally occurring DKPs are head-to-tail cyclic dipeptide dimers formed through the
condensation of two amino acids (Figure 4.1-1)[5]. They not only abound in nature fungi,
bacteria, the plant kingdom, and mammals and are also frequently generated as unwanted
byproducts or degradation products in the synthesis of polypeptides [5]. Their well-defined
structure, ability to form multiple hydrogen bonds and binding to a wide range of
receptors[5,6], and versatile functional groups make them valuable templates for enzyme

inhibitors [7] and other biologically relevant applications [5].

Given the ring structure of amino acid DKPs could be a potential alternative to NCAs used in
poly(amino acid) synthesis by ROP, also owing to their straightforward synthesis, lack of
hazardous reagents, and reasonable yields. Unlike NCAs that rely on toxic or moisture-
sensitive reactants, the DKP-based strategy provides a safer and more environmentally
friendly route for the development of amino acid-derived polymer precursors. This makes

DKPs an attractive candidate for further research in sustainable polymer synthesis. Despite
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their potential as monomers for poly(amino acid) creation, ROP of amino acid DKPs remains
largely unexplored, with only few reported studies in the literature published across more

than half a century[8,9,10,11,12].

In this study, the feasibility of amino acid DKP ROP was assessed for their potential as an
alternative to NCAs in poly(amino acid) synthesis, ultimately aiming to eliminate the need to

use hazardous phosgenants in poly(amino acid).

Figure 4.1-1. A representative structure of an amino acid DKP.

4.1.1.1. Synthesis of Amino Acid DKPs

Over the past century, numerous synthetic pathways have been developed for producing
DKPs, which can be categorised into four primary methods: amide bond formation, N-
alkylation, tandem cyclisation and C-acylation [5]. Among these, amide bond formation
using dipeptides is the most widely adopted approach for DKP synthesis [5]. This method
begins with the coupling of an N-protected a-amino acid and an a-amino acid ester to form
a dipeptide, featuring an amine at one end and an ester at the other. Subsequent
deprotection of the amino group triggers spontaneous cyclisation, substituting the ester
group to form the DKP ring, while the reaction conditions depend on the protecting group

and the ester group used (Scheme 4.1-1) [13,14,15].

In order to form DKPs, the amide bond must adopt a cis-orientation, which could be
hindered by steric or electronic factors, leading to low cyclisation yields [5]. To overcome
these challenges, techniques such as heating in acidic solution [13], or the use of base,
which can cause racemisation of chiral material have been attempted [14]. Additionally,
refluxing in high boiling solvents such as toluene or xylene for 24h [16] have been used to

promote cyclisation.
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Scheme 4.1-1. General reaction scheme of DKPs via amide bond formation

However, owing to involvement of protection, esterification and deprotection steps prior or
during the reaction, which reduce atom economy and require the inclusion of coupling
agents such as DMAP, DCC, and EDC, reducing the process sustainability. These factors
conflict with the goal of using DKPs for sustainable poly(amino acid) production. To address
these concerns, this study employed thermal condensation of amino acid molecules in

ethylene glycol or glycerol as a greener alternative for DKP synthesis [17].

0 Ethylene glycol R

HoN or Glycerol NH
OH -

150 - 180°C HN R

2

Scheme 4.1-2. Thermal condensation of amino acids

However, some DKPs cannot be synthesised via direct thermal condensation, particularly
those containing protecting groups susceptible to thermolysis under high temperature[18].
For instance, Glu(OBzyl)-DKP synthesised in this study was produced via NHS/DCC coupling
reaction [19]. In this approach, the carboxylate group is first activated through NHS-ester
formation, followed by amine deprotection, which facilitates cyclisation by nucleophilic

substitution at the NHS-ester [19].
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Scheme 4.1-3. NHS/DCC mediated DKP formation

4.1.1.2. Hypothesised Mechanism of ROP of Amino Acid DKPs

In 2022, a study demonstrated the successful oligomerisation of Ala-DKP using interfacial
nano-pulsed discharge plasma [11,12], which generates highly reactive radical species or
energetic photons that react with contacting materials [20,21,22]. Despite optimised
conditions, this approach was limited to forming oligomers rather than longer polymer
chains [12]. To address this limitation, this present research explored the use of various

catalysts to facilitate the ROP of DKPs.

Given the structural similarities between DKPs, glycolides (or often referred as cyclic esters)
and DKMs, catalysts designed for the ROP of these monomers may feasibly catalyse the ROP
of DKPs (Figure 4.1-2). However, the application of these catalysts to break amide bonds in
DKP ROP remains largely unexplored. Therefore, this study investigated the potential of
catalysts originally developed for ester bond cleavage in the ROP of glycolides and DKMs to
catalyse DKP ROP, aiming to achieve more effective polymerisation. Besides these, two
additional catalysts, Ni(0)Cod,:SIPr [23,24,25] and LiHMDS [26] that enable both

transesterification and transamidation of amides species were also studied.

Figure 4.1-2. Glycolides (left), diketomorpholines (middle), amino acids DKPs (right)
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4.1.1.2.1. MSA: DMAP Catalysed ROP Reaction

MSA: DMAP co- catalyst was reported for catalysing the ROP of cyclic ester at high
temperature [27]. The usage of sole acid or base only result in their decomposition or
evaporation at high temperatures, but the MSA:DMAP complex significantly enhances
thermal stability, making it suitable for high temperature reactions such as ROP of cyclic

ester and potentially DKPs [27].

There are two different mechanisms for the initiation of ROP lactide depending on the MSA:
DMAP ratio. At a 1 : 1 ratio, conjugate acid of DMAP interacts with the carbonyl oxygen,
while the conjugate base of MSA deprotonates the hydroxy initiator after nucleophilic
addition (Scheme 4.1-4) [27]. The MSA:DMAP (1:1) demonstrated high catalytic efficiency in

the ROP of L- lactide, achieving 99% of monomer conversion in just two hours [27].
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Scheme 4.1-4. Mechanism for the MSA: DMAP (1: 1) catalysed initiation of cyclic ester.

When the ratio is adjusted to 2:1 (MSA:DMAP), a more thermally stable catalyst complex
forms, but the catalytic efficiency decreases, with L-lactide ROP reaching 97% monomer
conversion only after 15 hours [27]. Although the catalytic mechanism remains similar to the
1:1 ratio (Scheme 4.1-5), their difference in reaction rate suggests MSA: DMAP (1:1) reduce
the activation energy in initiation by a greater degree than that of MSA: DMAP [27].
However, a notable drawback of the 1:1 MSA: DMAP system is the high degree of
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epimerisation observed during L-lactide ROP. To address this issue and explore their
effectiveness, both 1:1 and 2:1 MSA: DMAP ratios were employed in this study to attempt

the polymerisation of DKPs.
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Scheme 4.1-5. Mechanism for the MSA: DMAP (2: 1) catalysed initiation of cyclic ester [27].

4.1.1.2.2. Sn(Oct), Catalysed ROP Reaction

Organometallic catalysts are widely employed for efficient ROP to produce polymers with
controlled molecular weights and narrow dispersity [28]. Among these, tin(l1) 2-
ethylhexanoate (Sn(Oct)2) (Figure 4.1-3), an FDA approved food grade catalyst, is frequently
used to initiate the ROP of glycolides, yielding stereoregular polyesters with high molecular

weights. [28,29].
o
o \
{5

Figure 4.1-3. Sn(Oct),
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Sn(Oct); catalyse the ROP via coordination-insertion mechanism [30,31]. Prior to the actual
ring-opening sequence, a stable complex was formed with alcohol coordinating to Sn(Oct)s.
The first step involved coordination of an alcohol to Sn(Oct), forming (1) while
simultaneously establishing a hydrogen bond with the carbonyl oxygen atom of the (Oct)
ligand. A monomer then weakly complexes with this complex (1), and the alcohol transforms
into an alkoxy-type species via proton migration to the adjacent Oct ligand forming (2).
Followed by a nucleophilic attack by the hydroxy group on the monomer’s carbonyl carbon,
forming a new C-O bond, while the carbonyl oxygen coordinates to tin via an alkoxide bond
through a four- centre transition state ((3) to (4)). The resulting carbonyl carbon adopts an
sp3 bonding geometry allowing for rotation around the C-O axis and positioning the
endocyclic oxygen for ring opening. The ring-opening occurs via another four- centre
transition state (5), structurally similar to transition state (3). And finally, a hydrogen transfer
from the protonated (Oct)-H ligand to the ring opened monomer’s end group, preserving its
hydroxyl functionality and maintaining coordination with tin reaching a stable structure (6),

the analogue to species (1) (Scheme 4.1-6) [30].
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Scheme 4.1-6. Mechanism of Sn(Oct), catalysed ROP of lactide [30].
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However, applying Sn(Oct), to the ROP of DKPs raises challenges, as the process involves
amines as the sole nucleophiles for initiation and propagation, and the amide nitrogen in
DKPs replaces the oxygen in cyclic esters. These differences cast doubt on whether the
intermediates described in the Sn(Oct), mechanism for cyclic esters apply to DKPs (Scheme
4.1-6). Consequently, this study experimentally investigated the applicability of Sn(Oct), in
catalysing DKP ROP.

4.1.1.2.3. DBU/ TBD Catalysed ROP Reaction
N Y
A N<
N N
H
TBD DBU

Figure 4.1-4. Chemical structure of TBD (left) and DBU (right)

Both 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD), and 1,8-diazabicyclo[5.4.0]- undec-7-ene
(DBU) are effective organocatalysts for the ROP of cyclic esters such as lactide, valerolactone
and caprolactone (Figure 4.1-4) [32]. Their catalytic effect in the ROP of cyclic esters was first
reported in 2006 [32,33]. TBD can rapidly and controllably polymerise these monomers,
while DBU polymerised lactide and with the addition of a thiourea catalyst extends its
activity to the ROP of valerolactone and caprolactone [32]. Both catalysts yield polymers
with high end-group fidelity, close agreement between theoretical and observed molecular
weights, and a linear relationship between conversion and molecular weight [32]. The
superior activity of TBD compared to DBU attributes to its bifunctionality, which allows
simultaneous activation of the cyclic ester monomer and the alcohol group of the

initiator/propagating species [32,34].
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Scheme 4.1-7. Bifunctional nucleophilic mechanism of ROP of glycolide [34]

In TBD, the ROP of cyclic ester took place via a bifunctional nucleophilic mechanism [34]. The
imine nitrogen of TBD nucleophilic attacks the carbonyl group of the monomer, forming an
intermediate where the adjacent protonated nitrogen facilitates proton transfer to the
resulting alkoxide, generating a TBD amide. Subsequently, hydrogen-bond activation of an
incoming alcohol promotes esterification, releasing the ester and regenerating TBD [34]. This
mechanism positions TBD as an efficient bifunctional transesterification catalyst, analogous

to amino-thiourea systems below (Scheme 4.1-10)[32,34].

In contrast, DBU catalyses cyclic ester ROP through two competing pathways: the activated-
alcohol pathway and the nucleophilic-attack pathway, which together provide a
comprehensive understanding of the reaction network [33]. In the activated-alcohol
pathway, DBU deprotonates the alcohol initiator, forming a hydrogen-bonded alkoxide that
nucleophilic attacks the carbonyl carbon of the monomer, leading to ring opening (Scheme

4.1-8).
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Scheme 4.1-8. DBU catalysed activated alcohol-initiated ROP glycolide by DBU [33]

The nucleophilic attack pathway was similar to that of TBD’ s mechanism, where the imine
nitrogen of DBU attacks the monomer’s carbonyl, triggering ring-opening and forming an
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alkoxide (Scheme 4.1-9). The chain propagation through nucleophilic attack by another ring
opened monomer’s alkoxide at the amide position, followed by intermolecular
deprotonation, where a DBU hydrogen transfers to the alkoxide. The polymer chain was then

cleaved from the DBU by an activated hydroxy group and regenerating DBU (Scheme 4.1-9).
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Scheme 4.1-9. DBU catalysed ROP of glycolide through nucleophilic attack pathway [33]

Compared to other catalysts, TBD and DBU possess greater possibility in catalysing the ROP
of DKPs because their mechanisms involve both the formation and cleavage of amide bonds,
whereas only ester bond cleavage was reported for other catalysts. Moreover, it has been
reported that amine can serve as initiators in DBU catalysed ROP of cyclic esters[35],
suggesting that the amine end group of ring-opened DKPs could participate in subsequent
propagation steps. Consequently, this study explored the application of TBD and DBU in DKP

polymerisation.

4.1.1.2.4. TBD: Thiourea Catalysed ROP Reaction

Thiourea derivatives have garnered significant attention in catalyst design in recent years

[36]. They are known for displaying unique dual hydrogen-bond donor ability which plays a

184



pivotal role in catalysis [37,38]. This dual functionality enables thioureas to activate carbonyl
and sulfoxide substrates, facilitating various stereoselective C-C bond forming reactions and
other organic transformations [39,40,41]. Since the introduction of Takemoto’s catalyst for
the ROP of lactide in a well-controlled manner with high monomer conversion in 2005 [42].
Their ability to precisely control polymerisation and construct highly tailored polymers [43],
has positioned thiourea catalysed ROP as a major catalytic method rivalling the efficiency

and selectivity of traditional metal-based ROP [44,45].

The thiourea catalyse the ROP of cyclic ester through a hydrogen- bond activation
mechanism. The two hydrogen- bond donors of the thiourea molecule activate the
electrophilic carbonyl centre of the monomer via double hydrogen bonding (Scheme
4.1-10)[42,43]. While a H-bonding acceptor, a base, activates the initiator for a nucleophilic
attack on the activated carbonyl [42,43]. This synergistic interplay between the thiourea and

the base effectively activates both the monomer and initiator during ROP.

S

Scheme 4.1-10. Mechanism of thiourea catalysed ROP of lactide in the present of a base [42,43].

The catalytic effect of thiourea catalysts was further enhanced when paired with a strong
base like TBD or DBU [46] or when alkoxides are used as initiators [47]. The strong base
deprotonates the thiourea generating a thioimidate anion that activate both the alcohol
initiator/chain end and the monomer. The nitrogen atom of the thioimidate forms a
hydrogen bond with the alcohol, while the carbonyl of the monomer is activated through
hydrogen bonding, resembling the bifunctional mechanism of TBD alone (Scheme 4.1-11)
[32,46,47]. This activation enables an intramolecular nucleophilic attack that triggers ring-

opening of the monomer [46,47].
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Scheme 4.1-11. Mechanism of TBD: thiourea catalysed ROP of lactide [32,46,47]

TBD: thiourea catalyst demonstrates exceptional efficiency, completing the ROP of lactide
and different DKMs within hours with high monomer conversion and low dispersity at room
temperature[46,47]. In contrast, other catalysts often require elevated temperatures and
extended reaction times [27,28,29]. Therefore, due to its high catalytic effect in the ROP of
cyclic ester, it is plausible to catalyse the ROP of DKPs if the amide nitrogen does not

interfere with the catalytic system.

4.1.1.2.5. Ni(0)Cod; : SIPr Catalysed ROP Reaction

During initiation and propagation of ROP of DKPs, a secondary amide C-N bond needs to be
cleaved followed by the formation of a new secondary amide C-N bond with an amine.
However, the resonance stabilisation of amide creates a high activation energy barrier
making C-N bond cleavage challenging (Figure 4.1-5)[48]. Thermodynamically, the
conversion of a secondary amide to another amide is nearly thermoneutral and leading to
equilibrium mixtures [48,49,50,51]. Consequently, secondary amide transamidation has

remained largely underdeveloped for many years [23,24].
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Figure 4.1-5. Amide resonance stabilisation [48]

In recent years, a two-step approach Ni-catalysed secondary amides transamidation was
reported, surmounting both the kinetic and thermodynamic barriers of secondary amide
transamidation (Scheme 4.1-12)[23,24,25]. In the first step, the secondary amide is N-
functionalised with an electron-withdrawing group (Z), such as the Boc group [52], to
weaken the acryl amide C-N bond [53,54,55,56,57]. In the second step, the N- activated
amide (2) undergoes oxidative addition catalysed by Ni catalyst with the electron-rich SIPr
ligand facilitating the formation of an intermediate (3) [24]. This intermediate is then
intercepted by a primary or secondary amine to yield the desired product (4) [23,24,25]. The
reaction is driven thermodynamically by the release of an amine bearing the electron-

withdrawing group [25].
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Scheme 4.1-12. Two-step approach to transamidation of secondary amides [23,24,25]

This Ni catalyst allows effective transamidation of various secondary amides without

suffering from steric hindrance exerted by R1 group [25], suggesting its potential applicability
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to the ROP of DKPs with diverse side chains. This two- step Ni catalysed transamidation may
allow the initiation/ propagation of DKPs, as a primary amine is used as initiator and
propagate through the amine chain end. However, this approach requires prior activation of
the amide with an electron-withdrawing group like Boc, as a result ROP of Sar-DKP is
excluded from the methodology. However, given the reported Ni-SIPr catalysed
transamidation reactions were carried out in mild conditions[23,24,25], intense heating may
forcibly promote oxidative addition of the catalysed to the Sar-DKP’s amide bond.
Furthermore, Moreover, the presence of the electron-withdrawing Boc group on ring-
opened DKPs prevents their participation in subsequent propagation steps, necessitating a
simultaneous deprotection reaction in the same reaction mixture. This additional step
complicating the reaction producing a mixture of poly(amino acid), and the DKP or the

deprotection agents simply kill the catalyst.

Further challenges arise from the practical handling of the Ni catalyst. The Ni(cod), requires
glovebox handling and the ligand SIPr is unstable to benchtop conditions [25]. Although the
more stable SIPr. HCl was used in this study, handling Ni(cod), outside a glovebox introduces

uncertainties that could affect the reliability of DKP ROP reactions.

4.1.1.2.6. LiIHMDS Catalysed ROP Reaction

Lithium bis(trimethylsilyl)Jamide (LiIHMDS) is a non-transition metal catalyst for the
transamidation of amides and amidation of esters by highly selective acyl cleavage with non-
nucleophilic amines at room temperature (Figure 4.1-6). Unlike the expensive, toxic and
sensitive transition metal catalyst such the Ni(cod)»: SIPr catalyst, LIHMDS offers a cost-
effective, straightforward, safer, and robust alternative for amidation reactions [26]. This
mild, transition-metal-free protocol demonstrates remarkable versatility, successfully
transamidation of a wide range of non-nucleophilic amines and amides, including
electronically diverse and sterically hindered anilines [26]. Notably, the reaction
accommodates a wide range of challenging and sensitive substrates that are incompatible or
problematic with metal-catalysed and high temperature protocols, including esters, halides,
heterocycles, highly electron-deficient arenes as well as N,N-disubstituted anilines and
deactivated aliphatic amines [26]. Additionally, LIHMDS effectively catalyse a broad spectrum
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of amides, including aliphatic amides with linear, branched, or sterically hindered a-carbons,
without the need for extensive ligand or reaction condition optimisation required by

transition metal catalysed approaches, marking a significant advantage. [24,26].
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Figure 4.1-6. Chemistry structure of LIHMDS

However, applying LIHMDS to the ROP of DKPs still encounters similar challenges as the Ni
catalyst. The reaction still follows the two- step transamidation pathway and require amide
activation with an electron-withdrawing Boc group to weaken the amide bond. This inhibits
subsequent propagation, necessitating a simultaneous deprotection of Boc group in the
same reaction mixture and consequently resulted in a mixture of poly(amino acid) and DKP
by this uncontrollable ROP reaction. Despite these challenges, LIHMDS offers a practical
advantage over the Ni(cod),:SIPr catalyst due to its greater chemical stability, which

simplifies handling and eliminates the need for stringent conditions like glovebox operations.

4.1.2. Amino acid Polydepsipeptides

Amino acid DKMs (Figure 4.1-7) derivatives have an ester group and an amide group in one
6-membered ring, are formally cyclic dimers of an a-hydroxyacid and an a-amino acid and
are the simplest cyclic depsipeptides [58]. They are naturally occurring depsipeptides and
could be found in flowers [59], mushrooms [60,61], sea cucumbers [62], bacteria [63], and
algae [64] and in earth samples [65]. DKMs play a role as intermediates in the synthesis of
optic active a-amino acids, also act as monomers for synthesis of polydepsipeptides also
called as poly(ester amide) and their random copolymers or block copolymers with high
molecular weight through ROP [18,43,46,58,66,67,68,69]. Polydepsipeptides consist of
alternating copolymers of amino acids and hydroxy acids, integrating the properties of both
amino acids and hydroxy acids[18,70,71]. Similar to poly(amino acids), polydepsipeptides
yields versatile materials that combine desirable attributes such as biocompatibility,
biodegradability, and favourable mechanical properties depends on the sidechain of the

amino acid or the hydroxy acid used [71,72].
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Figure 4.1-7. Amino acid DKM

One of the most critical attributes of polydepsipeptides is their exceptional biocompatibility,
making them highly suitable for biomedical applications [72,73,74]. Studies have
demonstrated that these polymers exhibit low toxicity and excellent tolerance in both in
vitro and in vivo environments [72,73,74]. This inherent biocompatibility is a key advantage
over other synthetic polymers with similar properties towards poly(amino acids), particularly
in drug delivery[71,72,76,77,78,79] and tissue engineering[80,81,82,83]. A distinctive
feature of polydepsipeptides is their unique degradation profile, which contributes to their
improved biocompatibility. Unlike polyesters which produce acidic byproducts,
polydepsipeptides degrade into both acidic and basic compounds, which naturally neutralise

each other, preventing local acidosis and minimising tissue irritation[58,73,84,85].

Additionally, polydepsipeptides are designed to be biodegradable. The presence of ester
linkages contributes to a controlled degradation process[86], which is crucial in medical
applications where materials must gradually break down and be replaced by natural
tissues[72]. Unlike traditional poly(amino acids), which often have limited degradation
rate[7,18,70], polydepsipeptides possess hydrolysable ester and peptide bond in their main
chain resulting relatively good thermal and mechanical properties with controllable
degradation rate[71,86]. As a result, they present a significant advantage over many

conventional synthetic polymers.

In summary, the biocompatibility, biodegradability, and favourable mechanical properties
making polydepsipeptides as promising candidates for biomedical applications.
Furthermore, they present a compelling alternative to poly(amino acids) and their
precursors- amino acid NCAs. Thereby potentially eliminate the need for hazardous

phosgene derivatives, offering a safer and more sustainable approach to polymer synthesis.
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4.1.2.1. Synthesis of Amino Acid DKMs

DKM derivatives were generally synthesised by three major procedures (Scheme
4.1-13)[58,86]. (A) Cyclisation of N-(a-haloacyl)-a-amino acid salts, (B) Intramolecular
transesterification of N-(a-hydroxyacyl)-a-amino acid esters and (C) Cyclisation of O-(a-

aminoacyl)-a hydroxycarboxylic acids [74,58,86].
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Scheme 4.1-13. Synthesis methods of DKM derivatives [58,86].

Method A: Cyclisation of N-(a-haloacyl)-a-amino acid salts

The starting materials N-(a-haloacyl)-a-amino acids and N-(a-halopropionyl)-a-amino acids
were prepared in high yields by acylation of amino acids with bromopropionyl bromide or
chloroacetyl chloride under Schotten Baumann reaction conditions [58,86]. Synthesis of 6-
methylmorpholine-2,5-dione via heating of N-(2-bromopropionyl)-glycine sodium salt was
first reported in 1943 [87]. And many DKMs have been synthesised by this method
[88,89,90,91].

The cyclisation of N-(a-haloacyl)-a-amino acids and N-(a-halopropionyl)-a-amino acids was
carried out in highly diluted DMF solution with triethylamine, NaOH, Na,COs, or NaHCOs to

neutralise the acid generated [87,88,89,91,92]. The cyclisation reaction goes through an
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intramolecular Sy reaction mechanism which result in racemisation when optically active
monomers were used [74,58,86]. Additionally, intermolecular reaction competes with
cyclisation forming linear oligomers reducing the yield of DKMs. Despite these, this method
still provides a higher yield compared to others [74]. However, synthesising DKMs with
protected functional groups were via this method results in lower yields due to the

thermolysis of the protecting groups [18,58].
Method B: Intramolecular transesterification of N-(a-hydroxyacyl)-a-amino acid esters

The synthesis of DKM via intramolecular transesterification in high yield in a highly diluted
solution was first reported in 1982 by Hartwig and Schoellkopf [93]. The cyclisation reaction
involves an intramolecular esterification mechanism that typically preserves stereochemistry
at the C6 position of DKMs, as no nucleophilic attack occurs at this stereocentre [58]. But
racemisation can occur under high-temperature conditions [94]. The cyclisation of N-(a-
hydroxyacyl)-a-amino acid esters can be performed in four different ways. The acid catalysed
esterification reaction using p-toluenesulfonic acid, MSA or trifluoromethanesulfonic acid
[95]. Cyclisation by carbonyl diimidazole gave a quantitative yield yet the purification is
tedious and results in large product losses [95]. Cyclisation Using Mitsunobu conditions with
diethyl azodicarboxylate and triphenylphosphine [96]. While the simplest and the most

effective cyclisation method was using reduced pressure and elevated temperature [95].

Method C: Cyclisation of O-(a-aminoacyl)-a-hydroxycarboxylic acids

The cyclisation of O-(a-aminoacyl)-a-hydroxycarboxylic acids relies on intramolecular
amidation showed the lowest yields with racemisation observed at both C3 and C6
stereocentres [74,92]. However, significant improvements were made decades later by
employing UV light irradiation (>290 nm) on O-(a-aminoacyl)-a-hydroxycarboxylic acids
linked to a photolabile group [58,97]. The UV light triggers nucleophilic cleavage at the
carboxyl site, forming an amide bond resulting in release of a DKM in high yield and purity,

overcoming earlier limitations of this approach[97].

In this research, different methods were used to produce 4-methylmorpholine-2,5-dione

(Sar-GA DKM), a DKM that consists of sarcosine and glycolic acid, which has not been
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reported. Therefore, its synthesis was performed through different methods for
optimisation. While benzyl 3-(2,5-dioxomorpholin-3-yl)propanoate (Glu(OBzyl)-GA DKM), a
DKM that consist of Glu(OBzyl) and glycolic acid, was produced via method A as descript

literature [18].

4.1.2.2. ROP of Amino Acid DKMs

The ROP of Amino acid DKMs is widely developed, and because DKMs contain a cyclic ester
group, catalysts and methods for the ROP of cyclic esters also able to be used in DKMs’ ROP
including MSA: DMAP [27], Sn(Oct), [30,31], DBU [32], TBD [32] and TBD: thiourea [46]
those introduced above. But given the superior catalytic effect of TBD: thiourea, it was

primarily tested in the ROP of Glu(OBzyl)-GA DKM and Sar-GA DKM.

4.2. Experimental
4.2.1. Diketopiperazine (DKP) Synthesis
4.2.1.1.  Synthesis of Sar-DKP

Sarcosine (10.0 g, 0.112 mol) was added into an RB flask equipped with an air condenser.
Ethylene glycol (100.0 mL) was added into the reaction flask followed by heating at 170 °C
overnight under strong nitrogen flow into the system. The nitrogen flow can prevent the
oxidisation of sarcosine and side reactions and drive the reaction to completion by removing
the water steam generated during reaction. The solution was turned into clear yellow
solution after the reaction. The solution was allowed to cool to room temperature before
liquid- liquid extraction was performed. The crude product was extracted by DCM (25.0 mL x
4) and dried with anhydrous MgSO4 and was later filtered followed by removal of DCM and
yellow solid was obtained. The crude product was purified by hot recrystallisation in
methanol then dried in vacuum overnight. The purified product was needle like white

crystal. Yield: 80 %

IH-NMR spectrum (400 MHz, CDCls) of Sar-DKP: 3.97 ppm (-CH,-), 2.97 ppm (-CH3) (Figure
4.3-3)
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4.2.1.2. Synthesis of Ala-DKP

Alanine (10.0 g, 0.112 mol) was added into an RB flask equipped with an air condenser.
Ethylene glycol (100.0 mL) was added into the reaction flask followed by heating at 170 °C
overnight under strong nitrogen flow into the system. The nitrogen flow can protect alanine
from oxidisation and side reactions and drive the reaction to completion by blowing out the
water vapour generated. The solution became a clear yellow solution after the reaction.
Upon cooling to room temperature, and then in an ice bath, crystallisation of alanine DKP
occurred. A small amount of 1,4-dioxane was added into the mixture to reduce the viscosity
before suction filtration was done. The crude product was then washed with ice cold
methanol and was later purified by hot recrystallisation in methanol then dried in vacuum

overnight. The purified product were white crystals. Yield: 84%

H-NMR spectrum (400 MHz, DMSO-d¢) of Ala-DKP: 8.07 ppm (-NH-), 3.87 ppm (-N-CH-),
1.25 ppm (-CHs) (Figure 4.3-6)

13C-NMR spectrum (100 MHz, DMSO-ds) of Ala-DKP: 169.05 ppm (C1, C4), 49.76 ppm
(C5,C2), 19.94 ppm (C9,C10) (Figure 4.3-7)

421.2.1. Boc activation of Ala-DKP

Ala-DKP (1.0 g, 7.03 mmol, 1.0 eqv) and DMAP (0.043 g, 0.352 mmol, 0.05 eqv) were added
to an RB flask. The reaction vessel was purged with nitrogen three times over 15 minutes.
Subsequently, 100.0 mL of anhydrous DMF was added, and the mixture was heated to 50°C
until the Ala-DKP completely dissolved. Then, Boc,0 (1.84 g, 8.44 mmol, 1.2 eqv) in 20.0 mL
anhydrous DMF was added in one portion to the reaction mixture, and the reaction was
stirred overnight at 50°C under a nitrogen atmosphere. Following completion of the
reaction, diethyl ether was added to the mixture to precipitate out unreacted Ala-DKP, which
was removed by filtration. The filtrate was then evaporated under a nitrogen stream. The
resulting crude product was purified by chromatography, eluent: ethyl acetate: hexane 3:7,
Rf: 0.33. Finally, the product was dried under vacuum, yielding a purified white crystalline

solid. Yield: 59%.

1H-NMR spectrum (400 MHz, DMSO-de) of Boc modified Ala-DKP: 8.12 ppm (-NH-), 4.64 ppm
(CH3-CH-), 1.50-1.43 ppm (-O-C-(CH3)s) (Figure 4.3-9)
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4.2.1.3. Synthesis of Glu(OtBu)-DKP

L-Glutamic Acid 5-tert-butyl Ester (1.0 g, 4.9 mmol) was added into an RB flask connected
with an air condenser. Exchange gas with nitrogen then DMF (10.0 mL) was added into the
reaction flask followed by heating at 160 °C overnight. The solution was turned into clear
yellow solution after the reaction. The solution was allowed to cool to room temperature
then dried under nitrogen flow and yellow thick oily paste was obtained. Crystals formed
after placing the crude product in open air at room temperature for two days. The crude
product was collected by suction filtration and washed with cold acetone. And purified by
hot recrystallisation in methanol and dried in vacuum overnight. The purified product was

off white solid. Yield: trace amount.

'H-NMR spectrum (400 MHz, DMSO-ds, ppm) of Glu-DKP: 12.73 ppm (-COOH), 7.89 ppm (-
NH-), 4.07 ppm (-N-CH-C=0), 2.31-1.96 ppm (-CH2-CH;-) (Figure 4.3-11)

13C-NMR spectrum (100 MHz, DMSO-ds) of Glu-DKP: 176.98 ppm & 174.49 ppm (C13,C15 &
C1, C4),54.80 ppm (C2, C5), 29.08 ppm & 24.63 ppm (C9-C12) (Figure 4.3-12)

4.2.1.4. Synthesis of Glu(OBzyl)-DKP

Boc-Glu(OBzyl)-OH (5.0 g, 14.8 mmol, 1.0 eqv) and NHS (2.0 g, 17.8 mmol, 1.2 eqv) were
placed in an RB flask and purged with nitrogen three times for 15 minutes each. The mixture
was then dissolved in 100.0 mL of anhydrous acetonitrile. Meanwhile, DCC (3.7 g, 17.8
mmol, 1.2 eqv) was dissolved in 20.0 mL of anhydrous acetonitrile and added dropwise to
the reaction mixture over 30 minutes at O °C under constant stirring. The reaction was
gradually allowed to reach room temperature and stirred overnight. After completion, the
solution was filtered by gravity to remove the by-product and concentrated by rotary
evaporation. The crude product was dissolved in 20.0 mL of anhydrous ethyl acetate, cooled
in an ice bath for 30 minutes, and filtered again. This process was repeated three times.
Subsequently, 10.0 mL of TFA was added dropwise to the concentrated crude product in an
ice bath over 30 minutes with constant stirring. After 2 hours, the reaction solution was

evaporated under vacuum. The crude product was then dissolved in 5.0 mL of anhydrous
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DMF, and 100.0 mL of pyridine was added dropwise at 0 °C, with the reaction left overnight.
Afterward, the solution was evaporated under vacuum, and the crude product crystallised
out upon the addition of a small amount of ethyl acetate, which was collected by filtration.

The product was further purified by recrystallisation in methanol. Yield: 15%.

'H-NMR spectrum (400 MHz, DMSO-ds) of Glu(OBzyl)-DKP. 8.22 ppm (-NH-), 7.36 ppm
(OBzyl), 5.08 ppm (-O-CH-), 3.90 ppm (-N-CH-C=0), 2.45-1.92 ppm (-CH2-CH>-) (Figure 4.3-14)

4.2.1.5. Synthesis of Lys(Cbz)-DKP
The synthesis of Lys(Cbz)-DKP is the same as above but with Boc-Lys(Cbz)-OH. Yield: 40%

1H-NMR spectrum (400 MHz, DMSO-de) of Lys(Cbz)-DKP: 8.09 ppm (-NH-), 7.34 ppm (phenyl
ring), 5.0 ppm (-O-CH;-), 3.79 ppm (-N-CH-C=0), 2.98 ppm (-CH2-CH>-NH-), 1.67-1.31 ppm (-
CH-CH2-CH;-) (Figure 4.3-16)

DEPT-135 (100 MHz, DMSO-ds) of Lys(Cbz)-DKP: 128.07 ppm & 127.46 ppm (aromatic
carbons), 64.83 ppm (CH2-Ph), 53.62 ppm (-N-CH-), 39.88 ppm, 32.39 ppm, 28.86 ppm &
21.30 ppm (-CH2-CH,-CH,-CH3-) (Figure 4.3-17)

4.2.2. Synthesis of Diketomorpholine DKM

4.2.2.1. Synthesis of Sarcosine-Glycolic acid Diketomorpholine (Sar-GA DKM)
Method 1

Synthesis of Sar-GA. TFA salt

Boc-Sarcosine-OH (3.0 g, 0.016 mol, 1.0 eqv), EDC.HCI (3.9 g, 0.019 mol, 1.2 eqv), and NHS
(2.2 g,0.019 mol, 1.2 eqv) were added to an RB flask, followed by purging with nitrogen
three times for 15 minutes each. The mixture was dissolved in 100.0 mL of anhydrous
acetonitrile. Meanwhile, t-butyl-2-hydroxyacetate (2.3 g, 0.017 mol, 1.1 eqv) and DMAP (0.6
g, 0.005 mol, 0.3 eqv) were dissolved in 20.0 mL of anhydrous acetonitrile and added to the

reaction mixture in one portion after 30 minutes at room temperature. The reaction was
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stirred overnight. The crude product was concentrated under vacuum and purified by
column chromatography (DCM: Acetone, 9:1, Rf: 0.7). The fractions were concentrated, and
the Boc protecting group was removed by 20.0 mL of DCM: TFA (1:1) mixture at room
temperature for four hours. The Sarcosine-Glycolic acid TFA salt was precipitated and

washed with diethyl ether four times and dried under vacuum overnight.

Cyclisation of Sar-GA. TFA salt

Sar-GA TFA salt (0.5 g, 0.002 mol, 1.0 eqv) was placed in an RB flask and purged with
nitrogen three times for 15 minutes each. The compound was dissolved in 100.0 mL of
anhydrous acetonitrile, followed by the addition of 2-Chloro-1-methylpyridinium iodide
(0.98 g, 0.004 mol, 2.0 eqv) in a single portion. After 15 minutes, 3.0 mL of excess
triethylamine was added dropwise to neutralize the generated acid. The reaction mixture
was then stirred overnight under nitrogen at 60 °C. Upon completion, the mixture was
concentrated under vacuum and purified by column chromatography (eluent: DCM:
Acetone, 8:2, Rf: 0.6). ). The final product appeared as a pale yellowish oil. Overall yield:
25%.

Method 2
Synthesis of N-(2-chloroacetyl)-N-sarcosine

Sarcosine (3.0 g, 0.034 mol, 1.0 eqv) was dissolved in 40 mL of 2N NaOH solution and cooled
to 0 °C using an ice bath. A solution of chloroacetyl chloride (4.0 mL, 0.051 mol, 1.5 eq.) in
80.0 mL of a 1:1 (v/v) mixture of diethyl ether and dioxane was then added dropwise under
vigorous stirring over 20 minutes. After the addition, stirring continued at room
temperature, with additional NaOH solution added as needed to maintain the pH around 11.
The reaction proceeded until no further pH changes were observed. Upon completion, the
pH was adjusted to approximately 1 using 3N HCI. The crude product was extracted four
times with ethyl acetate, and the organic layer was concentrated under reduced pressure.

The residue was washed with diethyl ether and dried under vacuum. Yield: 58%.
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Cyclization of N-(2-chloroacetyl)-N-sarcosine

NaHCO; (2.03 g, 0.024 mol, 4.0 eqv) was added in 70.0 mL of DMF and heated to 60°C. The
previously obtained N-(2-chloroacetyl)-N-sarcosine crystals (1.0 g, 0.006 mol, 1.0 eqv) were
dissolved in 30.0 mL of DMF and added dropwise under nitrogen protection. The reaction
mixture was stirred overnight. After completion, the solution was cooled to 0°Cin anice
bath for one hour and then filtered. The solvent was removed under a strong nitrogen
stream. The crude product was purified using column chromatography (DCM: Acetone, 8:2,

Rf: 0.6). The overall yield was 18%.

Method 3

Sarcosine (12.64 g, 0.14 mol, 1.2 eqv) and Glycolic acid (9.0 g, 0.12 mol, 1.0 eqv) were
introduced into an RB flask and purged with nitrogen three times for 15 minutes.
Subsequently, 120.0 mL of toluene was added, and the reaction mixture was refluxed at 150
°C overnight. After completion, toluene was removed by applying a strong nitrogen stream.
The crude product was then purified by column chromatography (DCM: Acetone, 8:2, Rf:
0.6), yielding a pale yellowish oil. yield: 72%.

IH-NMR spectrum (400MHs, CDCls) of Sar-GA DKM: 4.75 ppm (-O-CH,-), 4.14 ppm (-N-CH>-),
3.00 ppm (-N-CH3) (Figure 4.3-22)

13C-NMR (100 MHz, CDCls3) of Sar-GA DKM: 164.11 ppm and 163.06 ppm (-C=0), 67.36 ppm
(-O-CH,-), 49.20 ppm (-N-CH,-), 33.14 ppm (-CH3) (Figure 4.3-23)

IR spectrum of Sar-GA DKM: 1755 cm is the ester C=0 stretch, 1686 cm™ is the amide C=0
stretch (Figure 4.3-24)

4.2.2.2. Synthesis of Glu (OBzyl)-Glycolic acid Diketomorpholine (Glu (OBzyl)-GA DKM)
Synthesis of Glu(OBzyl)-GA-CI

H-Glu(OBzyl)-OH (3.0 g, 0.012 mol, 1.0 eqv) and Na,COs (5.36 g, 0.05 mol, 4.0 eqv) were
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placed in an RB flask and purged with nitrogen three times for 15 minutes each. Anhydrous
THF (50.0 mL) was then added, and the mixture was heated to 35°C. A solution of
chloroacetate chloride (2.01 mL, 0.025 mol, 2.0 eqv) in 50.0 mL of anhydrous THF was added
dropwise over the course of one hour. The reaction mixture was stirred continuously
overnight. Upon completion, the mixture was filtered, and the solvent was removed under
vacuum. The resulting yellowish oil was washed with petroleum ether (50.0 mL x 4)and

Glu(OBzyl)-GA-Cl was allowed to crystallise under vacuum overnight. Yield: 95%

Cyclisation of Glu(OBzyl)-GA-CI

In a separate RB flask, NaHCOs (1.07 g, 0.013 mol, 4.0 eqv) was added in 70.0 mL of DMF
and heated to 60 °C. The previously obtained Glu (OBzyl)-GA-Cl crystals (1.0 g, 0.003 mol, 1.0
eqv) were dissolved in 30.0 mL of DMF and added dropwise under nitrogen protection. The
reaction mixture was stirred overnight. After completion, the solution was cooledto 0 °Cin
anice bath for one hour and then filtered. The solvent was removed under a strong nitrogen
stream. The crude product was purified using column chromatography (eluent: ethyl

acetate, Rf: 0.75). The overall yield was 24%.

IH-NMR spectrum (400 MHz, CDCl3) of Glu(OBzyl)-GA DKM: 7.36 ppm (OBzyl ring), 6.69 ppm
(-NH-), 5.14 ppm (-O-CH3-), 4.75 ppm(-O-CH,-C=C), 4.25 ppm (-NH-CH-), 2.61-2.22 ppm (-
CH,-CH3-) (Figure 4.3-26)

IR spectrum of Glu(OBzyl)-GA DKM: 3245cm™ is C-H OBzyl stretching, 3155 cmis N-H amide
stretching, 2944 cm is C-H sp3 stretching, 1758 cmis C=0 ester stretching, 1684 cm™is

C=0 ester stretching, 1645 cm™ is amide stretching (Figure 4.3-27).

4.2.3. Ring Opening Polymerisation of amino acid DKPs

Amino acid DKPs were placed in a Schlenk tube and purged with nitrogen three times for 15
minutes each. Initiator hexylamine or benzylamine was then added to the reaction flask,
either alone or in combination with various solvents and catalysts, such as Tin(ll) Octoate

[100], MSA/ DMAP [27], DBU [32], TBD [34] etc. The reaction mixture was heated to
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different temperatures under nitrogen and maintained for two weeks. 'H-NMR analysis was
performed daily to monitor the reaction progress. After two weeks, regardless of the extent

of the reaction, the mixture was subjected to dialysis before further processing.

The reaction conditions were summaries into the table below (Table 4.2-1).

DKPs Initiator Solvent Catalyst Temperature | Yield
(50.0eqv) | (1.0eqv) (0.1 eqv)
Sar Hexylamine, | Acetonitrile | MSA: DMAP (1:1-2) 80-180°C 2 N/A
benzylamine DMEL [27]
DMSO Tin(Il)(Octoate)[100]
Water TBD[34]

DBU[32]

TBD: Schreiner’s
Thiourea Catalyst
(1:3) [46]

Hexylamine, | Acetonitrile, | Ni(0)Cod,: SIPr. HCI reflux

Benzylamine, | Toluene [25]

Benzylalcohol

Ala Hexylamine, | Acetonitrile | MSA: DMAP (1:1-2) 80-180°C?2 N/A
benzylamine OME! [27]
DMSO Tin(11)(Octoate) [100]
Water TBD [34]
DBU [32]

TBD: Schreiner’s
Thiourea Catalyst
(2:3) [46]
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Glu(OBzyl) | Hexylamine, | DMF! N/A 120-130°C | Trace

benzylamine

toluene Ni(0)Cod;: SIPr. HCI reflux 20%
[25]

Lys(Cbz) Hexylamine, | DMF?! MSA: DMAP (1:1-2) 120-130C N/A
benzylamine [27]

Tin(Il)Octoate [100]

TBD [34]

DBU [32]

TBD: Schreiner’s
Thiourea Catalyst
(2:3) [46]

Table 4.2-1. summary of DKPs polymerisation reaction condition including the initiator, solvent,
catalyst and reaction temperature. *: DMF decompose at temperature over 140 °C therefore for
reaction using DMF, reaction temperature is limited to 130 °C. ? : For reaction temperature that far

exceed their solvent boiling point, heavy wall pressure round bottom vessel was used.

'H-NMR spectrum (400 MHz, DMSO-ds) of PGlu(OBzyl). 7.35 ppm (OBzyl ring), 5.10 ppm (-O-
CH3-), 4.53- 4.04 ppm (-C=0-CH-NH-), 2.28-1.99 ppm (-CH2-CH>-), 1.23- 0.87 ppm (initiator)
(Figure 4.3-33)

4.2.4. Ring Opening Polymerisation of N-Boc activated Ala-DKP

N-Boc-Ala-DKP (200 mg, 0.83 mmol, 50.0 eqv) and benzylamine (1.8 pL, 0.017 mmol, 1.0
eqv) and FeCl3 (5.4 mg, 0.082 mmol, 2.0 eqv) were added into RB flask. The reaction vessel
was then purged with nitrogen for 15 minutes (three times). Then LIHMDS (1.0 M) (165.1 pL,
0.17 mmol, 10.0 eqv) in 10.0 mL anhydrous DMF was added into the reaction flask then
heated to reflux. The reaction mixture was then heated to 120 °C under the protection of

nitrogen. The progress of the reaction was monitored daily using '"H-NMR spectroscopy. And
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the reaction was terminated after two weeks. The resulting solution was precipitated in and

washed with diethyl ether four times and dried in vacuum overnight. Yield: 41%.

'H-NMR spectrum (500 MHz, DMSO-ds) of polyalanine from ROP of N-Boc-Ala-DKP: 7.15
ppm (-NH-), 4.55 ppm (-CH-CH3), 1.45-1.23 ppm (-CH-CH3) (Figure 4.3-18)

4.2.5. Ring Opening Polymerisation of amino acid DKMs
Overall procedure

Amino acid DKM (100.0 eqv), benzyl alcohol (1.0 eqv), and a catalyst were added to the
reaction flask, which was then purged with nitrogen three times for 15 minutes each. The
solvent was subsequently added, and the reaction mixture was maintained under a nitrogen
atmosphere at various temperatures for up to two weeks or until completion. The progress

of the reaction was monitored daily using '"H-NMR spectroscopy.
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The reaction conditions were summaries into the table below (Table 4.2-2)

DKMs (100.0 Initiator Solvent Catalyst Temperature | Yield
eqv) (1.0 eqv) (0.1 eqv)
Sar-GA Benzylalcohol | Acetonitrile | MSA: DMAP (1:1- r.t.-160 °C 2 N/A
DMEL 2)[27]
DMSO Tin (I1)(Octoate)
Water [100]
TBD [34]
DBU [32]

TBD: Schreiner's
Thiourea Catalyst
(1:3) [46]

Glu(OBzyl)-GA | Benzylalcohol | Chloroform | TBD: Schreiner’s r.t.- reflux 39%
Thiourea Catalyst
(1:3) [46]

Table 4.2-2. summary of DKMs polymerisation reaction condition including the initiator, solvent,
catalyst and reaction temperature. ** DMF decompose at temperature over 140 °C therefore for
reaction using DMF, reaction temperature is limited to 130 °C. : for reaction temperature that far

exceed their solvent boiling point, heavy wall pressure round bottom vessel was used

1H-NMR spectrum (400 MHz, DMSO-de) P(Glu(OBzyl)-GA): 8.65-8.51 ppm (-NH-), 7.33 ppm
(Benzyl ring)), 5.08 ppm(-0-CH,-C=C), 4.80- 4.45 ppm (-O-CH,-C=0-, -C=0-CH-NH-), 2.32-
1.84 ppm (-CH2-CH;-) (Figure 4.3-33)

4.2.6. Synthesis of P(Sar-GA) Random Copolymer by Melt Condensation

Glycolicacid (1.0 g, 13.1 mmol, 1.0 eqv), sarcosine (1.17 g, 13.1 mmol, 1.0 eqv) and
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Sn(I1)Oct; (1.0% w/w) or zinc powder (1.0% w/w) combination with acetic anhydride (1.0%
w/w) were loaded into a Schlenk tube, which was thrice purged with nitrogen for 15 minutes
then reduced pressure to 30 mBar. Following this, the mixture was heated at 180 °C for 48
hours. A brown paste was obtained which was dissolved in 5.0 mL of DI water and dialysed

against DI water for three days before being freeze dried. Yield: Trace

IH-NMR spectrum (500 MHz, DMSO-d¢) of P(Sar-GA): 4.94-4.65 ppm (-C=0-CH;-0-), 4.28-
3.89 ppm (-C=0-CH3-N(-CH3s)-) and 2.94-2.70 ppm (-N(-CH3)-) (Figure 4.3-36)

4.2.7. Synthesis of P(Glu-GA) Containing Drug Conjugate
4.2.7.1. Deprotection of P(Glu(OBzyl)-GA)

P(Glu(OBzyl)-GA) (0.2 g) was dissolved in 4.0 mL of TFA, and 1.2 mL of hydrobromic acid in
acetic acid (33% HBr/AcOH) was added to the reaction flask dropwise. The reaction mixture
was stirred at room temperature for 90 minutes and precipitated in cold diethyl ether and
collected by centrifugation. The precipitate was dried under vacuum for two hours. The
above process was repeated twice to fully deprotect the OBzyl protecting group. After
deprotection, the polymer solution was precipitated and washed with diethyl ether until no
acidic odour remained. Finally, the polymer was dried under vacuum overnight and used

directly in subsequent reactions. Yield: 99%

4.2.7.2. Crosslinking of P(Glu-GA)

P(Glu-GA) (80 mg, 1.0 eqv), EDC.HCI (164 mg, 0.9 mmol, 2.0 eqv), and NHS (98 mg, 0.9
mmol, 2.0 eqv) were placed in an RB flask and purged with nitrogen three times for 15
minutes each. Anhydrous DMF (5.0 mL) was then added, and the mixture was stirred at
room temperature for 30 minutes in ice bath to activate the carboxylate groups.
Subsequently, ethylenediamine (5 uL, 0.07 mmol, 0.175 eqv) dissolved in 5.0 mL of
anhydrous DMF was added dropwise. The reaction was stirred overnight and was allowed to
slowly warm to room temperature. Upon completion, the mixture was dialysed against DI

water for three days and then freeze dried. Yield: 93%

204



4.2.7.3. Synthesis of P(Glu-GA)-(PSar-Gly-CPT) Drug Conjugate

The above crosslinked P(Glu-GA) (10.0 mg, 1.0 eqv), EDC.HCI (20.5 mg, 0.11 mmol, 2.0 eqv)
and NHS (12.3 mg, 0.11 mmol, 2.0 eqv) were placed in an RB flask and purged with nitrogen
three times for 15 minutes each. Anhydrous DMF (1.0 mL) was then added, and the mixture
was stirred for 30 minutes in ice bath to activate the carboxylate groups. Subsequently, PSar-
Gly-CPT (43.5 mg, 0.04 mmol, 0.7 eqv) in 2 mL of anhydrous DMF was added dropwise. The
reaction was allowed to warm to room temperature and was stirred overnight. Upon
completion, the mixture was dialysed against DI water for three days and then freeze dried.

Yield: 76%

H-NMR spectrum (500 MHz, DMSO-d¢) of P(Glu-GA)-(PSar-Gly-CPT): 8.71-7.18 ppm (-CH=C-
(CPT), -COOH (P(Glu-GA)), -NH-), 5.50 ppm(-N-CH»-C= (CPT)), 5.32-3.78 ppm (-O-CH,-C=C-
(CPT), -CH2-NH- (CPT), -O-CH»- (P(Glu-GA)), -C=0-CH-NH-(P(Glu-GA)), -CH2-N(CHs)- (PSar)),
2.95-2.73 ppm (-CH2-N(CHs)- (PSar)), 2.446-1.99 ppm (-CH2-CH;- (P(GIu-GA)), CH3-CH»-(CPT))
(Figure 4.3-38)

4.2.7.4. Synthesis of P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] Drug Conjugate

The above crosslinked P(Glu-GA) (10.0 mg, 1.0 eqv), EDC.HCI (20.5 mg, 0.11 mmol, 2.0 eqv)
and NHS (12.3 mg, 0.11 mmol, 2.0 eqv) were placed in a RB flask and purged with nitrogen
three times for 15 minutes each. Anhydrous DMF (1.0 mL) was then added, and the mixture
was stirred for 30 minutes in ice bath to activate the carboxylate groups. Subsequently, CPT-
Gly (15.5 mg, 0.04 mmol, 0.7 eqv) and F-PSar (10.0 mg, 0.004 mmol, 0.07 eqv) in 5 mL of
anhydrous DMF was added dropwise. The reaction was allowed to warm to room
temperature while remain stirring overnight. Upon completion, the mixture was dialysed

against deionised water for three days and then freeze-dried. Yield: 66%

H-NMR spectrum (500 MHz, DMSO-dg) of P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)]: 8.71-7.15 ppm
(-CH=C-(CPT), -COOH (P(Glu-GA)), -NH-), 5.49 ppm(-N-CH,-C= (CPT)), 5.32-3.91 ppm (-O-CH,-
C=C- (CPT), -CH2-NH- (CPT), -O-CH»- (P(Glu-GA)), -C=0-CH-NH-(P(Glu-GA)), -CH2-N(CH3)-
(PSar)), 2.95-2.73 ppm (-CH2-N(CH3s)- (PSar)), 2.16-1.86 ppm (-CH2-CHz- (P(Glu-GA)), CH3-CH,-
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(CPT)), 2.13 ppm, 2.03 ppm, 1.93 ppm (-C=0-CH3 (O-Acetyl of fucose)) (Figure 4.3-40)

4.3. Result & Discussion

Triphosgene is used for the amino acid NCAs synthesis, which is solid substitute for the
gaseous phosgene, a toxic, colourless gas that was used as a chemical weapon during
warfare [1,3]. Despite its extra stability given by its solid form, phosgene is produced when in
contact with moisture or in elevated temperature [4]. The safety risk skyrocketed when
produced in massive scale. Therefore, there is a need to research on a safer monomer
synthesis. And multiple amino acid DKPs and DKMs were produced as the alternate of their

corresponding NCAs to examine their feasibility to undergo polymerisation.

4.3.2. Synthesis of DKPs

Sar-DKP, Ala-DKP, Boc activated Ala-DKP, Glu-DKP, Glu(OBzyl)-DKP and Lys(Cbz)-DKP were
synthesised. Among them, Sar-DKP and Ala-DKP were synthesised through simple thermal
condensation in ethylene glycol, while Glu-DKP was synthesised in an attempt to synthesise
Glu(OtBu)-DKP through thermal condensation in ethylene glycol. Then Glu(OBzyl)-DKP and

Lys(Cbz)-DKP were synthesised in a more sophisticated multi-steps reaction.

4.3.2.1. Synthesis of Sar-DKP

Sar-DKP (Figure 4.3-1) was synthesised via condensation at high temperature of sarcosine in
ethylene glycol at 170 °C in the attempt to replace Sar-NCA to produce hydrophilic
poly(amino acid)- PSar (Figure 4.3-2).

Figure 4.3-1. Sarcosine DKP
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It also served as a prove of concept and study the possibility of its ROP reaction.
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Figure 4.3-2. Ring opening polymerisation of Sar-DKP

The Sar-DKP synthesised was a white powder with 80 % yield, as confirmed by *H-NMR
spectroscopy. Peak at 3.97 ppm represent the four protons of the Sar-DKP ring and peak at

2.97 ppm corresponds to the two methyl group of Sar-DKP (Figure 4.3-3) consistent with the
literature[98].
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Figure 4.3-3. *H-NMR spectrum (400 MHz, CDCls) of Sar-DKP: 3.97 ppm (-CH,-), 2.97 ppm (-CHs) [98]
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4.3.2.2. Synthesis of Ala-DKP

Ala-DKP(Figure 4.3-4) was chosen as the monomer to produce polyalanine (PAla) because of

its structural simplicity which is served as a prove of concept and study the feasibility of its

ROP reaction(Figure 4.3-5).

Figure 4.3-4. Ala-DKP

Ala-DKP was successfully synthesised through thermal condensation in ethylene glycol at

170 °C in attempt to substitute alanine NCA.
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Figure 4.3-5. Ring opening polymerisation of Ala-DKP

The Ala-DKP synthesised was a white powder with high yield, as confirmed by *H-NMR
spectroscopy. Peak at 8.07 represent the two amide protons of DKP, peak at 3.87 correspond

to the two protons of DKP ring while peak at 1.25 ppm is for the two-methyl group of DKP .
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Figure 4.3-6. *H-NMR spectrum (400 MHz, DMSO-d) of Ala-DKP: 8.07 ppm (-NH-), 3.87 ppm (-N-
CH-), 1.25 ppm (-CHs)

The structure was further validated by 3C NMR spectroscopy. The peak at 169.05 ppm was
assigned to the two carbonyl quaternary carbons of the amino group, while the signal at
49.76 ppm corresponds to the two tertiary carbons of the DKP ring. The resonance at 19.94
ppm is attributed to the two methyl group carbons. (Figure 4.3-7). These signals are

consistent with the expected structure of the monomer.
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Figure 4.3-7. *C-NMR spectrum (100 MHz, DMSO-d) of Ala-DKP: 169.05 ppm (C1, C4), 49.76 ppm
(C5,C2), 19.94 ppm (C9,C10)

4.3.2.2.1. Boc Activation of Ala-DKP

To facilitate the cleavage of the secondary amide bond in DKP, a Boc protecting group was
introduced to one of the amide groups of Ala-DKP [25,26]. The electron-withdrawing nature
of the Boc group increases the electrophilicity of the carbonyl carbon, thereby promoting
catalytic amide bond cleavage [25,26]. For this study, Ala-DKP was chosen as a model

compound due to its simplicity.
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Figure 4.3-8. Boc activated amide of Ala-DKP (N-Boc-Ala-DKP)

The Boc activated Ala-DKP (Figure 4.3-8) was synthesised by heating Ala-DKP with Boc,0 in
the presence of DMAP at 50 °C. Due to the temperature sensitivity of Boc,0 [109], the
reaction was conducted at 50 °C. In addition, the low solubility of Ala-DKP required the use
of a large amount of DMF to ensure complete dissolution. Product appears to be white
powder, and its structure was confirmed by '"H-NMR spectroscopy. Peak at 8.12 ppm is the
amide proton, peak at 4.64 ppm belongs to the two protons of the DKP ring, peak at 1.50-
1.43 ppm represent the Boc group and peak at 1.34 ppm are the methyl group of Ala-DKP
(Figure 4.3-9) similar to that in the literature [99].
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Figure 4.3-9. '"H-NMR spectrum (400 MHz, DMSO-ds) of Boc activated Ala-DKP: 8.12 ppm (-NH), 4.64
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ppm (-CH-), 1.50-1.43 ppm (-C-CHs), 1.34 ppm (-CHs)

4.3.2.3. Synthesis of Glu(OtBu)-DKP

In order to produce PGA through NCA free polymerisation, the synthesis of its alternative
monomer- DKP studied. The attempt to synthesise Glu(OBzyl)-DKP through hot
condensation was unsuccessful. Therefore, Glu(OtBu)-OH was tested as an alternative.
However, only trace amount of off-white solid was obtained after recrystallisation in
acetone. The solid was characterised by 'H-NMR spectroscopy, interestingly, the solid was

not Glu(OtBu)-DKP(Figure 4.3-10) but Glu-DKP, which could result from the thermal

oK

O O

deprotection of O-t-Butyl group.

HN
NH

>

Figure 4.3-10. Glu (OtBu)-DKP

The tertiary butyl group was not observed in the 'TH-NMR spectra, and carboxylate proton at
12.7 ppm was observed instead (Figure 4.3-11), indicating the tertiary butyl group was
cleaved during the reaction at high temperature [101]. Given by the harsh ROP of DKPs, the
carboxylate group must remain protected, and therefore an alternative DKP synthesis was

adopted.
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Figure 4.3-11. *H-NMR spectrum (400 MHz, DMSO-ds) of Glu-DKP: 12.73 ppm (-COOH), 7.89 ppm (-
NH-), 4.07 ppm (-N-CH-C=0), 2.31-1.96 ppm (-CH-CH,-)

The structure was further confirmed by 3C NMR spectroscopy. The signals at 176.98 ppm
and 174.49 ppm were assigned to the carboxylate carbon and the two carbonyl carbons of
the DKP ring. The peak at 54.80 ppm corresponds to the two carbons within the DKP ring,
while the resonances at 29.08 ppm and 24.63 ppm are attributed to the four side-chain
carbons (Figure 4.3-12).
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Figure 4.3-12. **C-NMR spectrum (100 MHz, DMSO-ds) of Glu-DKP: 176.98 ppm & 174.49 ppm
(C13,C15 & C1, C4), 54.80 ppm (C2, C5), 29.08 ppm & 24.63 ppm (C9-C12)

These NMR signals are consistent with the expected structure of Glu-DKP, and the absence

of additional peaks indicates that a pure product was obtained.

4.3.2.4. Synthesis of Glu(OBzyl) -DKP

To replace Glu(OBzyl)-NCA in producing PGlu(OBzyl), Glu(OBzyl)-DKP (Figure 4.3-13) was
synthesised. Unlike Sar-DKP and Ala-DKP, multiple attempts to synthesise Glu(OBzyl)-DKP by

condensation at various temperature and solvents were not successful.

Do 00

Figure 4.3-13. Glu(OBzyl)-DKP
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Therefore, a more sophisticated synthesis of Glu(OBzyl)-DKP was adopted. An NHS-ester was
first formed by DCC/NHS coupling reaction, the deprotection of Boc group releases the
amino group which acted as a nucleophile to substitute the NHS- ester forming Glu(OBzyl)-
DKP (Scheme 4.3-1) [19]. However, the reaction yield was still very low indicating there are

still lot of room for improvement in the reaction scheme.
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Scheme 4.3-1. Reaction scheme of Glu(OBzyl)-DKP synthesis.

The product was characterised with *H-NMR spectroscopy, the two OBzyl protecting groups
was observed at 7.36 ppm and 5.08 ppm. peak at 8.22 ppm is the amide protons; peak at
3.90 ppm is the protons in the DKP ring, and peak from 2.45- 1.92 ppm represents the side
chain protons (Figure 4.3-14) consistent to that in the literature [19].
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Figure 4.3-14. *H-NMR spectrum (400 MHz, DMSO-ds) of Glu(OBzyl)-DKP: 8.22 ppm (-NH-), 7.36 ppm

(OBzyl), 5.08 ppm (-O-CH,-), 3.90 ppm (-N-CH-C=0), 2.45-1.92 ppm (-CH,-CH;-)

4.3.2.5. Synthesis of Lys(Cbz)-DKP

Polylysine has a functionalised primary amino group as the side- chain, which can undergo

various modifications like coupling reaction [102] and cross-linkage [103]. But the common

synthesis of polylysine, like other poly(amino acids), still rely on Lys-NCA [104,105].

Therefore, the potential of using DKP to synthesise polylysine was explored. The Lys(Cbz)-

DKP (Figure 4.3-15) was first produced through the same method as the Glu(OBzyl)-DKP.
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Figure 4.3-15. Lys(Cbz)-DKP

The product was characterised with *H-NMR spectroscopy, peak at 8.09 ppm is the amide

proton of the DKP ring; peak at7.34 ppm and 5.00 ppm correspond to the protecting group

protons; peak at7.21 ppm is the protected amine proton; peak at 3.79 ppm is the protons in

ring DKP; peak at 2.98 ppm and from 1.67- 1.31 ppm represent the side chain protons

(Figure 4.3-16).
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Figure 4.3-16. "H-NMR spectrum (400 MHz, DMSO-ds) of Lys(Cbz)-DKP: 8.09 ppm (-NH-), 7.34 ppm

(Cbz ring), 5.0 ppm (-O-CHy-), 3.79 ppm (-N-CH-C=0), 2.98 ppm (-CH,-CH,-NH-), 1.67-1.31 ppm (-CH-

CH,-CH,-)

217



The structure was further confirmed by DEPT-135 spectroscopy. The signals at 128.08 ppm
and 127.46 ppm were assigned to the aromatic carbons. The peak at 64.83 ppm corresponds
to the -CH,-Ph of the Cbz protecting group. The signal at 54.80 ppm was attributed to the
two tertiary carbons of the DKP ring, while the resonances at 39.88 ppm, 32.39 ppm, 28.86
ppm, and 21.30 ppm correspond to the eight secondary carbons (-CH;)s-) of the methylene
chains (Figure 4.3-17). The spectra are consistent with the expected structure of the

monomer and the absent of additional peaks indicates the purity of the sample.
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Figure 4.3-17. DEPT135 (100 MHz, DMSO-ds) of Lys(Cbz)-DKP: 128.07 ppm & 127.46 ppm (aromatic

carbons), 64.83 ppm (C25, C16), 53.62 ppm (C1, C4), 39.88 ppm, 32.39 ppm, 28.86 ppm & 21.30 ppm
(C9-C12,C18-C21)

4.3.3. Summary on Amino Acid DKPs Synthesis

While amino acid DKPs hold potential as an alternative to NCAs for ROP, their synthesis
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poses significant challenges. For some DKPs, such as Ala-DKP and Sar-DKP, production is
straightforward, requiring only heating in ethylene glycol at high temperatures. However,
others, like Glu(OBzyl)-DKP and Lys(Cbz)-DKP, demand complex, multi-step reactions that
result in low yields and difficult purifications. As a result, even if DKPs can undergo ROP, the
synthesis difficulties associated with certain type amino acids limit their practicality
compared to NCAs. To address this, exploring new synthesis approaches, such as catalytic
methods, is essential to improve the efficiency and the yield of DKP production across a

broader range[106].

4.3.4. Ring Opening Polymerisation of DKPs

To minimise the reliance on the toxic and expensive triphosgene, amino acid DKPs were
synthesised as potential alternatives for producing poly(amino acids). However, the
feasibility of DKPs undergoing ROP remains largely unexplored, with scarce literature on the
topic. The enhanced stability of DKPs’ six-membered cyclic di-amide poses a significant
challenge, making their ROP more difficult compared to NCAs and cyclic esters.
Consequently, there is a need to develop an efficient method to polymerise DKPs, enabling
the sustainable synthesis of poly(amino acids) and this chapter aims to make true of this via
experimenting multiple catalysts among the commonly reported catalysts used in polymer

chemistry.

4.3.4.1. ROP of Sar-DKP

To replace PSar created from NCAs, polymerisation of Sar-DKP was carried out using
different catalysts, solvents at temperature range from 80 to 180 °C. However,
polymerisation of Sar-DKP had not succeeded so far. Unlike other amino acid DKPs, Sar-DKP
forms a secondary amino group rather than a primary amino group after initiation which is a
weaker nucleophile and the methyl group on the amino group of both monomer and the
initiated monomer also causes steric hindrance repelling the attack of the nucleophile, result
in no initiation of propagation. Furthermore, the failed ROP of Sar-DKP with Ni(0)Cod>:

SIPr.HCI at elevated temperature indicating the activation of amide bond is necessary.
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Consequently, alternative catalysts that do not require amide bond activation are needed in

order to polymerise Sar-DKP.

4.3.4.2. ROP of Ala-DKP

To determine if the methyl group in Sar-DKP hindered the ROP reaction, attempt of ROP of
Ala-DKP was employed in the same conditions. Ala-DKP as an isomer of Sar-DKP having a
less hindered cyclic amide bond (-C=0-NH-) than that of Sar-DKP. However, its
polymerisation failed so far, therefore, the ROP of Sar-DKP failed may not because of the
reduced nucleophilicity of the initiated monomer but lies upon its stability of amide bond.
Therefore, in order to polymerise DKPs, its amide bonds first need to be modified to increase

its susceptibility in nucleophilic attack.

4.3.4.2.1. ROP of N-Boc Activated Ala-DKP

To polymerise N-Boc Ala-DKP, it was heated in DMF alone with amine initiator, LIHMDS
catalyst and FeClz at 120 °C. This was to explore a method for the ROP of DKPs, specifically
Ala-DKP, by first activating the amide bond with an electron withdrawing Boc group,
followed by LIHMDS catalysed ROP [26]. LIHMDS was selected for its well-documented
ability to facilitate transamination at room temperature [26]. However, a significant
challenge arose during the ROP process: according to the reaction mechanism (Scheme
4.1-12), Boc group remained attached to the ring-opened terminal amine, blocking further
polymer chain propagation. To address this, FeCls was introduced as a catalyst to deprotect

the Boc group simultaneously [108].

This solution, however, presented a new complication. The deprotection process was not
selective and affected all Boc groups in the reaction mixture including the Boc-activated DKP,
making the FeCls ratio critical. Too much FeCls caused rapid deprotection, deactivating the
Ala-DKP before ROP could occur, while too little FeCls slowed the reaction, impeding
propagation. Despite efforts to balance these factors, the method may not achieve high

polymer yields due to the unavoidable deactivation of Ala-DKP.
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Importantly, this approach was intended primarily as a proof of concept to establish a
potential ROP method for DKPs. As a result, the optimal ratios between the monomer,

initiator, and the two catalysts (LiIHMDS and FeCl3) were not determined.

After reaction, a brown solid obtained and was analysed by '"H-NMR spectroscopy. Peak
broadening at 7.15 ppm, 4.55 ppm and 1.45-1.23 ppm are observed, corresponding to the
amide protons of the polymer chain, -CH(CH3s)- proton and the methyl group protons
respectively (Figure 4.3-18). However, this peak broadening could also be caused by

polymerisation or the paramagnetic residue of Fe ions in the sample after dialysis [107]
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Figure 4.3-18. "H-NMR spectrum (500 MHz, DMSO-ds) of polyalanine from ROP of N-Boc-Ala-DKP:
7.15 ppm (-NH-), 4.55 ppm (-CH-CHs), 1.45-1.23 ppm (-CH-CH3)

Because of the present of impurities such as Fe ions that can cause peak broadening in H-
NMR spectrum, MALDI-TOF mass spectrometry analysis was conducted to further
characterise the product. The spectra show a broad bell-shaped peak from around 1800-

4000 Da and peaked at around 2650 Da corresponds to approximately 36 repeating units
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(Appendix 0-4).

However, it should be noted that MALDI-TOF analysis of higher molecular weight polymers
often suffers from mass discrimination effects, where higher-mass species exhibit lower
ionization efficiency [110,111]. In addition, detector saturation caused by intense signals
from matrix ions and low-molecular-weight oligomers can further exacerbate this effect
[112]. Consequently, the obtained molecular weights may be slightly underestimated

compared to the actual values.

Therefore, in order to open the DKP ring, activation of the amide nitrogen is essential, yet
this process further generate chemical wastes and currently there is not reported literature
showing the control ROP of DKPs in this method, as a result ROP of DKPs not only cannot be

classified as green chemistry and its replacement for NCAs still remain in question.

4.3.4.3. Synthesis of PGlu (OBzyl)

To replace PGA derived from Glu(OBzyl)-NCA in the drug conjugate synthesis, an alternative
approach was explored by attempting to synthesise PGlu(OBzyl) from Glu(OBzyl)-DKP. This
effort aimed to develop a more sustainable method for producing the polymer backbone of
the drug conjugate. Among the amino acid DKP derivatives synthesised thus far, Glu(OBzyl)-
DKP is the only one that has successfully undergone ROP to form PGlu(OBzyl) (Figure 4.3-19)
by heating in DMF alone in the absence of any catalyst at 130 °C. However, the
polymerisation was highly inefficient, yielding only trace amounts of polymer after dialysis.
This low recovery could be attributed to the thermal degradation of the DKP monomer [18],
a phenomenon also observed during the thermal condensation of Glu(OBzyl)-OH in ethylene
glycol, suggesting that elevated temperatures may induce decomposition rather than
polymerisation. Interestingly, when the reaction temperature was lowered slightly, the DKP
monomer was fully recovered after dialysis, indicating temperature-dependent

decomposition and ring-opening occur within a close temperature range.
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Figure 4.3-19. PGlu(OBzyl)

The structure of the product was confirmed with *H-NMR spectroscopy. The region from 7.6
to 7.0 ppm represents the benzyl group and amide protons, the peak at 5.10 ppm

corresponds to the two protons of the benzyl protecting group, the range from 4.53 to 4.04
ppm is attributed to the proton on the polymer backbone, and the peaks between 2.28 and

1.99 ppm are assigned to the side chain protons (Figure 4.3-20) similar to that in the
literature [113]
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Figure 4.3-20. *H-NMR spectrum (400 MHz, DMSO-ds) of PGlu(OBzyl) from Glu(OBzyl)-DKP. 7.35 ppm
(OBzyl ring), 5.10 ppm (-O-CH,-), 4.53- 4.04 ppm (-C=0-CH-NH-), 2.28-1.99 ppm (-CH,-CH,-), 1.23-
0.87 ppm (initiator)

Molecular weight of PGlu(OBzyl) was assessed via MALDI-TOF mass spectrometry.
Interestingly, spectra show three broad peaks across range 1500- 8000 Da and peaked at
2237 Da, 3246 Da and 6524 Da, each equivalent to approximately 10, 14 and 29 repeat units
respectively (Appendix 0-5). This indicates the ROP of Glu(OBzyl)-DKP was highly un-
controlled and need further optimisation. Moreover, as discussed previously, due to mass
discrimination effects and detector saturation in MALDI-TOF analysis the measured

molecular weights may be slightly underestimated relative to their true values[110,111,112].

Nevertheless, its successful polymerisation of Glu(OBzyl)-DKP in the absent of Boc activation
indicates the carboxylate-OBzyl group at the side chain may act as an electro withdrawing
group to weaken the amide bond and facilitating the transamidation/ propagation process.
Therefore, Ni(0)cody: SIPr-HCI [25] was introduced to enhance the polymerisation process

without prior amide bond activation, which successfully facilitated the ROP of Glu(OBzyl)-
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DKP. Despite this improvement, the polymer yield remained low, at approximately 20% and
contain impurities. The limited polymer recovery may be due to uncontrolled ring opening,
leading to the formation of dimers and the thermal degradation of the monomer that were

subsequently removed during dialysis.

Therefore, the catalysed ROP still need further optimisation such as using LiIHMDS instead of
Ni(0)cod,: SIPr-HCI due to potential decomposition of catalyst during handling without
glovebox [25]; lowering the reaction temperature to prevent thermal degradation of the DKP
monomer. And Boc activation may not be needed to avoid further complication of the

reaction system [25].

4.3.4.4. Synthesis of PLys(Cbz)

The ROP of Lys(Cbz) DKP failed that no ROP was detected during and after the reaction. And
all the DKP used in each polymerisation reactions were recovered after dialysis and freeze
drying. Because of its low solubility in many solvents at temperature below (<60 °C), Lys(Cbz)
DKP failed to perform amide activation with Boc group, due to thermal decomposition of the
main reagent for Boc activation- Boc,0 above its melting point (63 °C) [109]. Hence catalysts
that are used for transamidation, Ni(0)Cody: SIPr. HCl and LiIHMDS were not tested.
Therefore, its amide activation requires resorting to an alternative electron-withdrawing

group in the future.

4.3.5. Synthesis of amino acid DKMs

Unlike the amino acid DKPs, amino acid DKMs are known for their ability to undergo
controlled ROP [46,66,67,68]. This process enables the synthesis of well-defined polymers
with precise molecular weights and architectures using suitable catalysts [46,47,69]. Unlike
amino acid NCAs, phosgenants are not required for the synthesis of DKMs. Additionally,
amino acid DKMs are significantly more stable than NCAs, though high temperatures are
typically required for their ROP, even in the presence of catalysts such as tin(ll) octoate [67].
However, a recently developed catalyst has been reported to facilitate ROP at room

temperature [46,47,69]. Given these advantages, amino acid DKMs have the potential to
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serve as an alternative to amino acid NCAs.

4.3.5.1. Synthesis of Sarcosine- Glycolic acid (Sar-GA) DKM

To produce poly(Sarcosine-Glycolic Acid) (P(Sar-GA)), Sar-GA DKM was synthesised first
(Figure 4.3-21). In Method 1, Sar-GA DKM was synthesised using the cyclic agent 2-Chloro-1-
methylpyridinium iodide as descripted in the literature (Scheme 4.3-2) [61, 114]. However,

the purification was tedious and result in low yield with low purity.
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Scheme 4.3-2. Synthesis of Sar-GA DKM by method 1

In Method 2, sarcosine reacts with chloroacetyl chloride producing N-chloroacetyl-N-
methylglycine then cyclisation was performed in DMF with NaHCO3 under mild heating
(Scheme 4.3-3) [18]. However, this method still only results in low product yield. Because
both methods resulted in low overall yield. Therefore, the synthesis of Sar-GA DKM was

resorted to Method 3, a new and more efficient approach in producing Sar-GA DKM.

o) O
)JVH NaHCO
N + HO | s O)H
0 >
HO ~ Cl)J\/CI — NJ\/C 50 |
Scheme 4.3-3. Synthesis of Sar-GA DKM by Method 2

Method 3 is similar to that of Sar-DKP synthesis, both sarcosine and glycolic acid were
refluxed in toluene at high temperatures to promote ester, amide condensation and

cyclisation. This method provided a cleaner reaction with highest yield and minimal
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impurities. However, its application was limited to sarcosine, as other amino acids, such as
Glu(OBzyl)-OH, Lys(Cbz)-OH, and alanine only form clumps at the bottom of the reaction
flask, preventing their reaction with glycolic acid. As a result, only Sar-GA was successfully

synthesised using this approach.

Figure 4.3-21. Sarcosine-Glycolic acid (Sar-GA) DKM

Distinct and sharp peaks of glycolic acid and sarcosine were observed in the 'TH-NMR
spectrum. Peak at 4.76 ppm is the two glycolic acid proton, peak at 4.46 ppm is the two
sarcosine protons and peak at 3.00 ppm is the methyl group protons of sarcosine(Figure

4.3-22).
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Figure 4.3-22. "H-NMR spectrum (400 MHz, CDCls) of Sar-GA DKM: 4.75 ppm (-O-CH,-), 4.14 ppm (-N-
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CH>-), 3.00 ppm (-CHs)

The structure was further validated by 3C NMR spectroscopy. The peaks at 164.11 ppm and
163.06 ppm were assigned to the two quaternary carbonyl carbons of the cyclic ester, while
the signal at 67.36 ppm corresponds to the secondary ester carbon of the DKM ring. The

peak at 49.20 ppm is the secondary carbon of tertiary amide. The resonance at 33.14 ppm is
attributed to the methyl group carbon. (Figure 4.3-23). These signals are consistent with the

expected structure of the monomer.
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Figure 4.3-23. 3C-NMR spectrum (100 MHz, CDCl3) of Sar-GA DKM: 164.11 ppm and 163.06
ppm (C3, C6), 67.36 ppm (C2), 49.20 ppm (C5), 33.14 ppm (C9)

The disappearance of -OH and -NH peaks in the 'TH-NMR spectrum(Figure 4.3-22) and the
disappearance of -COOH and -NH,-* stretching at 3042cm™ and 2977cm (Figure 4.3-24)
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confirmed the successful formation of Sar-GA DKM.
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Figure 4.3-24. The FTIR spectrum of 2-(carboxymethoxy)-N-methyl-2-oxoethan-1-aminium (top) and
Sar-GA DKM (bottom)

4.3.5.2. Synthesis of Glu (OBzyl)-GA DKM

Glu(OBzyl)-GA DKM (Figure 4.3-25) was successfully synthesised following the method in the
literature[18]. H-Glu(OBzyl)-OH was first react with chloroacetate chloride to generate
Glu(OBzyl)-GA-CI. The resulted product was then heated to 60 °C in DMF with NaHCOs
overnight to achieve cyclisation forming Glu(OBzyl)-GA DKM.
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NH

Figure 4.3-25. Glu (OBzyl)-glycolic acid DKM

The structure of the product was confirmed with *H-NMR spectroscopy (Figure 4.3-26). Peak
at 7.36 ppm is the benzyl five protons of protecting group, peak at 6.69 ppm is the amide
proton, peak at 5.14 ppm is the two proton from glycolic acid, peak at 4.75 ppm is the two
proton from the benzyl protecting group, peak at 4.25 ppm is the proton from the amino
acid backbone, peak at 2.61-2.22 ppm is the four protons of amino acid side chain, the NMR
spectra is identical to that in the literature [71]. The absent of additional peaks indicate the

purity of the monomer which is important for the later polymerisation.
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Figure 4.3-26. *H-NMR spectrum (400 MHz, CDCls) of Glu(OBzyl)-GA DKM: 7.36 ppm (Phenyl
protons), 6.69 ppm (-NH-), 5.14 ppm (-O-CH,-), 4.75 ppm(-O-CH,-Ph), 4.25 ppm (-NH-CH-), 2.61-2.22
ppm (-CH;-CH,-)

The product was further characterised by FTIR spectroscopy. The band at 3245 cm™ was
assigned to C—H stretching of the OBzyl group, while the signal at 3155 cm™ corresponds to
N—-H amide stretching. The peak at 2944 cm™ is attributed to sp® C—H stretching. Absorptions
at 1758 cm™ and 1684 cm™ were assigned to ester C=0 stretching, and the band at 1645

cm™ corresponds to amide carbonyl stretching (Figure 4.3-27).
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Figure 4.3-27. FTIR spectrum of Glu(OBzyl)-GA DKM: 3245cm™ is C-H OBzyl stretching, 3155 cm™is N-
H amide stretching, 2944 cm™ is C-H sp?® stretching, 1758 cmis C=0 ester stretching, 1684 cm™ is

C=0 ester stretching, 1645 cm™is amide stretching

It was originally synthesised to replace Glu(OBzyl)-NCA. However, the yield was low with an
overall yield of 24%. Consequently, there remains potential for optimisation in the reaction
protocols to enhance product yield, such as minimising the reaction duration to mitigate the
risk of self-ring opening that can occur with extended heating. Given the time and expense
associated with producing the monomer, substituting Glu(OBzyl)-NCA with Glu(OBzyl)-GA

DKM is currently deemed economically impractical.

4.3.6. Ring Opening Polymerisation of DKMs
4.3.6.1. Ring Opening Polymerisation of Sar-GA DKM

According to my knowledge, the production of P(Sar-GA) polydepsipeptide has not been

reported before. Therefore, to produce a novel biodegradable, biocompatible and
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hydrophilic polymer to replace PSar, ROP reactions of Sar-GA DKM were carried out.
However, all attempts to polymerise Sar-GA DKM were unsuccessful. Despite the ROP of
DKMs typically targeting ester bond cleavage, Sar-GA DKM remained stable, even under high
heat and in the presence of strong basic catalysts such as TDB[34] and TBU[32], showing no

signs of ring opening.

According to literature on catalytic mechanisms involving TBD [34,46] and TBU [32], as well
as TBD: Schreiner’s Thiourea co-Catalyst [46] and MeONa: Schreiner’s Thiourea Catalyst [43],
the presence of the N-methyl group of sarcosine is unlikely to hinder either the monomer-
catalyst interaction or the nucleophilic attack of hydroxyl initiators. However, a white
crystalline substance slowly formed in the reaction flask after contact with atmospheric air

either after attempted ROP of Sar-GA DKM or in its pure form.
T
N
HOJ\/ \gAOH
Figure 4.3-28. N-(2-hydroxyacetyl)-N-methylglycine.
Comprehensive analyses via 'H-NMR, DEPT-135 and FTIR were conducted to characterise the

white crystalline. Notably, the 'H-NMR spectrum exhibited distinctive peaks at 12.75 ppm
and 4.53 ppm, which correspond respectively to -COOH and -OH groups (Figure 4.3-29).
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Figure 4.3-29. *H-NMR spectrum (400 MHz, DMSO-ds) of N-(2-hydroxyacetyl)-N-methylglycine: 12.75
ppm( -COOH), 4.53 ppm (-OH), 4.11-3.97 ppm (-CH»-N-, -CH,-OH) 2.91-2.83 ppm (-N-CHs)

The structure of the sample was further characterised with DEPT-135 spectroscopy. Peak at
59.46 ppm is the hydroxy carbon, while signal at 48.79 ppm correspond to the -CH;- carbon
in the sarcosine backbone. And the peak at 34.04 ppm is the methyl group carbon of the

sarcosine (Figure 4.3-30).
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Figure 4.3-30. DEPT-135 (100 MHz, DMSO-ds) of N-(2-hydroxyacetyl)-N-methylglycine: 59.46 ppm
(C6), 48.79 ppm (C3), 34.04 ppm (C9)

Furthermore, the FTIR spectrum revealed absorption bands at 3326cm™ and 2979cm™ which
are indicative of -OH stretching and -COOH stretching (Figure 4.3-31). These spectral
features show that the obtained compound was probably N-(2-hydroxyacetyl)-N-
methylglycine (Figure 4.3-28), ring opened form of Sar-Ga DKM, suggesting that ester bond

hydrolysis occurred after contact with atmospheric air.
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Figure 4.3-31. FTIR spectrum of N-(2-hydroxyacetyl)-N-methylglycine

Curiously, under the same reaction conditions, the hydroxyl initiator failed to initiate
polymerisation of Sar-GA DKM. This result suggests that while Sar-GA DKM possesses the
potential for ROP, it may require a more potent catalyst than those used in our study. For
instance, the Schreiner’s Thiourea Catalyst used in the ROP is approximately 2800 times less
active than that of 1-(3,5-bis(trifluoromethyl)-phenyl-3-cyclohexyl-2-thiourea) (TU) [43],

which may explain the lack of polymerisation.

Interestingly, Sar-GA DKM can also be synthesised via the thermal condensation of N-(2-
hydroxyacetyl)-N-methylglycine (Figure 4.3-28). This alternative synthetic route suggests
possible implications for its reactivity in future polymerisation studies, warranting further

investigation.

4.3.6.2. Ring Opening Polymerisation of Glu(OBzyl)-GA DKM

To replace PGA, poly(Glutamic Acid-Glycolic Acid) polydepsipeptide (P(Glu-GA)) were
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synthesised from the ROP of Glu(OBzyl)-GA DKM. P(Glu-GA) is a hydrophilic polymer that
contains carboxylate groups in the side chain which can be subjected to modification such as
conjugation to drug molecules or polymers. The structure of the synthesised product-
P(Glu(Obzyl)-GA) was confirmed by 'H-NMR spectroscopy(Figure 4.3-33). The '"H-NMR
spectrum revealed the region from 8.65 to 8.51 ppm is attributed to the amide proton, the
peak at 7.33 ppm corresponds to the protons of the benzyl ring, the peak at 5.08 ppm
represents the protons of the benzyl protecting group, the range from 4.80 to 4.45 ppm
encompasses the protons from glycolic acid and the polymer backbone, and the region from

2.32 to 1.84 ppm accounts for the protons of the amino acid side chain.

Given the structural similarities between TU and Schreiner's Thiourea Catalyst, both have
been successfully employed in the ROP of lactide and lactone, as documented in the
literature [43]. However, the presence of strong electron-withdrawing groups such as -CFs in
Schreiner's Thiourea Catalyst enhances its acidity compared to TU. This increased acidity
diminishes the Lewis/Brgnsted base interaction between the imidate ion and the initiator,
resulting in an approximately 2800 times less effective catalytic performance than that

exhibited by TU (Figure 4.3-32)[43].
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Figure 4.3-32. initiation mechanism of thiourea catalyst with TBD [43,46]

Despite this, the ROP reaction of Glu (OBzyl)-GA DKM with Schreiner’s Thiourea Catalyst:
TBD (3:1) proved unsuccessful at room temperature, with only minimal peak broadening
detected in the 'H-NMR spectrum after a week of reflux. Consequently, additional TBD was

introduced during the reflux phase of the reaction to enhance the ROP rate.
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Figure 4.3-33. *H-NMR spectrum (400 MHz, DMSO-ds) P(Glu(OBzyl)-GA): 8.65-8.51 ppm (-NH), 7.33
ppm (Phenyl ring), 5.08 ppm(-CH,-Ph), 5.80-4.45 ppm (-CH,-0-, -CH-), 2.32-1.84 ppm (-CH,-CH,-)

Its My and My, were calculated through the below equations

YNi*Mi 32+1714.6974+16%1763.5653++20%3338.2915+16+3295.1821
=== Mn= =2285.00
YNi 32+16+-+20+16

Mn

Where Ni is the number of molecules or the intensity of percentage with molecular weight
Mi.

__ YNixMi?_ _ 32%1714.6974°+16%1763.5653%+--+20+3338.2915%+16+3295.18217
T YNixMi © 32%1714.6974+16%1763.5653++20+3338.2915+16%3295.1821

Mw

=2383.60

Yielding a number average molecular weight (M,) of 2285.0 Da, a weight average molecular
weight (M) of 2383.6 Da, and a dispersity of 1.043 Dy, as determined by MALDI-TOF mass
spectrometry (Figure 4.3-34). However, due to the mass discrimination and detector
saturation in MALDI-TOF analysis, the measured molecular weights may be slightly lower

than the true values [110,111,112]. Furthermore, signal resolution decreases with increasing
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m/z, typically producing a broad bell-shaped distribution in the range of 2000-4000 Da,

which complicates the accurate determination of My, and M.

1934.1205(r555)
100

a0 2227 3953{r479}

80

70

60

50 2507.6879{r05}

40 2922 9897{r111}

714.6074{r734
30 fHrst

1986.3179{r696}
207 1763.5653(r782} 3205 1821(r83)

2000 2500 3000 3500 4000 4500
m/iz

Figure 4.3-34. MALDI-TOF mass spectrometry analysis result of P(Glu(OBzyl)-GA)

This polymer was characterised as oligomer with approximately 8 repeating units. This
resulted from the excessive addition of the superbase TBD, leading to self-initiation and the
formation of cyclic polydepsipeptide, ultimately resulting in oligomer [46]. Therefore, to
achieve a well-controlled P(Glu(OBzyl)-GA), it is recommended that TU be utilised
[32,34,46].

4.3.7. Melt Polycondensation of Glycolic Acid and Sarcosine

Due to the unsuccessful ROP of Sar-GA DKM, | shifted the approach to melt
polycondensation of glycolic acid and sarcosine as an alternative method for synthesising

polydepsipeptides.

O
R NJ\/O R
|
n

Figure 4.3-35. P(Sar-GA), RzR’
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It has proven effective in synthesising high molecular weight polydepsipeptides using glycolic
acid, lactic acid, glycine[115,116] and alanine[116], as well as other functionalised amino
acids such as glutamic acid [117] and aspartic acid[118,119]. These reactions typically
require metallic catalysts such as SnCl,, SnO, ZnCl;, Zn, and Al [115,116,118]. Sn(lI)Oct; was
preferably selected as a substitute due to its well-documented efficacy in esterification and

transesterification reactions [116,120,121].

Melt polycondensation presents a simple and straightforward approach to synthesising
polydepsipeptides without the need for DKMs. However, this method comes with several
challenges, including undesirable side reactions such as racemisation and backbiting, which
can occur due to the high reaction temperatures [74], while the use of toxic metal catalysts
poses safety concerns [122]. Moreover, compared to ROP, melt polycondensation affords
limited control over molecular weight distribution, rendering it less suitable for applications

demanding precise polymer structures.

The polymerisation was confirmed with *H-NMR spectroscopy, which revealed three
characteristic broad peaks at 4.94-4.65 ppm (2H, glycolic acid), 4.28-3.89 ppm (2H,
sarcosine), and 2.94-2.70 ppm (3H, sarcosine) (Figure 4.3-36).
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Figure 4.3-36. *H-NMR spectrum (500 MHz, DMSO-ds) of P(Sar-GA): 4.94-4.65 ppm (2H (GA)), 4.28-
3.89 ppm (2H (Sar)) and 2.94-2.70 ppm (3H (Sar))

Despite this confirmation, trace amount polymer yielded following dialysis, with 'H-NMR
spectra indicating persistent impurities that resisted removal. MALDI-TOF analysis further
determined a molecular weight range of 1800-3200 Da (Appendix 0-6). However, mass
discrimination and detector saturation effects may lead to underestimation of the true
molecular weights [110,111,112]. As a result, the measure molecular weights may be slightly
lower than the true values. Furthermore, signal resolution limitation producing a broad

bell-shaped distribution complicating the accurate determination of My and M.

Initially, the low yield was hypothesised to result from an unclear catalytic interaction
between Sn(11)Oct, and acetic anhydride. That the generation of water during melt
condensation may cause the decomposition of Sn(ll)Oct; to Sn(IV) deactivating the catalyst.
Further study and analysis are needed to justify this claim such as the replacement of
Sn(11)Oct; with SnCl,, and to produce P(Sar-GA) through melt condensation polymerisation

effectively.
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4.3.8. Synthesis of P(Glu-GA)-(PSar-Gly-CPT) Drug Conjugate

To study how does changing the PGA into P(Glu-GA) will affect the properties of the drug
conjugate, P(Glu-GA)-(PSar-Gly-CPT) was synthesised as a comparison of PGA-(PSar-Gly-CPT).
But in order to mitigate the potential issue caused by oligomer in drug carrying system such
as the NPs disintegration due to in vivo dilution after injection [126,132,133,134,135], the
P(Glu-GA) oligomer produced was crosslinking procedure with 0.175 mol equivalent of
ethylenediamine prior to its conjugation with CPT-Gly and F-PSar to increase its repeating
unit as a initial prove of concept study. Then crosslinked P(Glu-GA) is subjugated to drug

conjugate synthesis.

*NH

CPT-Gly
PSar

H o]
O O
O O

O @) O

H- N N

H H

Figure 4.3-37. P(Glu-GA)-(PSar-Gly-CPT). /: indication of the random position of cross-linked side
chain and CPT-Gly-PSar in P(Glu-GA) backbone.

P(Glu-GA)-(PSar-Gly-CPT) (Figure 4.3-37) was synthesised with drug content yield of 20.3%
(w/w) calculated from 'H-NMR integration (Figure 4.3-38). The drug content was estimated

through proton integration in the 'H-NMR spectrum through equation: =

(5.40—5.60 ppm)/2+347.3

2.73-2.95 ppm

<(3.78—5.32 ppm)—(5.40—5.60 ppm*z)—( 3

)w 2.73—2.95 ppm
. 187.2+(73 *71)
+(5.40—5.60 ppm

> *(404.4-17))

023473
o i — 0.203
1.29—-0.08%2———*2
3187 2447142 2+ (404.4-17)
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Where 5.40-5.60 ppm correspond to the two protons of CPT, 3.78-5.32 ppm contains three
proton from P(Glu-GA), four protons from CPT-Gly and two protons from PSar, 2.73-2.95
ppm represent the three protons from methyl group; 347.3 is the MW of CPT, 187.2 is the
MW of P(Glu-GA) repeating unit, 71 is the MW of PSar repeating unit, 387.4 represent the
MW of CPT-Gly after losing a -OH group during conjugation. The drug content was estimated
purely by integration of characteristic signals in the 'H NMR spectra, making the result
sensitive to spectral resolution and integration accuracy. Therefore, orthogonal techniques

should be used to further validate its drug content in the future.

Peaks from 8.71 to 7.18 ppm correspond to the five protons of CPT protons and the amide
protons of the P(Glu-GA). While peaks at 5.50 ppm represent the two protons of CPT, and
peaks from 5.32-3.78 ppm result from four protons from CPT, three protons from P(Glu-GA)
and two protons from PSar. The broad peak from 2.95 to 2.73 ppm is three protons from
PSar. Peaks from 2.45-1.99 ppm correspond to four protons of P(Glu-GA) side chain and two
protons from CPT. Characteristic peaks in the spectra confirmed the presence of CPT, PSar,
and P(Glu-GA) backbone structures. Therefore, the sample was used in the following

analysis.
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Figure 4.3-38. '"H-NMR spectrum (500 MHz, DMSO-ds) of P(Glu-GA) (PSar-Gly-CPT): 8.71-7.18 ppm (-
CH=C-(CPT), -COOH (P(Glu-GA)), -NH-), 5.50 ppm(-N-CH,-C= (CPT)), 5.32-3.78 ppm (-O-CH,-C=C-
(CPT), -CH,-NH- (CPT), -O-CH,- (P(Glu-GA)), -C=0-CH-NH-(P(Glu-GA)), -CH,-N(CHs)- (PSar)), 2.95-2.73
ppm (-CH,-N(CHs)- (PSar)), 2.45-1.99 ppm (-CH,-CH,- (P(Glu-GA)), CH3-CH,-(CPT))

Subsequently, the capability of this conjugate to self-assembly into NPs were analysed by
DLS three times. Despite the successful synthesis and drug incorporation, the conjugate
exhibited pronounced water solubility, which precluded its ability to form nanoparticles. At a
concentration of 1.0 mg/mL, the conjugate remained fully dissolved in the aqueous medium.
This suggests that the hydrophobic contribution of CPT, at 20.3% (w/w) was insufficient to
promote the nanoprecipitation of the drug conjugate indicating at this stage this drug
conjugate is not suitable as a cancer therapeutic as its high possibility in NPs disintegration
after administration due to in vivo dilution even if it forms NPs at higher concentrations
[126,132,133,134,135]. One solution could be increasing the drug content, thus to increase
the hydrophobic interactions to promote the formation of NPs. Consequently, further

research is necessary to systematically investigate how variations in CPT content influence
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the conjugate’s behaviour in agueous environments.

4.3.9. Synthesis of P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)]

The polymer drug conjugate P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] (Figure 4.3-39) was
synthesised to investigate the impact of different polymeric backbones on the

physicochemical properties of the resulting NPs.

“NH
Fucose

Gly-CPT PSar
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Figure 4.3-39. P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)]. /: indication of the random position of cross-linked

side chain, CPT-Gly and F-PSar in P(Glu-GA) backbone.

The drug content was estimated through '"H-NMR integration, yielding a value of 28.8%

(w/w). The drug content was estimated through proton integration in the '"H-NMR spectrum

: 5.40-5.60 2%347.3
through equation: = ( ppm)/

2.73-2.95 ppm

<(3.91—5.32 ppm)—(5.40—5.60 ppm*z)—( 3

)*187.2+(—2'73_2':5 PPTL71)

*(404.4—17))

3

5.40-5.60
4(EA0=560ppm

2

0.15

2 *347.3
- (1 47-0 15*2—E*2) = 0.288
3 87,2425 7142043874

Where 5.4-5.6 ppm correspond to the two protons of CPT, 3.91-5.32 ppm contains three
proton from P(Glu-GA), four protons from CPT-Gly and two protons from PSar, 2.73-2.95
ppm represent the three protons from methyl group; 347.3 is the MW of CPT, 187.2 is the
MW of P(Glu-GA) repeating unit, 71 is the MW of PSar repeating unit, 387.4 represent the

MW of CPT-Gly after losing a -OH group during conjugation. The drug content was estimated
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only by integration of characteristic signals in the '"H NMR spectra, making the result
sensitive to spectral resolution and integration accuracy. Therefore, a wider range of

techniques should be used to further validate its drug content in the future.

Additionally, the presence of distinct peaks corresponding to the O-acetyl groups of fucose
at 2.13 ppm, 2.03 ppm, and 1.93 ppm in the '"H-NMR spectrum provides strong evidence of
the presence of F-PSar in the system(Figure 2.3-4).
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Figure 4.3-40. *H-NMR spectrum (500 MHz, DMSO-ds) of P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)]: 8.71-7.15
ppm (-CH=C-(CPT), -COOH (P(Glu-GA)), -NH-), 5.49 ppm(-N-CH,-C= (CPT)), 5.32-3.91 ppm (-O-CH,-
C=C- (CPT), -CH,-NH- (CPT), -O-CH,- (P(Glu-GA)), -C=0-CH-NH-(P(Glu-GA)), -CH,-N(CHs)- (PSar)), 2.95-
2.73 ppm (-CH,-N(CH3)- (PSar)), 2.16-1.86 ppm (-CH2-CHa- (P(Glu-GA)), CHs-CH,~(CPT)), 2.13 ppm,
2.03 ppm, 1.93 ppm (-C=0-CHs (O-Acetyl of fucose))

Subsequently, the ability of this conjugate to self-assembly into NPs was investigated by DLS
three times each. The NPs were prepared via ‘dropping- in” method in physiological

simulating pH 7.4 PBS solution with two different concentrations- 500 pug/mL and 1.0 mg/mL
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to evaluate the influence of concentration on particle formation, also as a comparison to
that NPs concentration prepared from PGA-[(CPT-Gly)-co-(F-PSar)]. The results revealed a
notable reduction in average NP size, from 1105 d.nm at 500 pg/mL to 562.5 d.nm at 1.0
mg/mL, as the concentration increased twofold (Table 4.3-1). Which may indicate that
premicellar aggregation was observed at concentrations 500 pg/mL and these metastable
large aggregates reorganise into smaller, more stable micelles as the concentration increases
and approaches the CMC [123,124,125]. Also, the NPs size produced are much greater than
that of PGA-[(CPT-Gly)-co-(F-PSar)], surpassing the maximum size threshold of cancer cell
endocytosis [136] and in-vivo dilution [126,132,133,134,135] may further exacerbate this
issue further preventing its application in endocytosis- mediated drug delivery at current
stage. This phenomenon may be contributed by the improved solubility of the drug
conjugate that the hydrophobic contribution of CPT at 28.8% (w/w) is not enough to
promote formation of stable NPs at low concentration [124,126,127]. Therefore, a significant
advantage of P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] lies in its improved water solubility compared
to conjugates with PGA.
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1 10 100 1000 10000

Size (d.nm)

1.0 mg/mL

P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] Z-Average PDI Value
(d.nm)

Size Distribution by Intensity 1105 (+37.63) | 0.345

............................................................................. (10.121)
1 10 100 1000 10000
Size (d.nm}

500 pg/mL

Size Distribution by Intensity 5625 0313
............................................................................. (¥7.959) (+x0.004)

Table 4.3-1. DLS result (size distribution by intensity) of P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] in pH 7.4

PBS solution at concentration of 500 pg/mL and 1.0 mg/mL

This solubility advantage positions P(Glu-GA) as a promising alternative to PGA in drug

conjugate synthesis. By potentially supporting elevated drug content without compromising

NP stability improving the efficiency and efficacy of drug delivery platforms, warranting its

consideration for further development due to its increased solubility. Also owing to its

reduced ratio of carboxylate groups, aggregation or precipitation induced by protonation at

low pH environment could be avoided or reduced.
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Figure 4.3-41. SEM result of P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] at concentration of 1.0 mg/mL

The morphology of the NPs was examined using SEM, which revealed spherical structures
for the P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] NPs supporting the spherical assumption used to
carry out the DLS analysis (Figure 4.3-41). The primary particles observed by SEM were
generally around 500 nm, showing reasonable agreement with the size distribution obtained
from DLS. Although DLS typically reports larger particle sizes due to the presence of
hydration shell [137,138], whereas SEM reflects the dry core size under vacuum and is

therefore generally expected to yield smaller values [139].

However, noticeable heterogeneity in particle size was evident, likely arising from uneven
conjugation efficiency of the CPT-Gly and F-PSar during conjugate synthesis. Such size
variation can affect colloidal stability and overall behaviour of the NPs in aqueous
environments [140]. The discrepancy between SEM and DLS measurements may also be
attributed to external forces during SEM sample preparation, leading to partial deformation

or spreading of the particles. Furthermore, some particles appeared collapsed or ruptured,
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likely due to rapid water sublimation during the freeze-drying process [141]. Also, large
particles were observed, which can be attributed to mechanical stress put on the NPs during
freeze drying process causing aggregation or fusion of the NPs [142,143]. Moreover, only
small part of the NPs in the sample are observe in SEM, while DLS provides an

ensemble-averaged size distribution of particles in suspension.

Despite these, future research should systematically examine the minimum drug content
necessary to achieve effective self-assembly at low concentration. Such investigations would
provide deeper insights into the relationship between drug content, self-assembly dynamics,
and NP performance, guiding the optimisation of P(Glu-GA) based drug conjugate systems

for clinical use.

4.4, Summary

Efforts to polymerise amino acid DKPs have encountered significant obstacles, largely due to
the inherent stability of their amide bonds and the limitations of the catalysts employed. The
amide bonds in DKPs, stabilised by resonance, present a high activation barrier to cleavage,
impeding its ROP[25,128,129]. Moreover, the catalysts initially used were tailored for cyclic
esters rather than cyclic amides, rendering them ineffective at breaking the amide bonds to
form linear polymers. While catalysts for transamidation require for prior activation with an
electron- withdrawing group Sar-DKP and Lys(Cbz)-DKP were exclude from this reaction due

to N-methyl substitution and low solubility in the reaction temperature range, respectively.

Experimental results reveal distinct differences in the stability of various DKPs. For example,
Sar-DKP, Ala-DKP, and Lys(Cbz)-DKP remain intact after polymerisation attempts, as they can
be recovered through solvent evaporation and precipitation in solvents like diethyl ether or
dialysis. In contrast, Glu(OBzyl)-DKP shows limited recovery, suggesting a less stable
structure. This instability is likely due to its electron-withdrawing side chain, which increases
the electrophilicity of the amide bond, making it more susceptible to nucleophilic attack
[25,128]. Notably, Glu(OBzyl)-DKP stands out as the only DKP capable of polymerisation,
albeit producing only trace amounts of polymer, without a catalyst. Other DKPs, such as Ala-
DKP and Sar-DKP, lack such electron-withdrawing groups, making them more stable and less

reactive.
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Because the difficulty in polymerising DKPs stems from the stability of amides because of
their resonance-stabilised bonds. To address this, two key strategies were proposed: (1) New
catalysts, specifically designed for cyclic amides, are essential to effectively cleave the stable
amide bonds in DKPs [25,26,128]; (2) Enhancing the electrophilicity of DKPs, such as by
introducing electron-withdrawing groups like Boc group to the amide nitrogen, could make

them more reactive to nucleophilic attack, facilitating polymerisation [25,26,128].

However, even specialised catalysts, such as the Ni(0)Cody: SIPr. HCI or LIHMDS known for
their ability for transamidation, face practical limitations. The hydrochloric acid form of SIPr
exhibits poor solubility in many solvents, and the low solubility of amino acid DKPs further
restricts solvent options and the harsh handling conditions of Ni(0)Cod, as a result, only Sar-
DKP and Glu(OBzyl)-DKP were tested with Ni(0)Cod;: SIPr. HCI, limiting the scope of
evaluation. And as the structure suggest, Sar-DKP could not be activated by Boc group and
failed to force ring opening by increasing temperature. While Ni(0)Cod;: SIPr. HCl increases
the yield of ROP of Glu(OBzyl)-DKP, yet it accompanied with lower purity and require further

optimisation.

While in case of DKMs, although Sar-GA DKM and Glu(OBzyl)-GA DKM were successfully
synthesised, only Glu(OBzyl)-GA DKM was polymerised producing P(Glu-GA). Its un-expected
slow reaction rate with TBD: Schreiner’s Thiourea Catalyst proof the mistake in catalyst
choosing, a more reactive thiourea like TU should be used instead [42,43]. And the addition
of extra TBD increased the reaction rate but resulted in oligomerisation due to self-ring
opening [46] further showcase the necessity in replacing Schreiner’s Thiourea Catalyst used
in this research. While in case of Sar-GA DKM, its ability to underwent self-ring-opening after
exposed to atmospheric air shows its potential to ROP, yet further study is needed to
understand its reaction mechanisms as no reaction taken place under various conditions
with different catalysts, and reaction optimisation is also needed. To bypass the un-expected
difficulty in polymerising Sar-GA DKM, P(Sar-GA) random polymer was synthesised via melt
polycondensation. However, both Sn(Oct), and zinc failed to effectively polymerising

sarcosine and glycolic acid resulting in trace amount after dialysis.

After the production of P(Glu-GA), two drug conjugates, P(Glu-GA)-(PSar-Gly-CPT) and P(Glu-
GA)-[(CPT-Gly)-co-(F-PSar)] with drug content of 20.3% and 28.8% respectively were
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synthesised. Because of the increased water solubility and low drug content of P(Glu-GA)-
(PSar-Gly-CPT), it remain soluble in aqueous solution while P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)]
formed NPs, their size shrink significantly by near 50% when its concentration increased two-
fold (500 pg/mL ->1.0 mg/mL) which may suggest formation of large premicellar aggregates
at lower concentration and reorganise into smaller, more stable micelles as the
concentration increases [123,124,125]. Therefore, increase the drug content in both drug
conjugate may promote their nanoprecipitation by improving their hydrophobic interactions
in aqueous conditions [126,130,131]. However, a deeper study of these two drug conjugates
such as will they respond to pH change the way PGA-[(CPT-Gly)-co-(F-PSar)] does given they
have less carboxylate group available in the polymer backbone; what is the drug content
required for the formation of stable NPs and their drug releasing profile etc., need to be

answered in the future.
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Chapter 5. Metal lon Complexation to Create a Platform for Chemodynamic
Therapy

5.1. Introduction to Chemodynamic Therapy (CDT)

CDT is an innovative cancer treatment that that takes advantage of the unigue biochemical
environment of the tumour to generate ROS such as 02-~ and -OH, leading to cancer cell
death [1,2]. Unlike treatments such as photodynamic therapy, which relies on light, or
thermotherapy, which uses heat, CDT operates without external stimuli [3]. Instead, it
exploits the elevated H,0, levels and overexpressed metal ions in tumours to produce highly
reactive hydroxyl radicals (-OH) via Fenton and Fenton-like reactions [1,2] . This tumour-
specific approach minimises damage to healthy tissues and reduces systemic toxicity
compared to traditional chemotherapy and radiotherapy [4,5]. By inducing oxidative stress,
CDT promotes apoptosis, necrosis, or autophagy in cancer cells, while sparing normal cells
due to their lower H,0; levels, neutral or slightly alkaline and stronger antioxidant
defences[1,6,7,8,9,10,11,12]. Hence, CDT is highly selective and only activated by tumour
endogenous stimulus. Compared with encapsulating chemotherapeutic drugs in polymeric

nanoparticles, loading CDT metal ions offer a safer way of chemotherapy

5.1.1. The Mechanism of Chemodynamic Therapy

CDT'’s effectiveness rests on its ability to generate ROS, particularly -OH, through Fenton and
Fenton-like reactions[1,9,10,13]. In tumour cells, where H,0; levels are elevated, metal ions
such as Fe?*, Cu?*, or Mn?* catalyse its conversion into -OH under acidic conditions [14].
These radicals attack essential cellular components such as proteins, lipids, and DNA via

oxidative damage leading to the destruction of cancer cells [1,5,9,10,15].
This process can be illustrated by the classical Fenton reaction:
Fe?*+ H,0; > Fe3*+ OH™ + -OH

Due to the high oxidative stress and fast metabolism in cancer cells which struggle to
neutralise this damage, unlike healthy cells, which are better equipped to manage ROS [5].
Additionally, the acidic nature of the TME (pH 6.0-7.0, dropping to 5.0-6.0 in late endosomes

[16,17]) enhances the catalytic efficiency of these metal ions promoting ROS
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generation[1,9].

While the classical Fenton reaction relies on Fe?* as the catalyst, CDT also employs Fenton-
like reactions, which utilise other transition metals, such as Cu?*, Mn?*, and Co?*, expand

CDT'’s versatility [1,9,10,15].

5.1.2. Advantages of Chemodynamic Therapy

CDT offers several compelling advantages for cancer treatment. It excels in precision
targeting by exploiting the tumour’s unique biochemical environment characterised by
elevated H,0; levels (up to 100 uM versus 20 nM in normal tissues [6,8,11]) and acidic pH to
generate ROS primarily at the tumour site, thereby sparing surrounding healthy tissues
[1,14]. This targeted approach proves particularly effective in hypoxic conditions, which are
prevalent in solid tumours with poor blood supply and rapid growth [18,19,20,21]; unlike
oxygen-dependent therapies such as photodynamic therapy [22], CDT requires no external
stimulation, ensuring consistent performance in oxygen-deprived environments [3].
Additionally, CDT shows synergic effect when pairing with therapies like chemotherapy,
radiotherapy, and PDT, where its catalytic metal ions sensitise cancer cells to improve overall
efficacy [13,23,24]. Emerging research also highlighting its potential to boost anti-tumour
immune responses when combined with immunotherapy [22,25,26,27]. Furthermore, the
confinement of ROS production to the TME, CDT minimises widespread oxidative damage,
reducing the side effects commonly associated with conventional therapies and supporting

repeated administration [1,9,28].

5.1.3. Limitation of CDT

Despite its potential, CDT encounters several challenges. Tumours can develop resistance to
ROS induced apoptosis by upregulating antioxidant defences, such as glutathione (GSH) and
superoxide dismutase (SOD), which neutralise ROS[29,30,31]. The cell targeting effect of CDT
also poses a challenge of overdosing the body with Fenton-type heavy metals may cause
potential damage to healthy cells [32]. The concentration of H,0; in cancer cells may not

sufficient to accomplish satisfactory CDT [33,34]. The overall production of -:OH radical is
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relatively low and their release is too rapid for effective, prolonged, CDT [35]. To address
this, use of nanotechnology and combination therapies are employed in the chapter[10,36].
The use of PGA[(CPT-Gly)-co-(F-PSar)] drug conjugate to complex with Fenton metal ions, the
fucose targeting group may selectively deliver both CPT and metal ions to the cancer cells

where they accumulate and potentially excreting therapeutic effect synergistically.

5.1.4. Nanotechnology in CDT

Nanotechnology plays a crucial role in enhancing CDT by improving the delivery and stability
of the catalytic metal ions. Metal encapsulated NPs have been developed to deliver these
ions directly to the tumour site, where they can initiate the Fenton or Fenton-like
reactions[8,9,13,18,24,32]. These NPs can be designed to release their metal ions in
response to specific stimuli, such as the acidic pH of the TME, ensuring targeted ROS
generation [37]. Beyond delivery, NPs sustain high metal ion concentrations at the tumour
site via the EPR effect [38,39,40,41] and can carry additional therapeutic agents, facilitating
multi-modal treatments integrating CDT with chemotherapy, immunotherapy, or

photodynamic therapy [13,22,23,26,27,28,32,42].

5.1.5. Cu®* ion Complexation with PGA

In this study, Cu?* was chosen to be complexed with the drug conjugate produced- PGA-
[(CPT-Gly)-co-(F-PSar)], due to its outstanding catalytic properties [9,36,42,44,43]. The

copper-mediated Fenton-like reaction follows these pathways:
Cu?*+ GSH - Cu* + GSSG
Cu*+ Hy0; > Cu?"+ -:OH + OH-

First, the copper ion undergoes rapid redox cycling between Cu?* and Cu*, sustaining ROS

production and depleting GSH, a key antioxidant that counteract with ROS generated, and
greatly enhance -OH generation (Figure 5.1-1)[9,15,43]. Also, Cu?* can remains effective in
less acidic tumour regions, broadening the scope of CDT in different tumour environments

[9,36,42,44]. Moreover, the catalysed Fenton-like reaction rate of Cu?*is ~160 times of that
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Fe?* significantly enhancing CDT’s efficiency [9,15].

Cell

H
C 2+ + ( 202
u Cu
OH

VN

Figure 5.1-1. lllustration of Cu®" ion mediated Fenton- like reaction pathways in cell.

The drug conjugate PGA-[(CPT-Gly)-co-(F-PSar)] may plausibly self-assemble into NPs in
aqueous solution to transport Cu?* to the tumour site by utilising the free carboxylate groups
on the PGA backbone. At neutral pH, PGA forms two different complex structures with Cu?*
ion, first, the two carboxylate groups and an amide nitrogen of PGA bind with Cu?* ion;
second, the only two carboxylate groups of PGA bind with Cu?* ion, forming Cu?* -PGA
complex that co-exist of both structures (Figure 5.1-2)[45,46]. Dissociation occurs in an

acidic environment where the carboxylate group are protonated, releasing Cu?* [45,46].

279



(b)
Figure 5.1-2. Structure of Cu®*-PGA complex in aqueous solution at pH 7-8, a mixture of (a) & (b)

Because the drug conjugation process occupies most carboxylate groups, it is essential to
select a metal ion capable of exerting its catalytic effect at low concentrations. Cu?* emerged
as the ideal choice due to their remarkable ability to sustain ROS production and deplete
antioxidants[9,15], coupled with a catalytic rate for ROS generation that significantly
surpasses that of Fe?* [46,47]. This enhanced efficiency enables effective CDT at reduced
metal concentrations, thereby minimising potential toxicity to healthy tissues. To further
improve the precision of Cu?* delivery, a fucose targeting group was incorporated into the
conjugate, directing the therapy specifically toward pancreatic cancer cells. Additionally, co-
administering Cu?* with CPT introduces the potential for a synergistic therapeutic effect. CPT
selectively disrupts DNA replication in S-phase cells [48]. While Cu?* trigger widespread
oxidative damage to cellular components, proteins, lipids, and DNA, through ROS generation
[1,5,9,10,15]. Together, these complementary mechanisms may offer a more comprehensive

and robust strategy for targeting and eliminating tumour cells.

5.2. Experimental

5.2.1. Encapsulation of Cu?* ions

For simplicity, the MW of drug conjugate used for Cu?* complexation was calculated as pure
PGA. The obtained drug conjugate PGA-[(CPT-Gly)-co-(F-PSar)] was dissolved in anhydrous
DMF at the concentration of 10.0 mg/mL. Next, 38.8 uL of 1.0 M CuCl, in anhydrous DMF
was added per 10.0 mg of the drug conjugate. The resulting mixture was then stirred at
room temperature for 30 minutes to allow complexation. Following this, the solution was

dialysed in methanol prewashed dialysing bag (MWCQO: 2000) against methanol for one day,
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then against DI water for an additional two days to fully remove non-complexed Cu?* ions.

Finally, the purified solution was freeze dried to yield the Cu** complexed drug conjugate.

5.2.2. Release of Cu**ions

The Cu?* complexed drug conjugate from above was dissolved in DMF at concentration of
10.0 mg/mL and added dropwise into pH 4.5 HCI solution under rapid stirring, then dialysed

against pH 4.5 HCl solution for two days before being freeze dried.

5.3. Results & Discussion

To achieve combination of chemotherapeutic and chemodynamic therapy in cancer
treatment, the ability of the drug conjugate to complex with Cu?* was studied. The Cu?*
complexation was carried out by mixing the drug conjugate DMF solution with excessive
CuCl; DMF solution. The use of anhydrous DMF was to prevent the generation of acid by
CuCl; thus to circumvent the deprotonation of the carboxylate group. The weight ratio of
inorganic material in the Cu?* complexed drug conjugate was determined by
thermogravimetric analysis (TGA) for three individual samples. As the temperature increased
during TGA, the initial weight reduction stemmed primarily from the evaporation of
moisture within the sample. This was followed by the decomposition of the drug conjugate’s
components, which begins with the decomposition of CPT occurring between 200°C and
300°C [49]. Then the complete decomposition of PSar and PGA was observed at around 500
°C (Figure 5.3-1) [50,51]. To ensure the complete removal of all organic materials, the
temperature was further raised to 900°C. The analysis ultimately revealed an average
inorganic residue weight of 2.93% (+0.39) compared to theoretical residue weight of 3.36%
(assuming copper complex oxidised into CuO). Although close to theoretical number yet
considering the extra carboxylate group for copper complexation given by the unsuccessful

F-PSar and CPT-Gly coupling during reaction, its actual complexation efficiency may be lower.

Several factors likely contributed to affect the efficacy of Cu?* ions complexation. During the
preparation of the CuCl, DMF solution, exposure of CuCly) to moisture in the air may have

produced acid, which protonates the carboxylate groups of the drug conjugate, shifting the
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equilibrium of Cu?*- PGA complexation. Moreover, the dialysis bag, typically stored in DI
water, was rinsed with methanol before use and might have retained trace amounts of
water. This residual water could generate acid that protonates the copper-complexed
carboxylate groups and again shift the equilibrium of Cu?*- PGA complexation disrupting
complexation. Furthermore, possibly after dialysis in methanol for a day, residual CuCl,
persisted in sufficient quantities to acidify the water when the dialysis solution was switched
to DI water, exacerbating the loss of complexed copper ions. Together, these issues account

for the observed incomplete Cu?* ion complexation.
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Figure 5.3-1. Average TGA result from three individual analysis on three samples of Cu?* complexed

drug conjugate.

Subsequently, the ash remaining after TGA was examined using energy dispersive X-ray (EDX)
spectroscopy to identify the composition of the inorganic residue within the Cu?* complexed
drug conjugate. The EDX analysis indicated that the inorganic material consisted of copper

oxide [52], confirming the copper- drug conjugate complexation (Figure 5.3-2).
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Figure 5.3-2. EDX Spectrum of sample residue after TGA

Although comprehensive copper ion release study was performed, analysis was not carried
out due to no appropriate accessible equipment for this low Cu?* concentration detection in
the background of other ions present in PBS and acetate buffer solution. Nevertheless, to
evaluate the conjugate's potential to release copper ions in the acidic pH of endosomes and
lysosomes within cancer cells, the Cu?* complexed drug conjugate was dialysed against a pH
4.5 HCl solution for two days before subjecting it to TGA. This analysis revealed that only
0.88% (+0.16%) residue remained, demonstrating that the drug conjugate can indeed
release Cu?* ions under acidic conditions (Figure 5.3-3). However, these findings have
limitations and not fully represent the behaviour of the Cu?* complexed drug conjugate in
physiological conditions. Since TGA was the only method used to quantify Cu?*, a pH 4.5 HCI
solution was chosen over an acetate buffer solution, which is commonly employed to mimic
physiological acidic environments, because metal ions in the buffer could interfere with TGA
results. Similarly, the stability of the of Cu?** complexed drug conjugate was not assessed in a

pH 7.4 PBS solution due to metal ion interference. Additionally, testing in a slightly basic
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solution was avoided, as Cu?* forms more stable complex with PGA under basic conditions
[45,46]. Yet without influence and interaction of other ions, the test of Cu?* complexed drug
conjugate in slight basic solution prepared with organic base would likely produce inaccurate

and inconclusive outcomes.
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Figure 5.3-3. Average TGA from three individual analysis on three samples of Cu** complexed drug

conjugate after dialysed against a pH 4.5 HCl solution for two days.
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5.4. Summary

This study examined a Cu?* ions complexed drug conjugate through TGA and EDX
spectroscopy, revealing key insights into its composition and behaviour. TGA showed an
initial weight loss from water evaporation, followed by the decomposition of the conjugate’s
components between 200°C and 300°C, with complete breakdown at round 500°C. After
heating to 900°C to remove all organic material, the inorganic residue average of 2.93%
(20.39) close to theoretical residue weight of 3.36% (assuming copper complex oxidised into
Cu0). This incomplete complexation arose from multiple factors: acid production during
CuCl, DMF solution preparation protonated these groups, residual water in the dialysis bag
generated additional acid shifted the complexation equilibrium disrupting complexation. EDX
analysis identified the inorganic residue as copper oxide, confirming the formation of
copper- drug conjugate complex. The conjugate proved capable of releasing Cu?* ions in
acidic conditions, as demonstrated by dialysis against a pH 4.5 HCl solution, which left only
0.88% (+0.16%) residue after subsequent TGA, highlighting its potential for targeted release

in acidic environments like cancer cell endosomes and lysosomes.
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Chapter 6. Summary and Future Plans

6.1. Summary

A polymeric system for the controlled delivery of the chemotherapeutic CPT was the first
aim of this research. Initially, the drug conjugate PSar-Gly-CPT was synthesised with various
CPT loading contents. However, stable NPs could not form, rendering polymer modification
necessary. PGA-(PSar-Gly-CPT) was subsequently produced and stable NPs of moderate
dispersity were produced at concentrations of 100 pg/mL and 1.0 mg/mL, indicating that
PGA conjugation facilitates stable NP formation. A second aim of the research was to
incorporate metal ions in the NPs as a second mode of chemotherapy. To facilitate this, CPT-
Gly and PSar/F-PSar were conjugated to PGA to yield PGA-[(CPT-Gly)-co-(PSar)] and PGA-
[(CPT-Gly)-co-(F-PSar)]. Smaller, more uniform NPs formed at much greater concentrations
compared to PGA-(CPT-Gly) that lack PSar. Consequently, PSar-modified drug conjugates
demonstratively have the potential to be effective drug delivery systems, with PSar, a viable
alternative to PEG in such systems. PGA-[(CPT-Gly)-co-(PSar)] NPs remained stable at pH 6.0
but aggregated at pH 5.5, suggesting that the NPs have sufficient stability to pass through
the acidic extracellular environment (pH 6.0- 7.0), undergoing endocytosis into the
cells[1,2] . Furthermore, PGA-[(CPT-Gly)-co-(PSar)] NPs slowly released CPT in pH 7.4 PBS
solution at 37°C with approximately 40% of CPT (w/w) released over 21 days. Which greatly

reduce the cytotoxicity brought by rapid deposition of toxic CPT during circulation.

PGA-[(CPT-Gly)-co-(F-PSar)] NPs performed comparably to PGA-[(CPT-Gly)-co-(PSar)] NPs in
acidic conditions, with both remaining stable at pH 6.0 and aggregating at pH 5.5, likely
caused by the protonation of the PGA backbone. CPT release from PGA-[(CPT-Gly)-co-(F-
PSar)] NPs was comparable to release from PGA-[(CPT-Gly)-co-(PSar)] NPs, with
approximately 46% of CPT (w/w) released after 26 days in pH 7.4 PBS solution at 37°C.
However, the CPT release rate reduced dramatically in pH 5.0 acetic buffer solution at 37°C.
Which was unexpected slow, possibly due to the aggregation and crystallisation of the drug
conjugate in acidic aqueous solution as shown by DLS analysis in pH 5.5 acetate buffer
solution. This phenomenon cause phase separation that limits contact with the solution and

prohibiting hydrolysis of CPT.

DKPs were investigated as alternatives to NCAs as monomers for poly(amino acid) synthesis.
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Sar-DKP, Ala-DKP, Glu-DKP, Glu(OBzyl)-DKP and Lys(Cbz)-DKP were produced, among these
only Glu(OBzyl)-DKP can be polymerised without modifications and use of any catalysts. The
addition of Ni(0)Cod,:SIPr.HCl increased polymer yield but impurities persisted after dialysis.
Both Glu(OBzyl)-DKP synthesis and ROP require further optimisation because of their low
overall yield. Boc activated Ala-DKP was polymerised when catalysed with LIHMDS and other
results also suggest that the activation of amide bond in DKPs and use of appropriate
catalyst (e.g. LIHMDS) are necessary for effective DKP ROP. Whilst DKPs may offer a route to
polymers for drug delivery creation, the required use of catalysts for their polymerisation is
not ideal for in vivo use and so focus shifted to alternative routes of biocompatible polymer

synthesis.

Both Glu(OByzl)-GA DKM and Sar-GA DKM were successfully synthesised but only
Glu(OByzl)-GA DKM could be polymerised. Though further optimisation is needed, P(Glu-GA)
was produced and later conjugated to F-PSar and CPT-Gly, producing P(Glu-GA)-[(CPT-Gly)-
co-(F-PSar)], and with PSar-Gly-CPT to generate P(Glu-GA)-(PSar-Gly-CPT). P(Glu-GA)-(PSar-
Gly-CPT) NPs (20% CPT content w/w% ) remained soluble in pH 7.4 PBS solution at 1.0
mg/mL, while Z-average values of NPs produced from P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] (28%
CPT content w/w%) decreased by nearly 50% as the concentration increased from 500
pug/mL to 1.0 mg/mL. This indicates the formation of premicellar aggregation at 500 pg/mL
with large aggregates reorganising into smaller, more stable micelles as the concentration
increases. Including P(Glu-GA) increased the overall water solubility of the drug conjugate.
Although Sar-GA DKM failed to be polymerised under the reaction conditions in this
research, its hydrolysis degradation in open air forms N-(2-hydroxyacetyl)-N-methylglycine

indicating its susceptibility to ring opening and potential polymerisation.

Sn(11)Octy: acetic anhydride catalysed polycondensation of sarcosine and glycolic acid only
yielded trace amount of polymer after dialysis. The unsuccessful polymerisation may result
from multiple factors. First, the secondary amine of sarcosine reduces efficiency of its
nucleophilic reaction. Second, the generation of water during melt condensation can cause
the decomposition of Sn(l1)Oct; to Sn(IV) killing the catalyst. Further study and analysis are

needed justify this claim by replacing Sn(Il)Oct; with SnCl; as reported in literature.
The Cu?*ion complexation with PGA-[(CPT-Gly)-co-(F-PSar)] was slightly lower than that
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theoretical yield (3.36%) with averaged inorganic residue 2.93% (+0.39) after heated in TGA
to 900 °C . And EDX confirmed the ash remain to be copper oxide. Dialysis against pH 4.5 HCI
solution before TGA test showed dramatic decrease in inorganic residue proving the Cu?*
complexed drug conjugate able to release of Cu?*ion in acidic conditions. This indicates the
Cu?* complexed drug conjugate has the potential in co-delivery of metal ion and CPT for CDT

and chemotherapy allowing synergistic or additive therapeutic outcomes.

Overall, polymeric drug conjugate PGA-[(CPT-Gly)-co-(F-PSar)] was successfully developed by
integrating PGA and F-PSar with fucose as the cell targeting group and CPT-Gly as the
chemotherapeutic agent. While Cu?* complexation capability to enable combined organic
chemotherapy and inorganic CDT for pancreatic cancer treatment. Future work will focus on
comprehensive in vitro and/or in vivo study can be carried out to further examine its
therapeutic efficacy in the future. Also, more experiments on drug conjugate produced by
replacing PGA with P(Glu-GA) needs to be carried out to optimise its drug content for better
NP formation properties prior to biological testing. Additionally, challenges in ROP of DKPs
and Sar-GA DKM still require further studies and left to be tackled in the future.

6.2. Future Research

All the drug conjugates produced in this research mainly characterised through 'H NMR
especially the estimation of their drug content. But this evaluation heavily depends on the
spectral resolution and integration accuracy. Alternatively, UV—-vis spectroscopy can be
employed, where the absorbance intensity of the drug conjugate is measured and correlated
with a calibration curve. This allows the drug content per conjugate to be estimated in a
straightforward and relatively accurate manner. Moreover, the drug conjugate can be
hydrolysed under basic conditions to fully release CPT, followed by HPLC analysis of the
solution to determine drug content. To ensure complete release, measurements may need
to be repeated over several days until consistent results are obtained. However, CPT may
degrade or undergo transformation in basic solution, potentially leading to inaccurate

quantification.

The NPs samples prepared from the drug conjugate were characterised and stored at room

temperature in either pH 7.4 PBS or mildly acidic acetate buffer (pH 5.0-6.0), conditions that
296



may not support optimal long-term stability. To maximise shelf life and ensure reliable
performance, future studies should explore alternative storage protocols, such as preparing
NPs in DI water followed by refrigeration, freezing, or lyophilisation, which have been shown

to significantly enhance stability. [1,6].

The NPs produced from the drug conjugate exhibited batch-to-batch variation in Z-average,
which can potentially compromise its consistent drug delivery performance and hinder
scalability for commercial production. These inconsistencies likely stem from minor
fluctuations in experimental parameters across trials aside from the inherent randomness of
the coupling reaction, such as temperature, concentration or stirring rate during both
conjugate synthesis and the subsequent nanoprecipitation process. To ensure reproducible
NP sizes, strict monitoring and precise control of these conditions are essential in
subsequent preparations. Also to further minimise the burst release and the aggregation
caused by residual unconjugated CPT-Gly, the coupling agent can be divided into two
portions: the first added on the initial day and the second on the following day. This staged
addition may enhance overall coupling efficiency by allowing better reaction progression.
Subsequently, dialysis against methanol for two days ensures thorough removal of any

remaining unreacted CPT-Gly.

Also, to propel this research toward clinical translation and maximise its impact on
pancreatic cancer therapy, a progressive, multistage approach is essential. The NPs
formulated from the drug conjugates have only been characterised in pH 7.4 PBS solution or
mildly acidic acetate buffer (pH 5.0-6.0) lacking biological relevance. To advance toward
pharmacological validation, progressing to in vitro cell assays are a critical next step which
simulating TME and cellular interactions bridging the gap between the current buffer-based
NPs characterisations and realism. Thereby evaluating key performance aspects including

cellular uptake, intracellular metabolism, cytotoxicity, and drug release kinetics.

To evaluate the cellular uptake and targeting efficiency, confocal laser scanning microscopy
for spatial imaging and intracellular distribution [7] or flow cytometry for high throughput,
single cell quantitative analysis [8] with fluorescently labelled NPs such as incorporating
fluorescein isothiocyanate (green) or rhodamine (red) into the drug conjugate to quantify

uptake in pancreatic cancer cell lines overexpressing fucose receptors compare with healthy
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pancreatic cells to assess selectivity. Time-lapse microscopy can track real-time endocytosis
pathways of the NPs [9], while addition of free fucose as an competitive inhibitor occupying

the fucose-binding proteins on cancer cells to confirm targeting specificity [10].

In terms of drug release kinetics, enzymes like proteases, matrix metalloproteinases,
cathepsins, phospholipase, oxidoreductases, and esterases [11,12] can be added into the
medium to better mimic the lysosomal conditions in the drug release study rather than
simple acetate buffer [13], combined with HPLC analysis to produce a more accurate drug
release kinetic profile. While its off- target toxicity can be quantified via 50% Inhibitory
Concentration (ICso) values colorimetric via 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) or Alamar Blue assays [14,15] comparing conjugated
versus free CPT to demonstrate reduced toxicity. Additionally, pulse-chase analysis with
radiolabelled or fluorescent CPT can monitor intracellular persistence and clearance over
time [16] informing dosing intervals for optimal adjuvant therapeutic effect giving the drug

conjugates’ slow CPT releasing kinetics in lysosomal pH.

Despite Cu?* complexation yields approaching theoretical values, the overall copper content
remains low (2-3% w/w relative to CPT). Their potential synergistic effects of co-delivery of
Cu?* mediated CDT and CPT chemotherapy can be evaluated in vitro by comparing cu?*
complexed drug conjugate with that without Cu?* complexation using the Chou-Talalay
method. It quantifies interactions via combination index (Cl), definition for additive effect
(Cl=1), synergism (Cl< 1), and antagonism (CI> 1) in drug combinations [17]. This provides Cl

isobologram, enables comparison of two conjugates at any effect and dose level [17].

Following promising in vitro test result, in vivo evaluation in genetically engineered mouse
models containing pancreatic cancer is crucial for assessing systemic behaviour, where buffer
and in vitro studies and fall short. Intravenous administration of near-infrared fluorescent-
labelled NPs and track continuously via in vivo imaging systems to observe biodistribution,
measure circulation half-life and blood clearance of NPs [18]. While inductively coupled
plasma- mass spectrometry can be used to quantify tumour accumulation of Cu?* and HPLC

for CPT content in excised tumorous tissues.

To further examine the therapeutic efficacy and targeting benefits of Cu?* complexed PGA-
[(CPT-Gly)-co-(F-PSar)], comparison across free CPT, fucose- free conjugate and Cu?*-free
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conjugate with tumour volume monitored by MRI [19] or ultrasound [20] and overall survival
analysed. Fucose-mediated targeting is expected to demonstrate enhanced EPR plus active
cell targeting, while Cu?* complexed conjugate may amplify efficacy through oxidative stress,

potentially yielding additive or synergistic survival improvements.

Collectively, comparative studies against free CPT and fucose free conjugate would address
core questions such as whether conjugated CPT shows reduced toxicity relative to the free
drug, the duration of NP or released CPT persistence before clearance, and the advantages

of fucose targeting and Cu?* synergy.

The successful ROP of Glu(OBzyl)-DKP may refer to its electro withdrawing carboxylate-OBzyl
group side chain weakening the amide bond and facilitating the transamidation/
propagation process. Therefore, replacing glutamic acid with aspartic acid, featuring a
shorter side chain, could enhance this electron withdrawing effect, potentially further

accelerating and improving the ROP process.

Observed NP aggregation at pH<6.0 is likely caused by protonation of free carboxylate
groups along the PGA backbone. Therefore, replacing PGA with P(Glu-GA) may effectively
prevent its aggregation at slight acidic environments as it directly reduces the number of
carboxylate group available for protonation for the same MW. Enabling the effective CPT
release in acidic condition. Owing to limited sample availability, more comprehensive studies
of drug conjugates P(Glu-GA)-[(CPT-Gly)-co-(F-PSar)] and P(Glu-GA)-(PSar-Gly-CPT) including
respond to pH change, minimum drug content for stable NP formation, detailed release

profiles, and long term stability are warranted in future work.

The Schreiner’s Thiourea Catalyst: TBD catalyst failed to effectively ROP Glu(OBzyl)-GA DKM
even at elevated temperature consistent with literature indications of its limited efficacy.
Replacing Schreiner’s thiourea with a more reactive thiourea derivative- TU is recommended
to achieve more effective and controlled polymerisation of P(Glu-GA). Also, the ROP of Sar-
GA DKM can be tested if the failed ROP was due to the inappropriate catalysts used. Success
here would allow replacement of PSar with P(Sar-GA) in drug conjugate synthesis, ultimately

eliminating the need for hazardous triphosgene across the entire process.

Moreover, the current synthesis of the fucose-targeted drug conjugate PGA-[(CPT-Gly)-co-(F-

PSar)] involves multiple steps especially in the modification of fucose as a NCA initiator. Its
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multi-step synthesis suffers from low overall yields, prolonged reaction times due to
laborious purifications, substantial huge solvent consumption and complications arising from
O-acetyl group deprotection. Consequently, the existing scheme exhibits poor atom
economy and limited environmental sustainability. On reflection of these reasons, a new
reaction scheme for the synthesis of fucose mediated cell targeting drug conjugate PGA-

[(CPT-Gly)-co-(F-PSar)] is shown at below:
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Scheme 6.2-1. ROP of Sar-NCA initiated by allylamine

Allylamine is used as the initiator of Sar-NCA (Scheme 6.2-1), then randomly coupled with
PGA and CPT-Gly to produce drug conjugate PGA-[(CPT-Gly)-co-(Allyl-PSar)] (Scheme 6.2-2).
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Scheme 6.2-2. Random coupling of CPT-Gly, PGA, and allyl-PSar to produce drug conjugate PGA-
[(CPT-Gly)-co-(Allyl-PSar)]. /: indication of the random position of carboxylate side chain, CPT-Gly and
allyl-PSar in PGA backbone.

Later unmodified fucose is added to the alkene at the terminal of PSar via a photocatalysed
anti-Markovnikov hydration reaction. The transformation employs photocatalyst 9-Mesityl-
10-methylacridinium as the photocatalyst in conjunction with a hydrogen-atom-transfer

catalyst, phenyl disulfide and blue LED light irradiation at room temperature for a day to
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produce PGA-[(CPT-Gly)-co-(F-PSar)] (Scheme 6.2-3)[21]. This method eliminates the need
for prior fucose modification, significantly simplifying the process and reducing solvent
consumption. Moreover, by carefully adjusting the fucose to alkene ratio and reaction
concentration, undesired crosslinking to multiple alkenes can be minimised. The strategy
also offers versatility, enabling the simultaneous attachment of multiple distinct cell
targeting agents to the allyl-terminated PSar chain. This capability holds promise for
overcoming the extensive genetic heterogeneity observed in PDAC, and potentially other

cancers, thereby enhancing therapeutic specificity and efficacy.

Ho  OH
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Scheme 6.2-3. anti-Markovnikov hydration reaction of drug conjugate PGA-[(CPT-Gly)-co-(Allyl-PSar)]
with fucose with photocatalyst 9-Mesityl-10-methylacridinium in conjunction with a hydrogen-atom-
transfer catalyst, phenyl disulfide under blue LED light at room temperature for a day to produce
PGA-[(CPT-Gly)-co-(F-PSar)]. /: indication of the random position of carboxylate side chain, CPT-Gly
and F-PSar in PGA backbone.

Furthermore, to mitigate the low reaction yields observed in the synthesis of PGA-[(CPT-Gly)-
co-(PSar or F-PSar)], which are likely attributable to steric hindrance from the bulky CPT

moiety. An alternative strategy involves conjugating CPT to a sarcosine dimer or trimer prior
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to PGA coupling (Scheme 6.2-4). This modification increases the spatial separation between
the PGA backbone and CPT unit, thereby reducing steric crowding and facilitating more
efficient coupling of different components. Additionally, the extended linker enhances the
overall hydrophilicity of the conjugate, improving aqueous solubility, and simplifies structural
characterisation by minimising peak overlap in *H-NMR spectra. Preliminary optimisation
trials will be required to determine the ideal oligomer length and reaction conditions for

maximising yield.

1. Coupling reaction
2. Deprotection

>

Scheme 6.2-4. Synthesis of camptothecin di-sarcosinate
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Appendix 0-1. "H-NMR spectroscopy (400 MHz, DMSO-ds) of PSar-Gly-CPT (35% drug content): CPT-

Gly: 8.71 ppm (=CH-), 8.44 ppm (- NH-), 8.19 ppm - 7.73 ppm (=CH-), 7.18 ppm (=CH-), 5.50- 5.31

ppm (-N-CH,-, -OCH,-), 4.36-3.95 ppm (-C=0-CH,-N- (PSar)), 2.95-2.71 ppm (-N-CHs), 2.16 ppm (CH3-

CH>-), 0.92 ppm (CHs)
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Appendix 0-2. 'H-NMR spectroscopy (400 MHz, DMSO-ds) of PSar-Gly-CPT: CPT-Gly (44% drug
content): 8.71 ppm (=CH-), 8.45 ppm (-NH-), 8.15 ppm (=CH-), 7.88- 7.73 ppm (=CH-), 7.16 ppm
(=CH-), 5.50- 5.31 ppm (-N-CHa-, -OCH,-), 4.32-3.96 ppm (-C=0-CH,-N- (PSar)), 2.96-2.72 ppm (-N-
CHs), 2.16 ppm (CH3-CH,-), 0.92 ppm (CHs)
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Appendix 0-3. 'H-NMR spectrum (500 MHz, DMSO-ds) of PGA-(PSar-Gly-CPT) (41.9% drug content):
8.68 ppm(=CH-), 8.45 ppm (-NH-), 8.17 ppm (=CH-), 7.86-7.71 ppm (=CH-), 7.16 ppm (=CH-), 5.50-
5.28 ppm (-N-CH,-, -O-CH,-), 4.28-3.96 ppm (-NH-CH-C=0-,-NH-CH,-C=0-, -N(CHs)-CH,-), 2.89-2.71
ppm (-N-CHs), 2.43-1.78 ppm (-CH,-CH,-)
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