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Synopsis

Name of Students: Mohammed Khuddus Md Igbal
Registration No: 20173530

Thesis Title: L-Aspartic acid Based Functional Polyesters for Drug Delivery and
Antimicrobial Applications

Synthetic polymers based on L-amino acids have attracted much attention
because of their excellent biocompatibility and diverse functionality which provides
them improved hydrophilicity and an opportunity for further modifications with
bioactive molecules. Development of synthetic strategy for synthesis of amino acid-
based polymers has great research opportunity in biomedical field. In this thesis work,
L-amino acid-based amide-functionalized polyester platform was designed and
developed and their lysosomal enzymatic-biodegradation aspects was explored to
administrate anticancer drugs in cancer cells. L-Aspartic acid was chosen and different
amide-side chain functionalized diester monomers were tailor-made having aromatic,
aliphatic and bio-source pendant units. Under solvent-free melt polycondensation
methodology; these monomers underwent polymerization to yield high molecular
weight polyesters with tuneable thermal properties. The L-aspartic acid-based polyester
utilised for the construction of the nano assemblies with degradability, able to acts as
carrier for drug delivery and bioimaging as well as the antibacterial applications.

Thesis is divided into the four chapters
Chapter-1 This chapter deals with the review of the literature which describe the
polymer-based system for the drug delivery in cancer cells. It provides the insights for
the various aspects for polymer-based drug delivery system and also discussed the
natural resources-based polymer for the various biomedical application.

Chapter 2 deals with development of L-aspartic acid-based polyester, were the detailed
study for the polycondensation was carried out along with the development of
amphiphilic polyester. This polyester then used for design of the nanocarrier capable of
encapsulation of drug and dye. The particle loaded with drug showed delivery into the

cancer cells and subsequently killing it.



Chapter 3 TPE tagged hydroxyl functionalised polyester was developed for theranostic
application in cancer cells. The interaction between the loaded cargo in the nanoparticle
and polymer backbone was studied using FRET in nanocavity of the carrier. Further
this system showed successful delivery of the cargo in Bulb C mice via live imaging of
mice.

Chapter 4 L-aspartic acid based cationic polyester was developed in this chapter. The
antibacterial effect of the polymer was established using different protocols. The
biocompatibility of cationic polyester was studied in normal cells lines.

In Chapter 2, L-Aspartic acid served as the starting material for designing
amide-side chain functionalized di-ester monomers, featuring aromatic, aliphatic, and
bio-source pendant units. Through a solvent-free melt polycondensation method
developed in our lab, these monomers polymerized into high molecular weight
polyesters with adjustable thermal properties. A PEGylated L-aspartic monomer was
engineered, leading to the creation of a thermo-responsive amphiphilic polyester. This
amphiphilic polyester self-assembled into spherical nanoparticles around 140£10 nm
in size in aqueous solutions. These nano-assemblies effectively encapsulated various
compounds, including anticancer drug doxorubicin (DOX), anti-inflammatory drug
curcumin (CUR), and biomarkers such as Rose Bengal (RB) and 8-hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt (HPTS). The amphiphilic polyester nanoparticles
remained stable under extracellular conditions but degraded when exposed to lysosomal
enzymes at 37 °C, releasing 90% of their cargo. Cytotoxicity studies on breast cancer
MCF 7 cells and normal cells lines wild-type mouse embryonic fibroblasts (WT MEFs)
demonstrated that the amphiphilic polyester was non-toxic at concentrations up to 100
pg/mL, while the drug-loaded polyester nanoparticles effectively inhibited cancer cell
growth.

The chapter 3 focuses on the design and development of a biodegradable
polyester tagged with tetra phenyl ethylene (TPE) fluorescence from L-aspartic acid for
creating polymer self-assemblies with theranostic applications in cancer cells. The
synthetic process begins with the synthesis of an acetal-functionalized TPE-tagged
polymer, which can be subsequently converted into the desired hydroxyl-functionalized
TPE-tagged polymer. Selective deprotection of the acetal group from the polymer
yields a hydroxyl-functionalized TPE-tagged polymer. This polymer with the TPE
chromophore, exhibits aggregation-induced emission (AIE) properties based on the

solvent composition. In solution, the polymer forms nano assemblies in water with sizes
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less than 250+10nm, demonstrating the capacity to encapsulate biomarkers such as
Rhodamine B (RhB), Rose Bengal (RB), or the drug doxorubicin (DOX). The
photophysical properties of the nanoparticles (NPs) are characterized using absorbance,
emission spectroscopy, and lifetime measurements, revealing energy transfer through
the Forster resonance energy transfer (FRET) process. The FRET phenomenon is
employed to demonstrate the interaction between the polymer and loaded cargo at the
cellular level through bioimaging using confocal laser scanning microscopy (CSLM).
These NPs are found to be biocompatible with both cancer and normal cell lines and do
not exhibit cytotoxic effects on human red blood cells (RBCs). Furthermore, in vivo
biodistribution of NPs loaded with IR780 is conducted using an IVIS imaging setup,
suggesting a longer lifetime of the NPs compared to free IR780.

In Chapter 4, a cationic polyester based on L-aspartic acid is developed for
antimicrobial applications. L-aspartic acid is transformed into a suitable monomer for
polyester development using the melt polycondensation technique. The amine pendant
of the monomer is protected with a BOC group. The polymer is synthesized through
the melt polycondensation strategy using diols of different spacer lengths.
Subsequently, this polyester is converted into a cationic polyester capable of self-
assembly in an aqueous environment to form polymer nanoparticles. These cationic
polyester nanoparticles have a diameter below 150+10 nm and exhibit a spherical
morphology with a positive zeta potential value. The antimicrobial activity of the
sample is assessed in both solid and solution states using various techniques, including
Resazurin assays, Colony suspension method, Spread plate method, and Disc diffusion
method in solution and solid state. Each technique has its unique nature in determining
antibacterial activity. The biocompatibility of the polymer is assessed using the MTT
assay with the normal cell line, Wild type mouse embryonic fibroblasts (WT MEF).

Overall conclusion and future direction are summarized in the end.
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Chapter 1

1.1Introduction to Cancer

Cancer is a global health concern, being a major contributor to worldwide mortality, as
reported by the World Health Organization in 2020". Various factors, including the type
of cancer, age, and geographical location, influence its prevalence and impact®?. For
instance, lung cancer is a leading cause of cancer-related deaths globally, while breast
cancer is more prevalent among women in developed nations '*. Cancer can manifest
in various forms, affecting different body parts. Common types include breast cancer,
lung cancer, prostate cancer, colon cancer, skin cancer (including melanoma),
leukaemia (blood cancer), lymphoma, ovarian cancer, pancreatic cancer, and bladder
cancer™®’. However, there are many other types of cancer, and some can be quite rare
as shown in Figure 1.1 The specific type of cancer a person has can affect the course of
their disease, their treatment options, and their prognosis. The advancement in cancer
prevention, detection, and treatment have led to a decrease in cancer death rates in some

regions, while others continue to struggle with high rates of cancer-related deaths®.

Estimated age-standardized incidence rates (World) in 2020, World, both sexes, all ages (excl. NMSC)

Breast
Prostate
Lung
Colorectum
Cervix uteri
Stomach
Liver
Corpus uteri
Ovary

Thyroid

0 10 20 30 40

ASR (World) per 100 000

Figure 1.1 Different types of the cancer and their ratio (Adapted from
https://gco.iarc.fr/today/online-analysis-multi-bars).

There are various treatments are involved for the cancer, which include
Radiotherapy’, Chemotherapy'?, Immunotherapy therapy'!, Surgical removal of

tumours'?, Harmon therapy!? etc.as shown in Figure 1.2.
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Types
of Cancer

Treatment Stem cell
therapy

Radiation Targeted
Therapy Therapy

Chemo Hormone
Therapy ImmunoTherapy Therapy

Figure 1.2 Different types of the cancer Treatments. (Adapted from
https://positivebioscience.com/types-of-cancer-treatment).

Cancer treatment is a multifaceted endeavour, with diverse modalities tailored
to cancer type, stage, and patient health. These include surgery for localized cancers,
chemotherapy to combat cancer cell growth, radiation therapy to target and destroy
cancer cells, immunotherapy to enhance the body's immune response, targeted therapy
directed at specific molecular pathways, hormone therapy for hormone-sensitive
cancers, precision medicine based on genetic analysis, stem cell transplants for
damaged bone marrow, and palliative care to improve the quality of life for advanced
cancer patients. The choice of treatment depends on a combination of factors, often
resulting in a multifaceted approach to achieve the best possible outcome.

It is important to be noted that is no one-size-fits-all answer when it comes to
determining whether which treatment is better for cancer treatment. The choice of
treatment depends on various factors, including the type of cancer, its stage, the patient's
overall health, and individual preferences®. Chemotherapy is one of several treatment
options available for cancer, and its effectiveness and suitability depend on the specific
situation. Chemotherapy has its advantages and disadvantages, and its appropriateness
can vary based on the circumstances. In the chemotherapy the drug administered
circulates throughout the body, which means it can reach cancer cells that have spread
to different parts of the body!?. This makes it effective for treating cancers that have
metastasized. There is various drug commonly used which include doxorubicin,

cisplatin, camptothecin, topotecan etc. which is taken up by the cancer cells at the
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Chapter 1

intracellular level and kills the cells by intercalating the DNA helix or inhibition of
topoisomerase enzyme action'’. In addition to that chemotherapy can be used in
combination with other treatments like surgery or radiation therapy to improve overall
treatment effectiveness and it can be used to treat a wide range of cancers, including
both solid tumours and blood cancers’. But apart from these advantages of the
chemotherapy there are limitation in this method due to their side effects including
nausea, vomiting, fatigue, hair loss, immune suppression, and more'*. These side
effects can significantly impact a patient's quality of life. Due to their non-targeted
nature of the drugs affecting both cancer cells and healthy cells, leading to potential
damage to healthy tissues and organs. Some cancer cells can develop resistance to
chemotherapy over time, reducing its effectiveness such as multidrug resistance cancer
cells by the activation of p-glycoprotein influx pump'. It can be toxic, and the body's
ability to tolerate them may vary the dosing and scheduling are critical to managing

toxicity. The side effects of the chemotherapy are shown in Figure 1.3

MEDICALNEWSTODAY

Effects on the Body
Chemotherapy

N - hair loss

pain
&  mouthsores

trouble breathing

weakened nausea
immuned system vomiting

constipation
diarrhea

bruising
bleeding

| neuropathy

rashes ———— &

Figure 1.3 Side effects of chemotherapy (Adapted  from
https.://'www.medicalnewstoday.com/articles/323485 ).
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1.2 Chemotherapy Using Nanocarriers

The new development of era of the precision medicine has started to the cancer
treatment by the use of nanotechnology plate form the drug molecules are conjugated
or encapsulated inside the nanoparticle so that it can be delivered at the target site cancer

tissue'®

. The mechanism involves the use of nanocarriers, such as nanoparticles or
liposomes, are used to encapsulate chemotherapy drugs'®. These carriers can enhance
drug solubility, stability, and targeted delivery to tumour sites, reducing off-target
effects'®. These nanocarrier can be designed to improve drug specificity by exploiting
the enhanced permeability and retention (EPR) effect,!”!®!° which allows them to
accumulate preferentially in tumour tissues and by increasing drug accumulation in
tumour tissues which leads reducing exposure to healthy tissues. The nanocarriers can
improve the therapeutic efficacy of chemotherapy agents and has the potential to reduce
side effects associated with conventional chemotherapy'®. Targeted delivery and
controlled release can minimize damage to healthy tissues. The enhanced specificity
and delivery efficiency of nanocarriers can allow for lower drug doses to achieve the
same therapeutic effect, potentially reducing side effects. As compare to the
conventional chemotherapy the nanotechnology-based method can also modify the
biodistribution of drugs, potentially overcoming limitations of poor drug solubility or
rapid clearance'®. Other advantages include nanocarriers can carry multiple drugs,
enabling combination therapy by delivering different agents to the same tumour site
simultaneously. This can enhance treatment effectiveness and reduce the risk of drug
resistance. The challenges of developing nanocarriers with appropriate drug loading,
stability, and targeting abilities requires complex engineering and formulation
processes. Additionally, clearance and long-term safety of nanocarriers are areas of
ongoing research’®*!. Chemotherapy using nanocarriers offers the potential to enhance
the therapeutic benefits of chemotherapy while minimizing its side effects such as by
improving drug specificity, reducing off-target effects, and enabling combination
therapy, nanocarriers hold promise for advancing cancer treatment strategies. For

example, the nanotechnology-based platform is shown in Figure 1.4.
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Dendrimer Nanoparticles

Polymer nanoparticles 35
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Figure 1.4 Nanotechnology based platform for drug delivery system in colorectal
cancer. (Adapted from Molecules 2022, 27(9), 2981).

When nano-formulations are administered intravenously into the body, they undergo a
complex process known as the CAPIR mechanism?>?*. The CAPIR mechanism
comprises five distinct steps, each playing a pivotal role in determining the overall
efficiency of drug delivery. These steps are: circulation, accumulation, permeation,

internalization, and release, as illustrated in Figure 1.5.

Cancer Drug Delivery: A Five Step CAPIR Cascade

CAPIR
Cascade
Circulation Accumulation Penetration Internalization Drug Release
g Drug *Retention *Release
2R2SP § Surface *Stealthy *Sticky
3
:.: Diffusivity *Penetration
v Cleavable or
Seabliey ¥ 3table Dissembling
3 ¢
i % v PEGylation v dePEGylation
Tanons | & antace v Shield functional groups (e.g. TAT) V Expose FG
2 v Neutral V Cationic charge
Size v~100 nm V<20 nm

16



Chapter 1

Figure 1.5 CAPIR cascades for cancer drug delivery (Adapted from Adv. Mater. 2017,
29, 1606628).

Circulation: The first step in the CAPIR cascade involves the circulation of nano-
formulations within the bloodstream. For successful drug delivery, these
nanomedicines must remain stable and intact while navigating the circulatory system??.
Accumulation: Nanomedicines must accumulate within the tumour site, taking
advantage of the leaky and rapidly formed vasculature in the tumour tissue. This
accumulation is a critical step in ensuring that a sufficient concentration of therapeutic
agents reaches the target®.
Permeation: Subsequent to accumulation, nano-formulations need to deeply penetrate
the tumour tissue to access the tumour cells effectively. Efficient permeation is essential
to reach the intended target cells within the tumour??.
Internalization: Once within the tumour tissue, the nano-formulations must be
internalized by the tumour cells. This step allows the therapeutic agents to exert their
pharmacological effects directly within the cancer cells?.
Release: The final step in the CAPIR mechanism involves the release of the drug within
the interior of the target cell. This ensures that the drug molecules are in their unbound,
active form, ready to carry out their intended function®?.
Efficiency Considerations: Ultimate goal of cancer drug delivery is to maximize the
delivery of therapeutic agents into cancer cells in their active form. Achieving this goal
depends on optimizing each of the five steps in the CAPIR cascade, denoted as QC
(Circulation Efficiency), QA (Accumulation Efficiency), QP (Permeation Efficiency),
QI (Internalization Efficiency), and QR (Release Efficiency). The overall delivery
efficiency (Q) is a measure of the proportion of drug molecules existing freely within
the targeted cells relative to the total quantity injected. It is crucial to emphasize that
the success of the drug delivery cascade relies on the efficiencies of all five steps, and
none of these efficiencies should approach zero?>%,
1.3. Enhance Permeability and Retention (EPR) Effect

EPR stands for enhance permeability and retention effect refers to the
permeability of the nanoparticle to the cancer tissue as compare to normal tissue’*>26,
Maeda et al showed the phenomena of EPR, the nanoparticle of size less than 500nm

can go inside the tumour tissue and retain there at the intercellular level. Due to

enhanced cell growth of the cancer cells as compare to normal cells, there is no proper
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Chapter 1

arrangement of the cells due to which cells were grown with large intracellular space®S.
Due to fast growth rate of the cells the tumour develops the poor vasculature and
lymphatic drainage. Using this characteristic of the cancer cells, the nanoparticle with
encapsulated drug can get permeated inside the tumour and retained due to poor
lymphatic drainage system which is further internalise by endocytosis process as shown

in Figure 1.6.

(A) (8)

|
N

g

3

°

=S

@

c

@

Ineffective
o0 @ NP +  Small molecule lymphatic drainage

Figure 1.6 EPR Effect comparison of the normal vs cancer tissue for treatment using
nanoparticle-based chemotherapy. (Adapted from Multifunctional Systems for
Combined Delivery, Biosensing and Diagnostics 2017, Pages 245-259.)

When the nano-formulations administered in the blood circulation, during the
circulation in the blood stream it can passively accumulate at the target site or tumour
site due to EPR effect of the cancer tissue’®. Based on the how the nano-formulation
reaches the target site it has divided into two types active targeting and passive
targeting. Passive targeting approach in cancer treatments utilises the EPR effect, when
the nanoparticle injected in the blood stream it can selectively accumulate inside the
cancer tissue as compare to the normal tissue due to EPR effect. As compare to active
targeting where nanoparticle does not contain any specific targeting ligand attached to
it??8, In case of active targeting refers to the development of the nanoparticle decorated
with target ligand or target stimuli?’-?®. Christine E. Wang eta synthesized the sunflower
type polymer outer layer decorated with the folate ligand while inner core having DOX.

They demonstrate use of sun flower polymers for targeted drug delivery. In this system
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they attached the DOX to the polymer with hydrazone linkage to achieve pH responsive
release.?’ (See Figure 1.7). Mingyang Li et al developed active targeting silicon
nanoparticles (Si NPs) for targeting HER2-positive breast cancer cells. These
nanoparticles specifically targeted HER2-positive breast cancer cells, and their
targeting effectiveness was improved by increasing the Fab density. The targeting
efficacy and nanoparticle dosage directly impacted cytotoxicity. Additionally, the rapid
response of cancer cells to the nanoparticles correlated with the Fab density and HER2

expression level.*°
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Figure 1.7 Sun flower type polymer for active targeting for the folate receptor (Adapted
from Biomacromolecules 2016, 17, 69—75).

Arpan Satsangi et al synthesized and characterized paclitaxel (PTX) conjugate using a
PAMAM dendrimer linked with a cathepsin B cleavable GFLG peptide spacer (PGD).
When delivered via this conjugate, PTX exhibited enhanced cytotoxicity, reducing the
metabolic activity of various cancer cells compared to PTX alone. This effect was
particularly pronounced in cells expressing moderate-to-high levels of cathepsin B
activity’!. Simon A. Costa and colleagues introduce an innovative approach for
concurrent genetic encoding of a drug conjugation site and a structured bioactive
domain within a biopolymer-based nanoparticle. This method utilizes an unnatural
amino acid for drug attachment, capable of incorporating a nanobody as a targeting
element, which relies on a disulfide bond for stability. Their study showcases successful

active targeting at the cellular level, as illustrated in Figure 1.8.
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Figure 1.8 Active targeting of the nanoparticle to cancer cells using DOX conjugated
nanoparticles. (Adapted from Nano Lett. 2019, 19, 247—254).

1.4 Polymeric nanoparticles for cancer therapy
There is various type of the nanoparticles are developed depending upon the type

33,34

of material used for the development, such as lipid-based nanoparticles’>*, polymer

35,36 37,38

nanoparticles™>°, inorganic nanoparticle and more for the chemotherapy. In this
chapter we will be focused only on the polymeric material used for drug delivery.
Helmut Ringsdorf’s is a German chemist who is known for his pioneering work in the
field of polymers and materials science. The applications of polymers that Ringsdorf's
work has contributed to include drug delivery systems, where the dendritic structure
can encapsulate and release drugs in a controlled manner, and nanotechnology, where
polymers serve as scaffolds for building nanoscale structures with specific
properties*®*%#!- The Ringsdorf’s model dealt with the development of polymer for the
drug delivery system, it talks about conjugating the drug molecules to the water-soluble
polymers to enhance the uptake of the hydrophobic drug. Figure 1.9 shows that polymer
with active drug covalently attached, the polymer can be further attached with active
targeting molecules to specifically attacking the target site and minimising off target

effects.
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Water soluble backbone —
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Figure 1.9 Helmut Ringsdorf’s Model for drug delivery (Adapted from Chem. Mater.
2012, 24, 840—853).

Based on the Ringdrof’s model various there are various successful attempts were made
for the development of pharmacological polymer, these include the drug molecule
attached with the polymer or polymeric assembly by the covalent or non-covalent
interaction. The class of polymer drug conjugates include the attachment of the drug or
pharmacologically active compound with the polymer backbone by the susceptible
linkage such as ester, hydrazone, imine etc.*>*** Here are some examples shown
below, Alexandra A. P. Mansur et al studied the carboxyl methyl cellulose-DOX
conjugates, these polymer drug conjugates decorated with RGD and arginine for
specific targeting and killing the cells by chemotherapy. DOX and polysaccharides
were linked together by cleavable amide covalent bond, the cellular uptake of the
polymer-drug conjugate assisted by RGD peptides. The polymer taken up by the cells
DOX gets released under lysosome ultimately kill the cells.* Pedro R. Figueiredo et al
studied for various different polymeric models, 30 polymer-drug conjugates which
undergoes enzymatic degradation using Hce2. By Docking and simulation methods
they evaluated hCE2 capacity for recognizing the polymer-drug conjugates. They
further argued that features of the drugs such as flat core and small size are important
for the binding confirmation, for enzymatic hydrolysis.**Other approach of the drug
delivery involves encapsulation of the drug inside the polymeric nanoparticle. The drug

loaded inside the polymeric nanoparticles due non covalent interaction such as Wan der
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Val’s interactions, hydrogen bonding interaction, ionic interaction of the drug with the

polymers is also responsible for the high drug loading content (DLC) in the polymeric

nanoparticles*’ 4.

Cleavable HO
bond HO_HsC

Polymer backbone 0

' : Cleavable
Cleavable\. © | .~ bond
bond

Targeting moiety !

HN

Cell uptake moiety

Figure 1.10 Polymer-Drug conjugates employed for the cancer treatments (Adapted
from Mol. Pharmaceutics 2021, 18, 1196—1207).

Vahid Ahmadi and the team developed a one-step method to synthesize urethane-
activated monomers and used them to create block-copoly-peptides, particularly P(Glu-
b-NADA), with variable hydrophobic/hydrophilic ratios. Among these, a moderately
hydrophobic copolymer displayed excellent stability, high drug loading (4 wt%), and
formed 200 nm spherical nanoparticles. Loaded with m-THPP, it exhibited controlled
drug release at skin-like pH (5.5-6.5), making it a promising option for dermal drug
delivery. Cytotoxicity studies showed no harm to HaCa T and HeLa cells up to 1

mg/mL, highlighting its potential as a safe drug carrier.*’
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Figure 1.11 Synthesis of Drug loaded polypeptides nanocarrier for drug delivery in
chemotherapy. (Adapted from ACS Appl. Nano Mater. 2021, 4, 6709—6721).
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Min Qiu and the team created a nanoplatform using PEG-b-poly(a-aminopalmitic acid)
block copolymers for precise anticancer drug delivery. These copolymers, synthesized
from a-aminopalmitic acid N-carboxyanhydride (APA-NCA), self-assembled into
stable polylipopeptide micelles (Lipep-Ms). These micelles effectively loaded and
released potent anticancer drugs like DTX within cancer cells, showcasing their
potential as drug delivery vehicles>®. Polymeric nanocarriers are a promising approach
for drug delivery applications. These nanoscale systems are designed to encapsulate
and deliver therapeutic agents, such as drugs, proteins, or nucleic acids, to target sites
in a controlled and efficient manner. They can enhance drug solubility, improve
bioavailability, prolong circulation time, and provide targeted delivery, thereby
reducing side effects and increasing therapeutic efficacy. Here are some common types
of polymeric nanocarriers used for drug delivery”!>2. Polymeric nanoparticles, typically
sized between 10 nm to 500 nm, offer versatile drug delivery options and are composed
of polymers like PLGA, PEG, and chitosan. They can encapsulate both hydrophobic
and hydrophilic drugs, ensuring controlled release and drug protection. Polymeric
micelles, formed by self-assembling amphiphilic polymers in aqueous solutions,
possess a core-shell structure that can encapsulate poorly water-soluble drugs in the

hydrophobic core while maintaining stability with a hydrophilic shell.
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Figure 1.12 Polymer-based nanoparticle for drug delivery in cancer cells. (Adapted
from Mol. Pharmaceutics 2023, 20, 10, 4893—4921).

The properties of nanocarriers play a crucial role in determining the effectiveness,

safety, and performance of a drug delivery system. The design and optimization of
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nanocarrier properties are essential to ensure targeted and controlled drug delivery.
Herein, we elucidate the critical properties of nanocarriers and their consequential
effects on drug delivery systems. The size and surface area of polymeric nanocarriers
are pivotal determinants of their functionality. Nanoparticles possess impressive
surface area-to-volume ratios, thereby augmenting their drug loading capacity and their
ability to interact with target cells. Smaller nanocarriers have been found to achieve
higher drug loading, enhance drug release kinetics, and facilitate cellular uptake due to
their expanded surface area. Nevertheless, exceedingly diminutive sizes may lead to
rapid clearance from the body.”*** The charge of nanoparticles is primarily
characterized by the presence of charged functional groups on their outer shell.
Nanoparticles can bear positive, negative, or neutral charges, each bestowing unique
interactions with cell surfaces. The negatively charged outer layer of cell plasma
membranes results in distinct interactions with cationic and anionic nanoparticles.
Surface charge significantly influences how nanocarriers interact with biological
components, including cells and proteins. Positively charged nanocarriers may enhance
cellular uptake through electrostatic interactions, while negatively charged ones might
evade immune clearance and exhibit distinct biodistribution patterns. > Functional
groups on the nanocarrier's surface offer the potential for facile conjugation of targeting
ligands, therapeutic agents, or stimuli-responsive molecules. Functionalization
empowers targeted delivery to specific cells or tissues, controlled release, and
responsiveness to environmental cues. The incorporation of targeting ligands further
augments specificity, allowing for precision in drug delivery. 3"**The drug loading
capacity (DLC) of a nanoparticle refers to its ability to encapsulate drug molecules
within its core. A higher DLC translates to greater efficacy in drug delivery to the target
site. Optimizing DLC is critical for maximizing therapeutic outcomes.’**° Efficient
drug release kinetics are essential for successful drug delivery. Nanoparticles must
release their loaded drugs at the target site, either through external stimuli or triggers.
This nanotechnology-based approach ensures that the drug reaches its destination with
minimal off-target effects. Controlled release kinetics govern the duration and intensity
of drug exposure, which, in turn, affects therapeutic efficacy, minimizes side effects,
and maintains therapeutic levels over time.%!> The stability of nanocarriers is a critical
factor that impacts their shelf life, storage conditions, and performance in biological
environments. Stable nanocarriers must endure both storage conditions and circulation

in the bloodstream. Stability is paramount for preserving drug integrity during storage
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and ensuring effective drug release at the target site. Instability can result in premature
drug release or carrier degradation.®*** The properties of nanocarriers wield a profound
influence on the performance of drug delivery systems. These properties encompass
drug release, targeting, stability, and safety. A comprehensive understanding of how
these properties interact with biological systems and with each other is paramount for

designing effective and safe nanocarrier-based drug delivery systems.

1.5 Stimuli responsive polymer Nano-carrier

Stimuli-responsive polymers, often referred to as "smart" or "intelligent" polymers,
constitute a category of polymers capable of modifying their physical or chemical
characteristics in reaction to external stimuli. These polymers hold great promise in
drug delivery as they can be tailored to release drugs in a precise and controlled manner
in response to specific environmental triggers. Notably, Figure 1.13 presents examples

of such stimuli-responsive polymers designed for advanced drug delivery applications.
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Figure 1.13 Stimuli responsive drug release. (Adapted from ACS Appl. Bio
Mater. 2021, 4, 1, 140-162).

pH-sensitive polymers can change conformation or undergo degradation in response to
variations in pH levels. In the context of cancer drug delivery, these polymers can take
advantage of the lower pH environment of tumor tissues compared to healthy tissues.
Dalin Wu and colleagues have developed two types of nanoparticles (NPs) with a strong
pH-responsive capability. The first type, based on the polymer PDEAEMA, transitions
from solid to soft states across a wide pH range (pH 2.0 to 10.0). The second type,
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PDMAEMA-grafted PS NPs, exhibits pH-dependent interfacial behaviour, reducing
interfacial tension under acidic (pH < 6.0) or basic (pH > 7.0) conditions. Both NPs
efficiently serve as emulsifiers for toluene and water, enabling dynamic control of
emulsion phases by adjusting pH, promising applications in drug encapsulation and
triggered release, highlighting the significance of Pickering emulsions for stability and

the role of particle surface properties in their formation.®
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Figure 1.14 pH responsive polyester. (Adapted from Langmuir 2018, 34, 6170—6182).

Kajal Kumbhakar et al studied the interaction of solute C153 with pH-
responsive polymers in aqueous solutions differs from its interaction with neat water.
The primary factor influencing spectral characteristics and fluorescence anisotropy
decays is the preferential interaction of C153 with the hydrophobic regions of these
polymers at the polymer-water interface. Dielectric relaxation measurements reveal
water-like properties in the MHz to GHz range within these pH-responsive polymer
solutions, and no abrupt changes were observed in static and dynamic properties with
varying pH. The blue shift in C153 fluorescence emission suggests its preferential
localization at the polymer-water interface, with restricted solute rotation leading to
unique rotational behaviour. This finding supports the idea that the interface is formed
through the coiling of individual polymer chains rather than polymer aggregation,
offering potential applications in targeted drug delivery. Further investigation via THz
dielectric relaxation measurements is warranted to confirm the "bulk-like" nature of
water molecules around the surface.%®In the investigation, a team led by Yongjun Luo
devised Gold Nanorod (GNR) - DPArPEGMA nanocomposites, featured pH-
responsive adhesive properties for bacterial targeting and efficient bacterial eradication
using near-infrared (NIR) technology. GNR-DPArPEGMA displayed a negative charge

within physiological conditions but transitioned to a positive charge in sub-acidic
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microenvironments, thereby minimizing harm to surrounding tissues while enhancing
adherence to bacterial targets®’.

Temperature-sensitive polymers can undergo reversible phase transitions in
response to changes in temperature. These transitions can result in changes in polymer
solubility, swelling, or drug release. Polymers like poly(N-isopropylacrylamide)
(PNIPAAm) exhibit a lower critical solution temperature (LCST) behavior, causing
them to collapse and expel encapsulated drugs when the temperature exceeds their
LCST. Thermo-responsive polymers are similar to temperature-responsive polymers
but respond to temperature changes within a specific range. They can be designed to
release drugs when exposed to localized hyperthermic conditions, such as those induced
by external heat sources like laser irradiation. Bin Wang Synthesized hyperbranched
polymer with thermo-responsive properties, they varied the spatial distribution in the
form of two layer in the form of two layers with different amide group. The resultant
hyperbranched polymer showed different behaviour when two amide groups that is
butyramide and acetamide planted in the different layers of the hyperbranched polymer.
Molecular transition was monitored using NMR studies. As the two amide groups are
present in two different layers which resulted into different packing of the polymer, the

change in the phase of the polymer was driven the hydration and dehydration of the
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Figure 1.15 Different types of the thermo-responsive polymer. (Adapted from ACS
Appl. Polym. Mater. 2023, 5, 3181—3200).
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Wenxin Fu et al developed polyalphaolefin with UCST type thermo-responsive
type behavior polymers. The polymer was prepared from alkyl methacrylate by
employing raft polymerization, it was found that PAO with appropriate side chain
exhibit the property of thermo-responsiveness. They further demonstrated that triblock
copolymer with appropriate composition and concentration undergo thermally induced
reversible sol gel transition and the transition temperature of sol gel can be varied with
change in the composition of the polymer.® Juan L Paris et al developed ultra sound
responsive polymers that utilizes microporous silica nanoparticle as a Drug carrier for
drug delivery system. The polymer below LCST can be grafted to MPS NPs on the pore
of MSN to avoid premature drug release. When the Ultra sound was irradiated the there
is a detachment (tetrahydropyranyl) of hydrophobic and hydrophilic segment of the
polymer chain which leads to reduction in LCST of the polymer and ultimately causes
release of the loaded drug. In this case polymer acts as the nanogates. The cellular
uptake study further confirms the US responsive release of the DOX which led to killing
of the cells.”

Photo-responsive polymers can change their properties when exposed to light
of specific wavelengths. Ultraviolet (UV) or near-infrared (NIR) light can trigger
changes in polymer conformation, degradation, or drug release. This approach can
allow for on-demand drug release at specific sites using external light sources. Mathieu
L. Viger et al studied the release of the loaded payload from the polymeric nanoparticle
due to the thermally induced a phase change. The water confined in the polymer matrix
was excited with the help of IR laser of 980nm which resulted in the increase in the
temperature which subsequently causes phase change of the polymer which ultimately
release the loaded cargo. They further demonstrated proof of concept at both in vitro or

in vivo conditions.”!
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Figure 1.16 Photo-responsive polymer. (Adapted from ACS Nano 2014, 8, 5, 4815—
4826).

Chenlong Li et al developed photo-responsive amphiphilic polymer with photo-
responsive linker for the 19F MRI theranostic. The polymer self-assembled to form
nanoparticle in aqueous environment these nanoparticles were labelled for 19F to
improve the thernostic efficacy of the NPs by MRI imaging. The photo-triggered
release of the loaded cargo was monitored by the action of UV light.”? Sebastian Inacker
et al developed coumarin based the photo-responsive polymer, which undergoes
intramolecular dimerization. The polyurethanes were prepared from the coumarin
based diol; this polymer film was prepared by spin coating technique which can be
utilized for cyclo-reversion reaction induce by light. The pendant dimer can be
converted into monomer by light intense laser utilizing two photon absorption spectra’>.
Redox-responsive polymers undergo changes in response to changes in the redox
environment. For example, they can be designed to release drugs in the presence of
high concentrations of reducing agents, such as glutathione, which is abundant in
certain tumour cells. Johannes Elbert et al developed poly(vinylferrocene)s with redox
switchable properties. The ROMP was carried out on surface modified silica
nanoparticle, the pendant ferrocene group of the polymer showed the redox switchable
behavior. The nanoparticle with Polyvinylferrocene-grafted exhibited response after
chemical oxidization, deactivating surface-attached Grubbs catalysts. This system has
the potential application in the drug delivery, catalysis and sensor applications.”
Christina M. Geiselhart et al synthesized TMBQ redox responsive multifunctional
polymer using step growth polymerization. The polymer showed both redox responsive
and self-emulative behavior. This system can be further utilized for development of the

implant or nanocarrier which can show amplified release under hypoxia condition”.
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Figure 1.17 Redox-responsive polymer. (Adapted from Macromolecules 2021, 54,
1775—1782).

Enzyme sensitive polymers can be designed to degrade or undergo
conformational changes in response to the presence of specific enzymes. This can be
particularly useful for drug release in disease-specific environments where certain
enzymes are overexpressed. Assaf J. Harnoy and the team have developed six enzyme-
responsive PEG-dendron hybrids that self-assemble into micelles in water and
disassemble in the presence of specific enzymes. These micelles can encapsulate and

release hydrophobic molecules, demonstrated using Nile Red dye.
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Figure 1.18 Enzyme-responsive polymer. (Adapted from Biomacromolecules 2017, 18,
1218—1228).

Importantly, dendritic scaffolds play a pivotal role in this approach, controlling enzyme
activation through hydrophobicity. The research underscores how even minor changes
in the hydrophobic block can impact the stability of these structures against enzymatic
degradation’®. Yun Yu and colleagues have developed a method for the synthesis of
alkyne and allyl-functionalized Poly (Lactic Acid) (PLA) without requiring a
deprotection step. These functionalized PLAs are then employed in highly efficient
azide-alkyne or thiol-ene click reactions to create innovative PLA-based conjugates and
nanostructures. These materials hold promise for applications in drug and gene
delivery, with a particular emphasis on enzyme responsiveness. They designed PLA-g-

DOX-based nanoparticles with controlled high drug loading, tailored for pH and
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enzyme-triggered drug release. This research endeavours to advance drug delivery
systems, leveraging PLA-based conjugates and nanoparticles with improved
performance and targeting capabilities through the incorporation of acid-sensitive
linkages and biocompatible surfactants, ultimately enhancing their enzyme-triggered
responsiveness.”’ Xibo Xang and team have created an enzyme-responsive polymeric
supra-amphiphile by combining poly(ethylene glycol)-block-poly(acrylic acid) (PEG-
b-PAA) with myristoylcholine chloride (MCC). These polymers can self-assemble into
spherical aggregates (40-150 nm) and disassemble when exposed to
acetylcholinesterase (AChE), a natural human enzyme. This innovative material could
serve as a drug carrier, particularly for drugs regulating AChE, with potential
applications in treating neurological diseases.”®> Yuetong Kang et al have utilized
natural polymer chitosan and ATP for development of the enzyme responsive self-
assembly. The ATP molecules loads in the polymeric micelle due to the electrostatic
interaction between the positive charge on the polymer and negative charge on the ATP
molecules. This kind of the structure can be utilized for the drug delivery in
chemotherapy.””Magnetic nanoparticles can be incorporated into polymers, allowing
for triggered drug release using external magnetic fields. By applying a magnetic field,
the polymer can be heated, causing drug release or changes in its structure. 3*3'Reimen
Jauregu and colleagues developed magnetic nanoparticles (mNPs) via in-situ co-
precipitation, concurrently functionalizing them with temperature-responsive
polymers. They utilized a diblock copolymer, poly(acrylic acid)-block-poly(N-
isopropylacrylamide) (pAAc-b-pNIPAAm), where the pAAc block coordinated with
iron cations. This approach allowed for magnetic nanoparticle synthesis at room
temperature, ensuring stability and scalability. The mNPs were employed in a
temperature-responsive system for protein biomarker separation and the isolation of
extracellular vesicle subpopulations.®? Manuel Perinea Leal and team devised a method
to create magnetic thermo-responsive nanocarriers featuring multiple iron oxide
nanoparticles (IONPs) within a dual-shell structure. This design includes an inner shell
using poly(maleic anhydride-alt-1-octadecene) and an outer shell with thermo-
responsive polymers. They fine-tuned the composition to achieve adjustable phase
transition temperatures (26 to 47°C) under physiological conditions. Importantly, these
nanocarriers exhibit magnetic responsiveness, allowing for manipulation within a

microfluidic chip through thermal actuation.®®
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Figure 1.19 Magnetic-responsive polymer. (Adapted from ACS Appl. Mater. Interfaces
2018, 10, 33847—33856).

Polymers can be engineered to release drugs in response to ultrasound
stimulation. The mechanical effects of ultrasound waves can trigger drug release from
polymer carriers®**>% Pengying Wu et al synthesized Ultra sound responsive
polymeric micelle for the chemotherapy capable nan-invasive killing of the cancer
cells. The cells where incubated with micelle loaded CUR and then it was immediately
exposed to sonication for 5 min. Which resulted into increase in the vascular
permeability followed by increases in accumulation. They further studied the localized
injection of the nano-formulation followed by US treatment resulted in suppression of
the tumour in xenograft mice®’.Julein H Arrizabalaga et al developed ultra sound
responsive hydrogel for protein delivery, in this case they utilized chemistry of Diels
alder reversible reaction. The loaded bovine albumin labeled with fluorescein only can
be delivered on application of ultra sound. The chitosan biocompatible polymer was
utilized for the construction of US responsive hydrogel®®.Jing Xia et al developed
modified natural polysaccharide pullulan with ultra sound responsive linker with
hydrophobic stearic segment. This amphiphilic polymer was able to load DOX payload
undergo ultra sound triggered release which help to develop on demand therapeutics at

the target site.
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Figure 1.20 Ultrasound-responsive polymer. (Adapted from ACS Appl. Mater.
Interfaces 2018, 10, 33847—33856).

In this case P-0a-SC/DOX nanoparticle supplemented with localized ultra sound which
exhibited anti-tumour efficacy in in vivo model with minimized possibility of non-
specific target interaction®. These examples highlight the versatility of stimuli-
responsive polymers in designing drug delivery systems that respond to specific cues,
leading to improved therapeutic outcomes and reduced side effects. However, it's
important to carefully design and characterize these polymers to ensure their

effectiveness and safety in clinical applications.

1.6 Polymer from Natural resources L-Amino acid

L-amino acid-based polymers are an intriguing class of materials that hold great
potential for various biomedical applications, including drug delivery. These polymers
are derived from natural L-amino acids, which are the building blocks of proteins. They
offer biocompatibility, biodegradability, and the ability to be modified for specific drug
delivery requirements. These L amino acid based synthetic polymers were utilized by

drug delivery applications, these includes synthetic peptides and polypeptides. L amino
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acid first converted into polymerizable monomer unit which is referred as NCA. The

units undergo ROP using initiator to produce polypeptides as shown in scheme.
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Figure 1.21 Synthesis of poly L-Cysteine (Adapted from Biomacromolecules 2022, 23,
6, 2667-2684).

The utilization of ring-opening polymerization techniques involving NCA
monomers derived from L-amino acids is a well-established route for fabricating
precisely defined di- and triblock synthetic polypeptides. These polypeptides have
demonstrated a remarkable propensity for self-assembly into an array of nanostructures,
including fibrillar networks, micelles, and vesicles, which, in turn, have garnered
substantial attention in both material science and biomedical domains **2. Ifat Cohen
Erez and colleagues introduce a NP platform involving oppositely charged components:
v-PGA and cationic PFK peptides. These PoP-NPs can deliver charged molecules,
exemplified with LND. They studied core-to-shell assembly and cellular internalization
by endocytosis. They mPoP-NPs may exit endosomes and colocalize near
mitochondria, facilitating drug release. LND-loaded mPoP-NPs exhibit enhanced

toxicity.”?

Figure 1.22 Polypeptides based self-assembly (Adapted from Biomacromolecules
2015, 16, 3827—3835).

Notwithstanding their exceptional biocompatibility, concerns linger regarding
the intracellular enzymatic biodegradation of high molecular weight polypeptides,
posing challenges for their enduring utility in biomedical contexts. Over the past

decade, significant endeavors have been dedicated to formulating alternative strategies
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for generating biodegradable polymeric nanomaterials using amino acids through
diverse polymerization methodologies. This pursuit has given rise to an array of
nonpeptide polymers hailing from amino acids, encompassing Poly (a-hydroxy
)93-94

acids)”%*, poly (ester amide) s *>°7, polyurethanes®®, poly(disulfide-urea-urethane)®

and more. These versatile materials have discovered manifold applications within the
expansive realm of biomedical engineering’s of the polymer with good
biocompatibility and mechanical properties.

The poly(a-hydroxy acids) category, consists of a group of biocompatible and
biodegradable polymers, which includes poly(lactide), poly(glycolide), and
poly(lactide-coglycolide). These versatile materials have found extensive applications
in the realms of biomedicine and pharmaceuticals, encompassing resorbable sutures,
implantable devices, drug delivery systems, and tissue engineering scaffolds. >4
Functional polyesters are often synthesized from a-amino acids through processes such
as polycondensation or ring opening polymerization. In the polycondensation approach,
the amino group of a-amino acids undergoes diazotization to convert it into a hydroxyl
group, facilitating the formation of polyesters. Nonetheless, direct polycondensation

typically results in polymers with low molecular weights and poor dispersity. %>

catalyst

RING OPENING POLYMERIZATION

ACTIVATED POLYCONDENSATION

Figure 1.23 Synthesis of Poly (a-hydroxy acid) s from L amino acid (Adapted from
A.Basuetal./Advanced Drug Delivery Reviews 107 (2016) §2—96).
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In response to these challenges, Abraham J Domb and colleagues embarked on the
synthesis of a range of polyesters using hydroxy acids derived from amino acids, such
as isoleucine, leucine, phenylalanine, valine, methionine, arginine, histidine,
asparagine, and glutamine. Their methodology involved the use of p-toluenesulfonic
acid as a catalyst. Additionally, alternative approaches have been developed to produce
poly(a-hydroxy acids) with improved control and under milder reaction conditions.
These approaches encompass the cyclic dimerization of a-hydroxy acids, followed by
ring opening polymerization, resulting in poly(a-hydroxy acids) with predictable

molecular weights and well-defined chain structures.!%

Scheme 1. Synthesis of the o-Hydroxy Acids
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Scheme 2. Direct Condensation of the o-Hydroxy Acids
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Figure 1.24 Polyhydroxyl acid from [ amino acid Adapted from Macromolecules, Vol.
41, No. 20, 2008).

Poly (ester amide) s represents an emerging class of polymers characterized by
their exceptional mechanical attributes, complemented by favorable biocompatibility
and biodegradability profiles. This unique amalgamation of properties positions them
as highly sought-after materials, finding applications in biodegradable plastics for both
consumable products and the medical field alike. The synthesis of poly(ester amides)
derived from amino acids can be accomplished through two distinct methodologies: (1)
Ring-opening polymerization and (2) the polycondensation approach.

Ring-opening polymerization serves as a crucial pathway for crafting
poly(depsipeptide)s (PDPs), which are characterized as alternating copolymers

comprising an a-amino acid and an a-OH acid.
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Figure 1.25 Synthesis of Polyester amide from amino acid. (Adapted from
Biomacromolecules 2015, 16, 597—605).

In 1985, Helder and colleagues pioneered the synthesis of poly(depsipeptide)s (PDPs)
through the ring-opening polymerization of morpholine-2,5-dione (MDs). Formation
of 6-membered MDs derivatives can be achieved using three distinct methods: (i)
intramolecular transesterification of N-(a-hydroxyacyl)-a-amino acid esters, (ii)
cyclization of N-(a-haloacyl)-a-amino acid salts, and (iii) O-(a-aminoacyl)-o-
hydroxycarboxylic acids. Typically, the ring-opening polymerization of MDs is
conducted at elevated temperatures under melt conditions, employing a tin-based
catalyst known as stannous octoate (Sn(Oct)2). An alternative and effective method for
producing PDPs is the lipase-catalyzed ring opening of MDs. Chang-Xia Shi and their
research group have successfully synthesized various MDs from amino acids such as
glycine, phenylalanine, and leucine. The ring-opening polymerization of these MDs
yielded PDPs that exhibited acid-catalyzed degradation, resulting in the formation of
monomers. Moreover, copolymerization of MDs with caprolactone, glycolide, and
lactide has been explored, enabling the fine-tuning of polymer properties by adjusting
the monomer ratios''.

The synthesis of polyester amides via solution polycondensation was initially
reported by Katasarawa et al in the 1980s. This technique remains the most commonly
employed method for polyester amide synthesis due to its rapid polymerization rate and

gentle reaction conditions. The synthetic process entails polycondensation between di-
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toluene sulfonic acid salts of bis-o-(L-amino acid)-oa,® alkylene diesters and an
activated carboxylic acid. Ruano et al. synthesized an unsaturated polyester amide
comprising phenylalanine, butenediol, and fumarate, which was subsequently photo-
crosslinked to form hydrogels. These hydrogels were utilized in cell proliferation
assays, demonstrating a substantial enhancement in cellular colonization after seven
days.'” Sun et al. introduced amino acid-based poly(ester amides) via solution
polycondensation, employing di-p-toluenesulfonic acid salts of bis-L-phenylalanine
diesters (SS-Phe-2TsOH) in conjunction with di-p-nitrophenyl adipate. These
poly(ester amides) were enzymatically and reductively degradable. SS-PEA films
exhibited exceptional adhesion and proliferation properties in preliminary cell culture
studies, signifying remarkable cell compatibility. Degradation investigations of SS-
PEA films revealed swift surface degradation mediated by a-chymotrypsin and bulk
degradation in a reductive environment. Furthermore, the cytotoxicity of DOX-loaded
SS-PEA nanoparticles was evaluated in both drug-sensitive and drug-resistant MCF-7
cells, highlighting the potent cytotoxicity of these nanoparticles'®
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Figure 1.26 Polyester amide containing disulphide from tyrosine used for stimuli
responsive  drug release for drug delivery application Adapted from
Biomacromolecules 2015, 16, 597—605).

Polydisulphide urethanes are another class of the polymer, which are having two acetal
and polyurethanes as repeating units. This class of the polymer showed degradability
at two different stimuli such as enzymes and acidic pH. Poly(disulfide-urethane) s

Redox stimuli responsive polymer reported by Zhiyuan Zhong et al. Synthetic method
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of the polymer involve the development of Lysine based isocyanate monomer followed
by the polymerization with redox responsive diol under solution rout to produce desired
polymer. This class of the polymer showed formation of the nano micelle for the drug

delivery application.”

SS-BSER Lysine

Self assembly - "= - .
inwater L%

DOX-loaded reduction sensitive
PEG-AAPU(SS)-PEG micelles
Tumor cell

¥ 8y,
Swelling and partial drug releas
Figure 1.27 Poly-disulphide urethane from lysine Adapted from Polym. Chem., 2015,
6, 6001-6010).

GSH triggered micelle destabilization
and drug release

Among the stimuli responsive polymer this another class amide repeating unit
synthesized from the cystine amino acid, where the amino acid was first converted into
dimethyl ester amine part was then coupled with acid to produce polyamides with
disulphide from amino acid precursor. Polycarbonates Tyrosine based polycarbonates
are reported by Mathew L Backer et. al, They have reported it the impact of iodinated
surfaces on osteoblastcell morphological response was investigated using 2D thin films
of poly(desaminotyrosyl tyrosine ethyl ester carbonate), poly-(DTE carbonate) its

iodinated form, poly(I2-DTE carbonate),and several discrete blends.!'%*
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Figure 1.28 Structure of polycarbonates for tyrosine Adapted from
Biomacromolecules, Vol. 10, No. 9, 2009).

In this class of the polymers shown by Chih-Chang Chu et al, they have successfully
demonstrated that these class of the polymer are biocompatible and can be utilised for
drug delivery in cancer treatments.Enzyme-catalyzed strategy was also reported for the

synthesis of polyesters and very recently the process was improved to make high

molecular weight helical chiral polyesters. '%°
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Figure 1.29 Structure of linear and branched poly (ester urea urethane) Adapted from
J. Biomed. Mater. Res. Part A 2017, 105, 475-490.
https://doi.org/https://doi.org/10.1002/jbm.a.35924).
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Chapter 1

Melt Polycondensation from Our lab

The solvent-free, non-isocyanate, melt trans-urethane polycondensation method
for the synthesis of aliphatic polyurethanes has been pioneered in our laboratory led by
Deepa et al in our lab. This approach involves the conversion of diamines into
dicarbamate monomers, which are subsequently utilized in a melt polymerization
process with various diols. This process is facilitated by a titanium catalyst, resulting in
the production of high molecular weight polyurethanes!?'%®. An extension of this
polycondensation technique was accomplished by Ananthraj et al., who adapted it for
amino acids, enabling the synthesis of poly(ester urethane)s. In this modified process,
amino acids are converted into monomers with ester and urethane functional groups.
To achieve this, amino acids undergo initial reactions with thionyl chloride and
methanol, yielding amino acid methyl ester hydrochloride salt. Subsequently, this salt

is reacted with methyl chloroformate to generate amino acid-based dual ester urethane

monomers, as depicted in Figure 1.30 %8,
R X T 0O R
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Figure 1.30 Synthesis of the dual ester urethanes monomer from L amino acid for melt
polycondensation route (Adapted from Biomacromolecules 2012, 13, 2446—2455)

The melt polymerization of equimolar quantities of amino acid monomer and
commercially available diol is carried out in a two-step process. Initially, the monomers
undergo a reaction at 150°C under nitrogen conditions, using a 1 mol % catalyst. In the

final step, the oligomeric melt is subjected to high vacuum treatment (0.01 mm Hg) to
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produce polyester urethanes. Further purification of the polymers involves precipitation

in methanol, resulting in the isolation of white fibrous poly(esterurethane)s.

Melt
Catalyst

Amino acids R
(Biological Monomers) Speciality Monomer

Amino-acid Polymers

New Dual Ester-Urethane Condensation Chemistry

Figure 1.31 Synthesis of poly(ester-urethane) s from L amino acid using melt
polycondensation.

The confirmation of the polycondensation reaction is established through NMR
analysis, involving a comparison of the integration of end groups with the newly formed
ester and urethane peaks in relation to the end group of the polymer chains. To explore
the reactivity of the amino acid monomer, variations are made at the carbonyl carbon,
including methyl, ethyl, and t-butyl groups. It is observed that increased steric
hindrance at the carbonyl carbon leads to decreased reactivity, resulting in the
production of low molecular weight polymers'®. The reactivity of the two distinct
carbonyl carbons within the amino acid monomer, specifically the ester and urethane
functionalities, is investigated to understand the temperature-dependent selectivity
during polycondensation. Experimental results demonstrate that at 120°C, the ester
linkage undergoes an exchange reaction while the urethane linkage remains unreactive
at this temperature. However, at 150°C, both the ester and urethane bonds exhibit
exchange reactions. Figure 1.32 provides a visual representation of the mechanism

underlying this thermo-selective reaction.

(a) Metal salts catalyzed Reactions (b) Transition metal catalyzed reactions
O New-esterlinkage New-urethane linkage
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Figure 1.32 Mechanism of the melt polycondensation by transition metal catalyst.
(Adapted from JOURNAL OF POLYMER SCIENCE, PART A: POLYMER
CHEMISTRY 2016, 54, 1065-1077)
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In a molten state, the hydroxyl group (R-OH) interacts with Ti(OBu)4, forming an active
complex denoted as Ti-OR. This complex then initiates the attack on the carbonyl
carbon via a four-membered transition state during the exchange reaction. In the case
of the urethane linkage, the lone pair situated on the nitrogen atom interacts more
effectively with the n* orbital of the carbonyl carbon, making it less electrophilic. DFT
calculations support this observation, revealing a higher electron density on the
carbonyl carbon of the urethane compared to the ester. At higher temperatures, active
rotation within the N-C=0O bond hinders the efficient interaction between the filled p
orbital and the vacant m* orbital, leading to increased reactivity and facilitating
exchange reactions at elevated temperatures!!’. The influence of catalysts on the
polycondensation reaction is assessed by thoroughly examining a wide range of
catalysts. These catalysts represent diverse categories, including metal catalysts like
alkali and alkali-earth metals, transition metals, as well as various lanthanide
compounds ''°. The exploration of melt polycondensation chemistry further extends to
the development of redox-responsive polyesters utilizing L-cystine as a precursor. In
this process, the acid functional groups in the cystine amino acid are transformed into
methyl esters, while the amine group is protected as a Boc urethane. Exploiting the
distinct thermo-sensitivity of ester and urethane groups, this property is harnessed to
create linear polyesters. At a temperature of 120°C, only the ester functionality
undergoes an exchange reaction, leaving the Boc urethane group unaffected. This

selective reactivity leads to the formation of a streamlined polyester containing

disulfide linkages''!.
Cationic Disulfide Polyester Nanopartide

Ty
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Figure 1.33 development of the L-Cystine based redox responsive polyester by melt
polycondensation (Adapted from JOURNAL OF POLYMER SCIENCE, PART A:
POLYMER CHEMISTRY 2016, 54, 2864—2875).
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Subsequent post-polymerization deprotection of the Boc urethane moiety results in a
cationic polymer that self-assembles in aqueous solvents, forming charged
nanoparticles. To evaluate its responsiveness to reduction, polymer degradation studies
are conducted in the presence of DTT (dithiothreitol). Samples are collected at various
time intervals and subjected to both SEC (Size Exclusion chromatography) and NMR
(nuclear magnetic resonance) analyses. The results from GPC and NMR analyses

confirm the complete cleavage of the disulfide bond within the polymer, leading to the

111

formation of monomeric units Dr. Rajendra expanded the application of melt

polycondensation to multifunctional amino acids, including D and L-Serine, L-

Threonine, and L-Tyrosine, to facilitate the synthesis of diverse linear and

hyperbranched polyester and poly(esterurethane)s'!2.
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Figure 1.34 Synthesis of linear or hyperbranched polymer from serine amino acid by
melt polycondensation (Adapted from Biomacromolecules 2017, 18, 189—200.)

To achieve this, a novel strategy is employed that takes advantage of the varying
reactivity of ester and urethane groups. This approach allows for the production of both
linear and hyperbranched polymers from serine and threonine within a single reaction
vessel based on temperature. In this process, serine and threonine are converted into
specialized ABB’-type ester urethane monomers, where A represents the hydroxy
group, B denotes the ester group, and B’ signifies the urethane group. Subsequent melt
polymerization at 120°C ensures that the ester group exclusively reacts with the -OH

group, resulting in the formation of linear polyesters. With a further increase in
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temperature, no significant difference in reactivity between the ester and urethane

groups emerge, leading to the creation of hyperbranched polyester urethanes!'?.
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Figure 1.35 Synthetic scheme of the poly(ester-urethane)s from L Tyrosine by melt
condensation approach (Adapted from Biomacromolecules 2017, 18, 189—200.)

Novel enzyme-responsive amphiphilic poly(ester-urethane) nanocarriers based on L-
tyrosine are meticulously engineered to serve as versatile drug delivery vehicles
targeting cancer cells. The strategy involves the conjugation of the phenolic —OH group
of L-tyrosine ester urethane monomers with alkyl halides of varying chain lengths.
These modified monomers are subsequently subjected to polymerization alongside
polyethylene glycol diols (PEG 400, PEG 600), resulting in the creation of L-tyrosine-
derived amphiphilic polyester urethanes'!®. In these structures, the aliphatic side chain
serves as the hydrophobic component, while the primary chain composed of
polyethylene glycol exhibits hydrophilic properties. The synthetic pathway for both
monomer and polymer synthesis is illustrated in Figure 1.35. Depending on the length
of the alkyl chain, polymers incorporating a C16 alkyl side chain and PEG 400 as the
main chain display well-defined amphiphilicity. These polymers are capable of self-
assembly in aqueous solvents, forming core-shell nanoparticles with an approximate
size of 200 nm '3, In another system, multifunctional amphiphilic poly(ester-urethane)
nanoassemblies are meticulously designed for drug delivery applications in cancer
cells. This approach hinges on anchoring the phenolic —OH group of L-tyrosine
polyester urethane to PEG 350 monomethyl ether, followed by polymerization with
various aliphatic and cyclic aliphatic diols. The diols encompass a spectrum ranging

from 1,4-cyclohexanedimethanol and 1,6-hexanediol, 1,8-octanediol, 1,10-decanediol,
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and 1,12-dodecanediol, thus facilitating the modulation of the hydrophilic and
hydrophobic balance.
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Figure 1.36 Synthetic scheme of the poly(ester-urethane) s from L Tyrosine by melt
condensation approach (Adapted from Biomacromolecules 2018, 19, 2166—2181)

Notably, polymers derived from 1,12-dodecanediol exhibit the desired amphiphilicity,
further demonstrating thermoresponsive behavior at a concentration of 3 mg/ml. The
investigation into the lower solution critical temperature (LCST) involves transmittance
studies, revealing LCST temperatures spanning from 32°C to 50°C, contingent upon
the specific diol length '"*. The development of multifunctional L-tyrosine-based
nanocarriers, responsive to a spectrum of stimuli, is meticulously orchestrated through
the optimization of their amphiphilic properties. These innovatively designed poly(ester
urethane) structures exhibit a remarkable capacity for self-assembly in aqueous
solutions, yielding nanoparticles with a diameter of approximately 200 nm. These
nanoparticles possess the unique capability to encapsulate two distinct anticancer drugs,
namely doxorubicin and camptothecin. To assess their thermoresponsive attributes, an
extensive examination is conducted, involving variable-temperature transmittance
studies!'®. In later studies by Sonashree et al., innovative enzyme and pH-responsive
polyester nanocarriers are developed, leveraging the principles of melt
polycondensation chemistry and utilizing L-aspartic acid as the foundational building
block. To engineer multifunctionality, L-aspartic acid undergoes a transformative
process, converting its acid and amine groups into methyl ester and Boc urethane
functionalities, respectively. The resulting multifunctional monomer is then subjected
to thermoselective copolymerization, alongside triethylene glycol and dodecanediol,

leading to the synthesis of a diverse array of amphiphilic copolymers'!'

46



Chapter 1

i Enzymatic
W cleavage

% Endocytosis
94,,3\_/ Specialty Monomer @ :> Vo

Thermo-selective
HO-R-OH ﬂ Polymerization Nanoparticle

; D Qo
= rug 8}

A

o "S"So T segment a0 O e g \—\pHD:sassemb/y

i o o o nd
/‘J\/\ﬂ/ \/</\)~<\/ WQM 1: (DH\ Omes
o \ 0 (IN__DO ™ 0~s5)
{ [ ) Muhti-dru /%,
\ ] gs by S/ngle
Enzyme:cleavable / O‘Tf’ Polymer Scaffold
St CUR

pH responsive source

pH and Enzyme Dual Responsive Biodegradable Polyester Dual Action: Imaging & Therapeutics

o <
H l_\ Hydrophobic Hydrophilic Segment

Figure 1.37 pH responsive polymer for drug delivery and anticancer applications
(Adapted from JOURNAL OF POLYMER SCIENCE, PART A: POLYMER
CHEMISTRY 2016, 54, 3279-3293).

These amphiphilic polymers exhibit a propensity to self-assemble into core-
shell-type nanoparticles upon introduction to aqueous environments. Remarkably, these
nanoparticles display the capacity to encapsulate multiple anticancer drugs, including
Topotecan, Doxorubicin, and Curcumin. The innate enzymatic and pH-dependent
biodegradability of these polymer nanoparticles is attributed to their polyester backbone
and the presence of Boc urethane pendant groups. Furthermore, thorough investigations
are conducted to evaluate the cellular uptake and cytotoxicity of these polymer
nanoparticles, employing cervical cancer cell lines (HeLa) and breast cancer cell lines
(MCF-7). The findings underscore the nanoparticles' remarkable ability to deliver drugs
intracellularly, resulting in a pronounced cytotoxic effect!!. The L-aspartic acid-based
monomer is subjected to copolymerization with triethylene glycol, dodecane diol, and
oligo-phenylenevinylene (OPV) diol via melt polymerization, yielding a class of
amphiphilic polymers tagged with a fluorophore. These amphiphilic polymers exhibit
self-assembly behavior facilitated by n-m stacking interactions in aqueous solvents,
resulting in the formation of blue luminescent nanoparticles with a size of
approximately 200 nm. Within these OPV-tagged nanoparticles, a fluorescent drug, nile
red, is physically encapsulated, establishing a FRET pair where OPV fluorophores

serve as FRET donors and nile red acts as FRET acceptors!!'®
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Figure 1.38 Fluorescent polyester for bioimaging in cancer cells (Adapted from
Biomacromolecules 2017, 18, 2594—2609.)

The synthesis of hydroxyl-functionalized polyesters is accomplished utilizing L-
aspartic acid as the precursor. A novel multifunctional monomer derived from L-
aspartic acid is engineered, incorporating an acetal protecting group and dicarboxylic
esters within its structure. This aspartic acid-based monomer undergoes
transesterification with various commercially available aliphatic diols, resulting in the
production of acetal-functionalized polyesters, all conducted under melt conditions.
Subsequent to synthesis, acid-catalyzed deprotection procedures are executed on the
acetal polymer, yielding hydroxyl-functionalized polymers characterized by a
dihydroxyl functionality in each repeat unit'!”. These novel hydroxyls functionalized
polyester was used for nano-assemblies which were utilized for drug delivery in cancer

cells. The melt polycondensation strategy adopted
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Figure 1.39 Hydroxyl functionalized polyester for drug delivery in cancer therapy.
(Adapted from Biomacromolecules 2020, 21, 171—187).
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Dheeraj et al and developed polyurethanes from L- Lysine. Were the L-Lysine basing
Di urethane monomer was designed the two-amine group was converted to urethanes
and acid part was converted into amide. These monomers were polymerized by melt

polycondensation strategy at 150 C to produce new class of the polyurethanes'®.
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Figure 1.40 Synthesis of L-Lysin based polyurethane using melt polycondensation
strategy. (Adapted from ACS Appl. Polym. Mater. 2019, 1, 1866—1880)

Using this approach, they synthesized the amphiphilic polyurethanes which are capable
to form polymeric nanoparticle in aqueous environment and loaded DOX drug. The
polymer found to be thermo-responsive to assess their thermo-responsive attributes, an
extensive examination was conducted, involving variable-temperature transmittance
studies. The results unveiled a transformative behavior within the polymer's aqueous
solutions, transitioning from transparency to turbidity at a critical temperature, denoted
as LCST (Lower Critical Solution Temperature), specifically at 40—42 °C% The
amphiphilic polyurethanes found to be biocompatible with both normal and cancerous
cell lines with nanoparticle capable of delivery of the drug in the cancer cells. Thermo-

responsive ness of the polymer nano-assemblies loaded with DOX was studied to study
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Figure 1.41 Thermo-responsive release of DOX from the nanoparticle. (Adapted from
ACS Appl. Polym. Mater. 2019, 1, 1866—1880).
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the drug release kinetics of the polymer at or above LCST by dialysis method as shown
in the Figure 1.41. In another paper Dheeraj et al developed Phenol and catechol
functionalized poly(ester urethane)s using Tyrosine and L-Dopa amino acid. In this
work they have clearly demonstrate the role of the pi-pi stacking and hydrogen bonding
in stabilization of the loaded cargo inside the polymeric nanoparticle.!'®

1.10. Aim of the thesis:

This thesis work aimed to design and develop an amide-functionalized polyester
platform based on L-amino acids, with a specific focus on L-aspartic acid. The goal
was to explore the lysosomal enzymatic biodegradation aspects of these polymers for
the targeted delivery of anticancer drugs in cancer cells. The approach involved the
careful design and synthesis of diester monomers with different amide-side chain
functionalization, encompassing aromatic, aliphatic, and bio-source pendant units.
These tailor-made monomers were then subjected to solvent-free melt
polycondensation, resulting in high molecular weight polyesters with tunable thermal
properties. The resulting amphiphilic polyester exhibited self-assembly capabilities,
forming spherical nanoparticles with an average size of 140+10 nm in aqueous media.
Notably, these nanoparticles displayed a lower critical solution temperature (LCST) at
40-42°C. The amphiphilic polyester nanoparticles demonstrated exceptional
encapsulation properties, accommodating a range of compounds, including the
anticancer drug doxorubicin (DOX), the anti-inflammatory drug curcumin (CUR), as
well as biomarkers like Rose Bengal (RB) and 8-hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt (HPTS). Importantly, the polyester nanoparticles exhibited stability
under extracellular conditions but underwent enzymatic degradation when exposed to
horse liver esterase enzyme in phosphate-buffered saline (PBS). Temperature-
dependent cellular uptake studies provided further insights, confirming the energy-
dependent endocytosis of polymer nanoparticles across cellular membranes. This was
directly evidenced by time-dependent cellular uptake analysis using confocal laser
scanning microscopy (CLSM), which demonstrated the endocytosis of DOX-loaded
polymer nanoparticles and their subsequent internalization for biodegradation.
Furthermore, the thesis work involved the development of hydroxyl-functionalized
polyesters tagged with a TPE fluorophore to investigate real-time drug delivery aspects.
These polyesters were designed with the fluorophore both as the main chain and as a

side chain to explore the impact of polymer topology on drug loading and delivery
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capabilities. Photophysical characterizations of the nanoparticles were carried out using
absorbance and emission spectroscopy, as well as time-correlated single-photon
counting (TCSPC) to establish a Forster resonance energy transfer (FRET) probe. The
research demonstrated efficient energy transfer from the TPE molecule to
RB/RhB/DOX within the hydrophobic nanocavities of the nanoparticles, confirmed by
various parameters such as donor-acceptor distance and FRET efficiency. The
polyester-based FRET probes exhibited enzyme-responsive behaviour, supported by
the enzyme-triggered release of DOX. The study extended to the development of L-
aspartic acid-based cationic polyesters with potential applications in antibacterial
contexts. These cationic polyesters were designed through a thermo-selective melt
polycondensation approach, employing a protection-deprotection strategy. They were
characterized for their structural and thermal properties. Upon becoming cationic, these
polymers became water-soluble and formed polymer nanoparticles. Zeta potential
studies revealed positive zeta potential values, a desirable characteristic for
antibacterial polymers. Antibacterial assessments were conducted through colony
suspension and disc diffusion methods, indicating that the polymers exhibited
antibacterial activity against gram-negative E. Coli cells at a concentration of 0.8
mg/mL. In summary, this work underscores the importance of biodegradable polymers
in the field of biomedicine, with a specific focus on the contributions of L-aspartic acid-
based polymer systems. The work presented here demonstrates the versatility and
potential applications of these innovative polymers, ranging from drug delivery to
antibacterial agents, and highlights the opportunities they offer in the realm of

biomedical research.
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Chapter 2

Abstract

Aliphatic polyesters are intrinsically enzymatic-biodegradable and they have
found ever-increasing demand for safe and smart next generation biomaterial
application including drug delivery nano-vectors in cancer research. Bioresources
based biodegradable polyesters is one of the elegant strategies to cater this requirement;
here, we report L-amino acid-based amide-functionalized polyester platform and
explore their lysosomal enzymatic-biodegradation aspects to administrate anticancer
drugs in cancer cells. L-Aspartic acid was chosen and different amide-side chain
functionalized di-ester monomers were tailor-made having aromatic, aliphatic and bio-
source pendant units. Under solvent-free melt polycondensation methodology
developed from our laboratory; these new monomers underwent polymerization to
yield high molecular weight polyesters with tuneable thermal properties. PEGlated L-
aspartic monomer was designed and thermo-responsive amphiphilic polyester was
synthesized. This amphiphilic polyester was self-assembled into 140 + 10 nm sized
spherical nanoparticle in aqueous medium which exhibited lower critical solution
temperature (LCST) at 40-42 °C. The polyester nano-assemblies showed excellent
encapsulation capabilities for anticancer drug doxorubicin (DOX), anti-inflammatory
drug curcumin (CUR), biomarkers such as Rose Bengal (RB), and 8-hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt (HPTS), etc. The amphiphilic polyester NP was
found to be very stable under extracellular conditions and underwent degradation upon
exposure to lysosomal enzyme-horse liver esterase in PBS at 37 °C to release 90 % of
the loaded cargoes. Cytotoxicity studies in breast cancer MCF 7 and wild-type mouse
embryonic fibroblasts (WT MEFs) cell lines revealed that the amphiphilic polyester
was non-toxic cell lines up to 100 pg/mL while their drug loaded polyester nanoparticle
were able to inhibit the cancerous cell growth. Temperature dependent-cellular uptake
studies further confirmed the energy dependent endocytosis of polymer nanoparticles
across the cellular membranes. Confocal laser scanning microscopy (CSLM) assisted
time-dependent cellular uptake analysis directly evident for the of DOX loaded polymer
NP endocytosis and their internalization for biodegradation. In a nut shell, the present
investigation opens up new avenue for the L-amino acid based biodegradable polyesters
from L-aspartic acids, and the proof-of-concept is demonstrated for drug delivery in
cancer cell line.
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2.1 Introduction

Biodegradable polymers are emerging as important components in the construction of
nano-scaffolds for tissue engineering?, bone-repair?, delivery vehicles for therapeutics
drugs and genes in cancer treatment®“and many other diverse biomedical applications.®
Among various chemical linkages that are readily susceptible to biodegradation under
physiological conditions, aliphatic polyesters are very special due to their unique ability
to degrade by lysosomal enzyme-stimuli at the intracellular compartments®’®,
Aliphatic polyesters are typically synthesized either by ring opening polymerization
(ROP) of cyclic monomers®!° or direct polycondensation of dicarboxylic acids and
diols'**2, ROP strategy has been used industrially for the production of
polycaprolactone (PCL)**15 poly(L-lactic acid) and poly(p,.-lactic-co-glycolic acid),

and for the synthesis of di- and tri-block copolymers in the laboratory scale!®’.
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Scheme 2.1 Synthesis of the polyester from Ring Opening polymerization strategy.

Last one-decade, significant efforts has been taken to enhance the hydrolytic
and environmental stability of the PLLA,® and also to overcome the slow enzymatic-
biodegradation of PCL chains by various side chain functionalization'® for drug
delivery in cancer®®?'?2 and antimicrobial agents?®?*, On the contrary,
polycondensation approach for aliphatic polyesters has been noticed with limited
success in commercial exploration due to poor mechanical properties, low molecular
weights, limited enzymatic- or microbial assisted biodegradation, etc?. 1,4-

Cyclohexane dicarboxylic acid (from DuPont)?®, sebasic acid?’, adipic acid?® and
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succinic acid?®® based aliphatic polyesters are some of the important examples for

polycondensation approach.
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Scheme 2.2 Synthesis of the polyester from Polycondensation Strategy from levulinic
acid-based monomer with different diols. (Adapted from Green Chem., 2021, 23, 5706—
5723).

Recently, bio-based carboxylic acids such as vanillic acid®,levulinic acid®,
azelaic acid®, sulfur-containing dicarboxylic acids®**** and bio-based diols such as D-
mannitol*>*, (R)-1,3-butanediol?®, isosorbide®"8, camphor-derived diol*°, and plant
0ils* were explored to make fully aliphatic or aliphatic-aromatic hybrid polyesters. In
general, majority of the efforts in the bio-derived aliphatic polyesters are focused to
primarily study their thermal and mechanical properties to establish structure-property
relationships; and very rarely their biomedical application has been explored. This is
partially associated with the lacking of solubility or dispersibility of the bio-derived
polyesters in water or aqueous medium which is essential requirement for their
application in biosystems. Therefore, new efforts are required to trace bio-derived
monomers for aliphatic polyesters and preferably employ solvent-free

polycondensation strategy for their long-term impact in biomedical industry.
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Scheme 2.3 Synthesis of poly L-Cysteine (Adapted from Biomacromolecules 2022, 23,
6, 2667—-2684).
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L-Amino acids are natural bio-derived monomers associated with significant
structural-diversity to cater the design and development of biodegradable
polymers.>*42 ROP of N-carboxylic anhydride monomers is one of the most studied
synthetic strategy to build a-helical*3#44°> and B-sheet polypeptides*®*’ and their block

copolymers.
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Figure 2.1 Acid-degradable PEG-PAU-PEG Triblock Copolymer Micelles for pH-
Triggered Intracellular DOX Delivery (Adopted Biomacromolecules, 2015, 16, 2228-
2236).

L-Amino acids were converted into a-hydroxy acids and their cyclic monomers
were subjected to ROP to produce poly(a-hydroxy acid)s*®4°. Polycondensation
strategy has been reported to build non-peptide polymer analogues from L-amino acid
resources such as poly(ester-amide)s®®°152%3  poly(acetal-urethane)s>*, poly(disulfide-
urethane)s®®, poly(disulfide amide)s®®, polycarbonates®” %85 and poly(ester-urea-
urethanes)®?, etc. Enzyme-catalyzed strategy was also reported for the polyesters®263
and very recently the process was improved to make high molecular weight helical
chiral polyesters®4. We have introduced solvent free melt polycondensation strategy for
L-amino acid-based monomers to make new classes of non-peptide polymers such as

poly(ester-urethane)s®®®%57 and polyurethanes®®, etc. These polymers were also suitably
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modified into pH and enzyme®, thermo-responsive’, redox-responsive’ nano-
assembles. L-amino acid-based polymers were also chemically conjugated with

fluorophores to build intracellular-responsive FRET bioprobes in cancer research.’>"
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Figure 2.2 Polyester based FRET probe for drug delivery and bioimaging (Adopted
ACS Appl. Bio Mater. 2019, 2, 12, 5245-5262).

L-Aspartic, L-glutamic acid and L-serine were tailor-made into Boc-protected
or acetal-protected diester monomers and they were subjected to thermo-selective melt
transesterification to make linear and hyperbranched polymers’®"75, The linear
polymers were subjected to post-polymerization de-protection to yield amine-
functionalized’ or hydroxyl functionalized polyesters. " It is understandable from the
above discussions that bio-derived functional monomers and polymers are highly
relevant to replace the existing petroleum-based polymer products in domestic and
biomedical applications. Further, more than 50 % of the current prodrug market is based
on enzymatically-biodegradable aliphatic ester chemical linkages’®; and therefore, new
synthetic efforts for the development of L-amino acid based aliphatic polyesters is
highly relevant and urgently required. Our efforts emphasized that solvent-free melt
polymerization strategy to L-amino acid-based monomers have huge potential and the
strategy is not just limited to few monomer designs. Here, we report design and

development of new classes of amide-functionalized aliphatic polyesters and expand
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the scope of synthesis to accomplish one of the first examples of thermo- and enzyme
dual-responsive amphiphilic polyesters for drug delivery in cancer research. Large
number of monomers based on L-aspartic acid were tailor-made and new aliphatic
polyesters were made for tunable thermal properties. Amphiphilic polymer nano-
scaffold was successfully encapsulated with anticancer drugs or biomarkers, and
potential of these new classes of biodegradable polyesters in drug delivery in breast

cancer cell lines as shown in Figure 2.3

Q: Aryl (or) Aliphatic —> | ‘ | ‘
CHy T o CisHyy
H\
o N === . r :
p 5

H
o "o

CH,
& o :
I ocH, SN
I " H;CO
o

O NH,

H OH , . . L
HO)‘\A"/ ) PEG-Chain : )

L-Aspartic acid O

H " N
N o "N o
(Bioresource) ’—l o '! o [ H 3 k —_
) OCH,
> HJCO)K/\H/ 3 » \/\b/)/\\/ t In water
o

: g :
Enzymatic-biodegradable

Amphiphilic Polyester Based on L-Amino acid

Cancer Cells

L-Amino acid Based Biodegradable Aliphatic Polyester Nanoparticle Platform for Drug Delivery in Cancer

Figure 2.3 Development of amide-functionalized aliphatic polyesters from L-aspartic acid by
solvent-free melt polycondensation strategy and its enzyme-responsive drug delivery in cancer
cells.

The present study deals with the designing and developing of amide-substituted
aliphatic polyesters from L-aspartic acid and explore their enzyme-responsive drug
delivery aspects in cancer research. For this purpose, the carboxylic acid groups of L-
aspartic acid were converted to dimethyl-ester and the amine was masked as amide by
using aryl or aliphatic carboxylic acids. The monomers were polymerised with diol to
produce high molecular weight polyesters and their molecular weight and thermal
properties were studied in detail. Polyethylene glycol 350 monomethyl ether was
anchored in the L-aspartic acid to make PEGlated monomer which yielded side chain
amphiphilic polyester for producing self-assembled nano-particles. The polymer
nanoparticles were found to be thermo-responsive. The water insoluble drug and dyes
such as doxorubicin, curcumin, Rose Bengal, 8-hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt were loaded in hydrophobic core of micellar nanoparticles. The aliphatic
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polyester backbone underwent lysosomal enzymatic-biodegradation to release the
drugs or dye under physiological conditions. Cytotoxicity profiles revealed high
biocompatibility the polymers and non-toxic towards both cancerous (MCF 7) as well
as non- cancerous cell lines (WT MEF) while their drug loaded polymer NPs were
found to be effective in inhibiting the growth of cancer cells. Temperature and time-
dependent confocal microscopic studies were done to study their cellular uptake in

cancer cell lines.

2.2 Experimental Section
2.2.1 Materials and Methods

L-Aspartic acid, acetic anhydride, benzoic acid, 4-hydroxybenzoic acid, 2-naphthoic
acid, toluic acid, tertbutyl benzoic acid, adamantane acetic acid, polyethylene glycol
(PEG-350) monomethyl ether, 3-pentadecyl phenol, stearic acid, 1,12 dodecandiol,
Polyethylene glycol (PEG-400), pyrene, titanium (IV) butoxide (Ti(OBu)s), tin(ll)
octoate (Sn(Oct).), dibutyltin dilaurate (DBTDL) , cadmium (I1) acetate ( Cd(OAc)z2) ,
zinc(Il) acetate (Zn(OAcz)), lanthanum(lll) chloride, Horse liver esterase enzyme,
tetrazolium salt, 3-(4, 5 dimethylthiazolyl)-2,5 diphenyltetrazolium bromide (MTT),
dimethyl sulphoxide (DMSO), 4',6-diamidino-2-phenylindole (DAPI), doxorubicin
hydrochloride (DOX. HCI), 4 % paraformaldehyde, rose bengal (RB), and curcumin
(CUR) were purchased from Sigma-Aldrich. Many other reagents, solvent and salts
were purchased from local market and used without further purification. The human
breast cancer cell (MCF 7) and Wild type mouse embryonic fibroblast (WT MEF) were
maintained on complete media in an incubator supplied with CO2and Oz about 5% and
1% respectively.

2.2.2 General Procedures

The structures of monomers and polymers were characterised by using 400 MHz JEOL
and 400 MHz Brucker NMR spectrophotometers. Chemical shifts are reported in terms
of o units, which is expressed in ppm, the deuterated chloroform was used as internal
standard the residual proton peak appears at 7.26 ppm. The molecular weight of
monomers and compounds of intermediate step were analysed using HRMS-ESI-Q-
time of flight LCMS and Applied Biosystems 4800 PLUS MALDI TOF. The
monomers, intermediates and the polymers were characterised by Fourier transform

infrared spectroscopy (ATR-FTIR) using Bruker alphaT Fourier transform infrared
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spectrophotometer. The molecular weights and polydispersity index (PDI) of polyester
was analysed using size exclusion chromatography (SEC) analysis. The concentration
of polymer sample was kept as 5mg/mL in HPLC Grade THF. 100 pl of sample was
injected. GPC was performed using THF as eluent and The SEC column were calibrated
using narrow disperse polystyrene from molecular weight range 1k to 100k. SEC
analysis was performed with system equipped with an isocratic pump (Viscotek VE
1122 pump) and a differential refractometer (DRI) detector (Viscotek VE 3580 RI). For
SEC with THF as the eluent, separations were performed using serially connected size
exclusion columns (two T6000M, General Mixed Organic 8 x 300 mm, from Viscotek)
at 25 °C using 1.0 mL/min flow rate, and molecular weights were determined from the
calibration curve generated from narrow polystyrene standards. TA Q20 Differential
Scanning Calorimeter and PerkinElmer thermal analyser were used for the analysis of
thermal decomposition and thermal phase transitions (Tg, Tm and T¢) at 10 °C/min under
nitrogen atmosphere as reported earlier®. The size of polymeric nano particle was
determined using dynamic light scattering technique (DLS). Nano ZS-90 apparatus
from Malvern Instruments was used. The concentration of polymeric Nanoparticle
sample was maintained as 0.1mg/mL. The instrument works on the principle of light
scattering of laser of 633nm. The polymeric nanoparticles in Brownian motion scatter
light. The detector is placed in 90° angle to record fluctuations in scattered light
collected and the instrument generates autocorrelation function [g? ()] using which
Diffusion coefficient was obtained using cumulant method. Instrument utilizes stock
Einstein method to calculate the diameter of nanoparticle. Absorbance and
Fluorescence Studies was carried out for Drug/Dye loaded nanoparticle. A PerkinElmer
Lambda 45 UV-—vis spectrophotometer was utilised for the absorption studies.
Emission and Excitation spectra was recorded on a SPEX Fluorolog HORIBA JOBIN
VYON fluorescence spectrophotometer. This instrument utilises 450 W Xe lamp as the
source of excitation at room temperature. The morphology of polymeric nanoparticle
was analysed by microscopic techniques. FESEM samples were prepared taking
0.1mg/mL concentration of nanoparticle which was drop casted on silicon wafer.
Samples were subjected to gold coating. The gold coated layer protects sample from
high voltage and make it conducting. FESEM analysis was done using Zeiss Ultra Plus
scanning electron microscope. The morphology of polymeric nanoparticle was further
confirmed TEM. The samples were drop casted on Formvar-coated copper grid.

Samples were stained using uranyl acetate. The TEM Images were acquired using a

71



Chapter 2

Technai-300 instrument. The Concentration of formazan was determined by taking
absorbance readings at 570 nm at a Varioskan FLASH instrument. The polymeric
nanoparticle samples were lyophilize using A Christ Alpha 1-2 LD plus. The cellular
uptake studies were carried out using live cells and fixed cell experiments. The cells
were imaged using LSM710 confocal microscope which utilizes 405, 488, and 561 nm
lasers. 63X Oil immersion lens was used.

2.2.3 Synthesis of Dimethyl benzoyl-L-aspartate (M1)

L-Aspartic acid (10.0 g, 0.07 mol) was immersed in methanol (100.0 mL) and kept at
0 °C. Thionyl chloride (21.0 mL, 34.5 g, 0.29 mol) was added dropwise at 0 °C. under
the atmosphere of nitrogen and then the reaction mixture was brought to 25 °C and
stirred for 30 min. The reaction mixture was subjected to reflux at 70 °C for 6 h under
nitrogen atmosphere. Excess of thionyl chloride and methanol were removed by
distillation and the residue was washed with diethyl ether to get white solid product.
Yield =14.5 g (98%). The resultant dimethyl ester-L-aspartic acid aminium salt
(compound-1) was directly used without further purification. Compound -1 (10.0 g,
0.05 mol) was dissolved in dry dichloromethane (100.0 mL) with triethylamine (14.0
mL, 10.2g, 0.10 mol). Benzoyl chloride (5.3mL, 6.3 g, 0.04 mol) was added dropwise
under nitrogen condition at 0 °C. The reaction mixture was allowed to warm to 25 °C
and stirred for 6 h. The dichloromethane was removed by rotary evaporator and the
product was extracted in ethyl acetate. The organic layer was dried over anhy. Na>SO4
and the solvent was removed by rotary evaporator to obtain solid product. It was further
purified silica-gel column using ethyl acetate and pet ether 1:10 (v/v). Yield =9.7 g (80
%) 'H NMR (400 MHz, CDCl3) & ppm 7.82 (2 H, m) 7.53 (1 H, d, J=7.34 Hz) 7.46 (2
H, m) 7.24 (2 H, d, J=7.34 Hz) 5.08 (1 H, m) 3.81 (3 H, s) 3.72 (3H, s) 3.16 (1 H, dd,
J=17.24, 4.28 Hz) 3.00 (1 H, dd, J=17.24, 4.52 Hz). *C NMR (101 MHz, CDCl3) &
ppm 171.77, 171.26, 166.92, 133.55, 131.92, 128.62, 127.14, 52.93, 52.09, 48.84,
36.04. FTIR (cm™) 3330, 3004, 2954, 1737, 1646, 1603, 1578, 1531, 1487, 1438, 1345,
1278, 1217, 1173, 1103, 1076, 1049, 1000, 895, 845, 802, 716. MALDI-TOF:
calculated. For C13H15NO5 [M + Na] *: 288.0848; found: 288.7138 (M+ Na").
HRMS(ESI): calculated [M + Na] *: 288.0848 found: 288.0851.
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2.2.4 Synthesis of Dimethyl (4-methylbenzoyl)-L-aspartate (M2)

4-Methyl benzoic acid (5.0 g, 0.03 mol) refluxed with thionyl chloride (10 mL, 0.14
mol) at 80 °C for 6 h under nitrogen atmosphere. Excess thionyl chloride was removed
by distillation, and the resultant 4-methyl benzoyl chloride (5.0 g, 0.03mol) in dry
dichloromethane (100.0 mL) was added dropwise into compound-1 (6.5 g, 0.03mol)
and triethylamine (7.0mL, 5.0g 0.05mol) in dry dichloromethane (50.0 mL). The rest
of the procedure is same as described for monomer M1. Yield = 7.9 g (87 %) *H NMR
(400 MHz, CDCl3) 8 ppm 7.71 (2 H, d, J=8.24 Hz) 7.25 (3H, m) 7.19 (1 H, d, J=7.78
Hz) 5.07 (1 H, m) 3.80 (3 H, s) 3.71 (3 H, s) 3.15 (1 H, dd, J=17.40, 4.12 Hz) 2.98 (1
H, dd, J=17.40, 4.58 Hz) 2.40 (3 H, s). *C NMR (101 MHz, CDCl3) & ppm 171.46,
171.01, 166.60, 142.10, 130.33, 128.92, 126.82, 52.55, 51.72, 48.49, 35.74, 21.13.
FTIR (cm™1) 3339, 3030, 2954, 1736, 1646, 1613, 1534, 1500, 1438, 1344, 1283, 1216,
1179, 1105, 1046, 998, 896, 839, 754, 687. MALDI-TOF: calculated. For CL4H17NO5
m/z [M +Na]": 302.1004; found: [M + Na]*: 302.7708

2.2.5 Synthesis of Dimethyl (4-(tert-butyl) benzoyl)-L-aspartate (M3)

4-Ter. butyl benzoic acid (5.0 g, 0.03 mol) refluxed with thionyl chloride (10 mL, 0.14
mol) at 80 °C for 6 h under nitrogen atmosphere. Excess thionyl chloride was removed
by distillation, and the resultant 4-methyl benzoyl chloride (5.0 g, 0.02mol) in dry
dichloromethane (100.0 mL) was added dropwise into compound-1 (6.5 g, 0.03mol)
and triethylamine (7.7mL, 5.6g 0.07mol) in dry dichloromethane (60.0 mL). The rest
of the procedure is same as described for monomer M1. Yield= 6.5g (79%) 'H NMR
(400 MHz, CDCl3) & ppm 7.76 (2 H, m, J=8.24 Hz) 7.47 (2 H, m, J=8.24 Hz) 7.23 (1
H,s)5.08 (1H,s)3.80(3H,s)3.71(3H,s)3.13 (1 H,s)3.01 (LH,s)1.34 (10 H,s).
13C NMR (101 MHz, CDCls) & ppm 171.79, 171.34, 166.85, 155.50, 130.64, 126.99,
125.56, 52.90, 52.07, 48.79, 36.09, 34.95, 31.12. FTIR (cm™?) 3340, 2958, 2871, 1737,
1643, 1613, 1534, 1499, 1438, 1409, 1364, 1344, 1268, 1207, 1175, 1096, 1048, 1015,
897, 851, 773, 710. MALDI-TOF: calculated For C17H23NO5 [M + Na] *: 344.1474;
found: [M + Na] *: 344.9114.

2.2.6 Synthesis of Dimethyl (2-naphthoyl)-L-aspartate (M4)

2-Naphthoic acid (5.0 g, 0.03 mol) refluxed with thionyl chloride (20 mL, 0.27 mol) at
80 °C for 6 h under nitrogen atmosphere. Excess thionyl chloride was removed by
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distillation, and the resultant 2-napthoyl chloride (5.0g, 0.02mol) in dry
dichloromethane (100.0 mL) was added dropwise into compound-1 (7.8 g, 0.039mol)
and triethylamine (12.0 mL, 8.7 g 0.08 mol) in dry dichloromethane (120.0 mL). The
rest of the procedure is same as described for monomer M1. Yield =5.0g (60 %) ‘H
NMR (400 MHz, CDClz) 6 ppm 8.35 (1 H, s) 7.93 (4 H, m) 7.57 (2 H, s) 7.42 (L H, br.
$.)5.13(1H,s)3.83(3H,s)3.73(3H,s)3.17 (1 H, s) 3.06 (1 H, m). 3C NMR (101
MHz, CDClz) 6 ppm 171.83, 171.34, 166.97, 134.92, 132.54, 130.73, 129.02, 128.52,
127.85, 127.79, 127.74, 126.82, 123.56, 52.96, 52.11, 48.97, 36.11, -0.02. FTIR (cm™?)
3339, 3058, 2953, 2362, 1740, 1647, 1531, 1438, 1343, 1304, 1219, 1174, 1093, 1049,
998, 907, 865, 827, 776, 665. MALDI-TOF: calculated. For C17H17NO5 m/z [M +
Na] *: 338.1004; found: [M +Na] *: 338.8675 HRMS (ESI): m/z [M + H] *: 316.11;
found: [M +H] *: 316.1190

2.2.7 Synthesis of Dimethyl acetyl-L-aspartate (M5)

The dimethyl ester-L-aspartic acid aminium salt (compound-1) (15 g, 0.076 mol) was
dissolved in a mixture of triethylamine (15.9mL, 11.5g, 0.011 mol) and dry
dichloromethane (100 mL). when the aspartate dimethyl ester was dispersed in mixture
of dry dichloromethane and triethyl amine. acetic anhydride (5.7 mL, 6.2 gm, 0.06) was
added in a dropwise to the reaction mixture under ice cold condition. After addition,
the reaction mixture was allowed to warm to room temperature and then reaction
performed for 12 h under nitrogen atmosphere. The dichloromethane was removed by
rotary evaporator. Product was extracted in ethyl acetate by work up with water and the
obtained viscous liquid was further purified by column chromatography using ethyl
acetate and pet ether as eluent 1:10 (V/V). Yield = 7.8g (63%) *H NMR (400 MHz,
CDClIs) 6 ppm 6.67 (1 H, d, J=7.34 Hz) 4.85 (1 H, dq, J=8.28, 4.25 Hz) 3.75 (3 H, s)
3.68 (3 H,5)3.02 (1 H, m)2.85(1H, m)2.03(3H,s).*C NMR (101 MHz, CDCl3) &
ppm 171.62, 171.53, 171.11, 170.35, 52.75, 51.97, 51.89, 48.42, 35.94, 35.87, 22.87,
22.83, FTIR (cm™1) 3340, 2958, 2871, 1737, 1643, 1613, 1534, 1499, 1438, 1409, 1364,
1344, 1268, 1207, 1175, 1096, 1048, 1015, 897, 851, 773, 710. MALDI-TOF:
calculated. For CBH13NO5 [M + H] *: 204.08; found: [M + H] *: 204.397.
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2.2.7 Synthesis of Dimethyl (2-(3-pentadecylphenoxy) acetyl)-L-aspartate (M6)

Pentadecyl-phenoxy acetic acid (10 gm, 0.03mol) refluxed with thionyl chloride
(40mL, 0.34mol)) at 80 °C for 6 h under nitrogen atmosphere. Excess thionyl chloride
was removed by distillation, and the resultant 2-(3-pentadecylphenoxy) acetyl chloride.
The 2-(3-pentadecylphenoxy) acetyl chloride (10.5 gm, 0.03mol) in dry
dichloromethane (100.0 mL) was added dropwise into compound-1 (Compound 1),
(8.2gm,0.04mol) and triethylamine (11.4 mL, 8.0 g 0.08 mol) in dry dichloromethane
(120.0 mL). The rest of the procedure is same as described for monomer M1. Yield=
12 g (88%) 'H NMR (400 MHz, CDCls3) & ppm 7.58 (1 H, br.s.) 7.22 (1 H, s) 6.86 (1
H,s) 6.78 (2H, s) 4.97 (1 H,s) 453 (2 H,s) 3.77 (3H, s) 3.67 (3H, s) 3.06 (1 H, s)
2.89 (1 H,s) 2.59 (2 H, s) 1.58 (5 H, s) 1.26 (25 H, s) 0.89 (3 H, s). 13C NMR (101
MHz, CDClz) 6 ppm 171.45, 170.99, 168.74, 157.44, 145.35, 129.68, 122.61, 115.33,
111.97, 67.44, 53.18, 52.34, 48.30, 36.29, 36.25, 32.19, 31.68, 29.96, 29.88, 29.80,
29.63, 22.97, 14.40. FTIR (cm™1) 3420, 2922, 2852, 1739, 1681, 1587, 1522, 1488,
1438, 1368, 1256, 1212, 1162, 1058, 997, 852, 777, 720, 694. HRMS (ESI): m/z calcd.
For C29H47NO6 [M + H] *: 528.3301; found: [M + Na] *: 526.8652.

2.2.8 Synthesis of Dimethyl stearoyl-L-aspartate (M7)

Stearic acid (4.5g, 0.016mol) refluxed with thionyl chloride (20mL, 0.27mol) at 80 °C

for 6 h under nitrogen atmosphere. Excess thionyl chloride was removed by distillation,
and the resultant stearoyl chloride (5.0g, 0.016mol in dry dichloromethane (40.0 mL)
was added dropwise into compound-1 (3.27g, 0.016mol) and triethylamine (5mL, 3.6g,
0.03mol) in dry dichloromethane (40.0 mL). The rest of the procedure is same as
described for monomer M1. Yield= 7.3g (65%). *H NMR (400 MHz, CDCls) & ppm
6.46 (LH, br.s.)4.87 (1H,s)3.77(3H,s)3.70 (3H,s)3.02 (1 H,s)2.88 (1 H,s) 2.23
(2H,s)1.62 (5H,br.s.) 1.26 (30 H, s) 0.89 (3 H, s). *C NMR (101 MHz, CDCls) &
ppm 172.94, 171.66, 171.29, 52.77, 51.99, 48.26, 36.49, 36.09, 31.90, 29.67, 29.63,
29.58, 29.47, 29.34, 29.31, 29.14, 25.50, 22.66, 14.10. FTIR (cm™t) 3340, 2958, 2871,
1737, 1643, 1613, 1534, 1499, 1438, 1409, 1364, 1344, 1268, 1207, 1175, 1096, 1048,
1015, 897, 851, 773, 710. MALDI-TOF: calculated. For C24H45NO5 [M + H] ™
428.33; found: [M + H] *: 428.756.
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2.2.9 Synthesis of Dimethyl(adamantane-1-carbonyl)-L-aspartate (M8)

1- Adamantane acetic acid (3g, 0.015mol) refluxed with thionyl chloride (10mL,
0.13mol) at 80 °C for 6 h under nitrogen atmosphere. Excess thionyl chloride was
removed by distillation, and the resultant adamantane-1-acetyl chloride (3g, 0.014mol)
in dry dichloromethane (100.0 mL) was added dropwise into compound-1 (2.79,
0.028mol) and triethyl amine (6mL, 4.3g, 0.04mol) in dry dichloromethane (120.0 mL).
The rest of the procedure is same as described for monomer M1. Yield= 3.25¢g (72%).
'H NMR (400 MHz, CDCl3) & ppm 6.38 (1 H, d, J=7.83 Hz) 4.86 (1 H, m) 3.77 (3 H,
s) 3.69 (3H,s)3.04 (1 H,dd, J=17.12, 4.40 Hz) 2.88 (1 H, dd, J=17.24, 4.52 Hz) 1.98
(5 H, m) 1.65 (13 H, m) *C NMR (101 MHz, CDCls) & ppm 171.68, 171.26, 170.68,
77.32,76.69,52.72,51.98,51.38, 48.31, 42.43, 42.25, 36.67, 36.09, 32.82, 28.58. FTIR
(cm—1) 3882, 3744, 3294, 2901, 2847, 1735, 1649, 1530, 1437, 1341, 1272, 1201,
1169, 1124, 1097, 1051, 999, 852, 734, 700, 646, 629. HRMS (ESI): m/z calcd. For
C24H45N05 [M + H]*: 338.19; found: [M + H] *: 428.756.

2.2.10 Synthesis of Polyethylene glycol monomethyl ether methane sulphonate
(Compound 2)

PEG 350 monomethyl ether (10g, 0.028mol) along with dry dichloromethane (50ml)
was taken in clean round bottomed flask. At 0 °C methane sulphonic acid (4.8g,
0.042mol) was added to reaction mixture using dropping funnel. Then the reaction was
shifted to room temperature. The reaction was performed under nitrogen atmosphere
for 12 h. the product was extracted in dichloromethane by doing work up with acidic
water. Followed by washing organic layer with brine. The organic layer was the
concentrated over rotary evaporator to get yellow coloured product. Yield=11.2g
(94%). *H NMR (400 MHz, CDCl3) & ppm 4.38 (2 H, m) 3.77 (2 H, dd, J=5.26, 3.79
Hz) 3.66 (24 H, m) 3.55 (2 H, m) 3.38 (3 H, s) 3.09 (3 H, s). ®*C NMR (101 MHz,
CDCl3) & ppm 84.09, 83.77, 83.45, 78.36, 77.05, 76.94, 76.93, 75.88, 75.45, 65.43,
44.14.

2.2.11 Synthesis of methyl 4-hydroxybenzoate (Compound 3)

4-Hydroxyl benzoic acid (10g, 0.072mol) was taken in clean round bottomed flask to
that methanol (100ml) was added and concentrated sulphuric acid (5ml) was added.
The reaction was refluxed for 12 h. at 70 °C. After completion of the reaction methanol
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was removed by rotary evaporator followed by crude product was purified by workup
in ethyl acetate and acidic water. Ethyl acetate layer was dried over Na>SO4 layer and
concentrated to get white solid product. Yield=9.92g (90%). 'H NMR (400 MHz,
CDCl3) & ppm 7.96 (2 H, m, J=8.80 Hz) 6.88 (2 H, m, J=8.80 Hz) 3.90 (4 H, s). 13C
NMR (101 MHz, CDCI3) 6 ppm 176.62, 167.63, 160.56, 131.92, 121.94, 115.29, 77.32,
76.69, 52.09, 20.65.

2.2.12 Synthesis of Methyl benzoate of polyethylene glycol monomethyl ether
(Compound 4)

Methyl 4-hydroxybenzoate (5.4g, 0.035mol) was taken in clean round to bottomed
flask. Anhydrous K>COz (8.3g, 0.06mol) and dry acetonitrile (100ml) was added.
Reaction mixture was kept for reflux at 80 °C. after 0.4 h mesylated Polyethylene glycol
monomethyl ether (10g, 0.02mol) was added. The reaction was performed at 70 °C
under nitrogen atmosphere for 12h. after completion of the reaction acetonitrile was
removed. The crude product was purified by workup on ethyl acetate and water. The
product was further purified by column chromatography. Yield= 10g (100%) *H NMR
(400 MHz, CDCIs) 6 ppm 7.97 (2 H, m, J=8.80 Hz) 6.93 (2 H, m, J=8.80 Hz) 4.18 (2
H, m) 3.87 (5 H, m) 3.68 (23 H, m) 3.54 (2 H, d, J=4.89 Hz) 3.37 (3 H, ). 3.C NMR
(101 MHz, CDCl3) 8 ppm 170.13, 170.10, 162.79, 131.97, 122.17, 114.10, 77.3, 76.68,
71.71, 70.66, 70.41, 70.34, 70.27, 69.36, 67.41, 58.82.

2.2.13 Synthesis of 4- polyethylene glycol monomethyl ether benzoic acid
(Compound 5)

Methyl benzoate of polyethylene glycol monomethyl ether (10g, 0.02mol) was taken in
clean round bottomed flask to that methanol (50 ml) was added. Followed by that
sodium hydroxide (4g, 0.1mol) was added. The reaction mixture was kept for reflux for
48 h. After completion of the reaction methanol was removed by rotary evaporator. The
reaction mixture was dissolved in ethyl acetate and extracted against acidic water. The
ethyl acetate layer was dried anhydrous sodium sulphate and concentrated over rotary
evaporator to get product. Yield: 9.2g (94%) *H NMR (400 MHz, CDCl3) & ppm 7.98
(2 H, m, J=8.80 Hz) 6.91 (2 H, m, J=8.80 Hz) 4.16 (2 H, d, J=9.54 Hz) 3.86 (2 H, br.
s.) 3.71 (2 H, br. s.) 3.62 (20 H, br. s.) 3.52 (2 H, br. s.) 3.35 (3 H, s) *C NMR (101
MHz, CDClz) 6 ppm 170.13, 170.10, 162.79, 131.97, 122.17, 114.10, 77.3 , 76.68,
71.71, 70.66, 70.41, 70.34, 70.27, 69.36, 67.41, 58.82.
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2.2.14 Synthesis of Dimethyl (4-(polyethylene glycol monomethyl ether 350)
benzoyl)-L-aspartate monomer: (M-PEG)

4- Polyethylene glycol monomethyl ether benzoic acid (10g, 0.02mol) refluxed with
thionyl chloride (40ml, 0.83mol) at 80 °C for 6 h under nitrogen atmosphere. Excess
thionyl chloride was removed by distillation, and the resultant). PEG 350 acid chloride
in dry dichloromethane (100.0 mL) was added dropwise into compound-1 (7.9g
,0.04mol) and triethylamine (11.1 mL, 8g 0.08mol) in dry dichloromethane (120.0 mL).
The rest of the procedure is same as described for monomer M1. Yield= 8.72 (65%).
'H NMR (400 MHz, CDCls) & ppm 7.76 (2 H, m, J=8.80 Hz) 7.14 (1 H, d, J=7.83 Hz)
6.94 (2 H, m, J=8.80 Hz) 5.04 (1 H, m) 4.16 (2 H, m) 3.86 (2 H, m) 3.78 (3 H, s) 3.68
(24 H, m) 3.53 (2 H, m) 3.36 (3 H, ) 3.12 (1 H, dd, J=17.12, 4.16 Hz) 2.96 (1 H, dd,
J=17.24,4.52 Hz). 3C NMR (101 MHz, CDCls) & ppm 172.94, 171.66, 171.29, 52.77,
51.99, 48.26, 36.49, 36.09, 31.90, 29.67, 29.63, 29.58, 29.47, 29.34, 29.31, 29.14,
25.50, 22.66, 14.10. FTIR (cm—1) 3340, 2874, 1737, 1651, 1606, 1575, 1538, 1500,
1440, 1348, 1297, 1250, 1177, 1095, 946, 847,768, 697, 653. MALDI-TOF: m/z
calculated For C30H49NO14 [M + H] *: 669.8; found: [M + Na] *: 670.8.

2.2.15 Synthesis of Benzoyl-L-aspartate polyester (P1)

General procedure for melt polycondensation is described for the polymerization of
monomer M1 with 1,12 dodecanediol. In a cleaned and dried polymerization tube,
dimethyl benzoyl-L-aspartate M1 (0.6 g, 0.0022 mol) and 1,12 dodecanediol (0.45g,
0.0022 mol) were melted together at 80 °C and purged with nitrogen to remove moisture
and oxygen. Ti(OBu)s (1 mol%) was added as catalyst and the polymerization was
proceeded for 4 h at 140 °C with constant stirring under nitrogen purge. During this
step, the more than 90 % of the methanol condensate was removed. Subsequently, the
polymerization was carried out under reduced pressure of 10 mbar to get viscous
polymer product. Polymer was dissolved in dichloromethane and purified by
precipitating in hexane. Yield = 0.89g (98 %). *H NMR (400 MHz, CDCls) & ppm 7.80
(2H,s)7.52 (1 H,s) 7.44 (2 H,s) 7.26 (L H, br. s.) 5.03 (1 H, br. s.) 4.18 (2 H, 5) 4.08
(2H,5)3.10 (1 H, m.)2.99 (1 H, m) 1.62 (4 H, br.s.) 1.23 (16 H, br. s.). °C NMR (101
MHz, CDCls3) & ppm 171.30, 170.84, 166.91, 133.68, 131.82, 128.57, 127.09, 66.07,
65.26, 49.00, 36.25, 29.51, 29.46, 29.21, 29.17, 28.49, 28.42, 25.85, 25.76. FTIR (cm™?)
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3344, 2924, 2853, 2361, 1732, 1650, 1603, 1579, 1526, 1485, 1465, 1393, 1342, 1273,
1180, 1100, 1045, 993, 898, 801, 771, 713.

2.2.16 Synthesis of 4-Methylbenzoyl)-L-aspartate polyester (P2)

Dimethyl (4-methylbenzoyl)-L-aspartate M2 (0.6g, 0.0022mol) and 1,12 dodecanediol
(0.449, 0.0022mol) were polymerized using Ti(OBu)s catalyst as described for the
polymer P1. Yield=0.89g (97%). H NMR (400 MHz, CDCls3) & ppm 7.69 (2 H, s)
7.24 (3H,s)5.02 (1 H, br.s.)4.17 (2 H, s) 4.07 (2 H, s) 3.08 (1 H, br. m.) 2.99 (1 H,
br.m.) 2.39 (3 H, s) 1.60 (4 H, s.) 1.23 (17 H, br. s.) 3C NMR (101 MHz, CDCls) &
ppm 171.45, 171.06, 167.00, 142.42, 130.95, 129.34, 127.23, 66.16, 65.36, 49.07,
36.42, 29.65, 29.60, 29.50, 29.34, 29.29, 28.62, 28.54, 25.97, 25.88, 21.58, 0.08,. FTIR
(cm™1) 3344, 2924, 2853, 2361, 1732, 1646, 1613, 1532, 1498, 1464, 1393, 1342, 1267,
1184, 1100, 1043, 898, 836, 803, 751, 723, 664.

2.2.17 Synthesis of (4-(Tert-butyl) benzoyl)-L-aspartate Polyester (P3)

Dimethyl (4-(tert-butyl) benzoyl)-L-aspartate monomer (0.6g, 0.0018mol) and 1,12
dodecanediol (0.37g, 0.0018mol) were polymerized using Ti(OBu)s catalyst as
described for the polymer P1. Yield=0.84g (98%). *H NMR (400 MHz, CDCls) § ppm
7.75 (2 H, m, J=8.31 Hz) 7.46 (2 H, m, J=8.31 Hz) 7.21 (1 H, d, J=7.83 Hz) 5.03 (1 H,
m) 4.18 (2 H, t, J=6.60 Hz) 4.07 (2 H, t, J=6.72 Hz) 3.12 (1 H, dd, J=17.12, 4.16 Hz)
2.97 (1 H, dd, J=17.12, 4.40 Hz) 1.61 (6 H, m) 1.33 (27 H, m). °C NMR (101 MHz,
CDCIs3) 6 ppm 171.61, 171.23, 167.12, 155.67, 131.15, 127.27, 125.82, 66.34, 65.54,
49.28, 36.64, 35.24, 31.44, 29.85, 29.80, 29.54, 29.50, 28.83, 28.75, 26.17, 26.09. FTIR
(cm™) 3344, 2924, 2853, 2361, 1732, 1650, 1603, 1579, 1526, 1485, 1465, 1393, 1342,
1273, 1180, 1100, 1045, 993, 898, 801, 771, 713.

2.2.18 Synthesis of (2-Naphthoyl)-L-aspartate polyester (P4)

Dimethyl  (2-naphthoyl)-L-aspartate  monomer (0.6g, 0.0019mol) and 1,12
dodecanediol (0.38g, 0.0019mol) were polymerized using Ti(OBu)s catalyst as
described for the polymer P1. Yield=0.84g (96%).'H NMR (400 MHz, CDCl3) & ppm
8.33 (L H,s)7.88 (4 H,br.s.) 7.55 (2 H,s) 7.40 (L H, s) 5.11 (1 H, br. s.) 4.20 (2 H, s)
4.09 (2H, br.s.)3.14 (1 H, br.s.) 3.06 (1 H, br.s.) 1.65 (4H, br. s.) 1.20 (6 H, br. s.).
13C NMR (101 MHz, CDCls3) & ppm 171.37, 170.93, 166.98, 134.88, 132.54, 130.86,
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128.99, 128.49, 127.80, 127.72, 126.78, 123.55, 66.12, 65.30, 49.14, 36.32, 29.48,
29.21, 28.51, 28.44, 25.86, 25.78. FTIR (cm™) 3344, 3357 2924, 2853, 2361, 1732,
1650, 1600, 1526, 1503, 1464, 1435, 1392, 1338, 1299, 1200, 1090, 1044, 989, 910,
865, 825, 775, 760, 664.

2.2.19 Synthesis of Acetyl-L-aspartate polyester (P5)

Dimethyl acetyl-L-aspartate (0.5g, 0.0024mol) and 1,12 dodecanediol (0.49g,
0.0024mol) were polymerized using Ti(OBu)4 catalyst as described for the polymer P1.
Yield = 0.78g (95%). 'H NMR (400 MHz, CDCl3) § ppm 7.80 (s, 2 H) 7.44 (s, 3 H)
7.23 (5,1 H)5.03 (br.s., 1 H) 4.18 (s, 2 H) 4.08 (s, 2 H) 3.11 (br.s., 1 H) 2.99 (br. s., 1
H) 1.64 (br.s., 5 H) 1.15 - 1.45 (m, 18 H). C NMR (101 MHz, CDCl3) § ppm 171.18,
170.80, 169.85, 65.97, 65.19, 62.94, 48.57, 36.27, 32.75, 29.50, 29.47, 29.37, 29.21,
29.15, 28.48, 28.40, 25.83, 25.74, 23.08. FTIR (cm1) 3344, 2924, 2853, 2361, 1732,
1650, 1603, 1579, 1526, 1485, 1465, 1393, 1342, 1273, 1180, 1100, 1045, 993, 898,
801, 771, 713.

2.2.20 Synthesis of (2-(3-Pentadecylphenoxy) acetyl)-L-aspartate polyester (P6)
Dimethyl (2-(3-pentadecylphenoxy) acetyl)-L-aspartate monomer (0.85g, 0.0016mol)
and 1,12 dodecanediol (0.34g, 0.0016mol were polymerized using Ti(OBu)4 catalyst as
described for the polymer P1. Yield=0.75g (98%). *H NMR (400 MHz, CDCl3) & ppm
7.59 (1 H,s)7.20 (1 H,s)6.83 (1L H,s)6.77 (2H, s) 4.91 (L H, br.s.) 451 (2 H, s) 4.15
(2H,s)4.03(2H,s)3.03(1H,br.s.)2.87 (1 H,m) 258 (2H,s)1.60 (7 H, br.s.) 1.26
(43 H, s) 0.88 (3 H, s). 3C NMR (101 MHz, CDCls) & ppm 170.68, 170.27, 168.27,
157.19, 145.01, 129.35, 122.26, 115.01, 111.67, 67.18, 66.08, 65.28, 48.15, 36.26,
35.96, 31.90, 31.39, 29.68, 29.58, 29.52, 29.35, 29.28, 29.21, 28.48, 28.40, 25.86,
25.75, 22.67, 14.11. FTIR (cm™1) 3425, 2922, 2852, 2361, 1738, 1687, 1588, 1519,
1488, 1462, 1394, 1353, 1258, 1198, 1061, 990, 873, 773, 721, 694.

2.2.21 Synthesis of Stearoyl-L-aspartate polyester (P7)

Dimethyl stearoyl-L-aspartate monomer (0.6g, 0.0014mol) and 1,12 dodecanediol
(0.28g, 0.0014mol) were polymerized using Ti(OBu)4 catalyst as described for the
polymer P1. Yield=0.77g (97%). *H NMR (400 MHz, CDCls) & ppm 6.48 (1 H, br. s.)
4.84 (1 H, br.s) 4.14 (2 H, s) 4.07 (2 H, s) 3.00 (1 H, br. s.) 2.86 (1 H, br. s.) 2.22 (2
H,s) 1.63 (7 H, br.s.) 1.26 (45 H, br. s.) 0.89 (3 H, s). *C NMR (101 MHz, CDCls) §
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ppm 173.24, 171.53, 171.16, 66.23, 65.46, 48.70, 36.80, 36.57, 34.67, 32.19, 29.97,
29.93, 29.85, 29.80, 29.62, 29.54, 29.48, 28.92, 28.79, 28.72, 26.15, 26.06, 25.85,
25.28, 22.96, 14.39. FTIR (cm™t) 3318, 2918, 2850, 2362, 1732, 1647, 1534, 1465,
1394, 1358, 1287, 1175, 1053, 993, 755, 721, 665.

2.2.22 Synthesis of (Adamantane-1-carbonyl)-L-aspartate polyester(P8)

Dimethyl (adamantane-1-carbonyl)-L-aspartate: Monomer (0.32g, 0.001mol) and 1,12
dodecanediol (0.36g, 0.001mol were polymerized using Ti(OBu)4 catalyst as described
for the polymer P1. Yield=0.82g (91%). *H NMR (400 MHz, CDCls) & ppm 6.39 (1
H, d, J=7.58 Hz) 4.84 (1 H, m) 4.15 (2 H, t, J=5.99 Hz) 4.07 (2 H, t, J=6.72 Hz) 3.65
(1L H,s)3.03 (1H,dd, J=17.12, 4.16 Hz) 2.86 (1 H, dd, J=17.24, 4.52 Hz) 1.98 (5 H,
br.s.) 1.70 (4 H, m) 1.59 (16 H, m) 1.28 (20 H, m) *C NMR (101 MHz, CDCls) § ppm
171.5, 171.20, 66.29, 65.53, 51.76, 48.74, 42.79, 37.00, 36.68, 33.16, 29.85, 29.80,
29.56, 29.51, 28.9, 28.81, 28.75, 26.17, 26.08, 26.02 , 1.30, 0.28 . FTIR (cm 1) 2903,
2850, 1732, 1650, 1515, 1452, 1355, 1261, 1198, 1178, 1042, 803, 734.

2.2.23 Synthesis of (4-(Polyethylene glycol monomethyl ether 350) benzoyl)-L-
aspartate polyester (P-PEG)

Dimethyl (4-(polyethylene glycol monomethyl ether 350) benzoyl)-L-aspartate
Monomer (0.7g, 0.0018mol) and 1,12 dodecanediol (0.21g, 0.0018mol) were
polymerized using Ti(OBu)s catalyst as described for the polymer P1.Yield=0.87g
(97%). 'H NMR (400 MHz, CDCl3) & ppm 7.75 (2 H, m, J=8.56 Hz) 7.13 (1 H, d,
J=7.58 Hz) 6.93 (2 H, m, J=8.56 Hz) 5.00 (1 H, m) 4.16 (4 H, t, J=4.77 Hz) 4.06 (2 H,
t, J=6.85 Hz) 3.86 (2 H, t, J=4.65 Hz) 3.68 (21 H, m) 3.53 (2 H, m) 3.36 (3 H, s) 3.07
(1H,d,J=4.16 Hz) 2.97 (1 H, d, J=4.40 Hz) 1.61 (4 H, dt, J=13.82, 6.79 Hz) 1.26 (16
H, m). 3C NMR (101 MHz, CDCl3) & ppm 171.29, 170.93, 161.62, 128.91, 114.31,
77.31, 76.68, 71.78, 70.73, 70.41, 70.34, 69.44, 67.45, 65.97, 65.19, 58.89, 48.95,
36.27, 29.42, 29.11, 28.42, 28.35, 25.77, 25.68, 0.91, -0.09, FTIR (cm™?) 3780, 3699,
3660, 3343, 2924, 2857, 2361, 1736, 1657, 1606, 1577, 1533, 1499, 1460, 1349, 1295,
1252, 1219, 1179, 1102, 949, 848, 805, 771, 652.

2.2.24 Self-assembly P-PEG
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The self-assembly of polymer was studied in water using dialysis method. Polymer (5.0
mg) was taken in clean vial and it was dissolved in 2.0 mL HPLC grade dimethyl
sulphoxide. To that 3.0 mL Milli Q water was added drop wise. The solution was stirred
for 4 h followed and it was transferred to dialysis tube of MWCO of 1kD. Dialysis was
performed against water was replenished after regular interval of time till 24 hours to
remove DMSO completely. All the polymers studied for their self-assembly using

similar protocol.
2.2.25 DOX loading in polymeric Nanoparticles

5mg of polymer was take in cleaned 25ml vial 2mL of HPLC grade dimethyl
sulphoxide was added. 0.5 mg of doxorubicin hydrochloride was added. The
doxorubicin hydrochloride was pre-neutralised with the help of triethyl amine. The
above mixture was added with 3mL Milli Q water drop wise. This mixture solution was
transferred to 1 kD molecular weight cut-off dialysis bag. Then dialysis was performed
against Milli Q water for 24 hours. Water was replenished after regular interval of time.
The drug loaded polymeric solution was further purified by passing through 0.22p
filter. The drug loading efficiency (DLE) and drug loading content (DLC) were
determined by Absorbance spectroscopy using the following equations®:
weight of drug or dye in nanoparticle

Drug or Dye Loading Content (%) = weight of polymer taken * 1

Drug or Dye Loading Efficiency(%)

_ weight of drug or dye in nanoparticle + 100

weight of drug in feed

2.2.26 CMC determination

The polymer was studied for their self-assembly using pyrene encapsulation method.
Critical micellar concentration was determined using fluorescence spectroscopy
utilizing pyrene as probe. In this experiment, the pyrene acts as environmental sensitive
probe. The concentration of pyrene was maintained as 0.6 M and the concentration of
polymer was varied ranging from 0.5 mg/mL to 10° mg/mL. Polymeric solution was
sonicated for 3 h followed by equilibrating 12 h of time. The samples were purged with

nitrogen and fluorescence spectra was recorded. The pyrene was excited at 337 nm and
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spectra was collected from 347-500 nm. The ratio of vibronic transition 11/ I3 vs
logarithm of concentration is plotted to determine the critical micellar concentration
(CMC) the break point in the graph corresponds to CMC.

2.2.27 In vitro drug release Kinetics

As the nanoparticle synthesized is made up of polyester backbone, it is known to
enzymatic cleavage in presence of enzyme under physiological condition”™. The DOX
loaded nanoparticle was subjected to release kinetics in presence of enzyme esterase.
The in vitro experiment was set up at 37 °C and pH of buffer was maintained as 7.4.
The polymeric nanoparticle was taken in 1X PBS enzyme was 10 U was added. This
solution transferred to 1kD dialysis bag and was dialysed against 2 mL 1X PBS. As a
control, dialysed solution of DOX loaded nanoparticle was subjected to similar
conditions except presence of enzyme. The solution from outside dialysis bag was taken
and quantified for their concentration of DOX using absorbance spectroscopy. The

concentration of released DOX was quantified over regular interval of time.
2.2.28 Cell Viability Assay (MTT Assay)

The cell viability and biocompatibility of the polymer alone and drug or dye loaded
nano particle were studied using MTT assay. The human breast cancer cell (MCF 7)
and Wild type mouse embryonic fibroblast (WT MEF) cells were used for these
experiments. The experimental procedure is as follows 1000 cells per well were grown
in 96 well plate in 100 puL. complete media for 16 hours. Then media was aspirated to
from 96 well plate and polymeric sample with or without drug or dye was dissolved in
complete media and about 300 pL of the samples were added in each well. The
complete media was prepared by DMEM media with 1% of penicillin streptomycin
solution and 10 % of fetal bovin serum. The cells in 96 well plates were grown for 72
hours in incubator supplied with CO2 and O about 5% and 1% respectively. After
completion of 72 hours the media was aspirated and solution of MTT (0.5mg/mL) in
complete media was added and the plates were again incubated for 4 hours. The live
cells are having mitochondrial reductase enzyme which convert MTT to formazan
crystal. After 4h media was aspirated from the 96 well plates and the HPLC grade
Dimethyl sulphoxide was added 100 pL per well. The formazan crystal get dissolved
and provide purple colour solution and The plate was the inserted in varioscan
microplate reader to record absorbance at 570 nm from each well. From the
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concentration of formazan percentage cell viability was calculated by comparing the

control value.
2.2.29 Cellular Uptake Studies for Drug or Dye loaded Polymeric Nanoparticles

The cellular uptake of drug or dye loaded polymeric nanoparticle was carried out by
fixed cell imaging. To carry out the experiments. The cancerous cell that is MCF 7 was
utilized. 10° cells were grown on coverslips in 6 well plate. For that purpose, clean and
sterilized coverslips was kept in 6 well plate to that 10° cells were added along with
2mL complete media. Cells were incubated at 37 °C for 16 h under 5 % CO2and 1 %
O2. The polymeric sample prepared by mixing lyophilised solution of polymer along
with complete media. This Polymeric solution was added to 6 well plate containing 10°
cells. The plate was incubated for 4 hours at above-mentioned conditions. These cells
were fixed on microscopic slide by following the procedure as follows. media was
aspirated from 6 well plate the cells were washed twice with 1 X PBS. In next step cells
were added with 4 % solution of paraformaldehyde in water and it was kept for 20 min
undisturbed at 4°C. After that cells were washed with 1x PBS twice and finally solution
of DAPI was added to it was allowed it treat for 1 min. Excess of DAPI was washed
with 1X PBS. On microscopic slides 40 % glyceraldehyde solution was added cover
slip was fixed to it using nail paint. The position of cover slip was placed in such a way
that the stained cells get exposed to glyceraldehyde solution. The fixed slide was dried
for 12-18 hours and it was imaged using Leica SP8 confocal microscopy and processed

using ImageJ software.

2.2.30 Hemolysis Assay Compatibility of polymer sample toward RBCs were
determined using hemolysis assay. Polymer sample was prepared by dissolving
100pg/mL of polymer solution in 1 X PBS. For hemolysis assay, blood was freshly
withdrawn from C57BL/6 mice and RBCs were extracted using centrifugation at 8000
rpm followed by preparation of 5% v/v solution in PBS. 100 uL of polymer solution
(in PBS) was added to 100 uL of RBC solution and samples were incubated for 37 °C
for an hour. The experiment was performed in triplicates. 1% solution of Triton-X-100
was used as positive control while PBS was taken as negative control. The samples
were centrifuged at 8000 rpm for 5 min and observance of RBC pellet at the bottom of
eppendorf was an indication of polymeric biocompatibility. Percentage hemolysis was

determined according to reported procedure?.
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2.3 Results and Discussion
2.3.1 Synthesis of monomers

L-Aspartic acid is a natural L-amino acid resource having trifunctional groups
consisting of two carboxylic acid and one amine units. The acid groups were converted
into dimethoxy ester by esterification using thionyl chloride in methanol to produce
aminium salt of L-aspartic dimethyl ester (compound 1). This amine group was masked
using various commercial carboxylic acids such as adamantane acetic acid, benzoic
acid, toluic acid, 4-t-butyl benzoic acid, stearic acid, and naphthoic acid, and acetic
anhydride and their chemical structure of the monomers are shown in Scheme 1.
Natural resource-based 3-pentadecyl phenol was attached with acid”’ handle which
used to make amide-substituted monomer (see Scheme 2.4).

Monomer Synthesis
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Scheme 2.4 Synthesis of amide-functionalized L- aspartic acid diester monomers.
Thermogravimetric analysis of these L-aspartate monomers (Appendix Figure S1) was
confirmed their thermal stability up to 180 °C and established their suitability for

solvent free melt polymerisation reactions.
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Polymer Synthesis

Polymer Synthesis
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Scheme 2.5 Melt transesterification process to produce new L-aspartate polyesters.

The procedure for the polymer synthesis is explained as follows. The L-aspartic
monomers were reacted with 1, 12 dodecanediol in test tube shaped reactor and the
polymerization was carried out at 140 °C using 1 mol % of Ti(OBu) as a catalyst. The
polycondensation process takes place in two stages: (i) initially under nitrogen purging,
the nucleophilic attack of the hydroxyl group of diol on carbonyl ester of monomer
result in the removal of methanol to produce oligomers of 4-8 repeating units, and (ii)
in the second stage, these oligomers further undergo polycondensation under high
vacuum (0.01mbar) and the melt viscosity of polymer increased with the formation of
high molecular weight of polymers. The polymers were purified by dissolving in THF
and re-precipitate into methanol. The polymers were labelled as P1 to P8 and their
chemical structures are shown in Scheme 2.5

The polymer was characterized by *H-NMR and *3C- NMR as shown in Figure
2.4. L-aspartic dimethyl ester is unsymmetrical monomer and the methyl ester peaks
were observed at 3.81 and 3.72 ppm (proton-a and a’, Figure 2.4a). Upon
polycondensation, new ester peaks appeared at 4.08 and 4.18 ppm (proton f'an {”, Figure
2.4b) and the amide side chain substitution was remained inert during polymerisation
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and their peaks are intact. In the **C-NMR spectra, the monomer methyl ester carbon
in the monomer at 52.15 and 53.03 ppm (Figure 2.4c) were completely vanished in the

polymer spectrum and new ester peaks appeared at 65.45 and 66.34 ppm (Figure 2.4d).
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Figure 2.4 (a) 'H-NMR spectra of dimethyl (4-(tert-butyl) benzoyl)-L-aspartate
monomer (M3) and (b) polymer P3 in CDCls as solvent. (c) 3C- NMR spectra of
dimethyl (4-(tert-butyl) benzoyl)-L-aspartate monomer (M3) and (d) (4-(tert-butyl)
benzoyl)-L-aspartate polyester (P3) in CDCIs. The peaks were assigned alphabetical
order. Asterisk refers to the solvent peak.

Similar NMR analysis was carried out for other polymers to confirm their structures in
Appendix Figure S2 to S8. The number of repeating units in the polymer chain was
determined from *H-NMR spectroscopy by comparing the integration of new polyester-
CHoa (protons f+£”, in Figure 2b) versus methyl ester -OCHs which appeared at the chain
ends (proton —a and a’, in Figure 2b). By this analysis, the number repeating unit in P3

(from Figure 2b) was estimated to be 33-35 repeating unit which corresponding to more
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than 97 % conversion [Xn = 1/(1-p)] of monomers to polymers. The number average
molecular weight of polymer from NMR were calculated using equation Mn = Xn X Mo;
where Mo-repeating unit mass. Table 2.1 summarizes the % conversion (p), degree of
polymerization (X, or n), and the *H-NMR based number average molecular weights
for polymers P1 to P8. The polymers were produced in 97-98 % conversion with
molecular weights of 20,000 g/mol. This result suggests that 97 to 98 % conversion in
melt polycondensation is excellent results for new polymer synthesis in the laboratory
scale to produce nearly 50 repeating units (more than 99 % conversion is possible only
in industrial scale reactions). In solution polycondensation, the organic solvent removal
is addition step required to be handled; thus, solution polymerization is not considered
to be eco-friendly. Further, the solubility parameters of the monomers and polymers
are required to be optimized in order to carryout homogeneous polymerization in
solution. Thus, the solution polymerization process is typically chosen if the solvent
free melt or bulk polymerization is not possible. In case of melt polycondensation, both
monomers are melted (no solvent) and stirred at high temperature to yield the polymer
products. In this route as log as we could maintain the temperature of the polymerization
above the melting point of the polymers, the reaction proceeds homogeneously. This
process typically followed industrial-scale and we make few tons of PET every year by
melt polycondensation process. Therefore, the synthesis of polyesters by melt
polycondensation process, in principle, could be taken up to industrial scale in long-
term. Further for biomedical applications, solvent free process makes more cleaner

polymers which is an added advantage.
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Figure 2.5 SEC chromatograms of polymers in THF as eluent the column was
calibrated with polystyrene standard.
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Table 2.1. Degree of polymerization and molecular weight of polymers were
determined by NMR and SEC.

Polymer  Monomer %
Conv (p)* (@/mol)  (g/mol)  (g/mol)
P1 M1 08 50 22900 10000 19000 1.9
P2 M2 o7 33 13800 10300 21000 2.1
P3 M3 o7 33 17400 19800 38800 1.9
P4 M4 08 50 16000 10900 23800 2.1
P5 M5 o7 33 11200 10200 24000 2.3
P6 M6 o7 33 21200 13000 26800 2.1
P7 M7 9% 25 16700 14400 24400 1.7
P8 M8 94 16 7400 6000 10900 18

3 Percentage conversion (p) was estimated from *H NMR. ® The degree of polymerization was calculated
from *H NMR using Carothers equation (X,=1/1-p). 9The number average molecular weight (M) was
calculated using the formula My=M, x Xn Where M, is mass of repeating unit. YMolecular weights were
determined by SEC using THF as eluent at 25 °C.

The polymers were subjected to molecular weight determination using size
exclusion chromatography (SEC) in tetrahydrofuran (THF) solvent. The
chromatograms of the polymers in Figure 2.5 revealed that polymers were produced in
mono-model distribution confirming the formation of uniform chain length. The
number and weight average molecular weights Mn, and Mw of polymers were
determined in the range of M, = 6.0 to 19.8 x10° g/mol and My = 10.9 to 38.8 x10°
g/mol, respectively. The polydispersity of the polymers was produced closer to 2 which
is typically expected for higher conversion (Xw/Xn = 1+p; “p” in mole fraction). The
molecular weights obtained from SEC was slightly lower compared to *H- NMR which
is attributed to the usage of polystyrene standards for SEC calibration.

2.3.3 Kinetics of polymerisation

Among all the monomers, M3 was found to produce higher molecular weights
along with 1,12 dodecanediol. Lower diol analogues were not tried in the present study
since 1, 12 dodecanediol found to be one of the best candidates to yield high molecular
weight polymer based on our previous reports®. t-Butyl benzoic monomer M3 was
employed to study the kinetics of polymerisation along with 1,12 dodecanediol using 1
mol % of Ti-catalyst as shown in Figure 2.6a. Aliquots were collected at intervals and
they were analysed by *H-NMR as shown in Figure 2.6b, the *H-NMR spectra of the
aliquots are stalked plotted from 30 min to 360 min time interval. From *H-NMR
spectra of the kinetics of the polymerisation it can be observed that at the initial stage

of the polymerisation the peaks at 3.7-3.8 ppm can be clearly see which represent
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methy| ester of the monomer M3 which shows reduction in intensity of the peak as the
polymerisation continues. While the new peak at in the range of 4.1-4.2 ppm confirms
the formation of polyester backbone, as it can be seen in Figure 5b the methyl ester
peak of monomer gets reduced during polymerisation and new peak backbone peak get
increase as the polycondensation progresses. *H NMR analysis showed that all the
polymers were produced 94-98% conversion irrespective of their side chains in the
Table 2.1(Page no 89). This implies that the process is very robust and employable to
wide ranges of monomers. To understand the kinetics of polymerization, we have
chosen M3 monomer (in Figure 2.6) and the *H NMR was employed to estimate the %
conversation vs molecular weight. In principle, the kinetics of the polymerization of
other monomers would also expect to follow the similar trend since the melt

transesterification process is same in all the cases.
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Figure 2.6 (a)Scheme for the kinetics of the polymerization. (a) *H NMR spectra of
kinetic of polymerisation of P-3. Aaliqoutes were collected each after 30 min for NMR
analysis in CDCls (b) SEC chromatograms of polymer aliquots taken at various time
interval in the polymerization kinetics of P3. (c) Plot on M, versus the % conversion
for the polymerization kinetics of P3.
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The collected aliquots were further characterised with SEC in the THF column. As
shown in Figure 2.6c¢, the SEC chromatogram showed bimodal distribution at the initial
stage of polymerisation, and with the progress of the reaction the polymer showed
monomodal distribution and appeared at low retention time with respect to the
formation of higher molecular weight chains. The molecular weight of the polymer was
calculated from the *H-NMR spectra which is discussed as Figure 2.6a, First the number
of repeating units (X,) of the polymer is calculated by comparing the integration of new
appearing peak of the polymer backbone 4.1-4.2 ppm with the end group peak at 3.7-
3.8 ppm. From the number of repeating units (Xn), number average molecular weights
(Mn) were calculating the formula shown in Figure 2.6. The plots of Mn versus reaction
in Figure 2.6d revealed that formation of higher molecular weight polymers with the
progress of the reaction time and M, was obtained to 40,000 g/mol (based on NMR).
The nature of the plot further confirms the polymerisation is procced by the
polycondensation method. TGA profile of the polymer aliquots as shown in Appendix
Figure S9 which shows that with increase in polymerisation time stability of the

polymer chain increases.
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Figure 2.7 MALDI TOF of polymer aliquots P3 at 150 minutes fraction. Repeating Unit
Mass=455g/mol.
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MAVLDI-TOF analysis of polymer aliquots was carried out in DHB matrix. The
polymer chain was analyzed various mass fragments. From the analysis of the MALDI-

TOF of the polymer aliquots different fragments of the polymer chains were observed
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with different end groups with sodiated or potassiated peaks as shown in Figure 2.7.
The MALDI-TOF spectra further confirms the stability of the L-aspartic monomer for
melt polymerization reaction to yield high molecular weight polymer products, in
addition to that there was no peak of macrocycle was observed.

2.3.4 Catalyst Screening

The catalyst screening experiment was performed to trace the best catalyst for the
transesterification polycondensation. Based on our lab literature report various catalyst
was chosen. Transesterification catalyst such as Zn(OAc),, Cd(OAc)., LaCls,
Ti(OBu)4, dibutyl tin dilaurate, Sn(Oct), were chosen based on our earlier experience®.
The polymerization was carried out with similar setup as explained for P3, Except the

catalyst was changed.
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Figure 2.8 SEC Prdfile of the polymer P3 synthesized using various catalyst.

Table 2.2 Table containing the SEC molecular weights of the polymers in THF at 25 °C.

Catalyst (Vs M,? Muw/Mn
Ti(OBuU)4 19800 38800 1.9
sn(Oct). 5600 9900 17
DBTO 5400 11200 2.0
Cd(OAc) 5400 10400 19
Zn(OAc); 5400 10400 1.9
LaCls 1300 1900 1.3
No Catalyst 1100 1300 1.1

4 Molecular weights were determined by SEC using THF as eluent at 25 °C.
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Among the various transition metal catalyst, Ti(OBu)s produced highest molecular
weights i.e 19800 g/mol for the L-aspartic acid monomer while other catalyst produce
low molecular weight polymer in the range of 5000 to 6000g/mol. While in absence of
the catalyst the only oligomer was produced. In the Figure 2.8 SEC chromatogram of
the polymers produced from different catalysts are plotted. Polymer synthesized from
Ti catalyst showed lowest retention time in SEC as compare to other polymers. The
molecular weight t Mn, Mwand PDI of the polymers are summarized in Table 2.2.
2.3.5 Thermal Characterization

The polymers were analysed for their thermal properties using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
Thermogravimetric analysis data is show in Figure 2.9. The thermogram revealed that
polymers are highly stability all the polymer are stable in the range of 280-300 °C
irrespective of their different side chain. All the polymer showed decomposition hump
at 380-450 °C this is due to polyester backbone.

—

100 200 300 400 500 600
Temperature (°C)

Figure 2.9 TGA Thermogram of the polymers under nitrogen atmosphere

The nature of the polymer was determined by Differential scanning calorimetry
(DSC). The DSC of the polymers was carried out under the nitrogen atmosphere from
the temperature range -50 °C to 150 °C. DSC thermogram of the polymers shown as
Figure 2.10 revealed that the polymer with different aryl side chain such as benzoyl,
Toluyl, 4 Tert butyl benzoyl and Napthoyl in polymer P1, P2, P3 and P4 respectively

were found to be amorphous in nature. (See Figure 2.10).
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If we compare these polymers side chain containing polymers comparing the
first three polymers in the series all these found to be amorphous the first polymer (P1)
containing benzoyl group at a side chain found to be having glass transition (T) value
-7 °C which expected to have n-m interaction in the solid state. This kind of interaction
is hindered in the polymers P2 and P3. In P2 methyl group at the para position of
benzoyl which hinders n-7 interaction which led to increase in the glass transition (Tg)
value -6 °C. Further bulker group i.e., Ter. Butyl group at para of benzoyl group in the
PE-3 increased Tg -1°C. While like P1 m-m interaction possible in the P4 polymer
resulting in to low Ty value as -1°C. These polymers exhibited glass transition

temperature Tg< 10 °C.
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Figure 2.10 DSC profile of polymer P1 to P4. (DSC was performed at 10 °C/min under N,
atmosphere).
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Figure 2.11 DSC profile of polymer P5 to P8. (DSC was performed at 10 °C/min under N,
atmosphere).

Whereas long aliphatic side chain polymers were found to semi-crystalline (Figure
2.11). Among the series of the polymers P5, P6 and P7 was found to be semicrystalline.
In case of P6 pentadecyl unit as side chain while P7 contains stearic as side chain. In
both of these cases side chain long aliphatic linkage is responsible for crystalline nature
of the polymers. These long chains undergo packing due to inter or intramolecular van
der Waals interaction between aliphatic in the microdomain of polymer matrix to give
crystallinity to the polymers as shown in Figure S14. Thermal properties of the polymer
are summarized in Table 2.3. The polymers exhibited glass transition temperature Ty <
10 °C. the polymer P6 showed melting transition at 10 °C with enthalpy of transition
36 J/g while P7 has shown slightly higher melting point at 42 °C and enthalpy of melting
49 J/g. The P5 showed melting point 8 °C with enthalpy of melting 30 J/g. The polymer
with bulky rigid side chain such as adamantane group as side found to show amorphous
in nature with Tg value close to 10 °C. Thermal characterisation data including TGA

and DSC are summarized in the Table 2.3
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Table 2.3 Thermal properties of L-Aspartic acid-based polyester

Polymer T4 (°C)2 Tg(°C)®  Tm(°C)® AHmM@/g)!  Te(°C)®  AHc(J/g)s

P1 280 -7.0 - - - :
P2 250 -6.0 - - - -
P3 270 -1.0 - - - -
P4 280 -3.0 - - - -
P5 250 - 8 30 -1 25
P6 260 - 40.0 36.96 33.1 36.34
P7 240 - 10.0 69.3 -1.0 62.8
P8 280 -10.0 - - - -

3 Temperature of decomposition (T4) determined from TGA. ® The glass transition temperature (T4) was
determined from second heating cycle of DSC thermogram. “Melting point (Tm) of the polyester
determined heating cycle of DSC thermogram. 9 Enthalpy of Melting determined from area under the
curve of heating cycle of the of DSC thermogram. ® Temperature of Crystallization (T) of the polyester
determined cooling cycle of DSC thermogram. ? Enthalpy of crystallization determined from area under
the curve of cooling cycle of the of DSC thermogram.

The above analysis suggested that depending upon the side chain substitution
one could readily fine-tuned the semi-crystalline nature of the L-aspartic acid-based
polyesters. These aliphatic polyesters were found to be exhibiting good thermal
properties; thus, these natural resource derived L-amino acid-based polyesters may
have long-term impact in thermoplastic applications. Due to rigid structure and high
hydrophobicity, these polymers were found to be not soluble in aqueous medium, and
therefore, further structure engineering was introduced to bring appropriate
amphiphilicity for aqueous self-assembly to demonstrate their drug delivery
capabilities.

2.3.6 Synthesis of PEGlated Monomer

To incorporate appropriate amphiphilicity, a new L-aspartic monomer anchored
with polyethylene glycol side chain was designed as shown in Scheme 2.6. PEG-350
monomethyl ether was mesylated using methane sulphonyl chloride to produce
compound 2 and then this was coupled with 4-hydroxyl benzoic ester (3) to get

PEGlated benzoic ester derivative (4).
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Scheme 2.6 Synthetic of L- Aspartic acid containing PEG 350 side chain monomer M-
PEG.
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The resultant methyl ester (4) was hydrolysed to corresponding carboxylic acid (5) and

its acid chloride (6) coupled with to L-aspartic ester compound 1 to produce PEGlated

monomer M-PEG. *H NMR spectra of compound 2 to 5 is provided as Figure 2.12.

2.3.7 Synthesis of PEGlated Amphiphilic polyester

The monomer M-PEG was polymerized with 1,12 dodecanediol using Ti(OBu)s to

yield amphiphilic polyester P-PEG and structure of the polymer was characterized by

'H NMR and BC-NMR (See Figure 2.13).
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Scheme 2.7 Synthetic of L- Aspartic acid containing PEG 350 side chain polymer P-
PEG.
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Figure 2.13 'H NMR spectra of monomer M-PEG (a) and its polymer P-PEG (b). **C NMR
spectra of monomer M-PEG (c) and its polymer P-PEG (d). The spectra were recorded in
CDCl3

Unlike the polymers P1 to P8, the exact determination of X, by H-NMR
analysis for P-PEG was not feasible due to the overlap of peaks of the -CH2CH20- of
the PEG units along with the COOCH3; end groups. *C-NMR spectrum of the P-PEG
indeed confirmed the disappearance of the carbon atoms in the COOCH3 end groups

confirming the formation of high molecular weight polymers.
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Figure 2.14 (a) SEC chromatograms of P-PEG in THF as eluent the column was
calibrated with polystyrene standard. (b) TGA Thermogram of P-PEG (c) DSC profile
of P-PEG.

SEC of the P-PEG polymer was found to be mono-model distribution with respect to
the formation of homogeneous chain lengths (Figure 2.14a); The P-PEG polymer found
to produce My = 5.6 x10° g/mol and My = 9.8 x10° g/mol with polydispersity index 1.7.
The reason for the estimation of low molecular weight for the PEGylated polymer is
attributed to the mismatch of the hydrodynamic volume of the polystyrene standard
used the SEC calibration (a similar trend was observed in our earlier reports)®”°,
Similarly the thermal characterisation was carried out using TGA and DSC, P-PEG
polymer was found to thermally stable to higher temperature of 350 °C (See Figure
2.14Db). The P-PEG showed amorphous nature with glass transition temperature -30 °C

as shown in Figure 2.14c.

2.3.8 Self-assembly of amphiphilic polyester

Self-assembly of Amphiphilic polyester Hydrophobic
Hydrophilic
Phase- .
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ydrophobic I S :\ on

\ /T\.o— v . :

e / §

Hydrophilic
7

Figure 2.15 Schematic representation of P-PEG polymer nanoparticle self-assembly in
water.
The P-PEG was comprised of aliphatic polyester hydrophobic backbone and

flexible PEGlated hydrophilic side chains and this brought amphiphilic balance which
is essential for the self-assembly of polymers in aqueous medium. The polymer was
self-assembled by dissolving the polymer (5.0 mg) in DMSO+water mixture (2/3 v/v)
and dialyzed using semi-permeable membrane having molecular weight cut-off
(MWCO) of 1.0 kDa for 48 h. During this process, the hydrophobic back bone is

anticipated to undergo phase segregation into a amphiphiles which self-assembled in to
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spherical micelles having hydrophobic core and hydrophilic shell. Subsequent
aggregation of the micelles produced aggregated micelles and the entire process is

schematically shown in Figure 2.15
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Figure 2.16 (a) DLS histogram of dialyzed P-PEG solution at 0.1 mg/mL in water (b)
FE-SEM image and (c) AFM image along with height profile of P-PEG nanoparticle at
0.1 mg/mL in water.

The dialysed polymer solution was subjected to dynamic light scattering (DLS)

and size of the nanoparticle was found to be in the range of 140 nm+10 in Figure 2.16b.
The DLS histogram distribution exhibited polydispersity index of 0.5 suggesting that
polymeric nanoparticle is formed in uniform size. The morphology of the polymeric
nanoparticle was determined by FESEM and AFM and the images are shown in Figure
2.16b and Figure 2.16¢, respectively. FE-SEM image showed the existence of spherical
nanoparticle with size of 140 + 10 nm. AFM image showed the size of the nanoparticle
as 130 + 10nm its spherical shape was further confirmed from the AFM height profile.
The size of the aqueous self-assembly of P-PEG by DLS was matching very well that

of the FESEM and AFM images confirming the formation of spherical nanoparticles.
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Figure 2.17 (a)Pyrene emission spectra of CMC Experiment. Pyrene chromophore was

excited at (Aex= 337 nm and emission collected from 350-500 nm. (b) Plot of 1,/13 vs

concentration of the P-PEG.
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The critical micelle concentration (CMC) of P-PEG polyester was determined using
pyrene as probe following earlier report®. The concentration of the pyrene was
maintained as 0.6 M and the polymer concentration was varied from 1.0x107 g/mL to
1.0x10° g/mL. The pyrene was excited at 337 nm and emission spectra was recorded
from 350-500nm as shown in Figure 2.17a and the ratio of I1/13 peak was plotted against
the P-PEG concentration as shown in Figure 2.17b. The break point with respect to
CMC was found to be 4.8ug/mL which agrees with previously reported literature value
for PEGlated polymers®”:7%, CMC values for small molecules are reported in the mM,
while in case of the polymer it can be reported wither by mM or mg/mL which is
acceptable in the literature. Since the structure of the polymers significant vary with
respect to the side chains, it is better to follow the mg/mL so that the comparison could
be made. Further, the DLC and DLE value and MTT assay data (all biological studies)
are also typically reported in mg/mL. Therefore, CMC is mentioned in mg/mL for better

clarity.

2.3.10 Thermo-responsive amphiphilic polyester

The polymer P-PEG was found to be thermo-responsive as shown in Figure
2.18a. At ambient temperature (25 °C), the polymer was completely soluble in water
whereas the solution became turbid and the polymer chains phase separate up on
heating above its lower critical solution temperature (LCST). The polymer chains are
soluble in water due to hydration of polyethylene glycol chain (below LCST); however,
above LCST the hydrogen bonding between the PEG-oxygen to the surrounded water
molecule became feeble as a result the polymers precipitate which in turn increases the

turbidity of the aqueous medium.
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Figure 2.18 (a) Photograph of vials showing thermo-responsive behavior in the heating
and cooling cycles. Variable temperature transmittance at 600 nm of the P-PEG in
water for 1.0 mg/mL (b) and 6.0 mg/mL (c) concentrations in the heating cycle. (d) Plot
of % transmittance versus the heating temperature of P-PEG at 6.0 mg/mL.
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To study the thermo-responsive nature of the P-PEG sample, it was subjected
to temperature dependent transmittance  measurement using  UV-Vis
spectrophotometer. Variable temperature spectra are shown in Figure 2.18b and Figure
2.18c for two different concentrations of P-PEG at 1.0 mg/mL and 6.0 mg/mL,
respectively. The plot of % transmittance at O.D. = 600 nm (much away from the
absorbance range of polymer) versus the temperature exhibited clear break point at
much higher polymer concentrations (Figure 2.18d). The thermo-responsiveness at 1.0
mg/mL was found to be weak whereas the turbidity increased significantly nearly up to
95 % at 6.0 mg/mL. PEGlated polymers of L-lysine polyurethanes and L-tyrosine
poly(ester-urethane) s in our previous attempts®’:0 exhibited strong LCST trend at low
polymer concentration (1.0 mg/mL), and therefore, they were explored for the thermo-
responsive drug delivery concept in cancer cell lines. However, the present L-aspartate
based PEGIlated polyester exhibited relatively LCST at higher polymer concentration
which restrict their exploration as stimuli for drug release. This may be attributed to the
fact that both L-tyrosine and L-lysine polymers possessed hydrogen bonding interaction
in the polymer backbone via urethane (or carbamate) linkages which is completely
lacking in the polyester system. Despite the polyesters were indeed structurally
engineered with side-chain hydrogen bonding unit, they lack strong thermo-responsive
characteristics. This implies that further structural engineering may be required to
optimise the thermo-responsive in L-aspartate polyesters and separate efforts required
to address this aspect. Nevertheless, it is important to note that the L-aspartate polyester
has two aliphatic ester linkages per repeating unit; thus, the polymer chains are highly
suitable for lysosomal enzymatic-biodegradation at intracellular compartments for drug

delivery which is an added advantage compared to earlier system.

2.3.11 Drug or Biomarker Encapsulation in polymer Nanoparticles

To study the encapsulation capability of the P-PEG nanoparticles drug molecules such
as doxorubicin (DOX), camptothecin (CPT), curcumin (CUR); and biomarkers like
Rose Bengal (RB), Nile Red (NR), Rhodamine-B (RhB) and 8-hydroxy-pyrene-1,3,6-
trisulfonic acid sodium salt (HPTS) were attempted by dialysis method. Typically, 5.0
mg of the polymer and 0.5 mg of the cargo were taken in DMSO+ water (2.0+3.0 mL)

solvent mixtures and dialyzed against Milli Q water for 48 h. Among all the cargoes
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attempt for loading only DOX, CUR, RB and HPTS showed very stable encapsulation
in the P-PEG.
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Figure 2.19 (a) Schematic diagram of drug (or dye) loaded P-PEG self-assembly in
water. The photograph of vials showing P-PEG-DOX, P-PEG-RB and P-PEG-CUR
nanoparticle under photoexcitation using UV lamp. (b) Absorption spectra of drug (or
dye) loaded P-PEG nanoparticles. (c) Emission spectra of drug (or dye) loaded

nanoparticles (lexc at absorbance maxima). (d)Table containing the drug (or dye)
loading content (DLC) and drug (or dye) loading Efficiency (DLE).

The photographs of the vials and the table in Figure 2.19a summarizes these
drug or dye loaded samples. The drug (or dye) loading content (DLC) and drug (or dye)
loading efficiency (DLE) were determined by absorbance spectroscopy. Among the
various cargoes DOX was loaded 4.5% while other cargoes such as CUR, HPTS and
RB was loaded in lower amount i.e., 3.8%, 3.4% and 1.8%, respectively (See Figure
2.19d). These samples are referred as P-PEG-DOX, P-PEG-CUR, P-PEG-RB, and P-
PEG-HPTS. In Figure 2.20a, the DLS of the DOX loaded samples exhibited the
existence of 75 + 10 nm sized nanoparticles. Morphology of P-PEG-DOX was found
to be spherical in shape with average diameter of 100 nm which is confirmed by
FESEM in Figure 2.20b and AFM in Figure 2.20c. DLS histograms of P-PEG-CUR, P-
PEG-RB, and P-PEG-HPTS also confirmed the existence of <200 nm nanoparticles
(Figure 2.21).
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Figure 2.20 (a) DLS histogram for of P-PEG-DOX nanoparticle at 0.1 mg/ml. (b)FE-
SEM image and (c) AFM-image (d) of P-PEG-DOX nanoparticles.
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Figure 2.21 DLS profile for (a) P-PEG-CUR, (b) P-PEG-RB, and (c) P-PEG-HPTS.
Concentration = 0.1 mg/ml.

The drug or dye loaded nanoparticle was subjected to study photophysical using
absorbance and emission spectra. Absorbance and emission spectra of drug or dye
loaded nanoparticle is shown in Figure 2.19b and Figure 2.19c, respectively. The Amax
of absorbance and emission maxima of the drug and dye loaded P-PEG samples are
similar to that of their free drugs and dyes ". This implies that the newly designed
PEGIlated L-aspartate polymer nanoparticle was efficient in loading wide ranges of
cargoes in the nanocavity and the photophysical properties of the drug or dye

chromophores were also retained in aqueous medium for bioimaging applications.

2.3.12 Enzyme-Responsive Release

Lysosomal-enzymes at the intracellular compartments are very well known to

biodegrade aliphatic polyester polymeric nanoparticle to release the drug molecules as
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shown in Figure 2.22a"3.To study the drug releasing capabilities of P-PEG polymer NP,
in vitro experiment was designed in such a manner that polymer was incubated with the
esterase enzyme under physiological condition. P-PEG-DOX sample was incubated
with 10 U horse liver esterase enzyme at physiological temperature 37 °C and pH of the
PBS was maintained at 7.4
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Figure 2.22. (a) Schematic representation of cellular uptake by endocytosis and
doxorubicin release from PE-PEG-DOX nanoparticle by the action of lysosomal
enzymes at the intracellular level. (b) Doxorubicin release profile from PE-PEG-DOX
nanoparticle with and without of esterase enzyme at 37 °C in pH= 7.4.

. The polymeric solution with enzyme was added to dialysis tube of 1 kD. The
PBS 7.4 pH was taken in outer reservoir so that the released doxorubicin can be
monitored. The concentration of doxorubicin released was monitored using absorbance
spectroscopy and the cumulative DOX release was estimated and plotted in Figure
2.22h. As a control experiment doxorubicin release Kinetics in absence to enzyme also
studied in PBS alone at pH 7.4. The plot in Figure 6b proved that nearly 92 % drug was
released in presence of enzyme. The 20 % leaching out of DOX from the NP in the
absence of enzyme is attributed the effect of PBS salt in the partial destabilization of
the NP at 37 °C. The drug release kinetics follows two-step release patterns during
initial 6 h both the sample with esterase and without esterase enzyme shows equal
amount of DOX release this is due to disassembly of the polymeric nanoparticle after
this stage esterase enzyme acts on the polymer backbone causing the enzyme triggered
release of the DOX. This experiment mimics the action of various enzyme at
intracellular compartment of the cell and validated the enzymatic-biodegradation of the

tailor-made P-PEG NPs. The process of endocytosis is an energy dependent process
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which is assisted at normal physiological temperature while the free DOX is taken up

by the cells using simple diffusion

2.3.13 Temperature dependent endocytosis
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Figure 2.23: (a) Confocal microscopy images of temperature dependent cellular uptake

of P-PEG-DOX at 37 °C and 4 °C. (b) Plot of CTCF values against the incubation
temperature.

To prove the nanoparticle is taken by endocytosis temperature dependent
experiment was carried out. About 10° cells were grown in two separate 6 well plate
for 24 h. P-PEG-DOX with DOX concentration was maintained as 5ug/mL and the
plots were separately incubated at 37 °C and at 4 °C for 4h. After 4h, the cells were
fixed with 4 % paraformaldehyde and stained with DAPI and subjected for confocal
microscopic imaging. DOX was excited with 488 nm laser and signals were acquired
from 510-720 nm whereas the DAPI was excited using 405 nm laser and signals
acquired from 410-494 nm. The images in Figure 2.23a clearly evident that the DOX
has been substantially taken up by the cells at 37 °C while negligible amount was seen
at 4 °C. The amount of DOX taken up by the cells was further quantified by CTCF
calculation and plotted in Figure 2.23b. Corrected total cell fluorescence (CTCF) =
Integrated density— (area of selected cell x mean fluorescence of background
readings”. It was observed that at the physiological temperature P-PEG-DOX was
taken up by the cells is 10 time higher as compare to P-PEG-DOX at 4 °C. Hence, the

cellular uptake studies revealed that newly designed L-aspartate amphiphilic polyester
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P-PEG has excellent ability to endocytosis under physiological temperature and also

susceptible to enzymatic-biodegradation to deliver the cargoes at the intracellular level.

2.3.14 Haemolysis Study of polymer nanoparticles
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Figure 2.24. Haemolysis study of P-PEG (0.1 mg/mL) with Triton-X as positive control
and PBS as negative control. Corresponding data shown in photograph of centrifuge
tube). (****p<(0.0001). Each point represents mean + SEM (n =3)

For any polymeric biomaterial, it is vital to understand its biocompatibility with
different cell types at physiological condition. In blood, RBCs are the most abundant
cell type and for polymeric intravenous delivery, it should be hemocompatible?®2?*, To
determine its compatibility, 0.1 mg/mL P-PEG polymer solution (in PBS) was
incubated with RBC solution for one hour at 37 °C in static incubator. The solution was
taken in eppendorf and centrifuged at 8000 rpm for 5 min. In case of positive control
(0.1 % Trx), the whole solution appeared red in colour (as shown in Figure 2.24) due
to complete lysis of RBCs while for negative control (in PBS), an undisturbed RBC
pellet was observed at the bottom of the eppendorf which accounts for no lysis. In case
of polymer sample (P-PEG), RBCs were found to be completely intact at the bottom of
the eppendorf (see Figure 7a photograph). The % hemolysis for P-PEG polymer sample
along with positive (0.1% Trx) and negative control (PBS) is plotted in Figure 2.24.
For P-PEG polymeric sample, % hemolysis value was found to be 2 % which was
significantly lower as compared to positive control which confirms that polymer is

extremely compatible to RBCs and can be employed for intravenous delivery.

108



Chapter 2

2.3.15 Cytotoxicity studies of the polymer and loaded cargo
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Figure 2.25. Cytotoxicity of P-PEG in MCF 7 and WT MEF cell lines for 72 h
incubation. [10° cells are used for seeding in the cytotoxicity studies].

MTT assay was employed to study cytotoxicity of polymer nanoparticle in
nascent form and loaded with DOX anticancer drug or RB and HPTS biomarkers. To
study cytotoxicity two different cell lines were chosen non-cancerous WT MEF (Wild
type Mouse embryonic fibroblast, non-cancerous cell line) and other breast cancerous
cell lines MCF 7. The concentration of polymer alone was studied from 1.0 pg/mL to

100 pg/mL as shown in Figure 2.25.
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Figure 2.26. Cytotoxicity of free doxorubicin and PE-PEG-DOX nanoparticle in
(a)MCF cell line (b) WT MEF. [10° cells are used for seeding in the cytotoxicity
studies].

The polymer P-PEG was found to be non-toxic towards both normal and

cancerous cell lines. The P-PEG-DOX and free DOX were studied for their cytotoxicity
and the concentration of DOX was maintained in the range of 0.1 pg/mL to 1.0 pg/mL.
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The I1Cso value was found to be 0.4 pg/mL and 1.0 pg/mL for free DOX and P-PEG-
DOX in Figure 2.26. The ICso value for the DOX delivery from the P-PEG NP platform

is comparable to that of other polymeric scaffolds reported earlier’”:"°,
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Figure 2.27 Cytotoxicity of free curcumine and PE-PEG-CUR nanoparticle in (a)MCF
cell line (b) WT MEF. [10° cells are used for seeding in the cytotoxicity studies].

Anti-inflammatory drug curcumin was also tested for toxicity in MCF 7 and
WT MEF; The concentration of CUR was maintained from 0.1pg/mL to 20ug/ml. It
was found that Free CUR and P-PEG-CUR are equally effective in inhibiting the cancer
cell growth. Both the sample were able to inhibit the growth of cancer cells up to 70 %
at the concentration of 5ug/mL (see Figure 2.27). The bio-probes loaded samples P-
PEG-HPTS and P-PEG-RB and these bio-probe in free form were found to be non-
toxic toward both WT MEF and MCF 7 in Figure 2.28.

110



Chapter 2

@) (b)

120 1 120 -
[ P-PEG+HPTS [ P-PEG+HPTS

100 1 1 Free HPTS 100 1 L Free HPTS
80 - ]
60 - 2 o0
40 - ]
20 ]
04 ]

> N e @ e P P > N v D e P P

]
o

Cell Viability(%)
Cell Viability(%)
& 2

N
=}

o

& S
& [«
HPTS Concentration(ug/mL) HPTS Concentration(ug/mL)
(c) (d)
120 1 BN PPEG+RE  [IFree RB
0 120 mEEM PPEG+RE [ FreeRB
. 100 -
= ] =
= &0 < 80
o =
g 60 § 60
T 40 = 40
© S
20 20
0 o
S N e S e PP S N e e e P P
N &
& [
RB Concentration (pg/mL) RB Concentration (ug/mL)

Figure 2.28 Cytotoxicity of free HPTS and PE-PEG-HPTS nanoparticle in (a) MCF
cell line (b) WT MEF. Cytotoxicity of free RB and PE-PEG-RB nanoparticle in (c)MCF
cell line (d) WT MEF. [10° cells are used for seeding in the cytotoxicity studies].

2.3.16 Cellular Uptake Studies

The ability of P-PEG polymer to transport the loaded cargoes (DOX, CUR, RB
and HPTS) across the cell membrane for their cellular uptake was studied in MCF 7
cell line. The experiment was setup to study the uptake of drug and dye in free and
loaded form. 10° Cells were seeded on glass cover slip and grown for 24 h.
Concentration of fluorophore was kept same for free dye and loaded dye as 5 pg. The
cells along with fluorophore was incubated for 6 h and fixed. The mechanism of uptake
of polymeric nanoparticle was studied at the cellular level using confocal laser scanning
microscopy (CLSM).

When the cellular uptake of the Free HPTS and P-PEG-HPTS was carried outby
incubating the MCF 7 cells with concentration of HPTS about 5 pg. The uptake was
studied for the period of 6h and the nuclei of the cells were stained with Acridine
Orange (AO). The nuclear staining agent DAPI cannot be in this as it could interfere
with HPTS signal. HPTS were excited using 405 nm laser and collection was done in
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range of 410 nm-494 nm and AO was excited using 488 nm laser and collection of the
AO was done in a range 510 nm-570 nm. From confocal images it was observed that
HPTS was taken up by the cells in both free and P-PEG-HPTS form as shown in Figure
2.29%.
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Figure 2.29 Confocal images of cellular uptake and corresponding their CTCF values
of (a) free HPTS and P-PEG-HPTS, (b) free RB and P-PEG-RB, and (c) free DOX and
P-PEG-DOX in MCF 7 cell line. The images were recoded for fixed cells after 6 h
incubation [10° cells were seeded]. Concentration of the RB, DOX and HPTS were

maintained as 5.0 ug/mL.

The green signal from the cells refers to the presence of HPTS while yellow
colour is given to AO. Merge images shows that Free HPTS after 6h of incubation,
found to be localised in cytoplasm while P-PEG-HPTS taken up by the cells shows
signal were also observed in nucleus along with the cytoplasm. In case of P-PEG-HPTS
uptake merge image shows presence of intense yellow signal at nucleus. The uptake of
the HPTS was further confirmed by the CTCF calculation. It was found that P-PEG-

HPTS was taken up more compare to free HPTS.
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Figure 2.30 (a)Confocal images of cellular uptake and (b)corresponding their CTCF
values of free CUR and P-PEG-CUR in MCF cell line. The images were recoded for
fixed cells after 6 h incubation [10° cells were seeded]. Concentration of the CUR HPTS
were maintained as 5.0 ug/mL. Scale bar = 40um.

Uptake studies of anti-inflammatory drug curcumin (CUR) was also performed
for 6h in MCF 7 cells. Free CUR and P-PEG-CUR concentration was maintained as 5
Kg. Nuclei was stained with AO. Confocal Images of the cells were carried out by using
similar settings as used for HPTS samples. Amax Of CUR is at 420nm therefore 405nm
laser was used to excite CUR and emission signals were collected at 410 nm-494 nm
and AO was excited using 488 nm laser and collection of the AO was done in a range
510 nm-570 nm, signal from curcumin is shown in green colour while AO signal
marked with yellow colour. Figure 2.30 shows that free CUR predominantly found in
the cytoplasm while P-PEG-CUR sample was taken up by cells signals were found
nuclei along with cytoplasm which is indicated by intense yellow colour in merge
image. CTCF plot shows that P-PEG-CUR was taken up 5-fold more as compare to
free CUR.

RB and P-PEGRB uptake was also quantified by CLSM images, DAPI was
used to stain the nuclei in this case. After the 6h of incubation of fluorophore. It was
observed that RB in free form was up taken in very less quantity as compare to P-PEG-
RB. Figure 2.29b show confocal images pink colour from cells is due to presence of
RB inside the cells, blue colour shows nuclei due to DAPI staining. CTCF plot further

confirm that P-PEG-RB was taken up in more quantity as compare to free RB.
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2.3.17 Time dependent Cellular uptake studies of Free DOX vs P-PEG-DOX

The cellular uptake for both free DOX and polymer loaded with DOX i.e., P-
PEG-DOX was studied using MCF 7 cell line to demonstrate ability of drug loaded
nanoparticle to deliver the drug. The DOX is very well-known anticancer drug with
kills the cells by intercalation between the base pairs for DNA double stranded helix
and disrupts the mechanism of topoisomerase 11 enzyme of DNA repair which lead to
death of the cell. The experiment was setup to study cellular uptake 10° Cells were
grown on the coverslips for 24 h. Then the cells were exposed to DOX about 5ug of
DOX added to the cells and allowed to uptake for 4 h. After uptake the cells were fixed
and stained with DAPI as it is known to exclusively stain nucleus. DOX was excited
with 488 nm laser and signals were acquired from 510-720 nm whereas the DAPI was
excited using 405 nm laser and signals acquired from 410-494 nm as mentioned earlier.
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Figure 2.31 Plot of CTCF values against the incubation time

In Figure 2.31, it was found that DOX loaded nanoparticles were shown
emission was coming from cytoplasm while free DOX directly reaches to nucleus.
Overlay merge of two images taken at DOX channel and DAPI channel produce
magenta colour. it was further confirmed that free DOX was predominantly found
inside the nucleus while DOX loaded inside the polymer NPs showed emission form
both nucleus and the cytoplasm. Free DOX is small molecule and it would readily
excrete from the cytosol by the p-glycoprotein pump (have pore diameter of 5 nm)
which is very well acceptable and reported phenomena in biological studies. On the

other hand, the larger size polymer NPs (~ 100 nm) retained in the cytosol and not
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possible to excrete by p-glycoprotein pump that enabled their prolonged internalization
in the cells. This results in the enhanced intensity of the polymer+DOX compared to
that of DOX alone. The mechanism of cellular uptake was further studied to study in a
time dependent manner. The free DOX and P-PEG-DOX nanoparticles were exposed
to cell lines such as at different time point such as 2h, 4h, 6h, 9h and 12h. The CLSM

images are shown in Figure 2.32.
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Figure 2.32 Time-dependent cellular uptake P-PEG-DOX at various time interval as
2h, 4h, 6h, 9h, and 12h in MCF 7 cell line. The concentration of DOX was maintained
as 5.0 ug/mlL.
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The amount of the DOX inside the cells were calculated by CTCF calculation.
It was found that free DOX was taken up by the cell very fast as compare to DOX
loaded inside the polymer NPs. The free DOX enters the cell by passive diffusion
process while the polymer NPs enters the cell by process of endocytosis. Free DOX as
it is taken up faster by the cell it is also cleared up quickly by efflux pump of Multi
Drug Resistance (MDR) Cells. To overcome this resistance polymer NPs helps as they
are larger in size. Free DOX was taken up by the cells in 6h and also cleared up in

before 9h as shown in Figure 2.33.
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Figure 2.32 Time-dependent cellular uptake fixed cell imaging of Free DOX at various
time interval as 4h, 6h, 9h, and 12h. The concentration of DOX was maintained as 5.0
ug/mL. Scale bar = 30um.

While polymer NPs enters inside the cell by the process of endocytosis, which
is energy dependent process. The nanoparticle is taken by the cell slowly to lysosome
were polymer gets degraded by the action of enzymes and release the loaded cargo in
side cytoplasm and the DOX reaches inside nucleus. The present investigation reports
the development of amide-substituted L-aspartic acid; however, the approach is not

restricted to few selected examples, and in principle, the approach could be expanded
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to wide ranges of aliphatic polyesters with different functionality for instance the
amide-handle could also be expanded to anchoring fluorophores, drug molecules or
targeting agents, etc. Currently efforts are taken in these lines to expanded the scope of
the melt polycondensation strategy to L-amino acid-based polyesters development.
2.4 Conclusion

L-Aspartic acid based different side chain containing amide functionalised
polymer was synthesized using melt polycondensation strategy. Various aromatic and
aliphatic acid were conjugated to dimethyl ester monomer and polymerised with 1,12
dodecane diol to produce high molecular weight polyester. These polymers were
characterised with the help of NMR and SEC and was found to produce high molecular
weight polymers. Titanium tetrabutaoxide (Ti(OBu)s) found to produce highest
molecular weight polymer as compare to other catalyst. Kinetic of polymerisation was
studied using *H NMR and SEC, the plot Mn vs percentage conversion(p) obtained
shows the similar trends as anticipated for polycondensation process. TGA data shows
that the polymers are stable in the range of 280-300 °C. Thermal behaviour of the
polymers shows that all the polymers amorphous (with T4 below 10 °C) in nature except
the polymer containing long pendent chain such as stearate and penta decyl phenol as
side chain. Then to make the polymer water soluble the P-PEG functionalised polymer
was designed which was capable of undergoing self-assembly in aqueous medium to
produce spherical nanoparticle. These polymer NPs were found to be capable of loading
drugs and biomarker such as doxorubicine (DOX), curcumin (CUR), rose bengal (RB)
and 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS). Biodegradable
nature of the polyester backbone was indirectly proved by in vitro drug release kinetics.
The polymer alone nanoparticle was found to be biocompatible with both normal (WT
MEF) and cancerous cell lines (MCF 7). While the drug loaded polymer NPs i.e P-
PEG-DOX and P-PEG-CUR showed inhibition in the growth of WT MEF and MCF 7
cells. The uptake of drug loaded polymer micelle was confirmed by confocal
microscopy. CTCF calculations shows that the P-PEG-DOX was taken up by the cell
in higher amount as compare to free DOX. Time and temperature dependent cellular
uptake study showed that polymer NPs taken up by the process of endocytosis while
free drug was taken up by the cells by diffusion process. The present investigation
emphasized on development of amide functionalised polyester from L-aspartic acid and
its application as efficient drug delivery nanocarrier.
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Abstract

Present study deals with design and development of tetra phenyl ethylene (TPE)
fluorescent Tagged biodegradable polyester from L-aspartic acid for design of polymer
self-assembly with theranostic application in cancer cells. The synthetic strategy
involves synthesis of the acetal functionalised TPE Tagged polymer which can
subsequently converted into desired hydroxyl functionalised TPE Tagged polymer. The
new monomer designed with acetal and TPE as side chain pendant monomer which was
polymerized by polycondensation with 1, 12 dodecane diol to produces acetal
functionalised TPE Tagged polymer with different composition of two monomers. On
selective deprotection of the acetal group from the polymer vyielded hydroxyl
functionalised TPE Tagged polymer. The polymer having TPE chromophore shows the
aggregation induced emission (AIE) properties based on the solvent composition of the
environment. Polymer showed interesting thermal properties, Thermostability of the
polymer was found up to 250 °C with semicrystalline nature of the polymer. The
semicrystalline nature in the polymer introduced due to the due to Tt-1t interaction
between the pendant TPE unit of the polymer chain in solid state, this nature was further
enhanced by the combined effect of the hydrogen bond and m-mt interaction in the
polymer chains. At level of the solution, the polymer form nano assemblies in water
with size less than 250nm with biomarker such as Rhodamine B (RhB) and rose Bengal
(RB) or drug doxorubicin (DOX) encapsulation capabilities. The photophysical
properties of the NPs using absorbance, emission spectroscopy and lifetime
measurement established the energy transfer through Forster resonance energy transfer
(FRET) process. The phenomena of the FRET further utilised to demonstrate the
interaction between the polymer and loaded cargo at the cellular level by bioimaging
using CSLM. NPs found biocompatible with cancer and normal cell lines and also does
not show any cytotoxic effect toward human red blood cells (RBCs). In vivo
biodistribution of the NPs loaded with IR780 was carried out by IVIS imaging setup
which suggest better life time of the NPs with IR780 as compare to free IR780.
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3.1 Introduction

Theranostic self-assemblies represent a promising class of nanosystems for the
targeted delivery of therapeutic drugs or genes in cancer therapy.!* These nanocarriers,
constructed using fluorescent chromophores, harness their unique properties of
absorbance and emission in the visible to infrared spectrum. They can be administered
in the body at lower concentrations, offering improved treatment efficiency®®. Within
the realm of fluorescent polymers, various strategies have been reported, involving the
conjugation of fluorescent molecules to polymers. These constructs undergo self-
assembly in agueous environments and can respond to external stimuli, such as changes
in pH, enzyme activity, or redox reactions, enabling precise cellular-level analysis. "-*°
The array of polymeric self-assembly options includes unimolecular micelles!t,
aggregated micelles'?, polymersomes'®!*, liposomes1®, supramolecular assemblies'’,

inorganic nanoparticles'®, and more.
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Figure 3.1 Development of fluroscent Inorganic nanoparticles for tumour targeted
imaging.(Adapted from Acc. Chem. Res. 2018, 51, 5, 1131-1143.)
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Within the realm of fluorescent polymer systems found in existing literature,
one noteworthy category involves polyaromatic molecules. Under aqueous conditions,
these polyaromatic systems engage in m-m interactions among their chromophores,
resulting in a phenomenon known as aggregation-induced quenching (ACQ). The
strong aggregation within polyaromatic systems leads to a reduction in the emission
intensity of the polymers, particularly in the context of intracellular bioimaging
applications®?°. When these polyaromatic systems come into proximity or converge
within nanocavities during the formation of polymeric nanoparticles, they not only
quench the emission of the fluorescent polymer but also diminish the emitted signals

originating from the loaded cargo.
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Figure 3.2 fluroscent polymers for drug delivery in cancer cells and antibacterial
applications. (Adapted from ACS Appl.Polym. Mater.2020,2,1388—1397.)

Over the past decade, the concept of aggregation-induced emission (AIE), as
introduced by Ben Zong Tong et al., has gained prominence. This innovative approach
involved the synthesis of a range of molecules that exhibit enhanced emission intensity
upon aggregation, marking a departure from the previously discussed aggregation-
caused quenching (ACQ). Notably, they explored diverse fluorescent structures, such

as Hexaphenylsilole, which produces emissions when intramolecular rotation is
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restricted. The underlying principles of AIE hold significant potential for the
advancement of fluorescent-tagged nanoparticles, opening new avenues for their

development and applications?%,

CgHy7—0 O-CgHqz

Figure 3.3 Chemical Structure of the aggregation induced emission
chromophore(Adapted from ACS Appl. Polym. Mater. 2021, 3, 2290—23091397.)

Forster or fluorescence resonance energy transfer (FRET) stands as a potent
non-invasive fluorescence probing technique®. It operates on the principle of selective
photoexcitation energy transfer occurring between donor and acceptor chromophores,
all within nano-confinements of < 50 A?’. The versatility of FRET has led to its
application in a multitude of areas, including real-time tumor imaging®-2°, monitoring
drug release kinetics®®3!, investigating the self-assembly of amphiphilic block
copolymers®?, exploring protein folding under physiological conditions®*-3, studying
quadruplex-to-duplex® transitions in DNA®, probing molecular interactions at
mammalian cell surfaces®”-38, enabling two-photon imaging in cancers®>“°, and even
sensing bilirubin in human serum*, among other uses.

In recent decades, substantial progress in the field of conducting polymers for
optoelectronic devices has unveiled new opportunities for water-soluble cationic -
conjugated polymers as luminescent bio-probes*2. Notably, cationic and water-soluble
polyfluorenes have emerged as pivotal =n-conjugated polymers in FRET
applications**“°. Additionally, polyacrylates-based random and block copolymers, with
optical chromophores incorporated into their side chains, have been explored for FRET

applications. Nevertheless, the persisting challenge of non-biodegradability associated
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with the rigid C-C backbone in m-conjugated polymers and acrylates continues to be a

significant hurdle to their widespread adoption in biomedical research.5%-!
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Figure 3.4 Fluroscent polymer based on AIE flurophore composed of the carbon-
carbon backbone (Adapted from ACS Appl. Mater. Interfaces2017, 9, 30918—30924).

There is a need to develop the fluorescent nanocarrier based drug delivery
system which should be biodegradable and biocompatible. In our lab we developed the
biodegradable polymer from L-amino acid resource using melt polycondensation
strategy, were the new classes of the polymer such as Poly(ester urethane)s®?,
Polyurethanes® and Polyesters®’-%® from L-amino acid, this methodology was further
expanded for the development of stimuli responsive polymers such as pH, redox,
enzyme etc. The present approach here, we come up with development of
biodegradable polyester for L-aspartic acid resource, not just for the bioimaging in the
cancer cells but also intermolecular interaction between the polymer and the loaded
cargo Using FRET as a tool.

In this chapter we have constructed biodegradable hydroxyl functionalised
tetraphenyl ethylene (TPE) Tagged polymer capable to form FRET probe with
biomarkers such as rose bengal(RB) and rhodamine B (RhB) and anticancer drug
doxorubicin (DOX). The synthesis involves use natural amino acid i.e., L-aspartic acid,
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Figure 3.5 Development of enzyme responsive TPE tagged hydroxyl functionalised
polyester nanoparticles for theranostic fluorescent probe for drug delivery in cancer
cells.

The L-aspartic acid was converted to two different melt polymerizable units,
acetal masked monomer and TPE Tagged monomer these monomers were developed
the chemistry as first the aspartic acid was converted in to the dimethyl ester and amine
of it was modified as amide with acetal masked acid and TPE Tagged acid. On
polymerisation by melt polycondensation these of these two monomers along 1, 12
dodecane diol produced acetal functionalised TPE Tagged polyester which well
characterised for its structural and thermal properties. The polymer was subsequently
deprotected with trifluoracetic acid to produce hydroxyl functionalised TPE Tagged
polyester. The hydrophilic and hydrophobic balance in the polymer was control by the
varying the acetal and TPE monomer ratio in the at the stage of polycondensation. The
deprotected polymer was showed change in thermal properties. The polyester found to
be semi-crystalline nature due to presence of m-1t interaction between the TPE group
and hydrogen bonding in polymer matrix because of hydroxyl group contribute toward
glass transition temperature (Tg) and semi-crystalline nature of the polymer. The
hydroxyl functionalised TPE Tagged polymer produced nanoparticle in water by
dialysis method and encapsulated drug doxorubicin or biomarker rose bengal and
rhodamine B inside the hydrophobic nanocavity. The intermolecular energy transfer

between TPE from the polymer chain and loaded drug or biomarker inside the micelle
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was studied using FRET as tool in polymer NPs. From the photophysical
characterisation it was clear that TPE and RB/RhB/DOX act as FRET pair, and TPE
acts as donor while RB/RhB/DOX acts as acceptor. FRET was further established
through photophysical characterisation such as absorbance, emission and lifetime
measurement. The FRET tool has also helped to calculate Forster distance, FRET
efficiency, lifetime of the donor in presence and absence acceptor. Horse liver esterase
enzyme action successfully demonstrate the biodegradable nature of the polymer which
leads to enzyme responsive release of the loaded cargo. The nascent polymer and
polymer NPs loaded biomarker do not cause any toxic effect to the both normal and
cancer cell lines, while NPs with doxorubicin were able to deliver the doxorubicin and
able to kill the cancerous cells. Cellular uptake of the NPs and intermolecular
interaction between TPE and RB/RhB/DOX studied by bioimaging in the cancer cells.
The polymer NPs were able to delivered the loaded cargo in the body of a live mice,
biodistribution studies further suggested that polymer NPs can better deliver the
biomarker as compare to free form of biomarker which was proved by time dependent
live imaging of the mice by IVIS imaging.

3.2 Experimental Section
3.2.1 Materials & Methods

4-Hydroxy benzophenone, 4,4 Dihydroxy benzophenone, Benzophenone,
Titanium tetra chloride (TiCls), Tetrahydrofuran (THF), Zinc (Zn) powder,
Hydrochloric acid (HCI), Ethyl acetate, Pet ether, Potassium carbonate (K2CO3),
Dimethyl formamide (DMF), Acetonitrile (ACN), Ethyl chloroacetate, Potassium
hydroxide (KOH), Dioxane, Aspartic acid, Thionyl chloride (SOCI>), Methanol, 1, 12
Dodecanediol, Chloro-ethoxyethanol, 2,2 Dimethoxy propane, 2,2-Bishydroxymethyl
propionic acid, Para toluene sulfonic acid (p-TSA), Dry acetone, Triethylamine (TEA),
Anhydrous Sodium Sulphate (NaxSOs), Diisopropylethylamine (DIPEA), N'-
ethylcarboiimide hydrochloride (EDC-HCI), Hydroxy benzotriazole (HOBt), Titanium
tetra-butaoxide (Ti(OBu)4), Trifluroacetic acid(TFA). Doxorubicin hydrochloride
(DOX.HCI), Rose Bengal (RB), Rhodamine B (RhB), 4',6-diamidino-2-phenylindole
(DAPI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
Dimethyl sulphoxide (DMSO), Milli Q water, 1 % (v/v) penicillin—streptomycin (Pen-
Strep), Fatal bovine serum (FBS), Dulbecco's Modified Eagle's Medium (DMEM), 0.5
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% Trypsin, 6 well plate, 96 well plate, 4% paraformaldehyde (PFA). Other chemicals
were purchase locally and used without purification. Mammalian cells such as Wild
type mouse embryonic fibroblast (WT MEF), MCF 7 and SKOV3 Cells were cultured
and maintained at 37 °C, 5% CO, atmosphere in complete media which is made up of
DMEM, FBS and Pen-Strep solution.
3.2.2 General Procedure

The structures of monomers and polymers were characterised by H and 3C
Nuclear magnetic resonance (NMR) spectroscopy using 400 MHz JEOL NMR & 400
MHz Brucker spectrophotometer. Chemical shifts are reported in terms of & units,
which is expressed in ppm, The Deuterated Chloroform was used as internal standard
the residual proton peak appears at 7.26 ppm. The molecular weight of monomers and
compounds of intermediate step were analysed using HRMS-ESI-Q-time of flight
LCMS. The monomers, intermediates compound and the polymers were characterised
for their Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR) using Bruker alpha Fourier transform infrared spectrophotometer. The frequency
was mentioned in cm™. The relative molecular weight and polydispersity index of
polyester was analysed using Size exclusion chromatography (SEC) analysis. The
concentration of polymer sample was kept as 5mg/ml in HPLC Grade THF, 100uL of
sample was injected. SEC was performed using THF as eluent and The SEC column
were calibrated using narrow disperse polystyrene from molecular weight range 1000
to 100k g/mol. SEC analysis was performed with system equipped with an isocratic
pump (Viscotek VE 1122 pump) and a differential refractometer (DRI) detector
(Viscotek VE 3580 RI). For SEC with THF as the eluent, separations were performed
using serially connected size exclusion columns (two T6000M, General Mixed Organic
8 x 300 mm, from Viscotek) at 25 °C and at a flow rate of 1.0 mL/min, and molecular
weights were determined from the calibration curve generated from narrow polystyrene
standards. Thermal stability of the polymers was determined using PerkinElmer
thermal analyser at a heating rate of 10°C/min in nitrogen atmosphere. Thermal analysis
of all polymers was performed using TA Q20 Differential Scanning Calorimeter. All
the polymers were heated to melt before recording in order to remove previous thermal
history. Polymers were heated and cooled at a rate of 10° C/min in nitrogen atmosphere.
The size of polymeric nanoparticle was determined using dynamic light scattering

technique (DLS). Nano ZS-90 apparatus from Malvern Instruments was used. The
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concentration of polymeric nanoparticle sample was maintained as 0.1mg/mL. The
instrument works on the principle of light scattering of laser of 633nm. The polymeric
nanoparticles in Brownian motion scatter light. The detector is placed in 90 angle to
record fluctuations in scattered light collected and the instrument generates
autocorrelation function [g? ()] using which Diffusion coefficient was obtained using
cumulant method. Instrument utilizes stock Einstein method to calculate the diameter
of nanoparticle. The photophysical studies of the polymer was carried out by
absorbance and fluorescence. A PerkinElmer Lambda 45 UV—vis spectrophotometer
was utilised for the absorption studies. Emission and excitation spectra were recorded
on a SPEX Fluor log HORIBA JOBIN VYON fluorescence spectrophotometer. This
instrument utilises 450 W Xe lamp as the source of excitation at room temperature. The
morphology of polymeric nanoparticle was analysed by microscopic techniques such
as Field emission scanning electron microscopy (FESEM), for that samples were
prepared taking 0.1mg/ml concentration of nanoparticle which was drop casted on
silicon wafer which were subjected to gold coating. The gold coated layer protects
sample from high voltage and make it conducting. FESEM analysis was done using
Zeiss Ultra Plus scanning electron microscope. Cell viability of the polymer determined
by MTT assay; the concentration of formazan was determined by taking absorbance
readings at 570 nm at a Vairoscan FLASH instrument. The polymeric nanoparticle
samples were lyophilize using A Christ Alpha 1-2 LD plus. The cellular uptake was
studied by confocal microscopy, the fixed cell acquired using 405, 488, and 561 nm
lasers of a CLSM710 confocal microscope.

3.2.3 Esterification of aspartic acid (Compound 1)

L-Aspartic acid (10.0 g, 0.07 mol) was added with dry methanol (100 mL) in a two-
neck RB flask (250mL). Thionyl chloride (21.0 mL, 34.5 g, 0.29 mol) under ice cold
condition added dropwise under nitrogen atmosphere. Then reaction allowed to attain
room temperature and it was refluxed for 6 hrs by under nitrogen atmosphere. The
excess of methanol and thionyl chloride were removed by vacuum distillation. The
residue white solid was washed with diethyl ether to get white solid product obtained
yield =14.8 g (98%).
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3.2.4 Synthesis of 2,2,5-Trimethyl-1,3-dioxane-5-carboxylic Acid (Compound 2)
2,2-Bishydroxymethyl propionic acid (20.0 g, 0.015 mol) and para toluene sulfonic acid
(p-TSA) (1.40 g, 0.008 mol) was taken in a two-neck round-bottom flask in dry acetone
(100.0 mL). Dimethoxy propane (37 mL, 0.22 mol) was added dropwise to the above
solution, and the reaction mixture was stirred for 4 h at 25 °C. Triethylamine was added
to neutralize the excess pTSA, and the acetone was removed by rota-evaporation. The
product was extracted in ethyl acetate. It was dried over anhydrous Na>SOs, and the
solvent was removed to get crystalline powder as product. Yield = 23.4 g (90%). H
NMR (400 MHz, CHLOROFORM-d) d ppm 4.19 (2 H, d, J=11.98 Hz) 3.67 (2 H, d,
J=11.98 Hz) 1.41 (3 H, s) 1.44 (3 H, s) 1.21 (3 H, s). 3C NMR (101 MHz,
CHLOROFORM-d) & ppm 18.10, 21.73, 24.72, 41.38, 65.48, 76.37, 76.69, 97.97,
179.80. FTIR (cm—1) 2989, 1714, 1458, 1381, 1248, 1200, 1160, 1072, 987, 932, 824,
756, 715. HR-MS (ESI+): m/z [M + H+] Calculated for C8H1402 [M+] = 175.0926;
found = 175.0971.

3.2.5 Synthesis of 4-(1,2,2-triphenylvinyl) phenol (Compound 3)

Benzophenone (15.00 g, 0.08mol), 4-hydroxy benzophenone (16.31 g, 0.08mol) and
Zinc powder (13g, 0.2mol) was taken in clean two neck round bottomed flask under
inert condition dry THF (100ml) was transferred to the reaction mixture. The reaction
was then placed under ice cold condition for 30 min and titanium tetra-chloride (10.5ml,
18.2g, 0.09mol) was added dropwise. After complete addition of titanium tetra-
chloride reaction mixture was shifted to room temperature and kept for 30 min. The
reaction was performed at 80°C under nitrogen atmosphere for 12 h. The reaction
mixture was brought to room temperature. The product was extracted by doing workup
with DCM and 0.1M HCI solution. The organic layer was taken in separate flask and
dried over anhydrous sodium sulphate and the product was further purified by column
chromatography ethyl acetate: pet ether. 1:10 V/V Yield =5.6 g (32 %). *H NMR (400
MHz, CHLOROFORM-d) d ppm 7.07 (16 H, m) 6.91 (2 H, m, J=8.70 Hz) 6.57 (2 H,
m, J=8.70 Hz) 4.68 (1 H, s). *C NMR (101 MHz, CHLOROFORM-d) d ppm 153.95,
143.96, 143.85, 140.39, 140.16, 136.35, 132.70, 131.34, 131.31, 128.10, 127.68,
127.58, 126.35, 126.24, 114.56, 77.31, 76.68, FTIR (cm—1) 3530, 3024, 1605, 1508,
1441, 1327, 1261, 1168, 1101, 1073, 1028, 910, 809, 747, 699. HR-MS (ESI+): m/z
[M + H+] Calculated for C26H200 [M+] = 348.1514; Found =348.1521.
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3.2.6 Synthesis of Ethyl 2-(4-(1,2,2-triphenylvinyl) phenoxy) acetate (Compound
4)

4-(1,2,2-triphenylvinyl) phenol (Compound 1) (10 g, 0.028mol) and K>COs (11. 64,
0.084mol) was taken in clean 250ml round bottomed flask to that 100 mL of dry DMF
was added. The reaction mixture was stirred at 80 °C for 30min and then ethyl
chloroacetate (5.2ml,0.043mol) was added. The reaction was performed for 18h. DMF
was removed by doing work up with ice cold water and ethyl acetate. The ethyl acetate
layer was extracted and dried over anhydrous sodium sulphate to get the crude product
which was further purified by gel column using ethyl acetate: pet ether solvent. 1:10
VIV Yield= 4.0 g (65 %).'H NMR (400 MHz, CHLOROFORM-d) d ppm 7.07 (16 H,
m) 6.95 (2 H, m) 6.65 (2 H, m) 4.55 (2 H, s) 4.26 (2 H, q, J=7.33 Hz) 1.29 (3 H, t,
J=7.10 Hz). °C NMR (101 MHz, CHLOROFORM-d) d ppm 168.88, 156.29, 143.84,
143.81, 143.75, 140.40, 140.23, 137.14, 132.54, 131.34, 131.29, 127.69, 127.58,
126.37, 126.27, 113.77, 77.31, 76.68, 65.35, 61.30, 14.14 (1 C, s). FTIR (cm-1) 3053,
1759, 1601, 1504, 1441, 1289, 1176, 1077, 1028, 911, 825, 745, 698. HR-MS (ESI+):
m/z [M + H+] Calculated for C30H2603 [M+] = 435.1960; found =435.1949.

3.2.7 Synthesis of 2-(4-(1,2,2-triphenylvinyl) phenoxy) acetic acid (Compound 5)
In a round bottomed flask ethyl 2-(4-(1,2,2-triphenylvinyl) phenoxy) acetate (10g, 0.02
mmol), KOH (3.8 g, 0.07mol) was taken in a clean round bottomed flask. The reaction
mixture was dissolved in 100mL of dioxane and refluxed at 70 °C for 12 h. The solvent
dioxane was removed from reaction mixture by using rotary evaporator. The crude
product was purified by solvent extraction with ethyl acetate and acidic water. The
organic layer was concentrated over rotary evaporator to get product and it was further
purified by column chromatography in ethyl acetate: pet ether solvent system. 1:10 V/V
Yield = 3.6 g (98 %). 'H NMR (400 MHz, CHLOROFORM-d) d ppm 7.06 (18 H, m)
6.67 (2H, d, J=8.56 Hz) 4.61 (2 H, s). *C NMR (101 MHz, CHLOROFORM-d) d ppm
174.11, 156.12, 144.07, 144.04, 143.98, 140.90, 140.39, 137.90, 132.98, 131.63,
131.59, 128.04, 127.94, 127.91, 126.73, 126.67, 126.63, 114.08, 77.63, 77.31, 65.04 (1
C, s). FTIR (cm—1) 1053, 1724, 1601, 1504, 1439, 1216, 1176, 1076, 908, 824, 731,
697. HR-MS (ESI+): m/z [M + H+] Calculated for C28H2203 [M+] = 406.1569; found
= 406.1563.
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3.2.8 Synthesis of Dimethyl (2,2,5-Trimethyl-1,3-dioxane-5-carbonyl) Aspartate
(M-Ac)

Aspartic dimethyl ester amine salt (20.0 g, 0.1 mol) (Compound 1) was taken in the
clean two neck round bottomed flask, in this flask dimethylaminopyridine (DMAP)
(13.6 mL, 0.11 mol) was added as base while dry dichloromethane (DCM) (150.0 mL)
was added as solvent and stirred at 25 °C until it dissolves completely. N'-
ethylcarboiimide hydrochloride (21.3 g, 0.11 mol) and 2,2,5-Trimethyl-1,3-dioxane-5-
carboxylic Acid (compound 5) (14.0 g, 0.080 mol) were added to the above solution,
and the reaction was carried out by stirring at 25 °C for 30 h. The DCM was removed
from reaction mixture using rotary-evaporator, and the crude product was extracted in
ethyl acetate. The resultant product was purified using silica column in 30% ethyl
acetate in pet ether. The solvent was evaporated to get pale yellow liquid as a product.
Yield = 17.8 g (70%). *H NMR (400 MHz, CHLOROFORM-d) d ppm 8.00 (1 H, d,
J=7.63 Hz) 4.85 (1 H, m) 3.89 (1 H, m) 3.80 (1 H, m) 3.71 (5 H, m) 3.61 (3 H, s) 2.96
(1 H, dd, J=16.78, 4.58 Hz) 2.83 (1 H, dd, J=16.78, 4.58 Hz) 1.40 (6 H, d, J=3.05 Hz)
0.93 (3 H, s) 3C NMR (101 MHz, CHLOROFORM-d) d ppm 174.20, 170.69, 98.02,
76.68, 76.36, 66.42, 66.35, 52.12, 51.42, 48.10, 39.63, 35.76, 27.84, 17.82,17.10 (1L C,
s). FTIR (cm—1) 3366, 2945, 1737, 1660, 1519, 1440, 1371, 1199, 1079, 1041, 917,
827, 688. HR-MS (ESI+): m/z [M + H+] Calculated for C28H2203 [M+] = 340.1372;
found = 340.1368.

3.2.9 Synthesis of dimethyl (2-(4-(1,2,2-triphenylvinyl) phenoxy) acetyl)-L-
Aspartate (M-TPE)

2-(4-(1,2,2-triphenylvinyl) phenoxy) acetic acid (4g, 0.089mol) was taken in two neck
round bottomed flask to that thionyl chloride (30ml, 0.25 mol) was added at 25°C. The
reaction mixture was refluxed at 80 °C for 6 hrs under nitrogen atmosphere. After the
reaction excess of thionyl chloride was removed by vacuum distillation, the product
produced 2-(4-(1,2,2-triphenylvinyl) phenoxy) acetyl chloride (4.17g, 0.089mol) in
reaction was dissolved in dry dichloromethane (100ml). In another two necks round
bottom flask aspartate diester (Compound 1) (2.9g, 0.014mol) was dissolved in a
mixture of dry dichloromethane (120mL) with triethylamine (4ml, 2.9g 0.03mol). In
this reaction mixture 2-(4-(1,2,2-triphenylvinyl) phenoxy) acetyl chloride was added
dropwise under ice cold condition in an inert atmosphere. The reaction mixture was

stirred at room temperature for 6h. The solvent was removed from the reaction mixture
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and crude product was further purified by column chromatography with pet ether/ ethyl
acetate 1:10 (v/v). Yield = 17.8 g (87%) *H NMR (400 MHz, CHLOROFORM-d) d
ppm 7.55 (1 H, d, J=8.31 Hz) 7.05 (17 H, m) 6.69 (2 H, d, J=8.80 Hz) 4.94 (1 H, m)
4.46 (2 H, s) 3.77 (3H,s) 3.68 (3 H, s) 3.07 (1 H, dd, J=17.24, 4.52 Hz) 2.86 (1 H, dd,
J=17.12, 4.65 Hz). 3C NMR (101 MHz, CHLOROFORM-d) d ppm 171.23, 170.72,
168.14, 155.57, 143.81, 143.74, 140.69, 140.09, 137.76, 132.75, 132.64, 131.32,
127.92, 127.79, 127.69, 127.66, 126.49, 126.45, 126.39, 114.03, 77.39, 77.06, 76.74,
67.11, 52.94, 52.15, 48.00, 36.03 (1 C, s). FTIR (cm—1) 3419, 3023, 2953, 1739, 1683,
1601, 1504, 14440, 1366, 1215, 1175, 1058, 847, 755, 701. HR-MS (ESI+): m/z [M +
H+] Calculated for C28H2203 [M+] = 550.2185; found = 550.2230.

3.2.10 Synthesis of acetal functionalised polymer (P-Ac)

The melt polycondensation for the synthesis of the acetal homopolymer is explained
as followed. The M-Ac (0.6g, 0.0018mol) and 1,12 dodecane diol (0.38g, 0.0018mol)
were taken in test shape polymer tube. The polymer tube was subjected to higher
temperature of 140 °C after complete melting of the monomers, Ti(OBu)4 1 mol %. The
polymerisation setup was then subjected continuous flow of the nitrogen gas for 4h
followed by the constant vacuum of 0.1 mBar. The resulted polymer was purified in
methanol. Yield = 1.20g (95%). *H NMR (400 MHz, CHLOROFORM-d) d ppm 8.04
(1H,d,J=7.58 Hz) 4.89 (1 H, br.s.) 4.14 (2 H, s) 4.06 (2 H, s) 3.94 (1 H, s) 3.87 (1 H,
s) 3.77 (2 H, d, J=15.41 Hz) 3.00 (1 H, s) 2.90 (1 H, ) 1.61 (4 H, br. s.) 1.47 (6 H, 5)
1.25 (17 H, br.s.) 1.01 (3 H, s). *C NMR (101 MHz, CHLOROFORM-d) & ppm 17.38,
18.16, 25.45, 25.51, 27.99, 28.12, 28.17, 28.89, 28.94, 29.18, 29.24, 36.15, 39.83,
48.39, 64.80, 65.49, 66.57, 76.36, 76.69, 98.19, 170.51, 174.30.

3.2.11 Synthesis of hydroxyl functionalised polymer (P-OH)

The P-Ac (0.99, 2mmol) was taken in clean round bottomed flask; dichloromethane
was added to the reaction flask. The reaction mixture was shifted to 0°C, under this
condition trifluoro acetic acid was added. 2ml of the water was added to the reaction
mixture and reaction was carried out for 2h. After completion of the reaction, the
dichloromethane was removed on the rotary evaporator. The resultant polymer was
purified by dialysis in water by using 3Kd dialysis. The polymer was lyophilised to get
sticky powder. Yield = 0.80 g (95%). *H NMR (400 MHz, CHLOROFORM-d) d ppm
8.04 (1 H, d, J=7.58 Hz) 4.89 (1 H, br. s.) 4.14 (2 H, 5) 4.06 (2 H, s) 3.94 (1 H, s) 3.87
(1H,s)3.77 (2 H, d, J=15.41 Hz) 3.00 (1 H, s) 2.90 (1 H, s) 1.61 (4 H, br. s.) 1.47 (6
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H, s) 1.25 (17 H, br. s.) 1.01 (3 H, s). 13C NMR (100 MHz, CDCI3) & ppm: 174.1,
171.7,97.8, 66.9, 65.8, 64.6, 48.3, 39.9, 36.4, 29.4, 28.4, 24.8, 18.1, and 17.7.
Synthesis of acetal functionalised TPE Tagged polymers

3.2.12 Synthesis of PTPE4

The general procedure for the synthesis of described in detail for the PTPE4 polymer.
In this polymer synthesis the molar ratio of the two monomers M-Ac (0.6g,0.0018mol)
and M-TPE (0.054g, 0.0001mol) was kept as 96:04 respectively with the ratio of 100
% of 1,12 dodecanediol (0.4g, 0.0019mol). M-Ac and M-TPE was taken in clean
polymerization tube along with 1,12 dodecanediol, the polymerisation mixture was
melted at 140 °C and 1 mol % of the Ti (OBu)4 catalyst was taken. The polymerisation
performed in two steps, in the first step the polymerisation performed with 4h
continuous nitrogen purge. And in the second step 0.01mbar vacuum was applied for
2h. Yield= 1.0g (98%). 'H NMR (400 MHz, CHLOROFORM-d) § ppm 1.00 (s, 3 H)
1.17 - 1.37 (m, 17 H) 1.40 - 1.49 (m, 6 H) 1.51 - 1.69 (m, 4 H) 2.86 (dd, J=16.76, 4.63
Hz, 1 H) 3.01 (dd, J=16.76, 4.25 Hz, 1 H) 3.75 (dd, J=11.94, 3.06 Hz, 2 H) 3.80 - 3.99
(m, 2 H) 4.04 (t, J=6.69 Hz, 2 H) 4.13 (t, J/=6.63 Hz, 2 H) 4.81 - 4.96 (m, 1 H) 8.02 (d,
J=1.75 Hz, 1 H). 3C NMR (101 MHz, CHLOROFORM-d) & ppm 0.24, 17.97, 18.77,
26.03, 26.10, 28.57, 28.70, 28.76, 29.46, 29.51, 29.66, 29.75, 29.81, 33.03, 36.75,
40.43, 49.00, 63.18, 65.38, 65.56, 66.07, 67.16, 77.32, 77.64, 98.77, 114.22, 126.69,
127.85,127.99, 131.51, 132.95, 171.07, 174.89.

3.2.13 Synthesis of PTPE10

M-Ac (0.59g, 0.0017mol), M-TPE (0.10g, 0.0001mol) and 1,12 dodecane diol(0.4g,
0.0019mol) was polymerised by reported procedure explained for PTPE4 Similar
procedure was followed as for PTPE4, only the molar ratio of the monomers was
changed. Yield= 1.2g (97%). 'H NMR (400 MHz, CHLOROFORM-d) & ppm 0.98 (s,
3H) 1.23 (br.s., 17 H) 1.44 (br. s., 6 H) 1.51 - 1.69 (m, 4 H) 2.86 (br. s., 1 H) 2.98 (br.
s., 1 H) 3.74 (d, J/=11.51 Hz, 2 H) 3.84 (br. s., 1 H) 3.92 (br. s., 1 H) 4.03 (br. s., 2 H)
4.12 (br. s., 2 H) 4.87 (br. s., 1 H) 6.98 (br. s., 1 H) 7.05 (br. s., 1 H) 8.01 (d, J=7.38
Hz, 1 H). *C NMR (101 MHz, CHLOROFORM-d) & ppm 17.60, 18.41, 25.66, 25.72,
28.20, 28.33, 28.39, 29.09, 29.13, 29.38, 29.43, 32.66, 36.13, 36.22, 36.38, 40.06,
48.03, 48.62, 62.74, 65.00, 65.18, 65.69, 65.95, 66.79, 66.97, 76.68, 77.32, 98.40,
113.86, 126.22, 126.27, 127.48, 127.52, 127.62, 131.14, 132.58, 137.53, 139.93,
140.51, 143.58, 143.64, 155.47, 167.87, 170.11, 170.56, 170.69, 174.52.
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3.2.14 Synthesis of PTPE20

M-Ac (0.5g, 0.0016mol), M-TPE (0.29,0.004mol) and 1,12 dodecane diol (0.4q,
0.002mol) was polymerised by reported procedure explained for PTPEs Similar
procedure was followed as for PTPE4, only the molar ratio of the monomers was
changed. Yield= 1.0g (98%). '"H NMR (400 MHz, CHLOROFORM-d) & ppm 1.02 (s,
2H) 1.18 - 1.40 (m, 17 H) 1.41 - 1.52 (m, 5 H) 1.52 - 1.68 (m, 4 H) 2.88 (dd, J=16.78,
4.58 Hz, 1 H) 3.03 (dd, J=16.78, 4.58 Hz, 1 H) 3.73 - 3.83 (m, 2 H) 3.85 - 4.01 (m, 2
H) 4.06 (t, J=6.87 Hz, 2 H) 4.15 (t, J=6.48 Hz, 2 H) 4.83 - 4.96 (m, 1 H) 6.91 - 7.16
(m, 3 H) 8.04 (d, J=7.63 Hz, 1 H) '*C NMR (101 MHz, CHLOROFORM-d) & ppm -
0.03,0.99, 17.71, 18.51, 25.77, 25.84, 28.31, 28.45, 28.50, 29.21, 29.26, 29.51, 29.56,
32.78, 36.49, 40.17, 48.12, 48.72, 65.12, 65.30, 65.82, 66.08, 66.89, 67.06, 76.69,
77.32,98.51, 113.96, 126.38, 127.59, 127.63, 127.72, 131.25, 132.69, 143.68, 155.56,
167.97, 170.23, 170.83, 174.62

3.2.15 Synthesis of PTPEszo Similar procedure was followed as for PTPE4, only the
molar ratio of the monomers was changed. M-Ac (0.43g, 0.0013mol), M-TPE (0.32g,
0.0006mol) and 1,12 dodecane diol (0.4g, 0.0019mol) was polymerised by reported
procedure explained for PTPE4. Yield= 1.1g (99%). 'H NMR (400 MHz,
CHLOROFORM-d) & ppm 1.01 (s,2 H) 1.17 - 1.40 (m, 17 H) 1.40 - 1.53 (m, 5 H) 1.53
- 1.72 (m, 4 H) 2.88 (dd, J=16.40, 4.96 Hz, 1 H) 3.03 (dd, J/=16.78, 4.58 Hz, 1 H) 3.77
(dd, J=11.83, 3.43 Hz, 2 H) 3.84 - 4.00 (m, 2 H) 4.06 (t, J/=6.87 Hz, 2 H) 4.15 (t, J=6.48
Hz, 2 H) 4.44 (s, 1 H) 4.83 - 4.96 (m, 1 H) 6.67 (d, J=9.16 Hz, 1 H) 6.87 - 7.06 (m, 2
H) 7.09 (d, J=6.10 Hz, 2 H) 8.04 (d, J=8.39 Hz, 1 H)!3C NMR (101 MHz,
CHLOROFORM-d) & ppm 17.69, 18.49, 25.75, 25.82, 28.29, 28.42, 28.48, 29.19,
29.23, 29.48, 29.54, 32.75, 36.21, 36.47, 40.15, 48.10, 48.71, 62.95, 65.09, 65.28,
65.79, 66.05, 66.87, 67.05, 76.69, 77.31,98.49, 113.94, 126.36, 126.41, 127.57,127.61,
127.70, 131.23, 132.66, 137.62, 140.01, 140.60, 143.65, 143.72, 155.54, 167.96,
170.21, 170.67, 170.80, 174.61.

Synthesis of hydroxyl functionalised TPE tagged copolyester:

3.2.15 Synthesis of PTPE4-OH

The procedure is described in detail for the deprotection of the acetal group from the
polymer. The polymer PTPE4 (0.5g, 0.001mol) was taken in the clean round and
dissolved in 2ml of dichloromethane. At the 0 °C TFA (1mL, 0.013mol) was added to

the reaction mixture dropwise. After 15 min of time interval 1ml water was added to

140



Chapter 3

the reaction. The reaction carried out for 2h, the dichloromethane and water were
removed from the reaction mixture by rotary evaporator. The resultant polymer was
purified by dialysis in water for 12h. Yield:0.42g (86%)."H NMR (400 MHz,
CHLOROFORM-d) 6 ppm 1.09 (s, 1 H) 1.28 (br. s., 14 H) 1.55 (br. s., 2 H) 1.63 (br.
s.,2 H) 2.32 (br. s., 4 H) 2.63 (s, 1 H) 2.86 (d, /=11.91 Hz, 1 H) 3.00 (br. s., 1 H) 3.64
(s, 2 H) 3.79 (br. s., 2 H) 4.08 (s, 1 H) 4.14 (s, 1 H) *C NMR (101 MHz,
CHLOROFORM-d) & ppm -0.34, 17.03, 25.38, 28.14, 28.82, 29.06, 29.12, 29.18,
29.22, 32.44, 35.72, 40.48, 48.38, 62.75, 65.14, 65.93, 67.96, 76.36, 76.69, 130.95,
163.22, 170.72,.

3.2.16 Synthesis of PTPE10-OH

PTPE10-OH (0.5g, 0.001mol) and TFA (1mL, 0.013mol) was taken Similar procedure
was followed as for PTPE4-OH, only the molar ratio of the monomers was changed.
Yield: 0.45 g (90%). 'H NMR (400 MHz, CHLOROFORM-d) & ppm 1.09 (s, 1 H) 1.28
(br.s., 15 H) 1.57 (br. s., 4 H) 2.63 (s, 3 H) 2.87 (br. s., 1 H) 3.00 (br. s., 1 H) 3.64 (s,
2H)3.78 (br.s.,2 H) 4.07 (br.s., 1 H) 4.16 (br. s., 1 H) 4.88 (br. s., 1 H) 7.02 (br. s., 1
H) 7.11 (br. s., 1 H). '3C NMR (101 MHz, CHLOROFORM-d) & ppm -0.03, 17.37,
25.69, 28.45, 29.14, 29.37, 29.43, 29.50, 29.54, 32.74, 36.05, 48.69, 63.06, 65.46,
66.27,76.69, 77.31, 113.98, 126.39, 127.60, 131.27, 132.70, 171.04.

3.2.17 Synthesis of PTPE20-OH

PTPE10-OH (0.5g, 0.001mol) and TFA (1mL, 0.013mol) was taken Similar procedure
was followed as for PTPE4-OH, only the molar ratio of the monomers was changed.
Yield: 0.42 g (87%). "H NMR (400 MHz, CHLOROFORM-d) & ppm 1.09 (s, 1 H) 1.28
(br.s., 16 H) 1.57 (br. s., 4 H) 2.64 (s, 4 H) 2.88 (br. s., 1 H) 3.00 (br. s., 1 H) 3.65 (s,
2 H)3.76 (br.s.,2 H) 4.07 (br.s., 1 H) 4.16 (br. s., 1 H) 4.89 (br. s., 1 H) 7.02 (br. s., 1
H) 7.11 (br. s., 2 H). 3C NMR (101 MHz, CHLOROFORM-d) § ppm -0.03, 17.37,
25.69, 28.38, 29.14, 29.37, 29.51, 29.54, 32.75, 40.81, 63.07, 65.45, 76.68, 77.31,
113.98, 126.40, 127.64, 127.74, 131.26, 132.70, 171.03,

3.2.18 Synthesis of PTPE30-OH

PTPE10-OH (0.5g, 0.001mol) and TFA (1mL, 0.013mol) was taken Similar procedure
was followed as for PTPE4-OH, only the molar ratio of the monomers was changed.
Yield: 0.41 g (85%). '"H NMR (400 MHz, CHLOROFORM-d) & ppm 1.09 (s, 1 H) 1.27
(br.s., 17 H) 1.58 (br. s., 4 H) 2.63 (s, 1 H) 2.76 - 2.94 (m, 1 H) 2.99 (br. s., 3 H) 3.66
(br.s., 2 H) 3.77 (br. s., 2 H) 4.06 (br. s., 1 H) 4.15 (br. s., | H) 6.68 (s, 1 H) 6.95 (s, 1
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H) 7.01 (br. s., 2 H) 7.10 (br. s., 2 H) ."3C NMR (101 MHz, CHLOROFORM-d) & ppm
-0.03,17.37,25.69, 28.38, 29.14, 29.37, 29.51, 29.54, 32.75, 40.81, 63.07, 65.45, 76.68,
77.31,113.98, 126.40, 127.64, 127.74, 131.26, 132.70, 171.03.

3.2.19 Determination of critical aggregation concentration (CAC) experiment

2.3 mg of the PTPE1s-OH polymer was dissolved in 1.15mL of the DMSO, the final
concentration of the stock was made as 2mg/mL. using this stock, the concentration of
the polymer was varied from the 20 mg/mL to 400 mg/mL in 10 % DMSO and 90 %
water combination. The fluorescence spectra of the above samples were recorded by
exciting Aexc = 330 nm and emission spectra was collected at 340nm to 700nm.

3.2.20 Solvent dependent aggregation (SDA) Experiment

3.16 mg of the PTPE1s-OH polymer was dissolved in 1.08mL of the DMSO, the final
stock of the polymer become 2mg/mL. From this stock 100 mg of the polymer was
taken in each vail and the it was dissolved in varying composition of the DMSO and
water combination. The ratio of DMSO to water was varied from 100 % DMSO to 10
% DMSO and 90 % water. The sample was the subjected absorbance and fluorescence
studies. The fluorescence spectra were recorded at 340nm to 700nm by exciting
samples at 330nm.

3.2.21 Self-Assembly of hydroxyl functionalised TPE conjugated polymers

The polymeric nanoparticle synthesized by the dialysis method. Hydroxyl
functionalised TPE conjugated polymer was self-assembled by dialysis method. The
polymer was taken 5.0mg and dissolved in the 2ml of dimethyl suphoxide water was
added to it drop wise with continuous stirring. This solution then transferred to 1kd
dialysis bag and dialysed against Milli Q water for 24h, the water in the reservoir was
changed over regular interval of time

3.2.22 Encapsulation of Drug/Dye

Similar protocol was adapted as mentioned in the previous section. 5.0mg of polymer
was taken in 2ml of dimethyl sulphoxide about 0.5mg dye or drug was taken and
dissolved in it. The milli Q water about 3.0 ml was added to it drop by drop over 30
min with continues stirring. The resultant solution was dialysed in 1Kd dialysis bag
against water for 24h. The unencapsulated drug or dye leaches out in the solution while
the if the solution retains the drug or dye it shows fluorescent dye solution inside the

nanoparticle which can be further studied by photophysical studies.
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3.2.23 Cytotoxicity experiments of the polymer nanoparticle

For the use of anticancer application polymer should be biocompatible with the both
cancer cells and normal cells. The cell viability studies for the polymer were carried out
for polymer alone as well as the polymer nanoparticle loaded with drug or dye. PTPE
polymer, PTPE-RhB, PTPE-RB and PTPE-DOX was studied for toxicity by MTT
assay. The cytotoxicity was studied for WT MEF and MCF 7 cancer cell lines. Similar
protocol was followed as explained earlier chapter.

3.2.24 Haemolysis

Cytotoxicity of the polymer was studied for red blood cells of Bulb C mice. The blood
collected from the retro-orbital sinus of the mice. The mice blood was then diluted with
1X PBS. The polymer sample was prepared by dissolving the polymer in 1 X PBS, was
incubated with mice blood at 37 °C for 1h. Followed by it was subjected to the rotation
of 800rpm for 5 min. If the RBCs pallets settles then it as polymer is compatible with
the RBC. The plasma collected about 100ul from the supernatant and absorbance was
recorded at 480nm in varioscan.

3.2.25 Biodistribution in vivo Imagining

Female balb/c mice of 8-12-week-old (~ 25 g in weight) were used for the
biodistribution studies using IVIS. Total 8 mice were randomly divided into 3 groups.
The first group (n=3) were injected with free IR-780 dye, the second group (n=3) were
injected with IR-780 loaded polymer nanoparticles and the last group (n=2) were
injected with PBS. All the injections of free IR-780 or IR-780 loaded nanoparticles in
PBS (100 pL) were done intraperitonially while maintaining the IR-780 dosage at 0.5
mg/kg. The blood was collected from anesthetized mice via retro-orbital plexus
puncture at the various time points (4 h, 24 h, 48 h post injection) from alternate sides.
In case of bleeding the absorbable hemostatic gelatin sponge (AbGel) was used. The
biodistribution of the free IR-780 dye and the dye loaded polymer nanoparticles were
monitored in real time by employing IVIS spectrum (Perkin Elmer). Wherein, the mice
were anesthetized and imaged at time points 4 h, 24 h, 48 h and 72h to capture both the
dorsal and ventral view using the excitation and emission filter of Aexc = 745 nm and
Aem = 820 nm respectively. At the end of 48 h, the Mice were euthanized by overdose
of anaesthesia (isoflurane) and perfused with PBS prior to organ harvesting. The

harvested organs were used for whole-organ imaging analysis employing the same
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excitation and emission filters. From the collected blood, plasma samples were isolated
by centrifugation and inoculated (10 pL) in each well of 96-well plate and subsequently
diluted 10 times with PBS. These samples were then subjected to the IVIS imaging
using similar filters (as mentioned above). The average radiance was calculated from
the instrument software and used to quantify the amount of the dye IR-780.
3.3 Result and Discussion

The fluorescent Tagged hydroxyl functionalised polyester was designed using
naturally source of L- aspartic acid. For this purpose, tetraphenyl ethylene (TPE)
conjugated monomer was synthesized which is referred as M-TPE. Tetraphenyl
ethylene (TPE) is very well-known fluorophore which is known to show aggregation
induced emission (AIE) property. Another monomer was designed with acetal masked
pendant group which is referred as M-Ac, these both monomers with serve as

comonomer for melt polycondensation polymerisation.
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Scheme 3.1 Synthesis of aspartic diester monomer i.e M-Ac and M-TPE
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3.3.1 Synthesis of monomers

The detail strategy for the synthesis of monomers is as follows; L-aspartic acid
was esterified with thionyl chloride in methanol to produce dimethoxy aspartate
ammiunium hydrochloride salt (compound 1). The amine salt of compound 1 was
neutralised using a base and coupled 2,2,5-Trimethyl-1,3-dioxane-5-carboxylic acid
(compound 2) to produce Dimethyl (2,2,5-Trimethyl-1,3-dioxane-5-carbonyl) aspartate
(M-Ac). The compound 2,2,5-Trimethyl-1,3-dioxane-5-carboxylic acid (compound 2)
was synthesized, using bis (hydroxyl methyl) propionic acid with 2,2 methoxy propanol
under acidic condition of p-toluyl sulphonic acid in dry acetone. The *H and 3C NMR

spectra of the compound 2 and M-Ac monomer is shown in Figure 3.6
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Figure 3.6 Chemical structure of compond 2 and M-Ac and 1H and 13C Spectra of the
Compound 2 and M-Ac. Spectra of (a) and (c) belongs to compound 2 while spectra (b)
and (d) belongs to M-Ac.

A new TPE conjugated fluorescent monomer (M-TPE) was prepared by

multiple step organic reaction. In this reaction benzophenone and 4-hydroxy
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benzophenone were coupled to form 4-hydroxyl tetraphenyl ethylene (compound 3)
using TiCls and Zn by Mc Murry coupling. The hydroxyl group was alkylated using
ethyl chloroacetate under basic condition to produce Ethyl 2-(4-(1,2,2-triphenylvinyl)
phenoxy) acetate (compound 4), ethyl ester of compound 4 was hydrolysed produce 2-
(4-(1,2,2-triphenylvinyl) phenoxy) acetic acid (compound 5) under basic conditions.
Compound 5 was coupled treated with thionyl chloride to produce respective acid
chloride which subsequently reacted with compound 1 to produce dimethyl (2-(4-
(1,2,2-triphenylvinyl) phenoxy) acetyl)-L-aspartate (M-TPE), the reaction scheme
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shown as Scheme-1.

Figure 3.7 Chemical structure of compond 3 to compound 5 and M-TPE and *H NMR
spectra.

The structure of M-TPE and intermediate compounds 2 to compound 5 was
confirmed by using *H and *3C spectroscopy, the *H NMR spectra of the intermediate
compounds and M-TPE is shown as Figure 3.7. (3C NMR spectra of the intermediate
compounds and M-TPE is provided as Appendix Figure S10). These synthesized

monomers were studies for their thermal stability using thermogravimetric analysis
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(TGA), both the M-TPE and M-Ac were found to be stable at the melt polycondensation
temperature as shown in Appendix Figure S11.
3.3.2 Synthesis of Copolymers

The copolymers were prepared taking different molar ratio of M-TPE and M-
Ac with respect to 1,12 dodecane diol as shown in Scheme 3.2. The polymerisation was
carried out via solvent free melt polycondensation process. The synthetic procedure for

10 % TPE Tagged acetal functionalised polyester is discussed in details.
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Scheme 3.2 Synthesis of L aspartic acid based homopolymer P-Ac and Copolymer
from M-TPE and M-Ac using melt polycondensation strategy.
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The molar ratio of the monomers was taken as 10 % of M-TPE and 90 % of M-
Ac with respect to these two monomers 1,12 dodecane diol (DD) was taken as 100%.
Both monomers were taken into test tube shaped polymerisation tube along with 1,12
dodecane diol (DD). This polymerisation mixture was then subjected to high
temperature as at 140 °C which is well above its melting point and nitrogen purging
was carried out for 15 minutes followed by that 1 mole % of Ti(OBu)s was added as
catalyst. Then the polymerisation continued for 4h continuous nitrogen purge followed
by vacuum for 2h of magnitude of 0.01mBar. During the melt condensation process at
high temperature hydroxyl group of alcohol acts as nucleophile which attack on ester
carbonyl centre. The carbonyl centre was polarised by catalyst making it more prone to
nucleophilic attack leaving methanol as by product. Melt polycondensation was
performed by two steps, first step involves the condensation under nitrogen purge which
involve the condensation reaction between monomers and diol continuous nitrogen
purge to remove excess of by-product methanol for 4h. In the next step vacuum about
102 mbar was applied for 2h. During the polycondensation process side chain, the
amide pendant acetal and TPE remain inert and does not interfere in polycondensation.
Following the same protocol series of copolymers were prepared using different molar
ratio of M-TPE and M-Ac. For making polyester, ratio of these two monomers were
maintained as 05:95, 10:90, 20:80 and 30:70. The structure of synthesized polyester
was confirmed by *H and *3C nuclear magnetic resonance spectroscopy. The *H spectra
of M-Ac, M-TPE and their copolymer is shown in Figure 3.8

The NMR spectra of the monomers and polymer is shown as Figure 3.8. In the
'H NMR monomer as shown in Figure 3.8a the methyl peak of dimethyl ester monomer
of L-aspartate in M-Ac appears at 3.60 ppm and 3.68 ppm similarly methyl ester peak
in M-TPE appears at 3.68 ppm and 3.77 ppm as singlets (See Figure 3.8b) in both of
these cases the methyl esters peaks are Tagged by orange colour. After the formation
of polyester new ester peaks appear as triplet at 4.05 and 4.15 ppm which belonging to
ester backbone of the polyester as shown in Figure 3.8c. Formation of polyester linkage
was further confirmed by C spectroscopy methyl ester peak for the monomers
appeared in the range of 51-53 ppm which disappears and new ester peak appeared in

range of 64-67 ppm.
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Figure 3.8 'H NMR spectra of the M-Ac (a) and M-Ac (b) and their copolymer PTPEx
(c).

The % TPE incorporated inside the copolymer was determined by *H NMR
spectra, comparing the ratio of integration of two different peaks from acetal and TPE
monomer as shown in Figure 3.8c. The acetal and TPEs *H NMR peak used for the
calculation of the TPE content Tagged by green and blue colour respectively. For
example, the copolymer was aimed to incorporate the 10 % of the M-TPE and 90 % of
M-Ac but according to NMR it showed 9 % of M-TPE and 91 % of M-Ac incorporated.
The notation P-Ac refers to the polyester with acetal side chain while co-polyester
referred as PTPE4 corresponding polymer with 4 % M-TPE unit and 96 % M-Ac units.
The polymers are named as PTPEx where ‘X’ represents that the polymer with X % of

the TPE monomer incorporated likewise other polymers are denoted as PTPE4, PTPE,,
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PTPE1gand PTPE27. Which are having 4, 9, 18 and 27 % of TPE monomer incorporated.
The copolymers prepared was characterised with the *H and **C nuclear magnetic

resonance spectroscopy (Appendix Figure S12 to S15).
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Figure3.9(a) Plot of feed vs incorporation of the TPE monomer in polycondensation
(b)SEC chromatograms of polymers in THF as eluent.
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The plot feed vs incorporation provided as Figure 3.9(a) from the plot, it can be clear
stated that using this method one can make polyester of choice with exact control over
incorporation of TPE monomer. These synthetic copolymers were characterised by size
exclusion chromatography (SEC) in tetrahydrofuran (THF) solvent as eluent as at 35°C.
The SEC chromatogram for the synthesized polymers is shown in Figure 3.9b,
polymers shows that polymers mono-model distribution. The number average
molecular weight (Mn) was found to be in the range of 5.8 X 10° to 8.5 X 10° g/mol and
weight average molecular weight (Mw) was found to be in the range of 10.3 X 10° to
15.8 X 10% g/mol with the polydispersity index in the range of 1.5 to 2.1. The data is
summarised in the form of Table 3.1.

Figure 3.1. Table containing feed and incorporation of the monomer in the polymer,
molecular weights of polymers determined from SEC and polydispersity index.

Table contains the incorporation of TPE units and molecular weights of polymers

Polymer TPE TPE in M, M,, PDI
Monomer Polymer (g/mol)® (g/mol)®
(in Feed) (H-NMR)?

P-Ac 0 0 12000 20000 1.7
PTPE, 5 4 8500 15800 1.8
PTPE, 10 9 6800 10300 1.5
PTPE,g 20 18 6700 12000 1.8
PTPE,; 30 27 5800 12500 2.1

3 Amount of TPE unit incorporation in the polymer was estimated by 1H-NMR analysis. ® Size exclusion
chromatography molecular determination was done in THF solvent at 35 °C using polystyrene standard for
calibration
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3.3.3 Synthesis of Hydroxyl functionalised TPE tagged polymer

The above synthesized copolymers were subjected to pendant acetal group
deprotection in with strong acid such as trifluoroacetic acid to produce hydroxyl
functionalised TPE tagged polymer as shown in Scheme 3.3
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PTPEy-OH

Scheme 3.3 Synthesis of Hydroxyl functionalised TPE tagged Polyester from L-
Aspartic acid.
The deprotected polymers were characterised using *H and 3C NMR spectroscopy.

As shown in the Figure 3.10(a) *H NMR spectra of copolymer the presence of acetal
peak at 1.47 ppm which is Tagged with orange coloured, after conversion of acetal
group to the hydroxyl group from the copolymer was confirmed by disappearance peak
of the acetal group as Tagged green region in the *H NMR spectra Figure 3.10(b). The
polymers were designated by name with respect to their acetal counterpart for example
PTPE4-OH was obtained by deprotection of acetal group from PTPE4 polyester. All
other copolymers were successfully deprotected by optimised procedure and
characterised with the help of NMR spectroscopy. Stack plot *H NMR spectra of

copolymer is shown in Appendix Figure S16.
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Figure 3.10. *H NMR spectra of the copolymer before (a) and after deprotection(b).

The hydroxyl functionalised TPE Tagged polymer was then characterised with

SEC with tetrahydrofuran as eluent, SEC chromatogram provided in Figure 3.11. After

deprotection the molecular weight of hydroxyl functionalised TPE tagged polymers

drastically reduced to 1500 to 2000 the obtained polymer molecular weight was

underestimated due presence of hydroxyl group which may lead to reduction in

hydrodynamic volume of the polymer as compare in a to Polystyrene standard using

which the instrument which was calibrated, the molecular weight is summarised in the

form of Table 3.2.

2

7 1.0

= —— PTPE,-OH

208 ——rrrEqOH

g ——PTPE,;-OH

FS 0.6 —— PTPE,,-OH

4

= 0.4 1

g 0.2

Z

0.0 T .

13.5 15.0

165

18.0

Retention time (min)

Figure 3.11 SEC chromatograms of polymers in THF as eluent
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Figure 3.2. Table containing, molecular weights of polymers determined from SEC and
polydispersity index.

Polymer Mhn Mw PDI
(g/mol) @ (g/mol) @

PTPE4+-OH 1500 2000 1.3

PTPEy-OH 1500 1800 1.2

PTPE1s-OH 1500 2000 1.3

PTPE27-OH 1500 1900 1.2

(@) Molecular weights determined from size exclusion chromatography in using THF as
eluent at 25 °C.

3.3.4 Thermal Characterisation Acetal vs Hydroxyl copolymers
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. Figure 3.12 TGA thermogram of the copolymer (a) for PTPEx (b) for PTPEx-OH.

The copolymers were then subjected to thermal characterisation using
Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC). TGA
profile of the random copolymer suggest that the polymers are stable up to 350 °C with
bimodal decomposition pattern as shown in Figure 3.12a for acetal copolymer after the
deprotection of acetal to the hydroxyl group thermal stability varied and polymers
found to be thermal stability up to 300 °C which is relatively less as compare to acetal
counterpart (See Figure 3.12b). The homo-polymer of acetal P-Ac was found to be
amorphous in nature on conversion to hydroxyl functionalised polyester (See Figure
3.13a) it remained amorphous and was found to increase the glass transition “Tg” value

due to presence hydrogen bonding interaction between the polymer chains.
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Figure 3.13 Schematic representation and DSC data of P-Ac and P-OH (a) PTPE4
(b)and PTPE4-OH(c) DSC data shown summarized as histogram(d).

The polymer system showed interesting thermal properties in the solid state,
while on interesting result in thermal properties were observed, in case of PTPEx as the
copolymer composed of acetal and TPE monomer, the polymer becomes
semicrystalline, this semicrystalline nature of the polymer attributed to presence of TPE
unit, the -t interaction between the TPE pendant of the polymer segment causes the
development of nucleating site inside the polymer matrix. All the polymer shows
semicrystalline nature with melting point close to 50°C irrespective to their
composition. DSC thermogram for acetal functionalised TPE tagged polymer is shown
as the polymer showed Figure 3.13b. After the deprotection copolymer remains semi-
crystalline nature of the polymer but with there is increase in the crystalline nature of
the polymer as reflected from the increase in the enthalpy of the melting (AHm).
Increased crystalline nature due to two factors that is -t interaction between TPE units
and hydrogen bonding between hydroxyl functional group in the polymer chains. The

glass transition temperature (Tg) of the polymer increased while the melt transition (Tm)
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and crystallization transition shifts to lower temperature close to 25°C. DSC

thermogram for hydroxyl functionalised TPE tagged polymer is shown as Figure 3.13c.
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Figure 3.14 DSC data for (a)PTPE4 (b) PTPE9 (c) PTPE18 and (d) PTPE27
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Figure 3.15 DSC data for (a)PTPE4 (b) PTPE (c) PTPE18 and (d) PTPE27

DSC thermogram of all the polymers are shown as Figure 3.14. and Figure 3.15.
Thermal characterisation data is summarised in the form of plot as shown in the Figure
3.13d. The plot containing TPE content vs enthalpy of the melting (AHm), As shown

155



Chapter 3

the polymer P-Ac (without TPE unit) was found to be amorphous with no enthalpy of
melting, When TPE was introduce in polymer melting enthalpy was observed. When
we compare acetal vs hydroxyl counterpart of the polymer it showed enhancement in
there in crystalline nature. The polymer PTPEs-OH showed maximum crystalline
nature, further increase in the TPE content resulted in decreases in semicrystalline
nature. Thermal characterisation data of the polyester is summarised in the form of
Table 3.3.

Figure 3.3 Table containing thermal characterization data of the polymers

Table contains the thermal characterisation data of the polymers

Polymer T4 (°C)2 T4°C)° T,(°C)° AHmM(Jig)! T.°C)* AHc(J/g)'

P-Ac 350 -15 - - -

PTPE, 350 17 52 6.7 34 7.7
PTPE, 350 7 52 11.1 35 10.5
PTPE,, 350 6.6 52 3.8 33 3.9
PTPE,, 350 7 52 5.6 34 5.3

2 Temperature of decomposition (Tg) determined from TGA. ® The glass transition temperature (T,)
was determined from second heating cycle of DSC thermogram. ©Melting point (T,,) of the polyester
determined heating cycle of DSC thermogram. 9 Enthalpy of Melting determined from area under the
curve of heating cycle of the of DSC thermogram. ® Temperature of Crystallization (T.) of the
polyester determined cooling cycle of DSC thermogram. ? Enthalpy of crystallization determined from
area under the curve of cooling cycle of the of DSC thermogram.

3.3.5 Aqueous Self-Assembly

After studying the solid-state properties of the PTPEx copolymers, the hydroxyl
functionalised TPE Tagged polymer with different content of the TPE was studied for
their self-assembly in water by dialysis method. All the polymers were self-assembled
using same protocol. 5.0 mg of the polymer was dissolved in the 2 mL of HPLC Grade
dimethyl sulphoxide with constant stirring 3mL of milli Q water was added to the
solution dropwise. The resultant 5SmL of solution was transferred to 3kD dialysis bag
and dialysed against water for 48h. Among the various copolymer all the polymers
were soluble in water except the PTPE27-OH was not found to be forming stable
nanoparticle and precipitate out in water. The images of dialysed solution under normal
lightand UV light are provided as Appendix Figure S17. After dialysis solution appears
to be cloudy under normal light while the presence of TPE chromophore is indicated
by bright blue fluorescence from the solution under UV light. The photophysical
properties of the polymer solution was carried out by absorbance and emission. The
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polymer solution showed the absorbance maxima at 330nm while emission maxima
was observed at 470nm. It was observed that even after maintaining equal concentration
of TPE in the solution as the TPE content is increasing emission also increases this is
due to the property of AIE as shown in Appendix Figurel8. Among the different
copolymer synthesized as mentioned earlier the PTPE27-OH was not found to be
forming stable nanoparticle, PTPE1s-OH was taken for further studies with aim polymer

with highest content of TPE unit which is able to form stable nanoparticles.
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Figure 3.16 (a) Schematic representation of self-assembly of PTPEis-OH (b)
photograph of vial containing PTPE1s.OH at different solvent combination upon
photoexcitation under UV light (c) Emission spectra of the polymer in different water-
DMSO combination, concentration of the PTPEs-OH was maintained as 100pg/mL.
(d) Plot PL emission intensity vs solvent combination showing break point at 40% water
in DMSO-water combination

The hydroxyl functionalised TPE Tagged polymer, PTPE1s-OH composed of two
segments TPE pendant side chain and backbone contributes as hydrophobic portion of
the polymer while hydroxyl group acts as hydrophilic segment. When the PTPEs-OH
self-assemble in aqueous system polymer undergo self-assembly in such a fashion that
first polymer undergoes phase segregation then form micelle as shown in Figure
3.16(a). As the polymer composed of TPE unit which is known show the phenomena
of aggregation induced emission upon in the solution aggregation. To study AIE
phenomena on self-assembly, solvent dependent aggregation of the polymer was
studied by maintaining the constant concentration of the polymer in water-dimethyl
sulphoxide combination. Dimethyl sulphoxide being the good solvent for the polymer,
it is expected that polymer will be in expanded chain confirmation while as content of
water will increase the polymer undergoes aggregation to form self-assembled
structure. The photograph of vial shows increases in intensity of fluorescent polymer
upon increase in the water content of the polymer solution. The corresponding emission

spectra of the solution is shown as Figure 3.16b. The emission intensity of the polymer
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aggregate in DMSO shows no emission as polymer is in extended chain confirmation.
With increase in water content polymer chains start to undergo aggregation. TPE
polymer shows aggregation induced emission peak at 470nm. (See Figure 3.16c). As
the polymer content increases emission of TPE aggregation which resulted in the
increases in the emission intensity from the solution, this due to phenomena on
aggregation induced emission. To rule out the possibility of increase in molar extension
coefficient with increase in water content, the solutions was studied for their
absorbance. It was found that absorbance of the solution remains constant. As shown
in Appendix Figure S19. The emission maxima were plotted w. r. t. water content and
it was found that emission intensity at 470nm increases with increase in water content
linearly up to 40 %. The break points above 40 % there is slow increase in emission
intensity. The break point corresponds to formation TPE nanoparticles.
3.3.6 Determination of critical aggregation concentration

To determine the concentration at which polymer chains comes close to each other
to form polymer nanoparticles is referred as critical aggregation concentration (CAC).
For the determination of CAC, the property of the TPE to undergo AIE was exploited.
In aqueous environment, below certain concentration, polymer chains are freely soluble
in water and TPE pendant (fluorophore) are also shows less emission. When the
polymer concentration increases polymer chains starts coming close to each other and
shows enhancement in the emission of the TPE, this is due to the fact that when TPE

molecule come close to each other and undergo aggregation.
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Figure 3.17 (a) Emission spectra for the PTPE1g-OH at various polymer concentration
ranging from 20ug/mL to 400ug/mL. (b) Plot PL emission intensity vs concentration of
the PTPE16-OH in 90% water in DMSO-water combination.
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When TPE molecules are in free form in good solvent upon excitation at its
absorbance maxima, the TPE molecules mainly release its energy rotation of the double
bond and monomeric emission peak at 350nm but when the TPE molecules undergo
aggregation there is formation of new peak due to aggregation induced emission at
470nm. In the polymer system chain comes close to each other the TPE molecules
undergo aggregation due to that there is restriction in the intramolecular rotation of
phenyl group of the TPE molecule which results in enhancement in photo luminance
(PL) intensity which can be directly corelated with formation of polymeric nanoparticle
due to aggregation. This can be a direct method to detect the aggregation of polymer
chains to determine CAC of the polymer in water. To determine the CAC of the
PTPE1s-OH polymer, stock of PTPEs-OH polymer was taken at the wvarious
concentration of increasing from the range of 20 pg/mL to 400 pg/mL. The polymer
was dissolved in 10 % DMSO and 90 % water concentration. This polymer solution
was the subjected to photophysical characterisation such as absorbance and
fluorescence (see Figure 3.17a) absorbance spectra of the polymer solutions is shown
as Appendix Figure S20. The absorbance does not show much increase as compare to
fluorescence as shown Figure 3.17a. The corresponding plot concentration of polymer
vs fluorescence at 470 nm is as shown in Figure 3.17b. The break point at 180 pg/mL

corresponds to critical aggregation concentration.
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Figure 3.18 (a) DLS of data for PTPE1s-OH nanoparticles at concentration 0.1mg/mL.
(b) FESEM data for PTPE1s-OH nanoparticles (¢) HR-TEM data for PTPE1s-OH
nanoparticles. (d) PTPE1s-OH nanofiber drop-casted in THF.

The synthesized polymeric nanoparticle was studied for size using dynamic light
scattering (DLS) and morphology by FESEM and HR-TEM and. DLS data is shown as
Figure 3.18(a) which suggest that polymer nanoparticle of size 250+10 nm, the
photograph dialysed solution of polymer sample under UV light shows fluorescent blue

emission under UV light. The polymer morphology was confirmed using HR TEM and
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FESEM. It showed that polymer forms nanoparticle with spherical morphology with
size of nanoparticle was 100£10 nm. (See Figure 3.18b and Figure 3.18c). The polymer
showed the formation of helical nanofiber when dissolved and drop casted in THF as
shown in Figure 3.18d.
3.3.7 Drug or Biomarker Encapsulation

The TPE Tagged hydroxyl functionalised polymer PTPE1s-OH was utilised for
loading drug doxorubicin (DOX), Rose bengal (RB), Rhodamine B and (RhB)
biomarker. The doxorubicin was chosen as drug and biomarker such as Rhodamine B
(RhB) rose and Bengal (RB) was chosen to encapsulate inside the nanoparticle. The

drug (or biomarker) encapsulation was carried out by using dialysis method.
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Figure 3.19 (a) Schematic representation of loading of cargo in PTPEs.OH
nanoparticles. photograph of vial containing drug/ dye loaded nanoparticles under
normal light (b) and photoexcitation by UV light (c). Chemical structure of the loaded
cargo(d) Absorbance spectra of PTPE1s-OH nanoparticles(e). Plot containing drug/
dye loading content (DLC) of various cargo (f).

The typical procedure for encapsulation drug (or dye) involves following steps, for
example 5.0 mg of the and PTPE-OH polymer along with 0.5 mg of the drug
doxorubicin, the drug is in the form of hydrochloride salt it was neutralised with triethyl
amine solution. was dissolved in 3.0 ml dimethyl sulphoxide and water was added to
this mixture dropwise to start self-assembly, this solution was then transferred to 1kD
dialysis membrane dialysed against Milli Q water for 48 h to form doxorubicin loaded
nanoparticle the mechanism of the drug (or dye) loading is depicted in Figure 3.19a.
The polymer loaded cargo show fluorescent illumination under normal light and UV
light as shown in Figure 3.19b and 3.19c. The nascent polymer nanoparticle sample
produces strong blue fluorescence upon photoexcitation by UV light while loaded
nanoparticles showed different coloured depending upon loaded dye. The chemical

structure of the loaded cargos is shown in figure 3.19d. The drug/dye loaded
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nanoparticle was then subjected to absorbance studies. The absorbance spectra showed
the presence of two absorbance maxima the first absorbance maxima belong to TPE
chromophore at 330 nm and other loaded cargo shown peak at their respective
wavelength. Such as presence of doxorubicin was observed by peak at 490 nm. While
in case of RB and RhB loaded polymer nanoparticle Amax Was observed at 550nm (See
Figure 3.19¢). These drugs (or dye) loaded nanoparticle was measured for drug (or dye)
loading content (DLC) and drug (or dye) loading efficiency (DLE) using absorbance
spectroscopy using Lambert-Beers law. The molar extension co-efficient for DOX, RB
and RhB was 11500, 90400 and 10600 L mol™* cm™ respectively for calculating DLC
and DLE. The DLE and DLC was summarised in the form of plot Figure 3.19f. The
polymer showed DLC for rose bengal 3.1 % while doxorubicin and RhB was loaded
5.1 % and 1 % respectively. The drug (or dye) loading efficiency (DLE) was found to
be 31 %, 51 % and 10 % for Rose Bengal, doxorubicin and Rhodamine B respectively.
The doxorubicin loaded nanoparticle was referred as PTPE-DOX while RB and RhB
loaded nanoparticle was referred as PTPE-RB and PTPE-RhB respectively. The
polymer without TPE was is referred POH which was also attempted to load as drug
doxorubicin and biomarkers such as RB and RhB, POH showed loading of doxorubicin
and RB but was unable to load RhB. The nanoparticle without TPE were referred as
POH-DOX and POH-RB.
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Figure 3.20 (a) (a) DLS of data for PTPE-DOX nanoparticles at concentration
0.1mg/mL. (b) FESEM data for PTPE1s-OH-DOX nanoparticles (c) HR-TEM data for
PTPE-DOX nanoparticles.

The size of the nanoparticle was determined by dynamic light scattering (DLS), the
PTPE-DOX is shown in Figure 3.20a after loading drug (or dye) the nanoparticle found
to be produce below 200nm. FESEM data of the polymer shows the PTPE-DOX form
nanoparticle of spherical morphology with diameter of 15010 nm which corroborated
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with DLS data (See Figure 3.20b). The PTPE-DOX nanoparticles were further
characterised for its structure using HR-TEM, which suggest the similar result as by
FESEM, HR-TEM image shown in the Figure 3.20c.
3.3.8 Photophysical Properties and FRET probes

In the nanoparticle PTPE-DOX, inside the nanocavity there are two
chromophore that is TPE and doxorubicin is in close vicinity enough that there is
probability of transfer of energy between two different chromophores. Figure 3.21a
shows the schematic representation for energy level diagram for energy transfer
between two chromophores via FRET process. During the FRET process the when one
molecule of higher energy level when excited it releases energy so that, the
chromophore in the closed vicinity can absorb released energy utilised by nearby
chromophore to excite give emission spectra of later. The chromophore which absorbs
higher energy referred as donor and molecules gets energy from donor is referred as

acceptor. In this case TPE acts as donor and loaded chromophore DOX acts as acceptor

in this case.
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Figure 3.21 (a) Schematic representation for energy level diagram for energy transfer
by FRET process and energy transfer between two chromophores by FRET process in
in nanoparticle PTPE-OH-DOX. (b) Spectra of Absorbance and emission spectra of
PTPE and DOX to study spectral overlap. (c) Emission of spectra of PTPE along with
PTPE-DOX.

The molecular structure of donor and acceptor is provided as Figure 3.21b
polymer micelle having hydrophobic core occupied by TPE molecule for example
PTPE-DOX polymer NPs, in the hydrophobic core of the micelle TPE and doxorubicin
are in close vicinity (See Figure 3.21b). The intermolecular interaction between TPE
and DOX was studied by fluorescence measurement. Nanoparticle solution of PTPE-
DOX, PTPE-RB and PTPE-RhB was subjected to emission of the chromophore. All
samples were prepared by maintaining optical density of 0.1 OD for the TPE. As a
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control polymer was without TPE was prepared which completely hydroxyl
functionalised polymer. For the phenomena of FRET, the two molecules should show
some characteristic properties which includes the pair of the molecules should acts as
donor and acceptor. These pair of acceptors should show the overlap integral. This
property was studied by comparison between overlap between emission spectra of TPE
and absorption spectra of doxorubicin and it was found that there is an overlap between
them. (See Figure 3.21c). there is 94 % overlap of absorbance spectra of the doxorubicin
with emission spectra of TPE in PTPE-DOX system. When the PTPE-18-OH NPs in
water molecule excited at 330nm, the polymers show TPE self-emission with Aem=
470nm. When the PTPE-DOX system with concentration of TPE 0.1 OD was excited
at 330nm it showed the reduction in the TPE self-emission at 470nm and showed
emission peak from DOX. This is due to the transfer of energy form donor molecule
TPE to the acceptor DOX. There was reduction in energy of the TPE sample and
transfer of energy from TPE to doxorubicin due to FRET. Similar kind of study was
also performed from PTPE-RB and PTPE-RhB systems as shown in Appendix Figure
S21 and S22. There is 38% overlap between absorbance spectra of the RB with
emission spectra of TPE in PTPE-RB system. FRET phenomena were also observed
in PTPE-RB after exciting nanoparticle PTPE-RB at 330nm there was emission signal
observed from TPE and RB.
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Figure 3.22 (a) TCSPC plot for PTPE polymer and PTPE loaded cargo and (b)
corresponding table containing fluorescence lifetime decay constant, efficiency of
energy transfer, Forster distance etc.

There were no such FRET phenomena was observed in case of polymer
nanoparticle without TPE. The sample without TPE such as POH-DOX and POH-RB
samples were also studied for photophysical characterisation using absorbance and

emission spectroscopy. As expected, absorbance spectra did not show any at 330nm
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but only absorbance observed from the loaded chromophore, Further emission spectra
of POH-DOX and POH-RB only showed signal from DOX and RB respectively when
excited at their respective absorbance maxima. The PTPE-RhB sample showed FRET
between TPE and RhB with overlap integral of 38%. FRET phenomena were further
studied using time correlated single photon counting (TCSPC) spectroscopy. The
lifetime of donor in the nanoparticle studied as PTPE-DOX and PTPE-OH i.e., with
and without acceptor respectively. The lifetime of donor is referred as Tp and lifetime
of donor in presence of acceptor is defined as Tpa. TCSPC measurement was carried
out by exciting TPE using 340nm nano-LED lamp up to 10000 counts, the decay
profiles showed in Figure 3.22a. For the sample PTPE-DOX, TPE molecules relax very
fast in presence of doxorubicin which shows life time 0.27 ns while in absence of
doxorubicin polymer NPs on exciting at 340nm life time 3.5 ns which is more as
compare PTPE-DOX. The other system showed similar observation such as in case of
PTPE-RB and PTPE-RhB system the lifetime of TPE was observed as 0.4ns and 1.2ns
respectively (See Figure 3.22b). The FRET efficiency between donor and acceptor was
calculated using equation Errer = 1-Tpa/Tp. Where Tpa is lifetime of donor in presence
of acceptor and To s life time of donor in absence of acceptor. As the FRET is distance
depend process, it is essential that the donor and acceptor must be in close vicinity, the
distance between the donor and acceptor should be less than 50 A°. In this system of
PTPE-DOX, PTPE-RB and PTPE-RhB distance between TPE and other loaded
chromophore were found to be in the 25-30 A° (See Figure 3.22b) which is very less as
compare to Forster distance 50 A° and in all the cases FRET efficiency was found to be
above 50%. The details information about FRET calculation is provided in appendix
and related information such as Forster distance FRET efficiency, overlap integral, life
times of TPE is summarised in the form of table in Figure 3.22b.
3.3.9 Enzyme responsive release of DOX

The L aspartic acid-based hydroxyl functionalised polymer earlier in lab was
having hydroxyl group as a pendant. The current case the polymer was modified in such
a manner it is having both hydroxyl group and TPE as side chain pendant. The polymer
PTPE-OH backbone is comprised of fully aliphatic linkage which known to undergo
cleavage by the action esterase enzyme under physiological condition as shown in
Figure 3.23a.
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Figure 3.23 (a) Schematic representation of process of endocytosis of PTPE-DOX by
MCF 7 cell lines degradation of the polymer nanoparticles due to enzymes in lysosomal
compartment inside the cells. (b) Cumulative doxorubicin release profile from PTPE-
DOX nanoparticle with and without of esterase enzyme at 37 °C in pH= 7.4.

The release of doxorubicin from PTPE-DOX by the action esterase enzyme was

studied using dialysis method as reported earlier (ref). PTPE-DOX sample was
incubated with 10 U horse liver esterase enzyme under physiological condition such 37
°C and 7.4 pH. This mixture was then added to dialysis bag (1Kd) and dialysed against
20 % PBS solution and studied using absorbance spectroscopy cumulative doxorubicin
release was plotted against time as shown in Figure 3.23b in presence of enzyme 80%
of doxorubicin was released. As compare to our earlier system>® which fully hydroxyl
functionalised polyester was composed aliphatic polyester linkages in a backbone and
hydroxyl group as pendant, which was capable to encapsulate various drugs and dye
but it has poor enzymatic degradability such resulted in release of drug up to only 30%.
The present polymer is composed of TPE side chain in addition to hydroxyl group
which changes hydrophilic hydrophobic balance of the polyester. As a control
experiment was performed without enzyme which shows leaching of drug up to 30%
(See Figure 3.23Db).

3.3.10 Cell viability and biocompatibility

The biocompatibility of polymer nanoparticle was studied by (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) (MTT) assay (ref) in three
different cell lines which includes normal cell lines WT MEF and cancer cell lines
Breast cancer cells (MCF 7) and ovarian cancer cells (SKOV 3) cells. Similar procedure
was followed as performed earlier. 10° Cells were seeded per well in 96 well plate and

grown for 18h along with complete media. After the completion of incubation, the
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media was removed from the 96 well plate and it was replaced with fresh media with
polymer samples. The concentration of the sample was maintained in the range 10
pg/mL to 100 pg/mL and as a control the cells were grown with complete media alone.
Then the plate was incubated for 72h, and then it was added with MTT solution. The
concentration of the farmazan crystal produce was studied by varioscan and cell

viability was calculated by comparing with control. As shown in Figure 3.24a, the
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polymer alone was found to be biocompatible in all the three cells lines up to 100 pg/mL

Figure 3.24 (a) Cell viability of thePTPE1s-OH polymer (b) Cell viability of the PTPE-
DOX and Free DOX in MCF 7 cell line. [10° cells are used for seeding in the
cytotoxicity studies].

Cytotoxicity of Free doxorubicin vs PTPE-DOX towards the MCF 7 cell lines is
shown in Figure 3.24b, PTPE-DOX cytotoxicity study was performed in the range of
0.1 pg/mL to 1 pg/mL. The PTPE-DOX was able to deliver doxorubicin the kill cancer
cells. In both the cases that is free doxorubicin and PTPE-DOX there is inhibition of
the cell growth was observed but free DOX showed more killing as compare to PTPE-
OH-DOX. This can be attributes to slow release of doxorubicin from PTPE-DOX as
compare to free DOX.

3.3.11 Cellular Uptake

The ability of the nanoparticle to deliver the drug was studied at the cellular level
by confocal microscopy. As the polymer sample was found to be biocompatible in the
normal and cancer cell lines it was taken to study the uptake of PTPE NPs. For this
purpose, 100000 cells of SKOV3 cells lines were seeded on the 6 well plate on the glass

coverslip and grown for 16h along with the complete media. After incubation old media
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was aspirated and fresh media PTPE-OH, PTPE-RB, PTPE-RhB and PTPE-DOX was
then incubated for 6h with the cells. The cells were fixed on slide imaged under confocal
microscopy. As shown Figure 3.25a First panel shows that PTPE-OH polymer alone
taken up by the cells, TPE was excited with 405 nm laser and collection was done in
the range of 410nm-494nm and along with it the cells were excited at different laser to
check any other emission from the cells. The first panel shows that on excitation using
different laser only emission from TPE was observed with is indicated by cyan colour
in the image. No emission in the DOX channel due to absence of the DOX inside the
polymer apart from DOX there were no emission observed in other channels when

excited with 488nm and 561 lasers
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Figure 3.25: Cellular uptake studies for (a) PTPE-OH polymer alone (b) PTPE-
DOX(c) PTPE-RB and (d)PTPE-RhB in the SKOV 3 cells lines. Scale bar= 40um

Uptake studied for sample taken up PTPE-DOX further confirms the uptake of the
nanoparticle, TPE was excited at 405 nm laser while DOX was excited using 488nm
laser emission of DOX shown by the red colour. As the both TPE and DOX are in close
vicinity inside the cells. FRET channel was also added where cells were excited using
405nm laser and collection was done at the DOX channel. The FRET phenomena were
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also observed at the cellular level due to transfer of energy from TPE to DOX. (See
Figure 3.25b). Similarly, the cellular uptake studies were performed for PTPE-RB and
PTPE-RhB nanoparticles was carried out, In the confocal microscopy rose Bengal and
Rhodamine B was excited using 561nm laser and collection was done from 570-620nm
self-emission of the RB and RhB observed. Location of the TPE inside the cells is
determined from exciting cell with 405 laser and collection at 410-494nm, in both
PTPE-RB and PTPE-RhB uptake studies TPE signal was observed in the cytoplasm of
the cells. The loaded cargo RhB and RB was also observed found inside the cytoplasm
of the cells. The merge images show the location of the TPE and RB are the same. The
study FRET process inside the cells, the cells were excited by using 405 nm laser and
collection was done from 570-620nm. (See Figure 3.25c and Figure 3.25d) which show
first TPE molecule gets and then transfer the energy to RB or RhB.

3.3.12 Haemolysis

For in vivo study in the polymer should be nontoxic toward the Red Blood Cells
(RBCs) of the mice. To check the biocompatibility of the PTPE1s-OH with RBCs,
haemolysis experiments was performed by the reported procedure in earlier chapter.
The blood was freshly withdrawn for retro-orbital sinus of the Bulb C mice and
incubated with solution of the PTPE1g-OH at the concentration of 1mg/ml in PBS for
1h at 37 °C.
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Figure 3.26 Haemolysis study of PTPEs-OH (0.1 mg/mL) with Triton-X as positive
control and PBS as negative control. (¥****p<(.0001). Each point represents mean +
SEM (n=3)

After the incubation blood samples were centrifuged at 8000rpm for 10 min. The
haemolytic nature of the sample is compared with Triton X as the positive control while
PBS was taken as negative control. After the centrifugation if the sample is non
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haemolytic then RBCs for palette at centrifuge tube. The clear plasma of the blood was
the collected as supernatant and absorbance was measured at 480 nm. The absorbance
data further confirms the non-haemolytic nature of the PTPE1s-OH as shown in the plot
Figure 3.3.26. The found to be biocompatible with RBCs as shown in plot polymer
shows <2% haemolysis.
3.3.13 In Vivo biodistribution Studies

Considering the non-haemolytic nature of PTPE1s-OH, The PTPE1s-OH was taken
for in vivo biodistribution studies. The PTPE1s-OH was attempted to encapsulate with
IR 780 which is NIR active biomarker. The polymer found to encapsulated the IR780
in the form of polymer nanoparticle drug loading content (DLC) 1%. (See Figure 3.27)

Figure 3.27 Schematic representation of loading of IR 780 biomarker in the
nanoparticle.

The biodistribution of the biomarker was studied in the mice by using IVIS imaging
setup. The IVIS imaging setup helps to study live monitoring of IR780 biomarker inside
body of a live mice without causing side effects. The experiment was carried out on
Bulb C mice of age 2-3-month-old through intra-peritoneal injection. The
biodistribution experiments were performed in three different sets (i) set of mice which
was injected with only PBS as a negative control (ii) set of mice injected with free
IR780 dissolved in PBS (ii) set of mice injected with sample PTPE-IR780. All the three
set of mice were compared during course of experiment. The concentration of IR780
was maintained as 0.5 mg/Kg of the body of the mice in PBS as medium, After the
injection the body imaging of mice was done in a time dependent manner, the interval
of IVIS imaging includes 4h, 24h, 48h and 72h.
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The imaging was conducted from dorsal and ventral view as shown in the Figure
3.28a and Figure 3.28b. The first set of the mice in the panel does not show any signal
from IR780 from dorsal and ventral view when subjected to excitation to signal 745nm
wavelength and collection was done IR region as the PBS was considered as negative
control for the experiment. The second set of the mice was subjected to the free IR780
imaging was done in the time dependent manner post injection. As you can see in case
of the dorsal view the intensity of the IR780 is quite low in the body with over increase
in the time spread across the body, while in case of the dorsal view 4h post injection
most of the IR780 remains inside the intraperitoneal cavity and with time it slowly
diffuses out. The IR780 loaded in the form of the polymer nanoparticle when injected
in the mice showed interesting result the both the dorsal and the ventral view showed
presence of the IR780 the maximum intensity is compare to the free IR780 this could
be due the increase in the life time of the IR780 as compare to free IR780. The
quantification of the bio distribution was carried out using average radiant efficiency
which is plotted over time. The data is shown as Figure 3.28c and Figure 3.28d. The
biodistribution studies showed better life time of nanoparticle as compare to the free
IR780, which could be due to the renal clearance by kidney. The presence of the IR780
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was further confirmed in the blood plasma, the blood was collected from the mice retro-
orbital in plasma was extracted by centrifugation, IVIS imaging data shows the similar
result as done for live mice. The mice with IR 780 polymer NPs showed higher signal
as compare to free IR 780 (See Figure 3.29a). Similar trend was observed for both 24h

and 48h time point as reflected in the corresponding plot.
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Figure 3.29 Representative photograph of different time point the plasma by IVIS
Imaging setup (b) Plot corresponding to the different time point the plasma by IVIS
Imaging (c) Photograph of the mice organ for sacrifice ex vivo imaging(d). Plot
corresponding to the mice organ for sacrifice ex vivo imaging.

To comprehensively assess organ-level biodistribution, the mice were sacrificed
after 72 hours of imaging. Major organs such as the brain, heart, liver, spleen, and
kidneys were meticulously collected for analysis using the IVIS imaging setup. As
shown in Figure 3.29b, the first panel pertained to mice injected with PBS alone,
revealing no emission signal. In contrast, the second and third panels corresponded to
mice administered with free IR780 and PTPE-IR780 nanoparticles, respectively.
Among these vital organs, no detectable signal was observed from the brain.
Subsequently, only faint signals were noted in the heart and spleen, suggesting minimal
cardiotoxicity in both free and P-TPE-IR780 formulations. In stark contrast, more
robust signals emanated from the kidneys, liver, and lungs, indicating effective
clearance mechanisms through renal or hepatic pathways. These findings were
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substantiated by the radiance intensity plot, underscoring the superior delivery
capabilities of polymer nanoparticles compared to free IR780. In conclusion, this
extensive study not only sheds light on the biodistribution patterns of IR780 but also
highlights the potential advantages of utilizing polymer nanoparticles as an efficient
delivery vehicle for IR780 in biomedical applications.
3.4 Conclusion

L-aspartic acid based new monomers was designed and polymerised using melt
polycondensation strategy to produce fluorescent tagged polyester. The copolymer was
well characterised for structural properties which *H NMR studies further confirms
reliability of the method to produce copolymer with exact composition. SEC
chromatography further confirms the moderate molecular weight built up. The acetal
group of the polymer subsequently deprotected to get hydroxyl functionalised TPE
tagged polymer, which was found stable up to 300 °C. DSC profile of the polymer
provides interesting result. The semi crystallinity in the polymer induces by the n-n
interaction in the polymer chains which creates the nucleating site after deprotection
the semi crystalline nature further induced due to n-n interaction and hydrogen bonding
interaction synergistic effect. Polymer showed AIE properties in the solution state
studies, the CAC value of the polymer determined using the AIE property of the
polymer. The polymers were capable to form nano-assemblies in aqueous state able to
encapsulate hydrophilic and hydrophobic dyes. The polymer nanoparticles were
characterised for their size and shape using FEEM and HR-TEM which showed
nanoparticle with spherical morphology with sub nano-meter size. As the polymer
nanoparticle photophysical properties emission spectra and lifetime measurements
which confirms the FRET phenomena in the nanocavity of the nanoparticles. The
polymer found to be biocompatible with normal and cancer cells and showed successful
carrier for the drug delivery in the cells. The interaction between polymer chain and
loaded cargo also employed to study FRET at the cellular level. In vivo biodistribution
was carried out in the Bulb C mice using IVIS imaging setup, which further confirms

the utilisation of polymer based nanocarrier for delivery of cargo.
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Development of L-Aspartic acid based Cationic
Polyesters for Antimicrobial Application.
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Abstract

In this chapter we have developed L-aspartic acid based cationic polyester for
the antimicrobial applications. The L aspartic acid was converted in to a suitable
monomer for the development polyester using melt polycondensation technique. The
amine pendant of the monomer was protected as BOC group. The polymer was
synthesized by the melt polycondensation strategy with diol of different spacer length,
this polyester subsequently converted into the cationic polyester which are capable to
undergo self-assembly in aqueous environment in the polymer nanoparticle. The
cationic polyester formed nanoparticle with size below 150+10 nm diameter shows
formation of spherical morphology with positive zeta potential value. The antimicrobial
activity of the sample was determined as both solid and solution state. Different
technique employed for determination of antibacterial activity study such as Resazurin
assays, Colony suspension method, Spread plate method and Disc diffusion method.
Each technique is unique in nature to determine antibacterial activity, the qualitative
analysis by resazurin assay suggest minimum inhibitory concentration (MIC) close to
1mg/ml further it was traced by colony suspension method which suggested that the
MICgy found to be 0.8mg/ml in the solution state. In the solid-state antimicrobial
activity found at the higher concentration such as 5mg/ml showed formation large zone
of inhibition as compare to lower concentration 1mg/ml, it also suggested that at the
solid-state antibacterial activity require much higher concentration as compare to
solution state.The biocompatibility study of the polymer was performed using MTT
assay with the normal cell line Wild type mouse embryonic fibroblast (WT MEF).
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4.1 Introduction

The advent of antibiotics marked a pivotal moment in the field of medicine,
revolutionizing our ability to combat bacterial infections. Alexander Fleming's
discovery of penicillin in 1928 was a seminal moment in the history of antibacterial
research. This serendipitous finding opened the doors to the development of various
antibiotics, each with its own unique properties and mechanisms of action. Among the
noteworthy antibiotics that emerged in subsequent years are ampicillin, ciprofloxacin,
azithromycin, penicillin and more®?. These set of antibiotics are is their relatively small
molecular size, with molecular weights typically falling below 500 Daltons (Da). This
modest size allows these drugs to penetrate bacterial cells efficiently, where they exert
their antibacterial effect. Penicillin antibiotic class is known as beta-lactams. Penicillin
specifically works by inhibiting the synthesis of the bacterial cell wall. Bacterial cells
rely on a sturdy cell wall to maintain their structural integrity. Penicillin disrupts this
process by interfering with the formation of cross-links in the peptidoglycan layer of
the cell wall, leading to weakened cell walls and eventual cell lysis®. Ampicillin is also
a beta-lactam antibiotic, similar to penicillin. It acts in a similar manner by interfering
with bacterial cell wall synthesis. Ampicillin is effective against a broader spectrum of
bacteria, making it a valuable tool in combating various infections*. Ciprofloxacin
antibiotic belongs to the quinolone class. Its mechanism of action is different from beta-
lactams. Ciprofloxacin targets bacterial DNA gyrase, an enzyme essential for DNA
replication and repair. By inhibiting DNA gyrase, ciprofloxacin disrupts DNA synthesis
and repair in bacteria, ultimately leading to their death®. Azithromycin, a member of
the macrolide class of antibiotics, interferes with bacterial protein synthesis. It binds to
the bacterial ribosome, specifically the 50S subunit, and inhibits the elongation of the
protein chain. This disruption in protein synthesis impairs the bacteria's ability to thrive
and reproduce. The intricate mechanisms of action described above showcase the
diversity of approaches that antibiotics employ to combat bacterial infections. These
antibiotics have played a crucial role in saving countless lives and continue to be
essential tools in the fight against bacterial diseases®. A visual representation of

mechanism of action of azythromycin is shown Figure 4.1
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Figure 4.1 Mechanism of action of the antibacterial drugs Azithromycin (Adapted from
Int. J. Mol. Sci. 2023, 24(10), 8662).

AMPs constitute another class of naturally occurring antibiotics that are integral
to our innate immune system. Remarkably, they possess a broad spectrum of activity,
capable of targeting and eliminating fungi, bacteria, viruses, and even cancer cells®®.
Cationic AMPs, a subset of antimicrobial peptides, are typically composed of 10 to 50
amino acids. They are characterized by having cationic and hydrophobic residues
arranged on opposite sides within their three-dimensional structure.'%!! These peptides
are soluble in water due to their positive charge, typically ranging from +2mV to +9mV.
Cationic AMPs adopt three fundamental secondary structures, first structure is Alpha-
helix, notably, alpha-helical AMPs like magainin and LL37 lack a discernible
secondary structure in aqueous environments but assume an alpha-helical conformation
when interacting with non-polar environments, such as bacterial membranes. Thes
second structure beta-sheet, in contrast, AMPs such as defensins and bactenecins
possess a beta-sheet structure that is stabilized by disulfide bonds, rendering them
effective against a variety of pathogens. While extended AMPs, A unique category of
AMPs lacks a specific secondary structure. Instead, they are characterized by being rich
in certain amino acids like histidine, arginine, glycine, or tryptophan. A notable
example is indolicidin. The antimicrobial peptides adapt the different mechanism as
compare to small molecules as discussed in earlier section, Due to their positive charge
and hydrophobic nature it acts on the bacterial cell by disruption of cell walls®. It

follows different kind of mode of action as shown in Figure 4.2.
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Figure 4.2 Antimicrobial peptides and different modes of action. (Adapted from
Biomacromolecules 2021, 22, 1, 57-75)

These diverse structural arrangements contribute to the versatility and potency of AMPs
in combating various microbial threats. AMPs represent a remarkable facet of our
innate immunity and hold significant potential for therapeutic applications in the
ongoing battle against infectious diseases and other health challenges!?®, Numerous
antimicrobial peptides (AMPs), including polymyxin, colistin, daptomycin, and
gramicidin, have undergone clinical trials, but their clinical success remains limited due
to various challenges. These hurdles include in vivo toxicity, challenges in industrial
scalability, and susceptibility to protease degradation. AMPs, with the exception of
polymyxin, are more likely to cause nephrotoxicity and neurotoxicity when
administered intravenously. Furthermore, the intricate synthesis of AMPs hinders their
scalability for industrial production. Another common drawback of natural peptides is
their vulnerability to proteases like chymotrypsin, which can lead to undesirable

degradation and impact their pharmacokinetics. 141

As time has progressed, bacteria and other microorganisms have evolved mechanisms
to develop resistance against traditional antibiotics. This resistance can occur through
various intricate processes, each contributing to the microorganisms' ability to thwart
the effectiveness of available antibiotics. These mechanisms include, (i)Activation of
Drug Efflux Pumps: Microorganisms can activate drug efflux pumps, specialized
proteins embedded in their cell membranes, which actively pump antibiotics out of the
cell. By expelling the drug, the microorganism reduces its intracellular concentration,
rendering the antibiotic less effective or entirely ineffective!®’. (ii)lnactivation of
Drugs by Bacterial Enzymes: Some microorganisms produce enzymes that can

chemically modify and inactivate antibiotics. These enzymes, often referred to as
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antibiotic-degrading enzymes, can alter the structure of the antibiotic molecule,
rendering it powerless to combat the microorganism®®. (iii)Alteration of Bacterial
Cell Drug Targets: Bacteria can evolve changes in the molecular structures of their
cellular drug targets. This transformation makes it more difficult for antibiotics to bind
to and disrupt these targets, diminishing the drug's efficacy in combating the
microorganism*®17 (iv)Inhibition of Drug Uptake into the Cell: Microorganisms may
develop mechanisms to hinder the entry of antibiotics into their cells. This can involve
alterations in cell membrane permeability or the development of barriers that prevent

antibiotics from reaching their intended targets within the microorganism?-"
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Figure 4.3 Development of antibiotics resistance. (Adapted from
https://www.britannica.com/science/drug-resistance).

These processes are illustrated in Figure 4.3, emphasizing the sophisticated
strategies that microorganisms employ to evade the effects of antibiotics. The
emergence of antibiotic resistance is a significant global health concern, as it reduces
the effectiveness of our existing arsenal of antibiotics. To address this issue, ongoing
research and the development of new strategies to combat resistant microorganisms are
essential in ensuring the continued efficacy of antibiotic treatments?®. In this aspect it
is very important for the for the development of new class of antibiotic material such
as anti-bacterial polymers etc. Recent decade we have seen development of new
antibiotics materials, these materials have property to kill or inhibit the bacterial cells

by different mode of action.

Antibacterial Polymers This category encompasses artificial antimicrobial agents that
undergo self-assembly into nanoparticles, typically falling within the size range of 10-
200 nm. These nanoparticles exhibit a positive charge and comprise polymeric

structures, with hydrophobic components responsible for their membrane-disrupting
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capabilities. Their remarkable stability in aqueous environments is primarily attributed
to their positive charge'®®. Junki Oh et al studied the antibacterial activity of the
polymer having sulphonium ion in main chain. They synthesized poly(pB-
hydroxythioether)s, in the first step followed by alkylating to yield the cationic
polymer. They varied the length of alkyl chain for antimicrobial application and found
out that polymer with pentyl chain is biocompatible and showed effective antimicrobial
action. Mechanistically these polymers disrupt the cells wall for killing the bacteria. In
essence, this research enhances our understanding of polysulfonium salts and offers
promising insights into their potential for combating resilient bacterial species?.
Divakara et al synthesized poly(isobutylene-alt-N-alkyl maleimide) with property of
side chain degradation, these polymer showed antibacterial property due to the presence
of quaternary ammonium group, the hydrophobicity of the side chain varied because of
the N-alkyl side chains. The synthesized polymer showed antibacterial activity without

harming the mammalian cells .
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Figure 4.3 Quaternary ammonium polymers for the antibacterial applications.
(Adapted from Biomacromolecules 2016, 17, 3094—3102).

Jinsol Yook et al designed and synthesized antibacterial polymers from biobased
citronellol. The polymer poly(glycidyl methacrylate) was modified with side chain with
different linker group such as was synthesised such thioether (S), sulfoxide (SO), ether

(O) and sulfone (SO2) group which was attached to citronellol group. With different

185



Chapter 4

linker groups the sulphoxide group attached to citronellol group showed maximum
antibacterial activity. > Ishita Mukherjee et al developed the cationic polymer with side
chain amino acids such as alanine, phenyl alanine and leucin group by RAFT
polymerisation, the antibacterial activity was tested for both gram positive and gram
negative bacteria i.e. E. coli and B. subtilis respectively. They shown the mechanism of
action of the polymer on the bacterial surface using Electron microscopy (FESEM)
analysis which reveals a marked transformation in bacterial cell morphology from rod-
shaped to spherical during polymer treatment of E. coli cells. This effect was most
pronounced with the leucine-based cationic homopolymer, while in case of B. subtilis
cells did not exhibit significant morphological changes?®. Masato Mizutani and
colleagues synthesized a cationic polymer featuring primary amine groups in its side
chain, demonstrating antibacterial properties against E. coli cells. They emphasized the
significance of monomer structure, molecular weight, and composition in modulating
its effectiveness. A model polymer with primary amine groups underwent self-
degradation through intramolecular nucleophilic addition, amidation, and main-chain
scission, resulting in reduced antibacterial and hemolytic activities. These polymers
exhibited moderate antibacterial effects against E. coli and limited selectivity for red
blood cells, indicating the need for further structural optimization and exploration of
their performance under physiological conditions.?® In our lab the caprolactone based
cationic polyesters were developed using chlorine substituted polyester which on post
polymerization modification produced quaternary amine functionalized polyester
which demonstrated antimicrobial activity against gram negative E. Coli. The
mechanism of antibacterial mechanism was further studied by employing fluorophore
tagged cationic polyester which clearly suggested the membrane disruption

mechanism?2%:2L,
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Figure 4.4 Schematic representation of the synthesis caprolactone based cationic
polyester for antibacterial applications. (Adapted from Biomacromolecules 2020, 21,
7,2896-2912).

This approach was further studied for the development of L-aspartic acid (natural
resource) based cationic polyester for antibacterial application against gram negative

E. Coli cells as shown in Figure 4.5.
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Figure 4.5 Development of L-aspartic acid based cationic polyester of antimicrobial
applications.

In this chapter we have reported L-aspartic acid based cationic polyester for the
antibacterial applications at both solid state and solution state. The L aspartic acid was
converted dimethyl ester and amine group was protected as BOC group. The found to
be stable at melt polymerization temperature. The polymer was synthesized using melt
polycondensation strategy to produce BOC protected polyester, along with the
monomer different spacer group diol was utilised using. The side BOC pendant was
deprotected to produce cationic polyester primary ammonium salt. The cationic
polymer was dispersible in water and form nanoparticle. The cationic polyester formed
nanoparticle with size below 150+10 nm diameter shows formation of spherical
morphology with positive zeta potential value. The antimicrobial activity of the sample
was determined as both solid and solution state, Different technique employed for
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antibacterial activity study such as Resazurin assays, Colony suspension method,
Spread plate method and Disc diffusion method. Each technique is unique in nature to
determine antibacterial activity, the qualitative analysis by resazurin assay suggest MIC
close to 1Img/ml but MIC further traced to colony suspension method and MICgo found
to be 0.8mg/ml in the solution state. In the solid-state antimicrobial activity found at
the higher concentration such as 5mg/mL showed formation large zone of inhibition as
compare to lower concentration 1mg/mL. The polymer NPs encapsulated biomarker
such as HPTS, polymer alone and polymer nanoparticles loaded both found to be

biocompatible with the normal cell line WT MEF.
4.2 Experimental section

4.2.1 Materials and Methods

From Sigma Aldrich the following products were purchased, L-Aspartic acid, 1,12
dodecane diol, 1,6 hexanediol, 1, 10 decane diol, 1,8 Octane diol, Titanium tetra
butoxide Ti(OBu)s, and 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS).
While Thionyl chloride, BOC anhydride, dichloromethane, methanol, and ethyl acetate,
among other solvents, were locally sourced and subjected to purification prior to
utilization. Other essential materials such as Nutrient agar, Luria Bertani Broth, 96 well
plates, Resazurin, ampicillin, Tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), paraformaldehyde, glycerol, and glutaraldehyde
were procured from local vendors chemicals. Mice red blood cells were acquired from
the C-57 B1/6 Mice at the IISER Animal House facility. Additionally, the Gram-
negative bacterium E. coli (ATCC 25922) was obtained from the National Collection
of Industrial Microorganisms (NCIM) in India. Lastly, the cell culture was maintained
at 37 °C with 5% CO- and 1% 0.

4.2.2 Synthesis of L- aspartic dimethyl ester

L- aspartic acid (5g, 0.036mol) was taken in clean round bottomed flask to that dry
methanol (100ml) was added under ice cold condition thionyl chloride (8mI 0.112 mol)
was added to reaction mixture. After addition of thionyl chloride the reaction mixture
becomes clear. The reaction mixture was refluxed for 12h for at 80 °C. after completion
of the reaction thionyl chloride was removed from the reaction mixture by vacuum

distillation to get white crystalline solid. Yield = 6.5g (98%).
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4.2.3 Synthesis of BOC monomer: M-Boc

Compound 1 (7g, 0.035mol) was taken in clean round bottomed flask in the reaction
mixture saturated solution of sodium carbonate was added. Followed by that reaction
was mixture was added with tetrahydrofuran and BOC anhydride (12.23mL 0.053mol)
was added to reaction mixture dropwise under ice cold condition. The reaction was
carried out for 12 h, the reaction for monitored using TLC. Tetrahydrofuran was
removed by rotary evaporator and product was extracted in ethyl acetate the crude
product was further purified by column chromatography with Pet ether: EtOAc 1:10
v/v. Yield = 5.3g (70%). *H NMR (400 MHz, CHLOROFORM-d) & ppm 5.49 (d,
J=7.58 Hz, 1 H) 4.47 - 4.68 (m, 1 H) 3.76 (s, 3 H) 3.70 (s, 3 H) 3.01 (dd, J=17.00, 4.28
Hz, 1 H) 2.83 (dd, J=17.12, 4.65 Hz, 1 H) 1.45 (s, 9 H). 3C NMR (100 MHz, CDCI3)
o ppm: 171.66, 171.56, 155.49, 80.29, 52.85, 52.14, 50.03, 36.78 and 28.40. HRMS
(ESI+): m/z [M+Na+] calcd. for CLIH19NOG6 Na[M+]: 284.1109; found: 284.1118.

4.2.4 Synthesis of P12 polymer

The typical melt polycondensation for the polyester is explained for synthesis of P12
i.e., polymer with 1,12 dodecane diol. M-Boc (0.6g, 0.0023mol) and 1, 12 Dodecane
diol (0.46g, 0.0023mol) was taken in clean test tube shaped melt polymerisation tube.
The polymerisation mixture was the subjected to melting at 120 °C with N2 purge.
When the monomer and diol melted 1 mole % of the titanium tetrabutaoxide catalyst
was added to the polymerisation mixture. The polymerisation mixture was subjected to
nitrogen purge for 4h and followed by that the vacuum was applied to the
polymerisation mixture 102 mbar for 2h. Polymer was purified by precipitation
methanol. Yield=1.0g (93%) *H NMR (400 MHz, CHLOROFORM-d) & ppm 5.48 (br.
s., 1 H) 4.55 (br.s., 1 H) 4.13 (s, 2 H) 4.07 (s, 2 H) 2.97 (br. s., 1 H) 2.82 (s, 1 H) 1.61
(br.s., 5 H) 1.45 (s, 9 H) 1.26 (br. s., 17 H). 3C NMR (100 MHz, CDCI3) § ppm:
172.23,171.12, 155.50, 80.06, 65.95, 65.25, 63.10, 50.10, 36.87, 32.87, 29.64, 29.60,
29.31, 28.59, 28.55, 28.38, 25.94 and 25.87.

4.2.5 Synthesis of P10 polymer

The M-Boc (1.0g, 0.0038 moles) and 1, 12 dodecane diol (0.6g, 0.0038moles) was
taken in polymerisation tube and the polymerisation was carried out by following the
similar method as performed for P12 polymer. Yield= 1.4g (95%) *H NMR (400 MHz,
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CHLOROFORM-d) 5 ppm 5.51 (br. s., 1 H) 4.56 (br. s., 1 H) 4.14 (s, 2 H) 4.08 (br. s.,
2 H) 3.02 (br.s., 1 H) 2.84 (s, 1 H) 1.63 (br. s., 7 H) 1.45 (s, 9 H) 1.29 (br. s., 12 H).
13C NMR (100 MHz, CDCI3) & ppm: 170.94, 170.83, 155.21, 79.77, 65.63, 64.94,
49.82, 36.58, 29.22, 29.00, 28.98, 28.29, 28.25, 28.09, 25.64 and 25.56.

4.2.6 Synthesis of P8 polymer

The M-Boc (1.0g, 0.0038 moles) and diol (0.57, 0.0038 mole) was taken in
polymerisation tube and the polymerisation was carried out by following the similar
method as performed for P12 polymer. Yield= 1.479(97%). 'H NMR (400 MHz,
CHLOROFORM-d) 6 ppm 5.49 (br. s., 1 H) 4.54 (br. s., 1 H) 4.14 (s, 2 H) 4.07 (s, 2
H) 2.96 (br. s., 1 H) 2.84 (s, 1 H) 1.64 (br. s., 6 H) 1.45 (s, 9 H) 1.37 (br. s., 4 H).
BCNMR (100 MHz, CDCI3) § ppm: 170.95, 170.83, 155.20, 79.78, 65.56, 64.88,
49.81, 36.56, 28.89, 28.86, 28.26, 28.22, 28.09, 25.58 and 25.50.

4.2.7 Synthesis of P6 polymer

The monomer (1.0g, 0.0038 moles) and diol (0.48, 0.0038 moles) was taken in
polymerisation tube and the polymerisation was carried out by following the similar
method as performed for P12 polymer. Yield= 1.459(96%). 'H NMR (400 MHz,
CHLOROFORM-d) 6 ppm 5.50 (br. s., 1 H) 4.56 (br. s., 1 H) 4.14 (s, 2 H) 4.08 (s, 2
H) 2.97 (br.s., 1 H) 2.84 (s, 1 H) 1.65 (br. s., 6 H) 1.45 (s, 9 H) 1.31 (br. s., 8 H). *°C
NMR (100MHz, CDCI3) & ppm: 171.58, 155.84, 80.46, 66.01, 65.34, 50.46, 37.17,
28.73 and 25.91.

Deprotection of pendant side BOC group:

4.2.8 Deprotection of P12 polymer

Deprotection of side chain BOC group from P12 polymer is explained in details. In as
clean round bottomed flask polymer P12(0.40 g, 0.001 mol) was dessolved in
dichloromethane (2.0 mL). To the reaction mixture at 0 °C trifluoro acetic acid (0.012
mol, 0.9 mL) was added dropwise. The reaction mixture stirred for 2h at room
temperature. After completion of the reaction DCM solvent and TFA was removed
from the reaction mixture using rotary evaporator. Yield = 0.38g (91%). *H NMR (400
MHz, DMSO-dg) 6 ppm 8.56 (br. s., 3 H) 4.36 (br. s., 2 H) 4.15 (br. s., 2 H) 4.05 (s, 2
H) 2.96 (br. s., 2 H) 1.57 (br. s., 4 H) 1.26 (br. s., 13 H) 3C NMR (100 MHz, CD30D)
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o ppm: 176.26, 172.87, 70.36, 68.75, 65.59, 52.04, 33.24, 33.04, 32.98, 32.34, 32.15,
29.65, 29.52 and 29.27.

4.2.9 Deprotection of P10 polymer

P10(0.40 g, 0.001 mol) was dissolved in dichloromethane (2.0 mL) and Trifluoro acetic
acid (0.012 mol, 0.9 mL) was added dropwise in reaction mixture Similar procedure
was followed for BOC deprotection from the polymer as explained for P12 polymer
only concentration for the reagents and solvent were varied. Yield = 0.37 g (87%). H
NMR (400 MHz, DMSO-ds) 6 ppm 8.53 (br.s., 2 H) 4.37 (br. s., 1 H) 4.03 (br. s., 4 H)
2.96 (br.s., 2 H) 1.57 (br.s., 4 H) 1.38 (s, 2 H) 1.25 (br. s., 17 H) 3C NMR (100 MHz,
CD30D) o6 ppm: 176.26, 172.87, 70.36, 68.75, 65.59, 52.04, 33.24, 33.04, 32.98, 32.34,
32.15, 29.65, 29.52 and 29.27.

4.2.10 Deprotection of P8 polymer

P8(0.40 g, 0.001 mol) was dissolved in dichloromethane (2.0 mL) and Trifluoro acetic
acid (0.012 mol, 0.9 mL) was added dropwise in reaction mixture Similar procedure
was followed for BOC deprotection from the polymer as explained for P12 polymer
only concentration for the reagents and solvent were varied. Yield = 0.37 g (88%). *H
NMR (400 MHz, DMSO-ds) & ppm 8.58 (br. s., 3 H) 4.39 (br. s., 2 H) 4.14 (br. 5., 2 H)
4.06 (br. s., 2 H) 2.95 (br. s., 2 H) 1.59 (br. s., 3 H) 1.32 (br. s., 4 H). *C NMR (100
MHz, CD30D) 6 ppm: 176.26, 172.87, 70.36, 68.75, 65.59, 52.04, 33.24, 33.04, 32.98,
32.34, 32.15, 29.65, 29.52 and 29.27.

4.2.11 Deprotection of P6 polymer

P6(0.40 g, 0.001 mol) was dissolved in dichloromethane (2.0 mL) and Trifluoro acetic
acid (0.012 mol, 0.9 mL) was added dropwise in reaction mixture Similar procedure
was followed for BOC deprotection from the polymer as explained for P12 polymer
only concentration for the reagents and solvent were varied. Yield = 0.38 g (93%). 'H
NMR (400 MHz, DMSO-ds) & ppm 8.58 (br. s., 3 H) 4.39 (br. s., 2 H) 4.14 (br. s., 2 H)
4.06 (br.s., 2 H) 2.95 (br. s., 2 H) 1.59 (br. s., 3 H) 1.32 (br. s., 4 H). **C NMR (100
MHz, CD30D) 6 ppm: 176.26, 172.87, 70.36, 68.75, 65.59, 52.04, 33.24, 33.04, 32.98,
32.34, 32.15, 29.65, 29.52 and 29.27.

4.2.12 Resazurin assay

10% CFU of E. Coli was taken in 96 well-plates in each well along with 100 pl of LB
media. These bacterial cells were incubated with different concentration of polymer

ranging from 10> mg/mL to 2mg/mL. The sample plate was then incubated for 12h
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at 37 °C, after the completion of the incubation period sample plate was taken out of
incubator and 5 ug of resazurin solution was added per well. The 96 well plate was
again incubated for 4h and change in colour was monitored. The photograph of the 96
well plate was taken under white light illumination using the Syngene G: Box Chemi
XX6 instrument.

4.2.13 Colony Suspension Method

To prepare the bacterial sample, several well-isolated E. coli colonies were suspended
in LB broth until the suspension reached a final turbidity equivalent to the 0.5
McFarland standard. Subsequently, the bacterial suspension was further diluted to reach
an optical density (OD) of 600 nm equal to 0.005, corresponding to a concentration of
1 X 10° CFU/mL. A volume of 100 pL from this bacterial suspension was dispensed
into a 96-well plate. Additionally, 100 uL of polymeric stock solutions were serially
diluted, ranging from 1 mg/mL to 0.1 mg/mL. These diluted polymeric solutions, along
with a positive control (lacking polymer) and a negative control (containing
Azithromycin at 50 pug/mL), were combined with the E. coli cell suspension. Bacterial
turbidity was continuously monitored at an excitation wavelength (Aexc) of 600 nm

over an 18-hour period using the Perkin EImer Enspire Multimode Plate Reader.
4.2.14 Spread Plate method

A single colony derived from an E. coli-streaked plate was selected and cultured in 3
mL of LB broth for a duration of 4 hours. The experimental procedure was carried out
in duplicate to ensure reproducibility. The concentration of E. coli was subsequently
adjusted to 1 X 108 CFU/mL. For further investigation, 100 pL of the E. coli suspension
was co-incubated with 100 pL of a cationic polymeric sample, both at a concentration
of 1 X MIC, at various time points. These incubations were performed within 1.5 mL
Eppendorf tubes equipped with ventilation pores in their caps. The incubation
conditions involved shaking at 37°C. Following the designated incubation period, the
samples were subjected to a 10-fold dilution, and 100 pL of each diluted sample was
evenly spread onto LB agar plates, allowing them to air dry for 30 minutes.
Subsequently, these plates were placed in an incubator set at 37°C for a duration of 18

hours.
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4.2 .15 Disc Diffusion method

In this study, LB agar was poured onto a polystyrene petri dish with dimensions of 100
mm in diameter and 20 mm in depth, followed by cooling it to solidify. A single colony
of Escherichia coli (E. coli) was selected and subjected to incubation at 37°C for a
duration of 6 hours. Subsequently, the E. coli cell suspension was appropriately diluted
to achieve an optical density (O.D.) of 0.1 at 600 nm. A 100 pL volume of this final
inoculum was uniformly spread across the LB agar plate and allowed to air dry. The 20
pL of various samples, including a 1 mg/mL concentration of the polymer alone, a 25
pg/mL concentration of azithromycin alone, and a 1 mg/mL concentration of
azithromycin-loaded polymer, were dispensed onto 6 mm diameter Whatman filter
paper disks, where they were permitted to dry for 2 hours under a medium airflow
within a hood. Following drying, these disks were meticulously positioned onto the LB
agar plate and then maintained at a temperature of 37°C for a period of 18 hours.
Subsequently, images of the inhibition zones were captured under white light
illumination using the Syngene G: Box Chemi XX6 instrument.

For the calculation of the inhibition zone area, the formula used was:
Area of zone of inhibition = [] (R?-r?)
R- radius of zone of inhibition
r- radius of paper disc.

4.2.16 Cell viability assay

Biocompatibility of the cationic polyester was determined using MTT assay.
The biocompatibility of the polyester was checked in normal cell lines i.e., WT MEF.
103 cells per well seeded in 94 well plate, and it was grown for 18h. Followed by that
media was aspirated and complete media along with the polymer was added per well
and incubated for 72h. The concentration of the polymer was varied from 1ug/mL to
100 ug/mL. After 72h media was aspirated and 0.5mg/mL MTT solution was added per
well and plate was incubated for 4h. followed by that media was removed gently from

the well so that it does not disturb the formazan crystals. 100uL of the dimethyl

sulphoxide was added to each well and using microplate reader at Amax=570nm
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4.3 Result and Discussion:

43.1 Synthesis of monomer

Synthesis of L-aspartic acid based cationic polyester was achieved by following
method. L aspartic acid was converted to dimethoxy ester of L-aspartic acid as
discussed in previous chapters. L-aspartic acid was suspended in AR grade methanol
and reacted with thionyl chloride to produce desired product. Amine group of
compounds 1 was converted into urethane group by reacting it with BOC anhydride.

The resulting monomer was referred as M-BOC, Synthetic scheme of the monomer was

shown in Scheme 4.1.

o \{/OTOfOTOfO\{/ i/k

NH,O CINH;0 O HN™ 0
B O~ .CH;, ———>» :
HO OoH —> H;C \H/\)J\O 3 H3C\O)K/\H/O\CH3
0 NaHCO; ,THF:H,0 0
12h
L-Aspartic acid Compound 1 M-BOC

Scheme 4.1 Synthetic scheme of the monomer-BOC, first step involves synthesis of
dimethyl ester followed by protection of amine group as BOC.

The Chemical structure of the M-BOC monomer was confirmed by 'H and *C NMR
spectra, the successfully protection of the BOC group was confirmed by peak of Ter.
butyl group at 1.47ppm with integration for nine proton. The methyl ester peak
appeared at 3.76ppm and 3.70 ppm due to non-symmetrical nature of the monomer.

While amide a peak at 5.48 further confirms successful formation of the monomer.

—1.45

L
o
a
d (o} HI}'/&O
HCy - O‘L(‘:l[
e b 3 f
£o s
'?_‘I
c|id
a b e
"
2 3 25
¥ o ~J 1
I s
0.76 0.82 299 3.03 2.00 9.1
| S— |- H Ol | —
4.5 4.0 35 3.0 25 20 15 1.0 05 [/}

7.5 7.0 65 6.0 5.5 5.0
Chemical Shift (ppm)

Figure 4.6 Chemical structure of M-BOC monomer and *H NMR Spectra of M-BOC
monomer.
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The chemical structure and *H NMR spectra of the monomer is shown as Figure 4.6.
The peaks of the spectra of are assigned alphabetically. Thermal stability of M-BOC
was measured by thermogravimetric analysis (TGA), The monomer M-BOC was found
to be stable under melt polymerisation condition with thermal stability for M-BOC is
stable up to 250 °C which similar as compare to other monomers synthesized in earlier

chapter. (See Figure 4.7)

—M-BOC

T T T T I
200 400 600
Temperature (°C)

Figure 4.7 TGA thermogram of M-BOC monomer.
4.3.2 Synthesis of P-BOC polymer

After testing the thermal stability of the synthesized monomer, it was then polymerised
by using melt polycondensation strategy. The M-BOC monomer and 1, 12 dodecane
diol added to the polymerisation tube along Ti(OBu)s as a catalyst and polymerised
with melt polycondensation as above-mentioned chapters. The polymerization was
carried out at 120 °C as the monomer unit is unstable above 130 °C. The monomer
known to undergo thermo-selective polymerisation under melt polycondensation at or
below 120 °C it exclusively undergoes transesterification reaction while of
polymerisation above it, the polymer chains found to undergo cross linking due to the
participation of side chain urethane group in the monomer?’. There is probability of
ester group to undergo faster reaction as compare to urethane because the fact that lone
pair of the nitrogen in urethane group participate the conjugation which makes it less
nucleophilic as compare to ester group?®. The polymerisation mixture was then

subjected to 120 °C with continues nitrogen purge and after 10 min 1 mol % catalyst

was added.
o< 0
HO OH )WO
o HN&O /\m TO . M\
z X
H:Cy O‘CH3 Ti(OBu),
0 N,, 4h, Vacuum 2h 0" "0
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Scheme 4.2 Synthesis of P-BOC polymer using melt polycondensation strategy.

The melt polycondensation was carried out in two steps in first step the polymerisation
mixture was heated at 120 °C with continue N2 purge for 4h followed by that in next
step vacuum up to 10 mbar was applied for 2h to produce polyester as shown in
Scheme 2. This synthesized polyester was referred as P-BOC. The polymerisation was
confirmed using *H and **C NMR spectra in as Figure 8 'H NMR spectra of monomer
M-BOC and P-BOC is compared.
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Figure 4.8 Stalk of *H NMR spectra of monomer M-BOC(a) and polymer P-BOC (b)

The NMR spectra was assigned alphabetically, after the polymerisation the all the
monomer peaks found to be intact only dimethyl ester peaks of the monomer at 3.4-3.7
range undergo polymerization as shown in Figure 4.8a the peak ¢ and d undergo
transesterification with diol and get vanished in the polymer spectra Figure 4.8b. The
presence of diester corresponding to the backbone CH> groups appeared at 4.4 ppm
which are labelled as ¢’ and d’. The polymerisation process was also confirmed by *3C
NMR methyl ester peak appeared in the range of 50.00 ppm to 54.00 ppm which upon
polymerisation gets vanished and new polyester peak appeared at 62 and 64 ppm range.
The no of repeating units (Xn) of the polymers were determined from *H NMR spectra
by comparing the integration of end group peak at 3.88 and 3.88 ppm with integration
of the new appeared peak 4.2 and 4.3 ppm. Using the Carothers’s formula percentage
of polymerisation was calculated and it was found that polymerisation has gone to 97-

99 %. Number average molecular weight My of the polymer was calculated using
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formula Ma=Xn* Mo. The molecular weight was found to be in less than 24000 g/mol.
The M-BOC monomer was polymerised with different series of diols with different
spacer length such hexanediol, octanediol, decanediol and dodecanediol to produce
polymer. These polymers are referred with the P6, P8, P10 and P12 depending upon
diol utilised during the polymerisation. These synthesized polyesters were then
subjected to size exclusion chromatography (SEC) in tetrahydrofuran (THF) as eluent
and polystyrene as standard. SEC chromatogram shown as Figure 4.9 shows
monomodal distribution, the number average molecular weight (Mn) was found to be
in range of 6000-14800 g/mol while weight average molecular weight (Mw) of the
polyester 15700-35000 g/mol with polydispersity index closes to 2 summarized in the
form of Table 4.1.

Nor. Intensity
22883

o
o
I
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1I5
Retention Time (min)
Figure 4.9 SEC Chromatogram of the synthesized polymers

Table 4.1 SEC data of the polymers with THF as eluent.

Polymer Diols Mn Mw Dispersity
(g/mol) | (g/mol)

P6 1,6 hexanediol 6300 15700 2.5
P8 1,8 octanediol 10300 27100 2.7
P10 1,10 decanediol 10300 27300 2.7
P12 1,12 dodecanediol 14,800 35000 2.3

Then the polyesters were then subjected to thermal characterisation by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) as
Figure 4.10. The polymers show bimodal decomposition pattern due to presence of two
different groups the first decomposition hump is due to unstable side chain BOC

pendant which decomposed at 125 °C while the polymer hump corresponds to

197



Chapter 4

degradation of the polyester backbone at 350 °C. This is due to the fact that at lower
temperature BOC side chain get decomposed while the polyester backbone decomposes
at 280 °C. All polyesters synthesized with different spacer diol were found to be
amorphous in nature with glass transition temperature (Tg) value close to 0 °C. (See
Figure 4.10b.
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Figure 4.10 (a)TGA Thermogram of the synthesized polymers (b) DSC thermogram for

P12.
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4.3.3 Synthesis of amine functionalised polyester

In the polymer P-BOC the pendant side chain BOC group which is susceptible to the
acidic condition and was selectively deprotected under acidic condition with
trifluoracetic acid without disturbing the polyester backbone to produce amines
functionalised polyester composed of positively charged species with trifluoracetic acid

as counter ion.
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Figure 4.11 (a)'H NMR spectra of the P-BOC in CDClz(b) *H NMR spectra of the P-
AM in DMSO-de astaric mark represent solvent peak in spectra
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The polymer was referred as P-AM. The conversion of amine from the BOC was
confirmed by disappearance for BOC peak from the polymer as shown in Figure 4.11
(a) using *H NMR spectra the peak at 1.47 ppm corresponds to the BOC peak of 9
protons in the P-BOC NMR spectra marked as green peak. After deprotection the
polymer was dissolved in DMSO dg and H spectra were recorded as shown as Figure
4.11b in the area marked with orange colour is does not show any peak which shows
the successful deprotection of the BOC group of side pendant in polymer chain.
Similarly, the structure of all the four deprotected polymers were characterised by
NMR.

4.3.4 Self-assembly of polyester

The polymer P-BOC was found to be insoluble in water but after completed
deprotection of BOC group from the polymer chain, the polymer became water soluble.
The P-AM polymer composed of two different segments the polyester backbone
contributes for the hydrophobicity while side chain pendant acts and hydrophilic in
nature. This hydrophobic and hydrophilic balance in the polymer chain make the
polymer amphiphilic in nature. In water polymer undergo phase segregation to produce
segregated species as show in Figure 4.12a which undergo self-assembly to produce
spherical nanoparticle in water, as shown in Figure 4.12a the polymeric nanoparticle
was the subjected to study the size using dynamic light scattering (DLS) measurement.
The polymer produces the nanoparticle of 100nm in diameter (See Figure 4.12b).
Surface charge of the nanoparticle was studied using zeta potential. It was found that
the polymer undergoes self-assembly to produce cationic nanoparticle. The self-
assembly of all the polymers was studied and was it was found to be positive as shown

in Figure 4.12c.
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Figure 4.12 (a) Schematic representation of self-assembly of cationic polymer in
aqueous medium (b) DLS histogram of cationic nanoparticle(c) Zeta potential

measurement of cationic nanoparticle.

Cationic Nanoparticle
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Table 4.2 Table showing the polymer nano-assembly size obtained from the DLS and
Zeta potential.

Polymer Size(nm) Zeta
Potential
P6 95 +11.9mV
P8 120 +52.1mV
P10 100 +51.5mV
P12 150 +78.3mV

The size and zeta potential of the cationic polymeric nanoparticle is summarised in the
form of Table 4.2. It can be observed that as the spacer length of diol used for the
polymer synthesis the zeta potential of the cationic nanoparticle increases while the size
of the nanoparticle does not show any drastic change with change in the spacer length
as the polymer with P12 has the highest positive zeta potential value. The nascent

polymer was solubilised in water and tested for antibacterial activity.

4.3.5 Antibacterial activity the polymeric nanoparticle with appropriate
amphiphilicity and cationic charge is required for the antibacterial activity. As the
polymer possess requirements, the antibacterial activity was checked in solid as
solution state. The antibacterial activity of the polymer was determined using resazurin

assay.
4.3.5.1 Resazurin assay

Resazurin assay works on the principle that live cell converts resazurin (a blue coloured
dye) to resorufin (a pink coloured dye) by the action of mitochondrial reductase enzyme
of the live cell as shown in scheme in Figure 4.13a. To study the antibacterial activity
gram negative bacteria Escherichia Coliform (E. Coli) was chosen. The experimental
protocol is as follows, the experiment was performed in duplicate by taking two
different variant of E. Coli referred as Wild type 1 (WT-1) and Wild type 2 (WT-2) and
the experiment was carried out by colony suspension method. 10° E. Coli cells were
seeded per well in 96 well plate with LB broth media these cells were incubated for 18
h along with different concentration of the polymer solution. The concentration of the
polymer screened for antibacterial activity ranges from 1012 mg/mL to 2 mg/mL, these

bacteria along with the polymer solution were grown for 18h by incubating at 37 °C.
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Figure 4.13 (a) Mechanism of the resazurin assay (b) Photograph of 96 well plate the
E. Coli incubated for 18h with different concentration of polymer solution (c)
Photograph of 96 well plate after incubation with resazurin for 2h.

In this experiment antibiotic ampicillin was employed as the positive control while E.
coli without any antibacterial agent was considered as negative control. Figure 4.13b
shows that up to the concentration of 0.1 mg/mL there is growth of bacterial observed
in the form of turbidity while at the concentration of 1 mg/mL clear solution account
for antibacterial activity which can be confirmed by comparison with the positive and
negative control After completion of incubation of 18h, the 96 well plate was taken out
and 5p/mL of the resazurin solution was added in each well and the plates were again
incubated for 2h. The result of the experiment is shown as in Figure 4.13c. Minimum
Inhibitory Concentration (MIC) of the polymer was found to be 1 mg/mL as confirmed
by turbidity after 18h. Blue colour at the 1 mg/mL and 2 mg/mL can be compared with
the positive control ampicillin, while negative control showed the growth of bacteria

development of the pink coloured.
4.3.5.2 Colony Suspension Method

The antibacterial activity of the polymer in the solution state was further confirmed by
the colony suspension method. Similar protocol was as above the polymer was
incubated with the bacteria in their log phase growth. In 96 well plate 10® CFU per mL
cells were grown along with the polymer and continuously monitored for their turbidity
at 600nm as a measure their growth in vario-scan instrument for 12h. The experiment

was performed in triplicate, the polymer concentration traced in the range of 0.1 mg/mL
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to 1 mg/mL. The ampicillin was used as positive control at its minimum inhibitory
concentration 64 pg/mL and bacterial suspension without any antibacterial agent used

as the negative control.
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Figure 4.14 (a) Antibacterial activity of the P12 by colony sUspension method (b)
Viability of the bacterial cells at different concentration of the polymer.

The report of the experiment is shown as the Figure 4.14a, such suggest that polymer
is effective at the concentration of 0.8 mg/mL. The cell viability of the bacterial was
studied and it was found that the polymer is effective from the concentration 0.6 mg/mL
onwards, and shows the MICg at 0.8 mg/mL. This MIC data can be compared with

ampicillin (See Figure 4.14b).
4.3.5.3 Spread plate method

The antibacterial activity of the polymer was further detected in the solid state by using
spread plate method. In this method, the bacterial along with the different concentration
of the polymer was incubated for 12h time with continues shaking in an Eppendorf in
the Lauria Broth (LB), after the completion of incubation the Eppendorf was taken out
and streaked on the nutrient agar plate. This streaked plate was the incubated at 37 °C
for 12h allow the survived bacteria to grow. The photograph of the experiment is shown
in the Figure 4.15.

Ampicilin Polymer samples

Growth

Negative Control Positive Control 0.5 mg/mL 1.0 mg/mL
(No Polymer) Ampicillin Cationic Polymer  Cationic Polymer

Figure 4.15 Antibacterial activity of the P12 by spread plate method. (a) negative
control (b)positive control. Plate with the polymer concentration of 0.5 mg/mL(c) and
1.0 mg/mL(d).
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In the Figure plate a and b corresponds to negative and positive control, the control
experiment kept same as earlier for bacterial culture and ampicillin respectively. The
negative control is shown as Figure 4.15a were there was no antibacterial agent to
inhibit growth of the bacteria, the plate shows full growth of the bacterial colony. Where
as in positive control in the plate Figure 4.15b there is a complete inhibition of the
bacterial growth due effect of antibiotic i.e., ampicillin. When the bacterial culture
incubated with two different concentrations of the polymer i.e., 0.5 mg/mL and 1.0
mg/mL. The polymer at these two concentrations showed the complete inhibition in the

bacterial growth as shown in Figure 4.15c and 4.15d.
4.3.5.4 Disc Diffusion method

Disc diffusion method of testing antibacterial activity of the polymer is widely utilised
of testing the wide variety of the antibacterial material testing. This method was first
discovered by Alexander Flemming in 1950 with the discovery of penicillin antibiotic,
this method was further refined by W. Kirby and A. Bauer later. This method is based
on the fact that the antibacterial agent inhibits the growth of bacterial around it forming

a zone of inhibition.
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Figure 4.16 Schematic representation of disc diffusion method step wise (a) Positive
control (b) Negative control (c) plate with polymer concentration of 1.0 mg/mL (d) and
5.0 mg/mL(f).

The protocol of the disc diffusion method is shown by schematic representation
in Figure 4.16a. Paper disc of Whatman’s filter paper prepared as shown, this filter
paper was then treated with polymer coating by preparing the solution of the polymer
of 1.0 mg/mL and 5.0 mg/mL. After the treatment the polymer solution was dried for
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2h under aseptic condition in order to coat the surface of the with the polymer. In the
Petri plate containing nutrient agar was streaked with 108 CFU of bacterial cell. Once
the disc is dried it was then placed at the top of nutrient agar plate. These plates were
then incubated with 37 °C for 12 hrs. Plate considered as positive control when the
paper disc was treated with ampicillin solution while the untreated paper was
considered as negative control. Then after completion of period of incubation the plates
were observed and photographs were captured. Figure 4.16b shows the plates treated
with ampicillin, it shows the formation of large zone of inhibition. While the negative
control does not show any zone of inhibition around the paper Figure 4.16¢. The paper
disc treated with the polymer samples is shown in the Figure 4.16 d and 4.16e where
the 1.0 mg/mL sample showed the formation of small zone of inhibition while at the
higher concentration of the polymer 5.0 mg/mL there is formation of large zone of
inhibition. This zone of inhibition was calculated in each case and it is plotted with
respect to concentration of the polymers as shown in Figure 4.16g. Th area of zone of

inhibition was calculated using Image J software, calculating the diameter of circle.
Area of zone of inhibition = [] (R?-r?)
R- radius of zone of inhibition
r- radius of paper disc.

4.3.6 Cell viability studies
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Figure 4.17 MTT assay for the cationic polyester in WT MEF cell lines from 1 to 100
pg/mL.

The biocompatibility of the cationic polymers was determined using MTT
assay. Similar protocol was followed as explained earlier chapters using normal cell
lines WT MEF. Ina 96 well plate 1000 cell per well seeded along with complete media,

Cells were grown for 16h and followed by it medium was removed and fresh media
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was added in the well along with the different concentration of the polymer. The
concentration of the polymer varied from 1ug/mL to 100ug/mL after incubating the
plate for 72h, media was aspirated and MTT solution was added per well followed by
incubating it with 4h. If the cells were alive MTT solution added get converted into
formazan crystal. These formazan crystals then dissolve in 100 uL of the DMSO and
absorbance recorded in the varioscan at 570nm laser and by comparing the absorbance
intensity of the formazan in control and sample cell viability was calculated. The
prepared cationic polymer was found to be biocompatible with WT MEF up to the
concentration of 100ug/mL as shown in Figure 4.17.

4.4 Conclusion

L aspartic acid based cationic polyester was synthesized in two steps. In the first
steps melt polymerizable unit form L aspartic acid was prepared which was
polymerised by polycondensation to produce BOC functionalised polyester. In the
second step the pendant BOC group was deprotected in presence of the basic condition
to get cationic polyester. All the polymer with different spacer length was found to
produce moderate polymer molecular weight. P-BOC polymer found to show that good
thermal stability with amorphous in nature, which can be good candidate for
thermoplastic application. Once the polymer becomes cationic in nature it becomes
water soluble. The cationic polymer found to be produced polymer nanoparticle in
aqueous environment, with size range in below 150+10nm range and zeta potential
studies further confirmed the positively charge on the nanoparticle. The antibacterial
study of the studies of the polymer was confirmed at both solid state and the solution
state, the qualitative analysis experiment resazurin assay the polymer showed MIC
close to Img/ml. Antibacterial studies by colony suspension method shows the MICgo
of 0.8mg/ml. Cell viability assay of WT MEF of polymer suggest that the cationic

polymer was biocompatible.
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The work can be concluded from the thesis titled "L-Aspartic Acid Based
Functional Polyesters for Drug Delivery and Antimicrobial Applications” that the
development of the polymer from the renewable resource, i.e., amino acid, to replace
existing petroleum-based polymers is dealt with. With excellent structural tunability
and biodegradability, the polymer is created.

In Chapter 2, the utilization of L-aspartic acid as a fundamental building block
for the development of amide-functionalized polyesters through a melt
polycondensation approach is centered upon. The versatility of L-aspartic acid as a
precursor is explored, wherein various amide-functionalized di-ester monomers are
synthesized by conjugating different aromatic and aliphatic acids. These monomers are
subsequently polymerized with 1,12-dodecanediol, yielding high molecular weight
polyesters. Notably, the catalyst choice plays a crucial role in achieving the desired
molecular weight, with titanium tetrabutoxide (Ti(OBu)4) being proven to be the most
effective in this regard. The resulting polyesters exhibit excellent thermal stability and,
for the most part, an amorphous nature. The one exception to this amorphous
characteristic is observed in a polymer with long pendant chains, such as stearate and
pentadecyl phenol as side chains. To enhance the water solubility of these polymers, a
P-PEG-functionalized polymer is engineered. This P-PEG-functionalized polymer is
designed to self-assemble into spherical nanoparticles in aqueous environments,
enabling their potential application in drug delivery. The nanoparticles demonstrate a
capacity to load various substances, including drugs and biomarkers, and their
biodegradable nature is indirectly confirmed through in vitro drug release Kkinetics.
Furthermore, these nanoparticles prove to be biocompatible with both normal and
cancer cell lines, while drug-loaded nanoparticles exhibit inhibitory effects on cancer
cell growth. The potential of amide-functionalized polyesters derived from L-aspartic
acid as effective drug delivery carriers is underscored by this chapter's findings,
supported by confocal microscopy.

In Chapter 3, the research is dedicated to the development of a novel
fluorescently tagged polyester derived from L-aspartic acid, representing an innovative
approach to biomedical applications. New monomers based on L-aspartic acid are
designed, which are subsequently polymerized using a melt polycondensation
technique, resulting in the creation of copolymers with specific compositions. The
structural properties of the copolymers are extensively characterized, with the precision
of the method validated through *H NMR studies, and moderate molecular weights
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confirmed by SEC chromatography. The transformation of the copolymer involves the
deprotection of acetal groups to obtain a hydroxyl-functionalized TPE-tagged polymer,
known for its thermal stability up to 300 °C. Unique insights into the polymer's behavior
are revealed through differential scanning calorimetry (DSC), highlighting
semicrystalline characteristics brought about by n-m interactions within the polymer
chains. This semicrystallinity is further intensified through the synergistic effects of -
n interactions and hydrogen bonding. The polymer also displays the intriguing property
of aggregation-induced emission (AIE) in solution state studies, allowing for the
determination of the critical aggregation concentration (CAC), and subsequently, the
formation of nano-assemblies in aqueous environments capable of encapsulating a wide
range of dyes, both hydrophilic and hydrophobic. Detailed characterization using
FEEM and HR-TEM confirms the nano-assemblies possess spherical morphology with
dimensions in the sub-nanometer range. The investigation extends to the photophysical
properties of the polymer nanoparticles, including emission spectra and lifetime
measurements, revealing the presence of Forster resonance energy transfer (FRET)
within the nanocavities of the nanoparticles. Importantly, the biocompatibility of the
polymer is established, demonstrating its potential as an efficient drug delivery carrier
for both normal and cancer cells. The interaction between the polymer chain and the
loaded cargo is also explored, shedding light on FRET at the cellular level. Finally, in
vivo biodistribution studies in Bulb C mice, employing an IVIS imaging setup, provide
concrete evidence supporting the utility of the polymer-based nanocarrier for efficient
cargo delivery, marking a significant step forward in the realm of biomedical
applications.

Chapter 4 of the study delves into the synthesis of a cationic polyester based on
L-aspartic acid in a two-step process. In the first step, a melt-polymerizable unit derived
from L-aspartic acid is prepared, and this unit is subsequently polymerized via
polycondensation to yield a BOC-functionalized polyester. In the second step, the
pendant BOC groups are deprotected under basic conditions, resulting in the formation
of a cationic polyester. These cationic polyesters, with varying spacer lengths,
consistently exhibit moderate molecular weights. The P-BOC polymer is particularly
noteworthy for its excellent thermal stability and amorphous nature, making it a
promising candidate for thermoplastic applications. Upon acquiring a cationic nature,
these polymers become water-soluble. They have the capability to form polymer

nanoparticles in aqueous environments, with particle sizes falling within the range of
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approximately 150+10nm, and zeta potential studies affirm the positively charged
nature of these nanoparticles. The antimicrobial properties of the polymers are explored
in both solid and solution states, revealing their effectiveness. Qualitative analyses,
including the resazurin assay, indicate minimal inhibitory concentrations (MICs) close
to 1mg/ml, and further antibacterial studies employing the colony suspension method
establish a MIC90 of 0.8mg/ml. Additionally, cell viability assays conducted on WT
MEF cells demonstrate the biocompatibility of these cationic polymers, which hold
promise for a range of biomedical applications, particularly in the realm of

antimicrobial treatments.
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This thesis deals with the development of functional polyester with different
side chain pendant of the polymer backbone such as PEG 350, Hydroxyl group and
amine functionalised polyester. The scope of this research work can be expanded by
developing the polyester with different side chain functional group such as carboxylic
acid, Sulfhydryl etc. The suitable monomer can be designed with aim to attached the
drug to the polymer to make polymer-based prodrug for both anticancer and
antibacterial applications. Development of stimuli responsive polymer can be achieved
by attaching the suitable ligand to the polymer for the targeted attack to the site of

cancer tumour.

(a) Development of tagged polymers
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/\/\Q[/ W)\Of\/\ M \/\/)\0)’\/\ "Ligand binding

Enoumaticodegradole 3 e oderatie 4. % Biotin conjugation
* Huorophote tagging.
(b) Development of higher Order Structure g §
(> Free o] Polymerization

/\/\(\/\}of\(\ — /\(\(\/\/J\O/Y\

HO DHEymmsdg.fbrq) HO OH ggfymmsdgdbf&)gg

Polymer Brushes
Figure 5.1 (a) Development of the stimuli responsive polymer (b) L-aspartic acid based
higher order structure.

pH responsive polymer can be created by attaching carboxylic group as
pendant to polyester chain, which can undergo protonation and deprotonation
depending upon the pH of the media. In addition to the above the carboxylic acid group
in the polymer can be further conjugate with drug. The chapter 3 deals hydroxyl
functionalised polyester which can be utilised for the development of brush type
polymer by employing the pendant hydroxyl group on the polymer as macroinitiator
for the ring opening polymerisation for polylactide, substituted caprolactone etc which
can be subsequently utilised for polymer for drug delivery application. The cationic
polymer developed in 4 chapter possess positive charge on the polymer can be used for

the development of polyplexes for gene delivery in cancer treatment.
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anticancer drugs in cancer cells. L-Aspartic acid was chosen and
different amide-side chain-functionalized di-ester monomers were
tailor-made having aromatic, aliphatic, and bio-source pendant units.
Under solvent-free melt polycondensation methodology; these
monomers underwent polymerization to yield high molecular weight [T T e A S T R Y T L

polyesters with tunable thermal properties. PEGylated L-aspartic

monomer was designed to make thermo-responsive amphiphilic polyesters. This amphiphilic polyester was self-assembled into a 140
+ 10 nm-sized spherical nanoparticle in aqueous medium, which exhibited lower critical solution temperature at 40—42 °C. The
polyester nano-assemblies showed excellent encapsulation capabilities for anticancer drug doxorubicin (DOX), anti-inflammatory
drug curcumin, biomarkers such as rose bengal (RB), and 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt. The amphiphilic
polyester NP was found to be very stable under extracellular conditions and underwent degradation upon exposure to horse liver
esterase enzyme in phosphate-buffered saline at 37 °C to release 90% of the loaded cargoes. Cytotoxicity studies in breast cancer
MCEF 7 and wild-type mouse embryonic fibroblasts cell lines revealed that the amphiphilic polyester was non-toxic to cell lines up to
100 pg/mL, while their drug-loaded polyester nanoparticles were able to inhibit the cancerous cell growth. Temperature-dependent
cellular uptake studies further confirmed the energy-dependent endocytosis of polymer NPs across the cellular membranes. Confocal
laser scanning microscopy assisted time-dependent cellular uptake analysis directly evident for the endocytosis of DOX loaded
polymer NP and their internalization for biodegradation. In a nutshell, the present investigation opens up an avenue for the L-amino
acid-based biodegradable polyesters from L-aspartic acids, and the proof of concept is demonstrated for drug delivery in the cancer
cell line.
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side chains'” for drug delivery in cancer’’”** and antimicrobial
agents.””** On the contrary, the polycondensation approach
for aliphatic polyesters has had limited success in commercial
exploration due to poor mechanical properties, low molecular
weights, limited enzymatic or microbial biodegradation, and so
forth.”* 1,4-Cyclohexane dicarboxylic acid (from DuPont)-,**

Biodegradable polymers are emerging as important compo-
nents in tissue engineering' bone repair,” nano-vehicles for
therapeutics drugs and genes in cancer treatment, and so
forth.”™ Among various chemical linkages that are readily
susceptible to biodegradation under physiological conditions,
aliphatic polyesters are very special due to their unique ability
to degrade by lysosomal enzyme stimuli at the intracellular
compartments.””" Aliphatic polyesters are typically synthesized
either by ring opening polymerization (ROP) of cyclic
monomers”' or direct polycondensation of dicarboxylic Received:  February 6, 2023
acids and diols.'"'* The ROP strategy has been used Revised:  April 23, 2023
industrially for the production of polycaprolactone Published: May 15, 2023
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Chapter 2

200 400 600
Temperature (°C)

Appendix Figure S1 (a) TGA thermograms of L-aspartic acid based diester monomers at 10
%/min under N2 atmosphere. (b) Table containing the thermal stability of monomers.

Monomer TGA (°C)
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M1 190
M2 200
M3 210
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M5 170
M6 260
M7 260
M8 160
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Appendix Figure S2 *H NMR spectra of monomer M1 (a) and its polymer P1 (b). **C NMR

spectra of monomer M1 (c) and its polymer P1 (d). The spectra were recorded in CDCl3
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Appendix Figure S3 *H NMR spectra of monomer M2 (a) and its polymer P2 (b). **C NMR
spectra of monomer M2 (c) and its polymer P2 (d). The spectra were recorded in CDCl3
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Appendix Figure S4 *H NMR spectra of monomer M4 (a) and its polymer P4 (b). *C NMR
spectra of monomer M4 (c) and its polymer P4 (d). The spectra were recorded in CDCl3
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Appendix Figure S5 *H NMR spectra of monomer M5 (a) and its polymer P5 (b). *C NMR
spectra of monomer M5 (c) and its polymer P5 (d). The spectra were recorded in CDCl3
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Appendix Figure S6 *H NMR spectra of monomer M6 (a) and its polymer P6 (b). *C NMR
spectra of monomer M6 (c) and its polymer P6 (d). The spectra were recorded in CDCl3
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Appendix Figure S7 *H NMR spectra of monomer M7 (a) and its polymer P7 (b). *C NMR
spectra of monomer M7 (c) and its polymer P7 (d). The spectra were recorded in CDCl3
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Appendix Figure S8 *H NMR spectra of monomer M8 (a) and its polymer P8 (b). **C NMR
spectra of monomer M8 (c) and its polymer P8 (d). The spectra were recorded in CDCl3
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Appendix Figure S9 TGA of aliquots of the kinetics of polymerisation of P-3. TGA was
performed at 10 °/min under N, atmosphere.
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Chapter 3
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Appendix Figure $10 *C NMR spectra of M-TPE and intermediate compounds.
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Appendix Figure S11 TGA of monomers and TPE diol.
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Appendix Figure $12 *H and 3C NMR spectra of PTPE..
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Appendix Figure 513 *H and **C NMR spectra of PTPEq.
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Appendix Figure S15 *H and **C NMR spectra of PTPE?’.
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Appendix Figure S16 Deprotection of acetal group to form PTPE-OH polymer
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Appendix Figure S17 Photograph vial containing different polymer solution under

normal and UV light.
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Appendix Figure S18 Photophysical characterisation of the copolymer (a) Absorbance

spectra. (b) Emission Spectra
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Appendix Figure S19 (a) absorbance spectra of the sample for solution dependent

aggregation.
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Appendix Figure S20 (a) absorbance spectra (b) Emission spectra (c) Plot for the CAC
experiments.
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Appendix Figure S21 (a) absorbance spectra (b) Emission spectra (c) Plot for the CAC
experiments.
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Appendix Figure S22 (a) absorbance spectra (b) Emission_spectra (ESTDIot for the CAC
experiments.
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Energy Transfer and FRET Distance

FRET is a distance dependent process and depends upon the intermolecular
distance between donor and acceptor and the distance at which the FRET is 50%

efficient is called Forster distance (Ro).® and determined by equation:
Ro = [8.79 x 10°° (1> *QpJ(1))]~®

where «? is the angle between the dipole moments of donor and acceptor, Qo is the
quantum yield of donor, n is refractive index of the medium and J (), the overlap
integral form the emission spectrum of donor with the absorption spectrum of acceptor

is given as;®
J0) = f,” Fo)EaM) A* d

where Fp is the corrected fluorescence intensity of donor and &a()) is the molar
extinction coefficient of the acceptor.

The FRET efficiency can be determined from the equation:
Errer = (Ro®) / [Ro®+ RY]

where R is the distance between donor and acceptor molecules. The parameter Ry is
also dependent on the J(), the overlap integral of the emission spectrum of donor and
absorption spectrum of acceptor. Erret is determined from the fluorescence life of

donor molecule as follows:®

E = 1-[tpa/t0]
where 1p is the average fluorescence lifetime of donor in absence of acceptor and tpa
is the average fluorescence lifetime of donor in presence of acceptor. The values of

J(}) and Ro determined as above were computationally determined using the
programme as per the literature report.
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