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Synopsis

Synopsis
Fluorescent polymer nano-scaffolds provide unique opportunity to delivery

cargoes as well as facilitate the real-time monitoring of nano-carriers under biological
conditions. The combination of fluorescent properties in associating with enzymatic-
biodegradation further enhance their potential as intercellular carrier-cum-bioprobe or
theranostics for cellular level drug delivery and bio-imaging together in single nano-
platform. The thesis is aimed to make new classes of amphiphilic block copolymer
nano-system based on fluorescent polycaprolactone (PCL) using blue or red
luminescent w-conjugated chromophores as fluorophores in the backbone. The
resultant polymer nano-architectures were employed for loading and delivering
anticancer drug like doxorubicin. Fluorescent tri-block copolymer was designed to
chemical conjugation of Pt-drugs. These block copolymers were also explored for the
development of FRET bio-probes for cancer cell imaging. The fluorescent block
copolymer approach provides unique opportunity to understand the polymer chains
self-organization phenomena as well their drug/bio-imaging applications. The thesis is
divided into five chapters and their details are as follows:

Chapterl: The introduction chapter provides detail literature survey on the
polymer drug delivery, the role of macromolecular architectures in drug delivery,
application of different types of block copolymers in drug delivery, m-conjugated
polymer system in bio-imaging applications, the unique advantages of combining the
n-conjugated polymer + biodegradable polymer systems in single platform for
theranostics applications and put forward the concept for the aim of the thesis.

Chapter_2: Blue-luminescent biodegradable PCL block copolymers were
designed and developed through ring opening polymerization process. A new
polymerization =w-conjugated blue fluorescent initiator was tailor-made based on
oligo-phenylenevinylene chromophores. The OPV-containing blue fluorescent block
nano-carrier was employed for intracellular delivery of delivering doxorubicin. Both
bio-imaging and delivery was accomplished simultaneously at the intracellular level.

Chapter 3: Enzyme-responsive fluorescence resonance energy transfer probe
(FRET-probe) was constructed using the OPV-tagged blue luminescent nano-scaffold
as donor and Nile red fluorophore as acceptor. FRET probe was demonstrated for
imaging in cancer cells and the photophysical properties were confirmed by details

steady state and time-resolved spectroscopic studies.

viii
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Chapter_4: Red-luminescence PCL block copolymer were designed suing
perylenebisimide macro-initiator via ring opening polymerization process. The
amphiphilic block copolymers readily dispersed in water and its aqueous nanoparticle
was employed for bio-imaging in cancer cells.

Chapter 5: New triblock PCL copolymer was synthesized using the perylene-
initiator. In this design, the carboxylic substituted PCL placed in the interior and
PEG-chain anchored PCL as exterior to bring core-shell type nano-assemblies.
Cisplatin was chemically conjugated in the CPCL part which produced water soluble
fluorescent Pt-drug for treatment in cancer cells.

In chapter 2, new polymer drug delivery concept based on biodegradable
polycaprolactone (PCL) and highly luminescent n-conjugated fluorophore is reported
as dual functional nano-carrier for cellular imaging and delivery vehicles for

anticancer drug to cancer cells. To

accomplish  this goal, a new
substituted caprolactone monomer
was designed and it was subjected to

ring opening polymerization using a

Nucleus

blue luminescent bishydroxyl oligo-

Polymer +Drug,

phenylenevinylene (OPV)

Biodegradable Arms

fluorophore as an initiator. A series
of A-B-A triblock copolymer building blocks with a fixed OPV r-core and variable
chain biodegradable PCL arm length were tailor-made. These triblocks self-assembled
in organic solvents to produce well defined helical nanofibers whereas in water they
produced spherical nanoparticles (size ~ 150 nm) with blue luminescence. The
hydrophobic pocket of the polymer nanoparticle was found to be an efficient host for
loading water insoluble anticancer drug such as doxorubicin (DOX). In vitro studies
revealed that the biodegradable PCL arm was susceptible to enzymatic cleavage at the
intracellular lysosomal esterase under physiological conditions to release the loaded
drugs. The nascent nanoparticles were found to be non-toxic to cancer cells whereas
the DOX loaded nanoparticles accomplished more than 80 % Kkilling in HeLa cells.
Confocal microscopic analysis confirmed the cell penetrating ability of the blue
luminescent polymer nanoparticles and their accumulation preferably in the

cytoplasm. The DOX loaded red luminescent polymer nanoparticles were also taken
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up by the cells and the drug was found to be accumulated at the peri-nuclear
environment.

In chapter 3, fluorophore-tagged biodegradable polycaprolactone (PCL) block
copolymer FRET-probe for intracellular imaging in cancer therapy. This blue-
luminescent OPV-PCL

FRET Donor )
triblock spherical | ">~>—88 < <& Lncapsulation,

R ) v Ok FRET acceptor ¢, [l
Biodegradable arms u %
Self-Pmbel O=NR*™

Aex=395 nofl 3
¥ > o
.f_RET-Probe |

New Biodegradable PCL Block FRET Probe for Bioimaging

nanoparticles (FRET donor)
and it encapsulated water
insoluble Nile red (NR, FRET

acceptor) combinations

produce unique OPV-NR FRET probe. Selective photo excitation of OPV
chromophore in block copolymer nano-assembles enabled the excitation energy
transfer from the OPV to NR and facilitated the efficient FRET process in aqueous
medium. Time-correlated fluorescent decay dynamics and detail photophysical
studies were carried out to estimate the Forster distance, donor-acceptor distance and
the excitation energy transfer efficiency. The PCL chains in the FRET probe was
susceptible for enzymatic biodegradation at the intracellular environment and the
degradation process controlled the FRET on/off mechanism. Cytotoxicity studies
revealed that the FRET probe was biocompatible and non-toxic to cells and the
FRET-probe was found to be readily taken up by the cancer cells and it was
internalized in the cytoplasm and peri-nuclear environment. Selective photo excitation
of OPV chromophore in confocal microscope exhibited dual emission from the FRET
probe. The cancer cells exhibited blue luminescence (self-emission) with respect to
the OPV chromophore (in blue channel) and bright red-luminescence from the NR
dye followed by the FRET process at the cellular level (in red channel). The dual
luminescence characteristics, biodegradation and biocompatibility makes the newly
designed PCL-OPV-NR FRET probe as an excellent biomedical nano-device for
bioimaging application

In chapter 4, water soluble highly fluorescent PBI derivatives with enzyme
responsive amphiphilic biodegradable block copolymer was designed for cellular
imaging in cancer cells. The carboxyl substituted polycaprolactone was incorporated
as hydrophilic and biodegradable substituent on the imide position of PBI via ring
opening polymerization. The amphiphilic block copolymers self-assembled as
spherical nanoparticles of ~ 100 nm in aqueous medium. The hydrophilic PCL arms

X
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ensured the water solubility and

Luminescent n-core
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copolymers. Importantly the desired -
photophysical properties of the PBI ' %

chromophore were retained in
aqueous medium. Enzyme responsive biodegradation studies revealed the possible
degradation of polymer nanoparticles into small molecules which can be subsequently
removed from the body after the intended purpose. The block copolymer
nanoparticles with prominent features including high fluorescence, biodegradability
and low toxicity were demonstrated for bioimaging application in cancer cells and
exhibited good cellular uptake concurrently observed by inherent red fluorescence for
the PBI chromophore. Hence, current polymer design with attractive photophysical
properties of PBI and biodegradability of PCL backbone provided new opportunity
for development of efficient nano-assemblies for bioimaging application.

In chapter 5, dual functional highly luminescent, biodegradable, cisplatin

conjugated amphiphilic block copolymer nanocarriers was developed and it was

Lo . e demonstrated for therapeutic
and diagnostic application in
cancer cells. New PBI-
CPCL-PEGPCL block
copolymer was designed and
synthesized by ring opening
polymerization. The polymer

design comprises carboxylic

acid § functionalized
polycaprolactone block to facilitate chemical conjugation of cisplatin and hydrophilic
PEG substituted polycaprolactone block to obtain required amphiphilicity in the block
copolymer. Moreover, highly fluorescent PBI chromophore provides opportunity to
directly monitor fate of the drug inside the cells. The polymer nanocarriers prevented
undesirable interactions of cisplatin with PBS, saline and GSH and protected the drug
inside polymer-cisplatin conjugated nanoparticles. The in vitro drug release studies
demonstrated that esterase enzyme triggered the cleavage of polymer-cisplatin
conjugated nanoparticles to release cisplatin in to the medium. Cytotoxicity studies

Xi
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confirmed high biocompatibility of the nascent polymer and hence utilized as
fluorescent probe to track the non-fluorescent cisplatin delivery inside the cancer cells
using non-invasive bioimaging tool. Further, Polymer-cisplatin conjugated NP
exhibited comparable cell killing to that of free cisplatin in cancer cells. The cellular
uptake followed by accumulation of the drug conjugated nanoparticles inside the
cytoplasm was confirmed from the red fluorescence of PBI chromophore in the
polymer by CLSM imaging. Thus,

The last chapter summarizes the thesis work and put forward the direction for
future research. The new classes of fluorescent PCL block copolymers designed and
developed in this thesis are new entries as enzymatic-biodegradable polymers in the
literature; hence they would be expected to be very important nano-carriers for long-
term application in the biomedical field. Further, the multifunctional block copolymer
nanocarriers are promising candidates for simultaneous delivery and direct tracking of
cisplatin inside the cancer cells. Thus, the work described in the thesis opens up

opportunities in biomaterials arena based on fluorescent block copolymers.
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Chapter 1

1.1 Introduction to drug delivery

Cancer is a widespread disease and one of the leading causes of death due to
genetic effect, environmental pollutants, unhealthy habits etc.™* Majority of anticancer
drugs are small molecules (molecular weight under 500 g mole™) and these drugs are
administrated in to the body using conventional drug administration methods
including injection, infusion, inhalation. The drug molecules encounter several
disadvantages in biomedical applications which includes: (i) poor solubility in the
aqueous media as majority of drugs are hydrophobic, (ii) short half-life of drugs due
to high phagocytic and renal clearance, (iii) rapid breakdown of the drug after
administration in the body, (iv) drugs are rapidly diffused in the normal tissue
resulting in dose limiting side effects, and (v) due to the even distribution of drug
within the body relatively low concentration of the drug reaches target tissue resulting
in reduced therapeutic efficacy.>* One of the way to overcome the shortcoming
exhibited by existing drugs is to develop new drugs through discovery. However,
bringing a new drug through drug invention process is synthetically and scientifically
challenging process. Moreover, clinical testing, regulatory approval make the process
time consuming and expensive.” Therefore, to meet these challenges, improving the
therapeutic index of the existing drugs utilizing drug delivery system is the most
versatile and facile approach. The concept of drug delivery was introduced as ‘magic
bullets’ by Paul Ehrlich in 1906.% An effective drug delivery system offers controlled
drug release improving therapeutic efficacy of the drug which is achieved by
continuous delivery of drug at predetermined rate over an extended duration. Further
during the controlled release the concentration of the drug can be maintained within
the therapeutic window which is beneficial over the conventional drug therapy
wherein the drug plasma level experiences periods of ineffectiveness and toxicity
which is shown in figure 1.1 The controlled drug release using drug delivery system
beneficial for the drugs which are rapidly metabolized and eliminated from the body
after administration. The drug is delivered to the particular part of the body lowering
systemic drug level. This indeed reduces number of doses of drug administration

which improves patient compliance.>®
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Figure 1.1. Drug concentration at site of therapeutic action after delivery as a
conventional injection (thin line) and as controlled release system (bold line)
(Adopted from Uhric et al Chem. Rev. 1999, 99, 3181-3198)

An evolution in drug delivery capability has been witnessed by the
development of nanotechnology by improving the therapeutic efficacy of the drug
both in research as well as clinical settings.” The term nanotechnology was first used
by NarioTaniguchi in 1974 which refers to the ability of manipulating material at
nanometer level.® Nanotechnology aided drug delivery is concerned to the
development of colloidal particles (hollow or solid structure) ranging from 1 to 100
nm size range in at least one dimension. The nanoscale sized materials exhibit distinct
and significantly enhanced chemical, physical and biological properties unlike their
bulk counterpart.® These nanoscale materials offer suitable means of delivering
therapeutic and imaging contrast agents to improve cancer diagnostics and
therapeutics. The potential nanotherapeutic agent may help to achieve: (i) improving
drug delivery of hydrophobic drug, (ii) reducing non-specific distribution (systemic
toxicity) of drug by targeted delivery, (iii) effective intracellular delivery of
macromolecular drug, (iv) improved half-life of drug by prolonged blood circulation
time, (v) improved pharmacokinetic sand pharmacodynamics of the therapeutic agent,
(vi) controlled drug release over the required duration for optimal therapeutic
efficacy, (vii) codelivery of two or more therapeutic modality for combination
therapy, and (viii) enhanced drug absorption at the target site.”*'° Nanotherapeutic
agents can be fabricated from small organic and polymeric or inorganic materials. The

physicochemical properties of these therapeutic nanocarriers can be manipulated by

3
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tailoring their chemical composition, size, shape, structure, morphology and surface
properties.***? A wide range of nanotherapeutic agents available for drug delivery are

shown in figure 1.2

S
100 nm 1nm

dendrimer  protein-drug
conjugate

r/ PEGylation or other coatings
X surface functional group
/\/ (e.g.,—SH, -NH,, -COOH)

9 © (2]
carbon nanotube S = ) 5‘
2 & panoparticle o __-/+/ surface charge
T4 Lp° © (2] -+
polymer particle liposome £ @

/'\_/» targeting ligand

(e.g., antibody, peptide, aptamer)

metal particle Q

hydrogel particle  solid-lipid
hybrid particle ‘ ,

sphere rod

v cube *

plate star

Figure 1.2. Different types of nanoparticles that have been explored as carriers for
drug delivery in cancer therapy, together with illustration of physicochemical
properties. (Adopted from Sun et al Angew. Chem. Int. Ed. 2014, 53, 12320-12364)

Liposomes, dendrimers, polymer nanocarriers and inorganic and other solid
nanoparticles have been realized as promising drug delivery systems for effective
cancer treatment. Liposomes are one of the most versatile nanocarriers available for
drug delivery which have been known science 1960s. Liposomes consist of
phospholipids offer distinct advantages including (i) they are composed of naturally
occurring substances therefore they are nontoxic and nonimmunogenic (ii) unique
ability to encapsulate hydrophobic and hydrophilic drugs due to the hollow and
spherical morphology consisting of aqueous core and lipophilic shell. The coating of
liposomes with PEG (PEGylated liposomes) has been extensively studied to improve
stability and circulation half-life and reduce opsonization in the blood.*® several peg-
liposomes are in clinical trial whereas few of them have become successful
forapplication in the cancer treatment. Liposomal anthracycline DOXIL was the first
PEGylated liposome based nanomedicine approved for the treatment of breast cancer,
ovarian cancer and Kaposi’s sarcoma. DOX encapsulated pegylated liposomes

reduces the dose limiting cardiac toxicity associated with free drug counterpart and it
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has circulation half-life 100 folds longer than free DOX which eventually improves

tumor uptake and therapeutic index of DOX.***°

Dendrimers were first reported in 1980s but recently have been realised as
promising drug delivery system. Dendrimers are well defined, three dimensional, tree-
like, regularly branched, monodisperse spherical architectures. Dendrimers are
synthesized via two major approaches; convergent and divergent approach. Divergent
approach is the most commonly used approach based on synthesis of initiator core
first followed by stepwise addition of shell to form periphery. In convergent approach
synthesis starts from periphery by the synthesis of individual dendrons which are
subsequently coupled to core molecule or group.’® Other than chemical synthesis,
dendrimers can also be prepared from supramolecular assembly of amphiphilic
dendrons. Drug delivery of the hydrophobic drugs can be achieved by entrapment of
drug molecules through noncovalent interactions such as ionic, hydrogen bonding,
vander waals interactions in the core to improve the aqueous solubility of the drug and
control their release profile. In an alternative approach, surface groups on the
dendrimers can be covalently conjugated with chemotherapeutic agent and or
targeting ligand via direct coupling or the pH sensitive linkages. The dendrimers-drug
conjugation has emerged as promising approach for preclinical trials.'” Minko and
co-workers prepared poly(propylenimine tetrahexacontaamine) dendrimers generation
5 (PPIG5) and condensed withsiRNA against B-cell lymphoma m-RNA (BCL-
antiapoptotic). The PPIG5-siRNA were further coated with PEG chains through redox
responsive disulphide linkage, dimethyl-3-3’-dithiobispropionimidate-HCL (DTBP)
to facilitate intracellular siRNA release in presence of glutathione. Subsequently the
complexes were coated with luteinizing harmone-rleasing harmone (LHRH) peptide
as targeting moiety. The LHRH-PEG-DTBP-PPIG5-siRNA exhibited higher cellular
uptake for LHRH positive A2780 human ovarian carcinoma cells than LHRH-
negative SKOV-3 cells whereas nontargeted nanoparticles did not sow significant
cellular uptake in both the cell lines. Further in vivo investigations revealed that
LHRH-PEG-DTBP-PPIG5-siRNA showed higher tumor targeting efficiency and
lower clearance by the liver and kidney than nontargeted nanoparticles as shown in
figure 1.3.1°
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Figure 1.3. (a) Preparetion of stable tumor targeted dendrimers nanoparticles for
SiRNA delivery (b) confocal microscopy images of LHRH-receptor positive A2780
and LHRH-receptor negative SKOV-3 human ovarian cancer cells incubated with
fluorescence labelled nontargeted PEG-DTBP-PPIG5-siRNA-6-FAM green particles
and targeted LHRH-PEG-DTBP-PPIG5-siRNA-6-FAM green particles (Adopted from
Taratula et al J.Controlled Release 2009, 140, 284-293)

The dendrimers-drug conjugation improved the half-life of the drug. In an
example conjugation of methotrexate with poly(amidoamine) PAMAM dendrimers
increased its half-life from 24 minutes to 24 h. The increased half-life improved the
efficacy of drug which eventually reduces frequency of drug administration. This
helps to improve patient’s compliance.® The polyglycerol dendrimers with 4-5
generations were synthesized and investigated for aqueous solubilisation of poorly

water soluble paclitexal drug.?

Inorganic nanoparticles including gold, silver, iron oxide, silica, quantum dots,
hydroxyapatite, carbon based nanostructures (grapheme oxide, carbon nanotubes,
fullerens) are an important category of drug delivery system due to precise control
over size and shape, excellent physicochemical properties and functionality. In spite
of their inability to degrade which limit their scope of application these materials have

8,11

been extensively studied for diagnostic and therapeutic purposes™ " as depicted in

figure 1.4
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e T
=
&5

Figurel.4. Different types of inorganic nanoparticles for drug delivery and cancer
diagnostics.(Adopted from Elzoghby et al. J. controlled Release 2016, 243,303-322)

Gold nanoparticles are widely used nanomedicines owing to their tuneable
optical properties. Diverse range of gold nanoparticles have been investigated for
hyperthermia application by modification of gold nanoparticles including gold
nanorods, gold colloidal nanospheres, gold-silica nanoshells, gold-gold sulphide
nanoparticles, hollow gold nanoshells, and smaller-diameter NIR-tunable gold
nanocages. These gold nanoparticle designs for photothermal therapy application have
been proved to be effective in preclinical studies and clinical examination of these
nanoparticles is underway.?* Magnetic nanoparticles (MNP) are manufactured from
maghemite (y-Fe3O;) and magnetite (Fe3O,4) and the drug is encapsulated or adsorbed
on to the magnetic nanoparticles. These iron oxide magnetic nanoparticles facilitate
cancer diagnosis through enhanced contrast and improve drug delivery by enhancing
tumor cell death with magnetic hyperthermia.?> The water dispersibility of MNP is
improved by surface coating with polymer materials which also helps to improve
physical and chemical stability of the colloid.?® Iron oxide MNP coated with oleic
acid (OA) and pluronic F-127 which can be loaded with hydrophobic anticancer drug
was evaluated for intravenous injection in rat to ensure their safe clinical use as these
MNPs did not cause long-term changes in liver enzyme level or induce oxidative

stress.?*
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Carbon nanotubes have been used to deliver different types of therapeutic
agents including anticancer drugs,® proteins,® DNA? and RNA.”® Amine
functionalized single walled carbon nanotubes (SWCNTs) were developed and
demonstrated for platinum (IV) anticancer drug in testicular cancer cells. The efficient
drug loading is achieved due to the extremely high specific surface area. Anticancer
drug paclitexal was conjugated to PEG substituted SWCNTSs. In Vivo delivery of this
drug CNT conjugate was studies in mice model bearing 4T1 breast tumor normally
resistant to PTX treatment. These studies showed prolonged blood circulation with 10

fold higher drug uptake resulting in improved treatment efficacy than free paclitexal.”®

Polymer nanocarriers have become an integral part of drug delivery in cancer
treatment. The greatest advantage of polymers is their synthetic versatility which
provides an opportunity to tune properties such as molecular weight, hydrophobicity,
functionality in a controlled manner to optimize loading and release of the drug with
improved pharmacokinetic properties. Compared to small molecule nanocarrier
polymers exhibit higher stability and durability due to their mechanical and physical
properties.**The polymer mediated drug delivery systems encompass polymer-drug
conjugates, polyplexes, polymer hybrid systems, polymeric micelles, polymersomes
for the targeted delivery of therapeutic agent to improve the efficiency of cancer
treatment. The conjugation of drugs or proteins to water soluble polymer nanocarriers
gained importance with development of Ringsdorf’s model in 1975. The polymer-
drug/protein conjugates are linked via spacer molecules such as anhydrides,
hydrazone which are the predetermined breaking points for release of drug/proteins at
the site of interest.® The various polymers such as N-(hydroxypropyl)methacrylamide
(HPMA), poly(glutamic acid) and poly(ethylene glycol) (PEG) and drug including
doxorubicin, paclitaxol, camptothecin, methotrexate and platinum drugs have been
explored for polymer-drug conjugation.?® Doxorubicin conjugated to HPMA polymer
through the amino sugar and tetra peptide spacer (PK1) as shown in figure 1.5 was
first polymer-drug conjugate approved for clinical trials. The clinical studies revealed
that the dose limiting side effects such as nausea, diarrhoea and carditoxicity were
reduced to great extent as compared to free DOX and hence improved antitumor

activity. 3%
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Figure 1.5 Chemical structure of the first clinically tested polymeric antitumor
therapeutics PK1(adopted from Haag and Kratz et al. Angew. Chem. Int. Ed. 2006,
45, 1198-1215)

Polymer directed enzyme prodrug therapy (PDEPT) is a combined
antitumorapproach involving polymeric prodrug and polymer-enzyme conjugate to
facilitate enhanced drug release at the tumor site. PDEPT approach involves two
steps; the administration of polymer-drug conjugate to enhance tumor targeting and
subsequent administration of polymer-enzyme conjugate to promote the release of
drug for improved therapeutics®* (see figure 1.6). In the PDEPT approach, the
polymer-drug conjugate PK1 combined with (HPMA)-(cathepsin B) conjugate were
utilizes in the treatment of B16F10 melanoma tumors, which exhibited the antitumor
activity for PDEPT approach of 168 % compared to 152 % for PK1 alone and 144 %
for free DOX.®
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Figure 1.6. The PDEPT concept; After administration of the polymer-drug conjugate
and uptake in the tissue, the polymer-enzyme conjugate is added to release the drug
and induce cell death (adopted from Haag and Kratz et al. Angew. Chem. Int. Ed.
2006, 45, 1198-1215)

Li and co-workers prepared copolymers using monomethyl oligo(ethylene
glycol) acrylate (OEGA), disulphide containing bis(2-acryloyloxyethyl) (BADS), acid
labile  2-(5,5-dimethyl-1,3-dioxan-2-yioxy) ethyl acrylate (DMDEA) via
miniemulsion copolymerization. These polymer nanogels exhibited thermoresponsive
property and acid triggered hydrolysis of acid labile groups were observed upon
incubation with weekly acidic medium (pH 4-6) or in response to 20 mM DTT at pH
7.4 due to the cleavage of disulphide linkage as shown in figure 1.7. The drugs such
as PTX and DOX encapsulated nanogels revealed very slow drug release at
physiological conditions (pH 7.4) and greatly accelerated in mild acidic conditions
(pH 5-6). Further increase in drug release rate was observed in response to 20 mM
DTT.*
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Figure 1.7. Temperature, pH and redox responsive polymer nanogels prepared by
miniemuslion copolymerization for stimuli responsive delivery of drugs (adopted from
Qiao et al. J. Controlled Release 2011,152, 57-66)

The macromolecular-polymeric nanocarriers protect the drug from non-
specific interaction during the transport through blood-stream and reticuloendothelial
system (RES) offering reduced systemic toxicity.*> These nanocarriers can access the
target tissue by passive targeting through preferential accumulation at tumor site via
well-known enhanced permeability and retention (EPR) effect. EPR effect is a result
of the increased permeability of tumor vasculature to macromolecules and impaired
lymphatic drainage in tumor tissue.”> The EPR effect was first observed by Maeda
and coworkers while studying the inflammation induced by microbial infection and
further the EPR effect was successfully demonstrated for tumor targeting for first
time.*® Unlike tight endothelial junctions of normal blood vessels the formation of
large fenestration in tumor tissue due to the abnormal endothelial cells which leads to
aberrant vascular architecture thereby increasing vascular permeability. This
facilitates the selective extravasation of nanocarriers in tumor tissue. This increases
the drug concentration in tumor tissue several folds higher than normal tissue. Further
the lymphatic drainage system is either absent or dysfunctional facilitating the
retention of nanocarriers are retained in the tumor tissue.*’ the EPR effect is

schematically shown in figure 1.8
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Figure 1.8. Transport of nanocarriers with different size and small molecules through
normal and cancerous tissue. The enhanced permeability and retention (EPR) effect is
a unique feature of most tumors, allowing nanocarriers of appropriate size to
accumulate more in cancerous tissue than in normal tissues. . (Adopted from Sun et al
Angew. Chem. Int. Ed. 2014, 53, 12320-12364)

The active targeting can be achieved by ligand mediated targeting which
utilizes the affinity ligand on the surface functionalization of nanocarriers which
selectively binds to the receptors overexpressed in diseased cells.*® (see figure 1.9)
The commonly employed ligands include antibodies, proteins, peptides, nucleic acids,
sugar, and vitamins. Proteins, sugars or lipids overexpressed on the cancer cells serves
as target molecules.®®*° The active targeting nanocarriers should be in the close
vicinity of their target substrate in order to recognize and interact with it and
subsequently accumulate at the tumor tissue through ligand receptor interaction
enhancing the internalization by the cells followed by release of the drug at the
targeted site. Thus active targeting approach improves the intracellular concentration
of drug in tumor tissue and reduces the toxic effects to the normal cells around the

cancer tissue. ™
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Figure 1.9. Active targeting of nanocarriers. The of ligands present on the particle
surface which bind to receptors present on the target cell or the tissue resulting in
enhanced accumulation and cellular uptake improving the therapeutic efficacy of
drug.
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Figure 1.10. Schematic representation of features of block copolymers.

Among various Polymer nanocarriers block copolymers have gained

significant interest in the drug delivery. The block copolymers have advantages over

conventional polymers as follows; (i) block copolymers have well-defined structures

with precise control over the molecular weight and narrow polydispersity (ii)

desirable physicochemical properties as well as self-assembly behaviour can be

achieved due to the well-defined structures which in turn results in controlled

response against stimuli for delivery of drug. These features of block copolymers are

schematically shown in figure 1.10.
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1.2 Block copolymers

Block copolymers are an important class of polymers and the design, synthesis
and properties of block copolymers is in high demand in academia as well as industry
due to their unique ability to form a plethora of ordered nanoscale structures.** The
block copolymers are formed by two or more chemically distinct monomers attached
together which can result in random or alternating copolymer depending upon the
arrangement of different monomers within the polymer chain. Two or more
monomers are arranged in random fashion to give random copolymer whereas the
monomers are arranged in regular alternating fashion to form alternating copolymer.
In addition to these arrangements of copolymer, sequential addition of different
monomers leads to the formation of discrete block along the polymer chain to form

block copolymer.***® The formation of different copolymers is schematically shown

in figure 1.11.
Mozmem 00000000000000 R:=ndom Copolymers
() 00000000000000 Aicmative Copolymers
Monomer 2
o
O > 0000000 > 00000000000000
Monomer 1 Monomer 2

Block Copolymers

Figurel.11. Schematic representation of types of copolymers

Further the number of monomers used in the polymerization results in diblock
(two monomers) and triblock (three monomers) multi block (more than three
monomers) copolymer formation. Further, apart from linear block copolymers
nonlinear polymer topologies with wide range of architectures including miktorm,
star, graft schematically shown in figure 1.12 have been prepared with extraordinary
structural and compositional versatility to obtain extraordinary properties and variety

of applications.***
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Figure 1.12. Complex nonlinear block copolymer architectures (adopted from Feng
et al. Polymers 2017, 9, 494)

Nevertheless, synthesis of different types of block copolymers including
complex architectures is possible due to the advancement in polymer synthetic
strategies after the ground-breaking discovery of living anionic polymerization by
Szwarc in 1956.° This discovery opened up the way to synthesize structurally and
compositionally well-defined homogeneous block copolymers by living or controlled-
living polymerization.** The block copolymer synthetic strategies include sequential
addition of monomers via conventional living anionic and cationic polymerization as
well as promising controlled radical polymerization techniques such as atom transfer
radical polymerization (ATRP), reversible addition-fragmentation chain transfer
(RAFT) radical polymerization, nitroxide-mediated radical polymerization (NMP),
controlled ring opening polymerization (ROP) and many other.** Synthesis of block
copolymers via Controlled radical polymerization techniques have gained increased
interest owing to their compatibility with wide range of monomers, high tolerance of
functional groups and relatively ambient reaction conditions. Further, dynamic
equilibrium between active species and dormant species reduces the concentration of
keeps the polymer chain end reactive for block copolymer synthesis which results in
well-defined polymers with controlled molecular weight, composition, functionality,
chain architecture and narrow polydispersity unlike conventional radical
polymerization.”” Edmond Fremy’s discovery led to the development of Nitroxide-
mediated polymerization (NMP) a type of reversible deactivation radical
polymerization typically initiated by alkoxyamine compounds. Block copolymers

prepared by NMP possess controlled stereochemistry and low polydispersity. Block
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copolymers containing Polystyrene, poly(methylmethacrylate), poly(vinyl acetates)
are generally synthesized via NMP. The block copolymerization of t-butyl acrylate
and 1,3-butadiene using NMP is shown in figurel.13. The polymerization was carried
out in presence of alkoxyamine initiator based on 2,2,5-trimethyl4-phenyl-3-
azahexane-3-oxy skeleton. Further block copolymers of 1,3- dienes with variety of
functionalized vinyl monomers such as stytene, acrylate and methacrylate derivatives.
The block copolymers were obtained with well-defined controlled molecular weights

and narrow polydispersity.*®*
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Figure 1.13. Synthesis of block copolymers via NMP

In atom-transfer radical polymerization (ATRP) radical is generated by
reversible redox reaction of an organic halide catalysed by a transition metal
compound for example cuprous halide under mild reaction conditions. Poly(ethylene
oxide)-b-poly(2-(methacryloxy)ethyl  phosphorylcholine)  (PEO-b-PMPC)  was
synthesized via ATRP using near-monodisperse PEO macroinitiator with CuBr/ 2,2’-
bipyridine as catalyst in isopropanol water mixture at 40 °C (see figure 1.14). Well
defined block copolymers with targeted compositions were achieved by using this

polymerization technique.®*®!
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Figure 1.14. Synthesis of PEO-b-PMPC block copolymer via ATRP (Adopted from
Sugihara et al Macromolecules 2010, 43, 6321-6329)

Radical addition-fragmentation transfer (RAFT) polymerization is performed
in presence of reversible addition-fragmentation chain transfer agent such as dithio
compounds for example dithiobenzoates which reversibly transfer labile end group to
propagating chain. Block copolymer of different acrylates with styrene were
synthesized in water at 80 °C in which poly(acrylic acid), poly(methacrylic acid) or
poly(methacrylic  acid-co-poly(ethylene oxide) methyl ether methacrylate)
macroRAFTs were formed in water in presence of 4-cyano-4-thiothiopropylsulfanyl
pentaneic acid (CTPPA) as chain transfer agent. The resulting hydrophilic
macroRAFTs were immediately used without further purification to polymerize
hydrophobic styrene in the same reactor as shown in figure 1.15. Well-defined
amphiphilic block copolymers were successfully produced.®?3
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Figure 1.15. Synthesis of PMA-b-PS amphiphilic block copolymers by RAFT
polymerization technique (adopted from Chaduc et al Macromol. Rapid Commun.
2011, 32, 1270-1276)
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Other than controlled radical polymerization, ring opening polymerization
(ROP) has been one of the important widely practiced methods for synthesis of well-
defined block copolymers using cyclic monomers including cyclic ethers, acetals,
carbonates, phosphonites, lactums, lactones, and siloxanes. ROP is versatile and facile
approach for synthesis of block copolymers due to the tolerance to a broad spectrum
of functional groups and produces well-defined polymers with specific and
controllable properties.* Combination of two different polymerization techniques can
also be utilized for block copolymer synthesis. Using this approach, block copolymers
can be synthesized without formation of substantial homopolymers moreover
comparable polydispersities can be achieved as compared to sequential addition of
monomers.** PCL-b-PMMA block copolymers were prepared by concurrent ATRP
and ROP processes simultaneously. One pot polymerization synthesis of structurally
different vinyl and lactone monomers and bifunctional initiator with primary hydroxyl
and tertiary bromide functionality was carried out without the necessity of any
inorganic catalyst under natural sunlight as shown in figure 1.16. These two different
polymerization processes do not interfere with each other in one reaction medium due
to the nature of propagating species involved during polymerization. The block
copolymers were prepared in controlled manner with narrow polydispersity and free

from homopolymers.>
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Figure 1.16. One pot polymerization of PCL-b-PMMA using combination of ATRP
and ROP processes simultaneously (adopted from Aydogan et al Polym. Chem. 2017,
8, 2899-2903)

Self-assembly of block copolymers

Block copolymers linked with constitutionally different monomer units allow
combination of distinct properties within the macromolecular system which permits
nanoscale assembly phenomena with dramatically unique macroscale behaviour.*®

Block copolymers wundergo phase separation to produce various ordered
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microstructures and nanostructures that have attracted scientific and technological
interest in bulk as well as in solution state.*” The self-assembly of block copolymers
is driven by unfavourable mixing enthalpy coupled with a small mixing entropy
giving rise to ordered structures in bulk which result in wide range of morphologies

including lamellar, bicontinuous, cylindrical and spherical as shown in figure 1.17.

(a) A B

Figurel.17. Morphologies of block copolymer in bulk (adopted from Mai et al Chem.
Soc. Rev. 2012, 41, 5969-5985)

Owing to the fascinating morphologies, the block copolymers find application
in broad range of areas including photonics,®® lithography,®® electronics,®!

membranes, ©°? nanoreactors, *® and thermoplastic elastomers. %!
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Figure 1.18. Different morphologies obtained by targeting different packing
parameters (adopted from Doncom et al. Chem. Soc. Rev. 2017, 46, 4119-4134)

Further, amphiphilic block copolymers in which hydrophilic block is
chemically tethered with hydrophobic block spontaneously undergo self-organization
in agueous medium to form various nanostructures including micelles, vesicles, nano-
capsules, cylindrical micelles and nanoparticles which have seen tremendous progress
in various applications including tissue engineering,’® bone engineering,'®® water
purification®®” and drug delivery.’® The packing parameter for small molecular

surfactants proposed by Israelachvili, Mitchell and Ninham governs the formation of
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broad range of nanoscale morphologies.®® The relation between surfactant molecular
structure with inherent curvature and the resulting morphology can be understood

from packing parameter p as given below;
p = viagl.

where v is volume of hydrophobic tail, ap is polar head group surface area, |; is
hydrophobic tail length. Hence, different morphologies are obtained with different p
values such as spherical micelles are formed when p < 1/3, cylindrical micelles
between 1/3 < p < 1/2 and when 2 < p <1 vesicles are formed as shown in figure
1.18. Amphiphilic block copolymer structures are the imitates of small molecule
surfactants where hydrophobic block represents the surfactant tail and hydrophilic
block represents the polar head group and various morphologies are resulted by

altering these parameters.’* "

Among the various aqueous self-assembled nanostructures micelles and

vesicles are the most studied morphologies.
Block copolymer micelles

The amphiphilic block copolymers with unique core-shell structure self-
assemble in agueous medium to form micelles above the critical micellar
concentration. The driving force for the self-assembling behaviour is to decrease the
interfacial area of hydrophobic-core forming segment to minimize interfacial free
energy. The formation of block copolymer micelles is schematically shown in figure
1.19.
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Figure 1.19. Formation and architecture of block copolymer micelles which
spontaneously form by self-assembly in water (adopted from Cabral et al Chem. Rev.
2018, 118, 6844-6892)
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Generally polymeric micelles have been designed for the delivery of poorly
water soluble anticancer drugs and are better choice for drug delivery than small
surfactant molecules generally due to the higher stability and longer circulation time
of loaded drug. Furthermore micelle core can get additional stability from the
interaction between the drug payload and core forming segment.”” A range of
hydrophobic polymers utilized to form the core of the micelles include poly (e-
caprolactone) (PCL), poly (lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA),
poly(propylene oxide) (PPO), poly(sebacic acid) (PSA), and poly(aspartic acid)
(PAsp). The hydrophilic blocks constitute the micelle shell which can prolong plasma
circulation and modified with various functionalities to obtain the control over the
drug release and effective therapeutic response. Frequently used hydrophilic shell-
forming polymers are poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA),
poly(vinyl pyrrolidone) (PVP), poly(acrylamide) (PMA), poly(ehtyleneimine) (PEI).”
NK911 is DOX encapsulated supramolecular polymer micelle designed for enhanced
delivery of doxorubicine is under clinical evaluation. PEG-b-poly(a,B-aspartic acid)
copolymer prepared by ring opening polymerization of N-carboxyanhydride of
benzyl-L-apartate followed by debenzylation in basic condition. Further, the block
copolymer was conjugated with DOX through amide bond and free DOX was
physically encapsulated into the hydrophobic core of poly(a,B-aspartic acid-
doxorubicin) to form stable micelles. Clinical trial studies have demonstrated the
reduction of side effects related with free DOX and high efficacy.”” ™. Block
copolymers with polyethylene glycol (PEG) and polyaspertate were used to physically
encorporate PTX into polymeric micelles facilitated by hydrophobic interaction
between PTX and aspartate chain. These polymer micelles with size 20 nm and 23%
(w/w) of PTX were named as NK105 for clinical studies. Cisplatin conjugated
(CDDP) micelles (NC6004) prepared by polyethylene glycol (PEG) block as
hydrophilic shell and polymer-metal coordination complex of polyglutamic acid and
cisplatin constituting the inner core of the micelle having remarkably high stability.
SN-38 loaded polymeric micelles NK012 were constructed by self-assembly of
amphiphilic PEG-b-polyglutamate block copolymer with 20 % (w/w) of SN-38.
These are some of the micelles examples summarized in figure 1.20 under clinical
trials demonstrating reduced side effects with promising efficacy even against triple-

negative breast cancer and pancreatic cancer.’®
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Figure 1.20. Block copolymer micelles encapsulated with various anticancer drugs
under clinical trials (adopted from Matsumura et al Cancer Sci.2009, 100, 527-579).

Block copolymer vesicles

Vesicles are higher order self-organized spherical nanostructures with aqueous
core enclosed by hydrophobic membrane. Polymersomes are the vesicles prepared
using high molecular weight amphiphilic block copolymers with right hydrophobic-
hydrophilic balance having superior morphological stability to their lipid counter-
parts, liposomes. Polymer vesicles have additional advantage in drug delivery owing
to the morphological similarity to cellular membrane and viral capsids. The unique
structural feature of polymer vesicles allows the encapsulation of hydrophobic drug in
bilayer membrane core and hydrophilic drug in aqueous interior.”” " Discher and co-
workers carried out pioneering work by exploring block copolymer, poly (ethylene
oxide)-b-poly-(ethyl ethylene) (PEO-b-PEE) in the area of polymer vesicle.”® Feijen
and co-workers prepared vesicles based on PEG and polylactides block copolymers
with variable sizes ranging from 70 nm to 50 um and the size of the vesicles was
tailored by extrusion through membrane with well-defined pore sizes.®® Discher and
co-workers demonstrated these PEG-PLA based polymersomes for systemic delivery
of anticancer drugs hydrophobic drug PTX and hydrophilic drug DOX in combination
therapy. The in vitro drug release was triggered by hydrolysis of PLA in the vesicle
core to convert vesicles into wormlike micelles and spheres and subsequent release of

the drugs (see figure 1.21). In in vivo studies the polymersome exhibited two fold
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higher tumor cell deaths than free drug and showed qualitative increase in maximum

tolerated dose and tumor accumulation of drugs.®
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Figure 1.21. PEG-PLA based polymersome self-assembly, degradation, and drug
release (A) Cryo-TEM images of empty aggregates. hydrolysis of PLA in the vesicle
core triggers the growth of pores and conversion of vesicles into wormlike micelles
and spheres.(B) In vitro release and leakage of DOX and PTX from the polymersomes
(adopted from Ahmed et al. J. Controlled Release 2006, 116,150-158)

Forster and co-workers synthesized amphiphilic polybutadiene-block-poly(L-
glutamate) block copolymers by anionic polymerization and subsequent ring opening
polymerization of N-carboxyanhydrides to form polymersomes or peptosomes
composed of modified protein units. Further the pH dependent helix-coil transition of
peptide units occur without altering the vesicular morphology as shown in figure
1.22%
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Figure 1.22. polybutadiene-block-poly(L-glutamate) block copolymer polymersomes
with modified protein unts can undergo pH dependent helix-coil transition without
change in vesicle morphology (adopted from Kukula et al. J. Am. Chem. Soc. 2002,
124,1658-1663)

Lecommandoux and co-workers prepared zwitterionic poly(y-benzyl-L-
glutamate)-b-poly(N-trifluoroacetyl-L-lysine) (PBLG-b-PTFALYs) block copolymers.
The block copolymers spontaneously self-assembled to form reversible schizophrenic
vesicles that can be reversibly produced in moderate acidic or basic aqueous
solutions. At acidic pH (pH 3) poly(L-glutamic acid) (PGA) block is neutralized and
changes from charged coil to neutral more compact a-helical structure therefore
hydrophobic, neutral PGA forms the core and PLys form the shell of the vesicles.
Under basic conditions (pH 12) protonated poly(L-lysine) block (-NHs") is
transformed into neutral and insoluble -NH; groups forming the core of aggregates
(see figure 1.23).8°

Neutral pH (5<pH<9)
o

/

BT e

A

Figure 1.23 Schematic representation of the self-assembly into vesicles of diblock
copolymer PGA-b-PLys as function of pH (adopted from Hernandez et al. J. Am.
Chem. Soc. 2005, 127,2026-2027)
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Figure 1.24. Synthesis of (PBLG-b-PGG) block copolymers; conditions: (a) DMF,
benzylamine, 0 °C; (b) DMSO, r. t.; (c) Cu(PPh3)3Br, EtsN, DMSO, 30 °C (adopted
from Huang et al. J. Am. Chem. Soc. 20012, 134,119-122)

Heise, Lecommandoux and co-workers prepared well-define amphiphilic

galactose containing amino acid block copolymers (PBLG-b-PGG) by sequential ring

opening polymerization of benzyl-Lglutamate and propargylglycine (PG) N-

carboxyanhydrides

followed by glycosylation of PG block via Huisgen’s

cycloaddition “click” reaction using azide functionalized galactose. The block

copolymers self-assembled to obtain wormlike micelles as well as polymersomes

depending upon the block length ratio and the nanoprecipitation conditions as shown

in figure 1.24.34
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1.3. Block Copolymers in drug delivery

Polymer-based drug delivery has paved the way to improve therapeutic
efficacy and specific targeting of the drugs. In this regard, use of biodegradable
polymers in drug delivery system has become prominent due to their ability to exhibit
controlled/programmed release of drug in targeted cancer cells induced by
degradation in response to the external stimuli (eg. redox, pH or enzyme). Moreover,
the degradation of polymer inside the body produces non-toxic natural biproducts and
eliminated from the body ensuring the clearance of empty device when their support
is not needed.®® Various natural as well as synthetic biodegradable polymers have
been explored for effective targeted delivery of drugs. Natural biodegradable
polymers including collagen, albumin, gelatin, polysaccharides such as hyaluronic
acid (HA), cyclodextrines, carrageenan, dextran, alginate, agarose have been used for
drug delivery application. In spite of being highly biodegradable, their use is limited
by batch to batch variation and broad molecular weight distribution, lack of suitable
physical properties and undesirable immune response. Synthetic biodegradable
polymers such as poly(amides), poly(esters), poly(anhydrides), poly(phosphoesters)
which are degraded under enzymatic or hydrolytic conditions have also realized as
promising biodegradable polymers for controlled drug delivery.®” Different
biodegradable block copolymers with varying environmental stability and enzymatic
biodegradability is shown in figure 1.25. Polylactides possess very high
biodegradation rate and very less environmental stability whereas polycaprolactone
possess very high environmental stability but very poor biodegradability.
Polypeptides and polyhydroxybutyrate show moderate environmental stability and

biodegradability.

Biodegradable Block Copolymers Environmental Stability under Ambient Conditions ‘
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Figure 1.25. Biodegradable block copolymers with varying environmental stability
and biodegradation rate.
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Among various biodegradable polymers, polyesters have shown outstanding
progress in the various biomedical applications including drug delivery owing to the
hydrolysable backbone, ease of synthesis via ROP and tuneable physical, mechanical
and Dbiological properties. Polyesters including poly(lactic acids) (PLA),
poly(glycolic acids) (PGA) and poly(e-caprolactone) (PCL) contain aliphatic ester
bonds linkages in carbon backbone which can be cleaved by enzymes present in the
body and produce natural degradation products lactic acid, glycolic acid and 6-
hydroxyl caproic acid respectively and eliminated from the body via citric acid
cycle®®. Due to these advantages of polyesters have become popular commercially
available biodegradable polymers. PGA is investigated for very promising application
such as degradable suture DEXON as well as scaffold for bone, cartilage, tooth,
vaginal, intestinal and spinal regeneration.®®** However, PGA has limited use in
drug delivery devices due to the fast degradation rate and limited solubility.*
Poly(lactic acids) (PLA) are found in various forms such as poly(D-lactic acid)
(PDLA), poly(L-lactic acid) (PLLA), poly(D, L-lactic acid) (PDLLA) a racemic
mixture of PLLA and PDLA due to the presence of chiral monomer molecule.
Properties of PLA can be tuned by varying L- and D-isomer ratio. Due to the presence
of methyl group on the backbone PLA has higher hydrophobicity and hence lower
degradation rate compared to PGA.% Therefore, to obtain the control over the
degradation rate copolymers of lactides and glycolides poly(lactide-co-glycolide
(PLGA) began to be explored for biomedical applications such as sutures and
implants, drug delivery vehicles and tissue engineering scaffolds. The degradation
rate of PLGA is influenced by change in the lactide to glycolide ratio (L:G) i. e.
decrease in the ratio of L:G decreases the degradation rate of PLGA. Thus these
PLGA polymers exhibit improved in vivo circulation and biocompatibility compared

to their homopolymers and employed for controlled drug release. **%

Polycaprolactone block copolymers

Poly(e-caprolactone) PCL being one of the earliest polymer synthesized by ring
opening polymerization (ROP) of e-caprolactone monomer by Carothers group in
early 1930s has recently gained attention for their potential use in biomedical
applications among various biodegradable aliphatic polyesters. Generally PCL is
synthesized by ROP of e-caprolactone monomer using a broad range of cationic,
anionic and coordination catalyst. In addition to this conventional route, PCL is
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prepared via free radical ring opening polymerization of 2-methylene-1, 3-dioxepane.
PCL is semicrystalline hydrophobic polymer with melting point of 55-60 °C and glass
transition temperature of -60 °C and longer degradation time of 12 to 24 months.®
PCL has been extensively investigated for biomedical application including tissue
engineering, bone scaffold packaging and controlled drug release owing to its good
biocompatibility, biodegradability and non-immunogenicity. Moreover, FDA has
approved use of PCL for variety of medical products including sutures for surgeries,
bone screws, tissue engineering scaffolds and drug delivery systems. One-year
implantable contraceptive device-Capronor containing PCL is available in the market
and the toxicological investigations have shown the material to be safe for its use.
Due to the flexible mechanical properties PCL also find paramedical applications
such as wound dressing and dentistry. In addition to biodegradability and
biocompatibility, PCL is superior for drug delivery application as compared to other
aliphatic polyesters- polyglycolides (PGA) and polylactides (PLA) due to its high
permeability to drugs under physiological conditions and less acidic degradation
products.?®” However, hydrophobicity, lack of functionality, longer degradation time
limits its widespread application in drug delivery. Nevertheless, due to the synthetic
versatility, PCL offers a myriad of opportunities for substitution with functional
groups which provides possibilities to obtain desired physicochemical properties
including hydrophilicity and degradation rate and the functional groups could be
utilized to conjugate drugs, targeting agents and stimuli responsive molecules.2>® In
addition, amphiphilic block copolymers containing hydrophilic segment combined
with hydrophobic PCL block can self-assemble into various nanocarrier architectures
for drug delivery application. Ren-Shen Lee and co-workers amphiphilic block
copolymers MPEG-ONB-PXCL. Difunctional, photocleavable ortho-nitrobenzene
(ONB) was used as initiator for ROP of 4-phenyl/methyl substituted caprolactone.
This hydrophobic block was connected phydrophilic MPEG block through
photochemically sensitive ONB linker via click reaction as shown in figure 1.26. The
biodegradable and biocompatible amphiphilic block copolymer self-assembled as
micelle and anticancer drug DOX was encapsulated into the core of the micelle. The
photodegradable DOX loaded MPEG-ONB-PXCL micelles showed light triggered
release of DOX due to disruption of micelles. Further DOX loaded micelles facilitated

improved uptake of DOX by HeLa cells.*®
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Figure 1.26. Synthesis of the photocleavable MPEG-ONB-PXCL and their
photodegradation (adopted from Peng et al. RSC Advances 2013, 3, 18453-18463)
Meidong Lang and co-workers prepared pH sensitive copolymers from 2-/6-
benzyloxycarbonylmethyl substituted e-caprolactone monomer and PEG-OH as
macroinitiator by ROP. Further benzyl carboxylate groups were deprotected to
generate carboxylic functionality which improves the water solubility and can be used
for further modification as shown in figure 1.27. Formation of the self-assembly was
driven by the pH wherein below the pKa carboxylic groups were protonated to form
micelles and above the pKa polymer self-assembly was disrupted due to

deprotonation.*®

% o}
O.__CgH
(0] o) ~~ 615
Hac,o\eﬁo)OH 2 6/\F(OVCsH5 & U\N/
X o
(o)

CH,COOCH,CgHs

H

(0]
Stannous octoate _0
1300c . HC 1+
CgHsCH,OCOCH, O

0 CH,COOH

Pd/C,H 0 lo) H
— 2 o HaC \é/\oﬁik/\/\r O)n
HOOCCH, O

Figure 1.27. Synthesis of pH responsive block copolymers (adopted from Zhang et
al.J. Polym. Chem. 2014, 52, 188-199)

Guerry et al. prepared series of chitosan oligosaccharide-grafted caprolactone
polymers (PCL-g-Cos) coupling through click reaction between azide substituted
polycaprolactone polymer (PCL-N3) and alkynyl modified chitosan oligosaccharides
(CO-alkynyl). PCL-g-Cos polymers containing PCL as hydrophobic core and Cos as
hydrophilic shell undergo self-organization in aqueous medium to form micelles and
further core cross linking with disulphide containing bis alkynyl cystamine to form
redox responsive nanocarriers schematically shown in figure 1.28. The encapsulation
of DOX and its release properties of DOX loaded redox sensitive micelles were

investigated in response to intracellular glutathione level.%*

29



Chapter 1
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Figure 1.28. Synthesis of amphiphilic PCL-g-Cos polymers and their self-assembly in
aqueous medium followed by core-cross linking with the disulphide cys-alkynyl to
give redox stimuli responsive nano-vehicles (adopted from Guerry et al.Carbohydr.
Polym. 2014, 112,746-752)

Zhu and co-workers prepared salt/pH dual responsive amphiphilic brush
copolymers poly(2-hydroxyethyl methacrylate)-g-(poly(e-caprolactone)-
adnine:uracil-poly(ethylene glycol)) (PHEMA-g-(PCL-A:U-PEG)). The block
copolymers formed supramolecular micelles loaded with anticancer drug DOX. The
low pH and high salt concentration of tumor tissue was exploited to study the drug
release from the micelles showing controlled drug release against salt and pH stimuli
(see figure 1.29).1%
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Figure 1.29. Synthesis and schematic supramolecular structure of brush copolymers
PHEMA-g-(PCL-A:U-PEG)(adopted from Wang et al. RSC Adv. 2012, 2,11953-
11962)

Stefan and co-workers prepared 4-octyloxy and oligoethylene glycol
substituted caprolactone monomers and utilized them for synthesis of amphiphilic
block copolymers (PMEEECL-b-POCTCL) under ROP process. The octyloxy-
containing PCL act as hydrophobic segment and oligoethylene glycol containing PCL
behaves as hydrophilic segment to from micelles in aqueous medium. Further these
block copolymers exhibited thermoresponsive behaviour due to the oligoethylene
glycol substituted polycaprolactone block and the LCST can be tuned by changing the
molar ratios between the hydrophilic and hydrophobic substituted caprolactone

monomers as well as by varying the chain length of oligoethylene glycol functional
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groups attached to the caprolactone monomer. In the continuation of this work, the
above mentioned amphiphilic block copolymres exhibited LCST of 38 °C. This LCST
value enables to sense the elevated tumor tissue temperature due to faster metabolism
or induced hyperthermia and release the drug in controlled manner. The polymer
micelles were loaded with anticancer drug DOX and exhibited in vitro

thermoresponsive release when the temperature was above the LCST. The cellular

uptake of the drug loaded micelles against MCF-7 cells showed comparatively higher
103,104

cytotoxicity at temperature above the LCST (see figure 1.30).
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Figure 1.30. DOX/nile red loaded micelles showing its LCST properties (adopted

Cheng et al. Biomacromolecules 2012, 13, 2163-2173)

Same authors prepared a very short ethylene glycol chain substituted
caprolactone monomer y-2-(methoxyethoxy)-3-caprolactone (MECL) to employ as
hydrophobic segment as shown in figure 1.41 which may improve the interaction with
encapsulated drug as compared to alkoxy counterpart. The amphiphilic block
copolymers were synthesized by using this newly synthesized monomer and above
mentioned oligoethylene glycol substituted caprolactone monomer. The amphiphilic
copolymers were self-assembled in aqueous medium with highly tuneable
thermoresponsive behaviour in the range of 31-43 "C. Further modification of end
group position and alteration of hydrophobic block composition by using caprolactone
as well as MECL monomer was carried out to prepare triblock copolymers (see figure
1.31) to improve the thermodynamic stability, thermoresponsive properties and drug

loading of the above mentioned diblock copolymers.'*>1%
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Figurel.31. Synthesis of diblock and triblock coplymers from y-substituted
caprolactone monomers having tuneable thermoresponsive properties (adopted from
Rainbolt et al. J. Mater. Chem. B 2013, 1, 6532-6537 and J. Mater. Chem. B 2015, 3,

1779-1787)

In further studies, 4- and 6-arm thermoresponsive star like block copolymers
were synthesized using pentaerythritol and myoinositol as multifunctional initiators
by ring opening polymerization with ethoxy and oligoethylene glycol substituted
caprolactone monomers as shown in figure 1.32. These star copolymer micelles
having LCST at 39 °C were demonstrated as promising drug carrier with temperature

controlled doxorubicin release.’
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Figurel.32. Synthesis of 4- and 6-arm star-like PECL-b-PMEEECL amphiphilic
diblock copolymers (adopted from Washington et al. J. Mater. Chem. B 2017, 5,
5632-5640)
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Jerome and coworkers synthesized y-keto substituted caprolactone polymers
(polyKCL) by ROP using Al(iOPr); as a catalyst at ambient temperature. Cheng et al
adopted this approach to prepare methoxy poly(ethylene glycol)-b-poly(e-
caprolactone-co-y-hydroxyl-e-caprolactone)  (mPEG-b-P(CL-co-HCL))  bearing
pendant hydroxyl groups on the PCL back bone. The hydroxyl groups were obtained
by the reduction of ketone group present on polyKCL polymer using sodium
borohydride. The block copolymers self-assembled and DOX was encapsulated into
the micelles as shown in figure 1.33. The pendant hydroxyl groups played very
important role in loading and releasing DOX from the micelles because of the
hydrogen bond formation between DOX and hydroxyl group. Further better cellular
uptake of DOX loaded micelles was observed compared to free DOX against HepG2

cells, %81
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Figure 1.33. Synthesis of DOX loaded micelles based on hydroxy PEG-b-PPCL block
copolymers (adopted from Chang et al. Biomacromolecules, 2012, 13, 3301-3310).

Chen and Wang co-workers synthesized chondroitin  sulphate-g-
poly(caprolactone) (CP) polymers via atom transfer radical addition (ATRA) by using
CL-Br as ATRP initiator. The polymer self-assembled into micelles in water to
encapsulate hydrophobic anticancer drug camptothecin (CPT). The in vitro release
studies showed that active lactone form of CPTwas preserved against hydrolysis
under stimulated physiological conditions. Cellular uptake studies revealed
significantly better cell killing and apoptosis inducing effects than free CPT. The in
vivo therapeutic efficacy of CPT laded micelles was studied in non-small-cell-lung
cancer xenograf animal model and showed good inhibition in tumor growth (see
figure 1.34) .10
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Figure 1.34. schematical representation of chondroitin sulphate-g-poly(e-
caprolactone) polymer micelles loaded with CPT for improved in vivo therapeutic
efficacy (adopted from Liu et al. Mol. Pharmaceutics 2014, 11, 1164-1175)

Stepfan and coworkers prepared diblock copolymers by ring opening
polymerization of y-4-phenylbutyrate-e-cprolactone (PBACL) and y-valproate-¢-
cprolactone (VPACL) and e-caprolactone using PEG macroinitiator as shown in
figure 1.35. The advantage of pendant chains on the caprolactone backbone is that 4-
phenylbutyric acid and valproic acid possess anticancer properties by acting as
histone deacetylase inhibitors (HDACIis). DOX was encapsulated get into the HDAC
inhibitor conjugated prodrug micelles. The DOX loaded micelles enabled to show
sustained drug release in a concentration dependent manner over time to expand
therapeutic window of small molecule drug.***

In the continuation of this work pendant PBA HDACI containing poly(y-4-
phenylbutyrate-g-cprolactone)(PPBCL) homopolymer was synthesized using
NdCI3.3TEP/TIBA (TEP = triethyl phosphate TIBA = triisobutylaluminium) catalytic
system because commonly utilized catalysts failed to produce homopolymers. The
homopolymer nanoparticles loaded with DOX were prepared by using PEG
surfactant. These DOX loaded nanoparticles exhibited release of both DOX and PBA
at endosomal pH conditions. The dual action of DOX and PBA HDACIi showed

enhanced cytotoxicity compared to free DOX (see figure 1.36).'*
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Figure 1.35. Synthesis of poly(ethylene glycol)-b-poly(y-2-propylpentanoate-e-
cprolactone-ran- e-cprolactone) and poly(ethylene glycol)-b-poly(y-4-phenylbutyrate-
e-cprolactone-ran- e-cprolactone) diblock copolymers (adopted from Senevirathne et
al. J. Mater. Chem. B 2017, 5, 2106-2114).
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Figure 1.36. Schematic diagram of (a) synthesis of PPBCL polymer with
NdCl3.3TEP/TIBA catalytic system (b) formation of DOX loaded NP using PEG and
release of DOX and PBA upon the introduction of acidic medium and (c) endocytosis
and subsequent release of DOX and PBA in cancer cells (adopted from Kularatne et
al. Biomacromolecules 2018, 19, 1082-1089)
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Kim and co-workers prepared AB, miktoarm block copolymers with
hydrophilic PEG as A constituent and hydrophobic polycaprolactone as B component
containing singlet oxygen (*O,)-labile region and stereospecific B-aminoacrylate
linkage. 'O, responsive amphiphilic copolymers self-assembled as micelles and
hydrophobic photosensitizer chlorin e6 (Ce6) and DOX were encapsulated into the
core as shown in figure 1.37. The cellular uptake of coloaded micelles was studied in
human breast cancer (MDA-MB-231) cancer cells. Upon red laser irradiation, the
singlet oxygen generated by the photosensitizer triggered photocleavage of B-
aminoacrylate linkage inducing micelle disassembly facilitated intracellular DOX

release for effective therapy.™
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Figure 1.37. Schematic illustration of self-assembly and red laser induced O,-
mediated dissociation of MA-PEG-b-PCL, micelles (adopted from Saravanakumar et
al. Biomacromolecules 2018, 19, 2202-2213)

Bapurao et al. from our laboratory designed and developed carboxyl
functionalized block copolymer by ring opening polymerization of newly designed 4-
t-butyl ester substituted e-caprolactone monomer using PEG-OH as macroinitiator.
The t-butyl ester present on the backbone of the polymer was selectively deprotected
to obtain carboxylic acid substituted amphiphilic PEG-b-CPCL block copolymers.
These amphiphilic block copolymers formed vesicular self-assemblies in water and
efficiently encapsulated hydrophilic molecules such as Rh-B as well as hydrophobic
drugs ibuprofen (IBF) and camptothecin (CPT). pH responsive behaviour of the drug
loaded vesicles was observed as they were stable under strong acidic conditions of
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stomach and disassemble to release the loaded drugs under neutral or basic pH
conditions similar to small intestine. Thus these PEG-b-CPCL block copolymer
vesicles were demonstrated for stimuli responsive drug delivery under GI tract as

shown in figure 1.38.*
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Figure 1.38. Carboxylic substituted PCL block copolymer vesicles and their pH
stimuli responsive delivery under the GI tract (adopted from Bapurao et
al.Biomacromolecules 2013,14,4377-4387)
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Figure 1.39. Hydrogen bond-controlled drug delivery in cancer cells from enzyme

responsive polycaprolactone diblock copolymer nano-assemblies (adopted from
Bapurao et al. ACS Biomater. Sci. Eng.2016, 2, 1926-1941
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Further these block copolymers with different PEG chain length were also
investigated for cisplatin conjugation through carboxylic acid pendent chains to form
cisplatin conjugated core shell nanoparticles. The influence of the length of
hydrophilic PEG shell on detoxification of drug by GSH was studied whichshowed
that longer PEG shell protected cisplatin against GSH detoxification. >

Same authors prepared amide and ester side chain substituted e-caprolactone
monomers and utilized for the synthesis of amide and ester substituted
polycaprolactone-b-PEG (amide-PCL and ester-PCL) block copolymers by ROP
process. These block copolymers self-assembled as stable nanoparticles in aqueous
medium and were capable of loading multiple anticancer drugs including DOX,
curcumin (CUR), camptothecin (CPT), methotrexate (MTX). The influence of
hydrogen bonding on the drug release kinetics was studied for hydrogen bond
containing amide-PCL block and non-hydrogen bonded ester block copolymers. The
drug release studies revealed that hydrogen bonded amide-PCL block copolymers
exhibited controlled drug release compared to that of nonhydrogen bonded ester-PCL

block copolymers and schematically shown in figure 1.39.*
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1.4 =-Conjugated polymers in Bioimaging

Drug delivery systems with fluorescence imaging probes such as organic dyes and
quantum dots (QDs) have been explored to monitor the real-time drug distribution
during drug delivery. However, photobleaching, low signal intensities and cellular
cytotoxicity restrict their reliability and sensitivity. Although quantum dots often
show superior brightness and photostability in in vitro and in vivo studies however
surface oxidation and leaking of harmful toxic metal ions (Cd and Se) induce severe
cytotoxicity. Further aggregation of QDs in the biological systems restricts their
practical application in live cell imaging. These limitations of conventional
fluorescent materials inspired to develop new fluorescent probes with improved
performance. Conjugated polymers exhibit high fluorescence quantum yield, good
photostability low cytotoxicity which are the prime concern for cellular imaging
application. Moreover, the conjugated polymers have advantage of emission colour
tuneability across the entire visible region and near IR which can be achieved by
tuning the HOMO (highest occupied molecular orbital)-LUMO (lowest unoccupied
molecular orbital) band gap of the = -conjugated backbone as shown in figure 1.40

I!' ‘ A
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Figure 1.40. Tuning of optical properties in conjugated polymers
Owing to these appealing photophysical properties, water soluble conjugated

LUMO
hy light —/——)

HOMO

polymers which can load therapeutic agent along with molecular imaging capability
have emerged as promising multifunctional candidates for drug delivery in the cancer
treatment."*®**° Bin Liu and co-workers prepared fluorescent AlEgens such as TPE,
TPETPAFN and BTPEBT containing polymeric nanorods via nanoprecipitation under
ultrasound sonication (see figure 1.41). Depending upon the sonication time the
nanodots converted into nanorods. The in vivo tumor imaging revealed that nanorods
possess higher tumor accumulation, deeper tumor penetration and more efficient

cellular uptake as compared to nanodots.*?
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Figure 1.41. Schematic illustration of ultrasound sonication induced nanodot-to
nanorod transition and the enhanced tumor accumulation and cancer cell uptake of
nanorods (Adopted from Feng et al. Nanoscale 2018,10, 5869-5874)

Same authors developed nanoplatform containing photothermal conjugated
polymer PFTTQ co-loaded with anticancer drug DOX in to an amphiphilic brush
copolymer having photoresponsive group (DNQ) as encapsulation matrix. The surface
modification of these nanoparticles with cRGD tripeptide improves tumor targeting
ability by enhancing the cellular uptake in o3 integrin overexpressed cancer cells.
Upon NIR two photon lase irradiation, conjugated polymer PFTTQ rapidly converts
laser energy into thermal energy for PTT moreover upon lase irradiation the
photoresponsive hydrophobic 2-diazo-1,2-naphthoquinone (DNQ) moieties could be
transformed to hydrophilic 3-indene carboxylate moiety and ultimately results in NP
disassembly to release the drug. The chemotherapy and PPT resulted in synergistic

cell killing to achieve improved therapeutic effects in cancer treatment.*?
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Figure 1.42. Schematic illustration of the components and functions of anti-HER2-
CPNs (Adopted from Feng et al. Small 2017, 13,1602807)

+ : Photothermal
Therapy

Imaging

Same authors developed conjugated polymer nanoparticles for tumor
targeting, fluorescence detection, photodynamic therapy (PDT) and photo-thermal
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therapy (PTT) functions for cancer treatment. Two specially designed conjugated
polymer, (PFVBT) with bright red and efficient ROS production capability and
PIDTTTQ as shown in figure 1.42 with high near-infrared (NIR) absorption and light
to heat conversion efficiency were synthesized and encapsulated by PEG matrix to
form nanoparticles. The nanoparticle surface was modified with anti-HER2 affibody.
The obtained nanoparticles showed excellent targeting ability towards HER2
overexpressed SKBR3 breast cancer cells. The in vivo tumor targeting and
accumulation ability was visualized by fluorescence and infrared thermal imaging.
Upon light illumination the synergistic combination effect of PDT and PTT largely

suppressed the tumor growth.?
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Figure 1.43. (a) Schematic illustration of synthesis of CPE-PEG-CP
nanoparticles.(b) In vivo noninvasive fluorescence imaging of a nude mouse after F
intravenous injection of CPE-PEG-CP nanoparticles. (c)Fluorescence imaging of
various organs at 24h post administration. (d) CLSM images of liver slices at 24h
post administration. The red fluorescence (upper) from the CPE-PEG-CP
nanoparticles distributed in the liver tissue is overlaid with the optical image (lower).
(adapted from Ding et al. Nanoscale 2011, 3, 1997-2002)

Liu and co-workers prepared PEG-grafted red fluorescent polyelectrolyte
based nanoparticles conjugated with anticancer drug cisplatin (CPE-PEG-Pt) for
simultaneous imaging and drug tracking. The in vitro cellular uptake of CPE-PEG-Pt
in HepG2 cancer cells demonstrated the internalization into the cell nuclei by
observing bright red fluorescence in the entire cells. The CPE-PEG-Pt nanoparticles
were injected into the nude mice through intravenous administration to obtain real
time information of the in vivo biodistribution and excretion profile of the

nanoparticles using noninvasive live animal fluorescence technology. The
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accumulation of nanoparticles in liver tissue showed their potential for liver cancer

treatment (see figure 1.43).*%
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Figure 1.44. Chemical structures of CP1-3 and illustration of nanoparticle formation
(adopted from Guo et al. ACS Nano 2017, 11, 1024-1034.)

Same authors designed and synthesized three different conjugated polymers (CP)
using different electron acceptors (A) and a planar electron donor (D) as shown in
figurel.44 and the effect of D-A strength on photophysical properties and PA and
PTT performance was systematically studied. With increasing D-A strength CP
nanoparticles exhibited stronger photoacoustic signal and highly efficient
photothermal therapeutic efficacy in vitro and in vivo superior to other reported
contrast agents .***Same authors developed light responsive AIE nanoparticles to
overcome the drug resistance in cancer cells. Hydrophilic polyethylene glycol (PEG)
was conjugated with hydrophobic photosensitizer an AlEgen (TPETP) via ROS
cleavable thioketal (TK) linker to obtain polymer (TPETP-TK-PEG). The amphiphilic
polymer self-assemble as micellar nanoparticle and DOX was encapsulated into it
with high drug loading capacity. Upon white light irradiation, the ROS generated
from AIE nanoparticle facilitate endo-lysosomal escape by inducing rupture of
membrane. ROS also cleave the TK linker which resulted in disassembly of
nanoparticle to release the drug into the cytosol. This improved the DOX
accumulation and retention in drug resistant MDA-MB-231 breast cancer cells and

significantly inhibited the growth of the cancer cells (see figure 1.45).*%°
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Figure 1.45. (a) Schematic illustration of light-responsive AIE-NPs encapsulated with
DOX and visible light triggered drug release (b) the itinerary of AIE-NPs/DOX to
overcome the rdug resistance in cancer cells. For free DOX, the drug can be easily
effluxed by the P-glycoprotein (P-gp) pump in drug resistant cancer cells. The drug
loaded AIE-NPS were endocytosed by the cancer cells and entrapped in endo-
/lysosomes. Upon white light irradiation, the ROS generated from the the PS can
enhance the membrane permeability of endo-lysosomes to facilitate the NP escape to
the cytosol and break the polymer totrigger the DOX release in the cytosol for nuclear
entry to increase the drug retention in cancer cells and overcome the drug resistance
(adopted from Yuan et al. Polym. Chem.2016)

Same authors developed dual-prodrug with traceable activation for
combination PDT and chemotherapy. AIE based photosensitizer TPEPYSH (PS) was
linked to mitomycin C (MMC) through a disulphide bond to obtain TPEPY-S-MMC.
The PS activity and fluorescence of TPEPY is blocked by quinine component in
MMC. In addition, the cytotoxicity of MMC is inhibited by the electron withdrawing
acyl at the nitrogen position of MMC. After glutathione activation, TPEPY-S-MMC
can simultaneously release PDT active TPEPYSH and chemo-drug MMC. The turn
on of the fluorescence of TPEPYSH can monitor the drug release as well as guide the

photodynamic therapy (see figure 1.46).1%
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Chemo-drug (activated)

Shu Wang and Guillermo C. Bazan group prepared multi-coloured (blue,
green, yellow, red) conjugated polymer nanoparticles (CPN). Carboxyl functionalized
CPN were prepared by co-precipitation of four conjugated polymers with
poly(styrene-co-maleic anhydride) (PSMA). The CPN showing multicolour emission
under single excitation over entire visible emission region were obtained. CPN-
antibody conjugates were prepared by surface modification of CPN through amide
coupling of antibody with carboxyl functionalized CPN. The antibody conjugated
CPN were demonstrated for targeted cell imaging and specific cell detection of tumor

cells as shown in figure 1.47.%%
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Figure 1.47. (a) Chemical structures of multicolour conjugated polymers (b) the
preparation of multicolour conjugated polymer nanoparticles and their modification
with antibody (c) multi-channel fluorescence images of MCF-7 cells with CPN-
antibody conjugated nanoparticles. The excitation wavelengths are 405nm, 488nm,
559 nm.(adopted from Feng et al. Adv. Mater. 2014, 26,3926-3930)

Libing Liu and Shu Wang group prepared aqueous nanoparticles containing
fluorescent cationic conjugated polymer PFO which can form electrostatic assembly
with negatively charged poly(l-glutamic acid) conjugated with anticancer drug
doxorubicin (PFO/PG-DOX). The fluorescence of PFO in PFO/PG-DOX is in ‘turn
off” state due to electron transfer mechanism to DOX. The delivery of PFO/PG-DOX
nanoparticles to lung cancer (A549) cells demonstrated that poly(l-glutamic acid) is
hydrolysed to release DOX and inducing the fluorescence of PFO to ‘turn on’ state.
Thus DOX release was monitored by fluorescence turn on signal from PFO which

simultaneously images the cancer cells (see figure 1.48).1%
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Figure 1.48. (a) Schematic illustration of PFO/PG-DOX complex system, where the
fluorescence of PFO is highly quenched by DOX resulting in the fluorescence ‘turn-
of” state; chemical structures of PG-DOX conjugate and PFO are shown (b)
Schematic representation of uptake of the electrostatic complex into cancer cells;
hydrolysis of poly(l-glutamic acid) by hydrolase in lysosome releases the DOX to
induce the activation of PFO fluorescence to ‘turn on’ state, thereby sensing the
intracellular delivery of DOX and simultaneously achieving fluorescence imaging (c)
synthetic route of cationic conjugated polymer PFO.

Same authors prepared hydrogel obtained by Michael addition between
cysteine-terminated matrix metalloproteinase (MMP) cleavable oligopeptides and 4-
arm vinyl sulfone-terminated polyethylene glycol (PEG-VS) as shown in figure 1.49.
The hydrogel was functionalized with oligo(p-phenylenevinylene-co-benzothiazole)
(OPV-BT) which act as photosensitizer (PS) to generate ROS upon light irradiation
and cell adhesion peptide motif RGD to promote cell adhesion. In addition OPVBT
was found to accumulate in mitochondria being effective for subcellular organelles-
targeted PDT. Due to the overexpressed MMP in cancer cells, the MMP cleavable
substrate in the hydrogel releases the OPVBT from hydrogel which selectively light
up tumor cells and inhibit tumor cell growth by ROS generated from OPVBT upon

light irradiation.?
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Figure 1.49. Illustration of MMP-sensitive hydrogel incorporated with OPVBT and
RGD for tumor cell-specific imaging and photodynamic therapy (adopted from Li et
al. ACS Biomater. Sci. Eng. 2018, 4, 2037-2045)

Zhiyong Ke and Ruiyuan Liu group designed and synthesized amphiphilic
poly(phenyleneethylene) which could self-assemble into nanoparticles (PPE) and
anticancer drug DOX was encapsulated with high loading efficiency. The in vitro
drug release study revealed efficient drug release from nanoparticle at endolysosomal
pH (pH 5.5) as schemitally shown in figure 1.50. Live cell imaging demonstrated the
successful cellular uptake followed by efficient drug release into the PC3 cancer cells.
DOX loaded PPE nanoparticles exhibited improved cytotoxicity and cell apoptosis

than free DOX in PC3cancer cells resulting in higher therapeutic efficiency.™*
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Figutr 1.50. Schematic illustration of drug release of PPE nanoparticles in the cells
(adopted from Chen et al. J. Mater. Chem. 2015, 3, 3564-3572)
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Figure 1.51. Segmented conjugated polymers for diverse polymer self-assembly and
demonstrate their luminescent nano-assemblies as biomarkers in cancer cell imaging
(adopted from Narasimha et al. Macromolecules 2016, 49, 4102-4114)

Narasimha et al. developed amphiphilic segmented block copolymers
containing rigid, luminescent oligophenylene vinylene (OPV) m-core and flexible
oligo-ethyleneoxy spacer. Solvent induced aggregation of polymer chain revealed
morphological transition from one dimensional helical nano-fibrous to three
dimensional spherical nano-assemblies in THF/water solvent combinations followed
by fluorescence colour change from blue-to-white-to-yellow as shown in figure 1.51.
The polymers formed stable luminescent nanoparticles in aqueous medium. The
cytotoxicity study confirmed non-toxic nature and biocompatibility of aqueous
nanoparticles therefore the polymer nanoparticles were explored for bioimaging
application in cervical (HeLa) and breast cancer (MCF-7) cells. Cellular uptake
studies exhibited efficient internalization and accumulation of nanoparticles inside the

cancer cells. ™!
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1.5. n-Conjugate Tagged Block Copolymers Nano-carriers

Conjugated polymers with exceptional electrical and optical properties have
been recognized as promising biomaterial for various biomedical applications.
However, poor solubility and non-biodegradability are the prime concern to restrict
their practical bioapplications and clinical translations. Owing to the inherent non-
biodegradable nature of conjugated polymers, efforts have been taken to develop
strategies to modify these polymers which can offer certain degree of
biodegradability.’®* The strategies to develop biodegradable conjugated polymers
mainly include; direct blending of conjugated and biodegradable polymers to generate
partially degradable polymeric composites and integration of conjugated oligomers
and biodegradable monomers together to generate different macromolecular
architectures'®3

The direct blending approach is simple and straightforward strategy to obtain
partially degradable composites wherein the conjugated polymers such as
polythiophene, poly(3,4-ethylene dioxythiophene) (PEDOT), polyaniline, polypyrrole
(PPy) blended with different synthetic polymers including polylactides,
polycaprolactone, polyurethane, polyglycolide to form different nanocomposites. The
desirable properties can be achieved through the selection of appropriate types as well
as ratio of the degradable and conjugated polymers to be blended.**>*3°

In the second approach conjugated oligomers are chemically conjugated to
biodegradable polymers as conjugated oligomers also possess optoelectronic
properties similar to their corresponding conjugated polymers. These polymers can be
further modified with broad variety of functional groups which provides an
opportunity to precisely control the amount of conjugated and biodegradable segment
to obtain optimal performance. These polymers can be prepared different
macromolecular architectures including linear, hyperbranched, star-shaped, and cross
linked network architectures as shown in figure 1.52. These architectures also
influences important properties of polymers such as morphology, mechanical and

optical properties, biodegradability and hence the overall performance. 3”313
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Figure 1.52. Degradable conjugated polymers with different architectures (adopted
from BaoL.in et al. Sci. China: Chem. 2014, 57, 490-500)

In addition to the aforementioned approaches to develop biodegradable conjugated
polymers, relatively recent strategy includes the modification of conjugated
monomers and conjugation through biodegradable linkages (eg. imine) to prepare bio-
erodible conjugated polymers. Thus a large variety of biodegradable polymers with
excellent morphological, optical and biological properties have been prepared
following above mentioned strategies and expensively explored for biomedical
applications including tissue engineering and regenerative medicine, biomedical
implants, bioelectronics devices and consumer electronics.**2%*!  However, these
conjugated biodegradable polymers are rarely utilized for bioimaging and drug
delivery applications. Very few reports are known in the literature for the utility of
biodegradable conjugated polymers in bioimaging and drug delivery applications. For
example Wang and co-workers prepared fluorescent polycaprolactone grafted
conjugated polymer bottle brushes (PFBT®'-g-PCL) and (PFBT™-g-PCL) with
different positions of hexyl group on thiophene rings. These hydrophobic PFB-g-PCL
polymers were encapsulated with amphiphilic block copolymers PCL-b-POEGMA
using nanoprecipitation to form stable nanoparticles (nanoRED) in aqueous medium.
These polymers exhibited broad emission at 635 nm with high fluorescence quantum
yield and demonstrated for bioimaging application in L929 and HeLa cells with good

biocompatibility (see figure 1.53). **?
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Figure 1.53. Chemical structure of PFTB-g-PCL with different hexyl side positioning
on hiophene ring and schematic illustration of nanoRED formed by co-precipitation
of PFTB-g-PCL and PCL-b-POEGMA as the stabilizer (adopted from Yang et
al.2016, 17, 1673-1683)

Twomey et al. synthesized biodegradable poly(p-phenyleneethylene)s (PPE)
by polymerization of monomers including disulphide containing monomer which is
reducible at intracellular glutathione concentrations. The mitochondrial targeting of
PPE was improved by substitution of triphenylphosphine (TPP) on the side chains.
The biodegradable fluorescent CP nanoparticles were demonstrated for active cellular
internalization via variety of endocytosis and specifically localized to live tumor cells

followed by intracellular degradation and trafficking (see figure 1.54)*3
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Macropinocytosis

Kuehne and co-workers reported fully conjugated polymer nanoparticles based
on imidazole units having highly fluorescent and biodegradable particles. The
polymer nanoparticles can be degraded upon exposure to ROS using hydrogen
peroxide and the resulting degradation products are water soluble low molecular
weight molecules as shown in figure 1.55. These conjugated polymer nanoparticles

were demonstrated for cellular imaging.**
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Figure 1.55. Conjugated polymer synthesis; polymerization of thiophene monomers
with imidazole monomers to produce degradable polymers (P1 and P3) and
polymerization with benzene monomer to obtain non-biodegradable polymers (P2 and
P4) and the degradative imidazole oxidation of particle by reactive oxygen species to
decompose into methyl amino acid and amide terminated 2,5-diethynylene-3,4-
methoxythiophene (‘adopted from Repenko et al. Nat. Commun. 2016, 1-8)
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The above study clearly outlined the huge potential of biodegradable polymers
as well as conjugated polymers for efficient delivery of drugs and cellular imaging.
However development of biodegradable conjugated polymers for practical drug
delivery and cellular imaging applications is challenging task. Therefore there is need
to develop nontoxic, biodegradable conjugated polymers for drug delivery and
cellular imaging without losing their smart properties such as optical properties and

biodegradability.

1.6. Aim of the thesis

Multipurpose polymer nano-scaffolds for cellular imaging and delivery of
anticancer drug are urgently required for the treatment of cancer. The detail literature
survey indicates that cationic polyelectrolytes based on m-conjugated oligomers and
polymers were reported as promising candidates for cell imaging and diagnostics in
cancer tissues. Despite, these fluorophores are excellent probes for cellular imaging;
unfortunately, the highly rigid C-C or C-N backbones in these polymers render no
biodegradation under physiological conditions. As a result, the cleavage of the
polymer scaffold was impossible to achieve to employ these fluorophore containing
polymers as a drug carrier while imaging. Hence, the development of new dual
functional polymer nano-carriers by combining the design principles of biodegradable
polymer and nt-conjugated luminescent fluorophore in a single polymer system would
open up new opportunity for simultaneous delivery and imaging in cancer treatment.
To accomplish this goal, the present thesis work is emphasized to develop new class
of block copolymer nano-carrier design consisting of n-conjugated fluorophore as a
fixed core and variable length PCL biodegradable arms for cellular imaging and drug
delivery vehicle (two-in-one design) in cancer cells. This new nano-scaffold design
would allow one to achieve both therapeutic (or delivery) and cellular imaging (or
diagnostics) in a single polymer system. For this purpose, our group expertise in
biodegradable aliphatic polyester polycaprolcatone (PCL) in drug delivery and m-
conjugated oligo-phenylenevinylene chromophores is cleverly utilized for addressing
the above problem. The new nano-carrier approach reported in the present work
accomplishes both cellular imaging and delivering drugs to intracellular

compartments. This concept is schematically shown in figure 1.56.
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Figure 1.56. Schematic representation of the aim of the thesis work.

The thesis work is divided into four chapters. In chapter 2, blue-luminescent
biodegradable PCL block copolymers were designed and developed through ring
opening polymerization process. A new polymerization n-conjugated blue fluorescent
initiator was tailor-made based on oligo-phenylenevinylene chromophores. The OPV-
containing blue fluorescent block nano-carrier was employed for intracellular delivery
of delivering doxorubicin. Both bio-imaging and delivery was accomplished
simultaneously at the intracellular level. In chapter 3, enzyme-responsive fluorescence
resonance energy transfer probe (FRET-probe) was constructed using the OPV-tagged
blue luminescent nano-scaffold as donor and Nile red fluorophore as acceptor. FRET
probe was demonstrated for imaging in cancer cells and the photophyical properties
were confirmed by details steady state and time-resolved spectroscopic studies. In
chapter 4, red-luminescence PCL block copolymer were designed suing
perylenebisimide macro-initiator via ring opening polymerization process. The
amphiphilic block copolymers readily dispersed in water and its aqueous nanoparticle
was employed for bio-imaging in cancer cells. In chapter 5, new triblock PCL
copolymer was synthesized using the perylene-initiator. In this design, the carboxylic
substituted PCL placed in the interior and PEG-chain anchored PCL as exterior to
bring core-shell type nano-assemblies. Cisplatin was chemically conjugated in the
CPCL part which produced water soluble fluorescent Pt-drug for treatment in cancer

cells. The last chapter summarizes the thesis work and put forward the direction for
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future research. The new classes of fluorescent PCL block copolymers designed and

developed in this thesis are new entries as enzymatic-biodegradable polymers in the

literature; hence they would be expected to be very important nano-carriers for long-

term application in the biomedical field. The fluorescent block copolymer approach

provides unique opportunity to understand the polymer chains self-organization

phenomena as well their drug/bio-imaging applications.
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Abstract

Multipurpose polymer nano-scaffolds for cellular imaging and delivery of anticancer
drug are urgently required for the cancer therapy. The present investigation reports a
new polymer drug delivery concept based on biodegradable polycaprolactone (PCL)
and highly luminescent m-conjugated fluorophore as dual functional nano-carrier for
cellular imaging and delivery vehicles for anticancer drug to cancer cells. To
accomplish this goal, a new substituted caprolactone monomer was designed and it
was subjected to ring opening polymerization using a blue luminescent bishydroxyl
oligo-phenylenevinylene (OPV) fluorophore as an initiator. A series of A-B-A
triblock copolymer building blocks with a fixed OPV r-core and variable chain
biodegradable PCL arm length were tailor-made. These triblocks self-assembled in
organic solvents to produce well defined helical nanofibers whereas in water they
produced spherical nanoparticles (size ~ 150 nm) with blue luminescence. The
hydrophobic pocket of the polymer nanoparticle was found to be an efficient host for
loading water insoluble anticancer drug such as doxorubicin (DOX). The
photophysical studies revealed that there was no cross-talking between the OPV and
DOX chromophores and their optical purity was retained in the nanoparticle assembly
for cellular imaging. In vitro studies revealed that the biodegradable PCL arm was
susceptible to enzymatic cleavage at the intracellular lysosomal esterase under
physiological conditions to release the loaded drugs. The nascent nanoparticles were
found to be non-toxic to cancer cells whereas the DOX loaded nanoparticles
accomplished more than 80 % Kkilling in HelLa cells. Confocal microscopic analysis
confirmed the cell penetrating ability of the blue luminescent polymer nanoparticles
and their accumulation preferably in the cytoplasm. The DOX loaded red luminescent
polymer nanoparticles were also taken up by the cells and the drug was found to be
accumulated at the peri-nuclear environment. The new nano-carrier approach
reported in the present manuscript accomplishes both cellular imaging and delivering
drugs to intracellular compartments in a single polymer system. The present
investigation is one of the first examples to demonstrate the dual functional
biodegradable luminescence nano-carrier concept in the literature and the studies

established this proof-of-concept in cellular imaging and drug delivery in cancer cells.
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2.1 Introduction

The development of new polymer scaffolds for diagnosing the disease site and
delivering anticancer drug molecules have been emerging as important protocol in the
treatment of cancers.*® In recent years, luminescent m-conjugated polymers (or
oligomers) were made into nanoparticular dispersion in aqueous medium and they
were employed as fluorescent probe for cellular imaging and diagnosis.®* Most often,
these m-conjugated nanoparticles were produced by the miniemulsion method or
reprecipitation of polymers in the organic solvents into water. The optical properties
of the nanoparticles were tuned by the varying the chemical structure of the =-
conjugated backbone or altering their HOMO-LUMO band gaps.®”’

To enhance the cellular uptake, these m-conjugated nanoparticles were further
modified with cationic charges to increase their intracellular administration and

binding to DNA for imaging.® Cationic polyelectrolytes based on polyfluorenes and

9-14 15-16

their copolymers (see figure 2.1), poly(phenylene ethynylene)s and

17-21

poly(phenylenevinylene)s are some of the important examples. They were
employed as probes for Heparin sensing,?* NIR fluorescence imaging® and targeted
imaging of HER2-positive cells,® etc. Two-photon imaging and two-photon

photodynamic therapeutic techniques were also developed for these m-conjugated

25-29

polymers in living cells.

Figure 2.1(a)Schematic illustration of green fluorescent CPE/peptide nanoparticle
formation, (b)TEM images of CPE/peptide nanoparticles. Confocal fluorescence
images of HT29cells with (c) polymer (D) and (E)polymer/peptide nanoparticles.
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Bioluminescence resonance energy transfer process between luminal and

cationic oligo-phenylenevinylene (OPV) chromophores was also achieved for

anticancer, antifungal activities and combating drug resistance of cancer cells.**!

Luminol

dianion

Figure 2.2. Schematic illustration of bioluminescence resonance energy transfer
process between luminal and cationic oligo-phenylenevinylene (OPV) chromophores
for PDT (Adopted from Yuan et al. J. Am. Chem. Soc. 2012, 134, 13184-13187)

Few attempts were also made to blend or complex these =-conjugated
polymers (or oligomer) were polystyrene-co-maleic anhydride,®* poly(L-glutamic
acid)® or lipids,®* antibodies® or cucurbituril®® (see figure 2.3) to bring appropriate
bio-compatibility and nano-shape for drug administration. Cationic polyfluorene
polyelectrolyte-cisplatin complex was also developed for imaging and drug tracking
in HepG2 cells.®’

_ Endocytosis

Figure 2.3 Cucurbituril capped, red emitting conjugated oligomer nanoparticles for
pH responsive camptothecin delivery and cell imaging (adopted from Pennakalathil et
al. Biomacromolecules 2014, 15, 3366-3374)

Though these fluorophores are excellent probes for cellular imaging;
unfortunately, the highly rigid C-C or C-N backbone in these polymers renders no
biodegradation under physiological conditions. As a result, the cleavage of the

polymer scaffold was impossible to achieve in these fluorophore containing polymers
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as a drug carrier while imaging. Hence, the development of new dual functional
polymer nano-carriers by combining the design principles of biodegradable polymer
and m-conjugated luminescent fluorophore in a single polymer system would open up
new opportunity for simultaneous delivery and imaging in cancer treatment which is
yet to be known in the literature. To accomplish this goal, the present investigation is
emphasized to develop new class of block copolymer nano-carrier design consisting
of m-conjugated fluorophore as a fixed core and variable length biodegradable arms as
self-organization building blocks for cellular imaging and drug delivery vehicle (two-

in-one design) in cancer cells. This concept is schematically shown in figure 2.4.

0 Biodegradable A-B-A Triblock

OPV Luminescent =-core O/@

"°\/\o . OR
= oMHl:{)
RO

Ring A
Opening
Polymerization Water
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Hydrophilic

x

Self-assembly
 —
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Figure 2.4. New biodegradable polymer-cum-z conjugated chromophore block
copolymers approach for drug delivery and imaging in cancer treatment.

For this purpose, biodegradable carboxylic substituted PCL backbone
(developed from our laboratory) is employed as self-assembling building blocks and it
was attached on the highly fluorescent OPV fluorophore to make unique luminescent
nano-carrier having biodegradability for cellular imaging and drug delivery in cancer
cells. Polycaprolcatone (PCL) is an excellent aliphatic polyester for enzymatic
cleavage at physiological conditions.®® Recently, we have developed new carboxylic
functional PCL-b-PEG copolymers as pH responsive vesicular scaffolds for oral
delivery of drugs under Gl track.*® These block copolymers were also employed as

nano-carrier for producing biodegradable core-shell cisplatin nanoparticles to
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overcome the glutathione drug detoxification in breast cancer cells.*>** Our expertise

39-41

in biodegradable polycaprolcatone (PCL) in drug delivery®™ ™" and the development of

n-conjugated optical probes based on oligo-phenylenevinylene chromophores in

supramolecular chemistry and sensing*?2°

is cleverly combined here to make new
nano-carrier for both cellular imaging and enzyme-responsive delivering drugs at the
intracellular compartments in cancer cells. This new design is very unique and has
following features: (i) new series of block copolymer design was adapted and
supramolecular building blocks having fluorescent n-core with variable chain length
biodegradable arms were tailor-made, (ii) the hydrophilic arm facilitated the self-
assembly of the block copolymers into blue luminescent nanoparticles (size ~ 150
nm) in water and these polymer nanoparticles was employed for encapsulating water
insoluble anticancer drug doxorubicin (DOX), (iii) the PCL arm is biocompatible and
enzyme-responsive (i,e, biodegradable); thus, the nano-carrier ruptured at intracellular
compartment by the lysosomal enzymes at intracellular compartment to deliver the
loaded anticancer drugs and facilitated the cell killing and (iv) there is no cross-
talking between the OPV and DOX chromophores and their optical purity was
retained in the nanoparticle assembly which facilitated the cellular imaging while
carrying out drug delivery. The DOX loaded polymer nanoparticles exhibited more
than 80 % cell death in cervical cancer (HeLa) cell lines. Confocal microscopic
imaging confirmed the cellular uptake and the accumulation of DOX at the
perinuclear environment. The present investigation opens up new diagnostic-cum-
drug delivery approach and demonstrated the proof-of-concept for the first time based
on enzyme-responsive m-conjugated biodegradable nano-carrier approach for

delivering DOX to cancer cells.
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2.2. Experimental Section

2.2.1. Materials: Hydroquinone, ethylhexyl bromide, triethylphosphite, 4-
hydroxybenzaldehyde, 2-chloroethanol, potassium tert-butoxide, (1 M in THF),
potassium iodide, 1,4-cyclohexane diol, tert-butyl acrylate,
pyridiniumchlorochromate (PCC), m-chloroperbenzoic acid, tin(Il) 2-ethylhexanoate,
caprolactone, nile red, esterase were purchased from Aldrich chemicals and used
without further purification. Paraformaldehyde, HBr in glacial acetic acid, K,COs,
KOH, NaHCOg3 were purchased locally. Tetrahydrofuran (THF), dimethylformamide
(DMF) and all other solvents were purchased locally and purified using standard
procedures. Cervical cancer (HeLa cells) were maintained in DMEM (with phenol red
medium: Gibco) containing 10 % (v/v) fetal bovin serum (FBS) and 1 % (v/v)
penicillin-streptomycin at 37 °C under a 5 % CO, humidified atmosphere. Cells were
washed with 40 % DPBS (Gibco), trypsinised using 0.05 % trypsin (Gibco) and
seeded in 96- or 6- well (as per experiment) flat-bottomed plastic plates (Costar) for
all assays. Tetrazolium salt, 3,4,5-dimethylthiazol-2,5-diphenyltetrazolium bromide
(MTT), DMSO, and 4 % paraformaldehyde were purchased from Sigma.
Fluoromount was obtained from Southern Biotech.

2.2.2. General Procedures: Structure of the monomers and polymers were
characterized by 'H and **C NMR using 400 MHz JEOL NMR spectrophotometer.
All the NMR spectra were recorded in CDCl3; and TMS as internal standard. Mass of
all intermediate compounds was determined by using HRMS-ESI-Q-time-of-flight
LCMS and Applied Bio system 4800 PLUS MALDI TOF/TOF Analyzer. Purity of
polymers was determined by Gel Permeation Chromatography GPC using Viscotek
VE 1122 pump, Viscotek column T6000 M (THF; two column in series), Viscotek
VE 3580 RI detector and Viscotek VE 3210 UV-Vis detector in THF using
polystyrene as standards for calibration. For GPC analysis concentration of all the
polymers was 1 mg/mL in THF. Thermogravimetric analysis (TGA) was performed to
determine the thermal stability of the polymers using Perkin Elmer thermal analyzer
STA 6000 model at a heating rate of 10 °C/minute under nitrogen atmosphere.
Thermal analysis of the polymers was carried out using TA Q20 Differential Scanning
Calorimeter at heating and cooling rate of 10 °C/minute. Indium standards were used
to calibrate the instrument before measurements. Polymers were heated to melt before
recording their thermograms to remove thermal prehistory of the samples. Absorption
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spectra were recorded using Perkin Elmer Lambda 45 UV-Vis spectrophotometer.
The emission studies and were performed using SPEX Fluorolog HORIBA
JOBINVYON fluorescence spectrophotometer. The steady state emission spectra
were recorded using 450 W Xe lamp as excitation source. Dynamic light scattering
(DLS) of the polymers was carried out using Nano ZS-90 apparatus utilizing 633 nm
red laser (at 90° angle) from Malvern Instruments. FESEM images were recorded
using Zeiss Ultra plus scanning electron microscope and the samples were prepared
by drop-casting on to silicon wafers. Atomic force microscope (AFM) images were
taken by using Veeco Nanoscope IV instrument and samples were recorded in tapping
mode using SiN probe. Fluorescence microscope images collected using a Carl Zeiss
Axiovert 200 microscope. LSM 710 confocal microscope was used for imaging the
cells.

2.2.3. Synthesis of 1, 4-bis(2-ethylhexyloxy) benzene (1): Hydroquinone (10.0 g,
91.0 mmol) was dissolved in dry DMSO (60 mL) and KOH (20.4 g, 364.0 mmol) was
added to it. The reaction mixture was heated at 80 °C for 30 minutes then 2-ethylhexyl
bromide (35.5 mL, 199.0 mmol) was added drop wise to this reaction mixture and
heating was continued for 48 h under nitrogen atmosphere. After 48 h, the reaction
mixture was cooled and extracted into dichloromethane, washed with 5% NaOH. The
organic layer was separated and dried over anhydrous Na,SO4. The crude product was
purified by passing through silica gel column using ethyl acetate in pet ether as eluent.
Yield = 16.8 g (55 %). *H-NMR (CDCls, 400MHz) Sppm: 6.83 ppm (s, 4H, Ar-H),
3.80 (m, 4H, OCHy), 1.70(m, 2H, OCH,CH), 1.56-1.30 (m, 16H, aliphatic H) and
0.95-0.89 (t, 12H, CH3). *C-NMR (CDCl;, 100MHz) 8ppm: 153.4, 115.3, 71.1, 39.4,
30.5, 29.1, 23.8, 23.0, 14.1 and 11.1 FT-IR (cm™): 2960, 2924, 2869, 1516, 1462,
1382, 1279, 1215, 1110 and 1031. MALDI-TOF-MS: m/z calculated for C,,H3505:
334.54 and found 357.23 [M*+Na'].

2.2.4. Synthesis of 1,4-bis(bromomethyl)-2,5bis(2-ethyloxy)benzene (2):
Compound (1) (8.0 g, 23.9 mmol) was taken in glacial acetic acid (60 mL) and
paraformaldehyde (2.9 g, 95.6 mmol) was added. HBr in glacial acetic acid (23.9 mL,
47.8 mmol) was slowly added to this reaction mixture using dropping funnel. The
reaction mixture was stirred at 80 °C for 6 h. It was cooled to room temperature and
poured into large excess of water. The product was obtained as white precipitate and
it was purified by recrystallization from hot isopropanol. Yield = 7.5 g (60 %). *H-
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NMR (CDCls, 400 MHz) Sppm: 6.86 (s, 2H, Ar-H), 4.53 (s, 4H, CH,Br), 3.88 (d, 4H,
OCH,), 1.76 (m, 2H, OCH,CH), 1.55-1.34 (m, 16H, aliphatic H) and 0.96 (t, 12H,
CH3). ®C-NMR (CDCls, 100MHz) Sppm: 150.6, 127.3, 114.1, 70.9, 39.6, 30.6, 29.1,
28.7, 24.0, 23.1, 14.2 and 11.2. FT-IR (cm™): 2955, 2927, 2865, 1509, 1462, 1440,
1310, 1225, 1116, 1086, 1030 and 910.

2.25. Synthesis of tetraethyl (2,5-bis(2-ethylhexyloxy)-1,4-phenylene)
bis(methylene) diphosphonate (3): Compound (2) (4.0 g, 7.7 mmol) and
triethylphosphite (2.9 mL, 16.9 mmol) was heated at 150 °C for 10 h in nitrogen
atmosphere. Then excess of triethylphosphite was removed by vacuum distillation.
The crude product was purified by column chromatography using ethyl acetate and
pet ether as eluent. Yield = 4.5 g (90%). *H-NMR(CDCls, 400 MHz) dppm: 6.94 (s,
2H, Ar-H), 4.02 (m, 8H, POCH,CHj3), 3.82-3.80 (t, 4H OCH,), 3.25-3.20 (d, 4H,
CH,P), 1.71 (m, 2H OCH,CH), 1.54-1.29 (m, 16H, aliphatic CH,), 1.23 (t, 12H,
POCH,CH3) and 0.95-0.90 (t, 12H CHj). **C-NMR (CDCls, 100MHz) Sppm: 150.5,
137.7,119.4,114.7,71.2, 62.1, 53.7, 39.7, 30.6, 29.2, 27.0, 25.5, 24.1, 16.4, 14.1 and
11.2. FT-IR (cm™): 3478, 2940, 2868, 1645, 1515, 1465, 1250, 1160 and 1025.
MALDI-TOF-MS: m/z calculated for CsHgoOsP2: 634.77 and found 657.28
[M*+Na'].

2.2.6. Synthesis of 4-(2-Hydroxyethoxy) benzaldehyde (4): K,COs; (4.5 g, 32.6
mmol) was added to dry DMF and heated at 80 °C for 10 minutes. 4-hydroxy
benzaldehyde (2.0 g, 16.3 mmol) was added and it was stirred for 1 h. 2-
Chloroethanol (1.3 mL, 32.6 mmol) and catalytic amount of KI was added and the
reaction mixture was heated for 48 h. Excess DMF was removed by vacuum
distillation and the crude product was cooled and poured into water. The product was
extracted into chloroform and washed with 10% NaOH, brine solution, dried over
anhydrous Na,SO,4. The crude product was further purified by passing through silica
gel column using ethyl acetate in pet ether as eluent. Yield = 1.3 g (45 %). *H-NMR
(CDCls, 400 MHz) dppm: 9.76 (s, IH, CHO), 7.73 (d, 2H, Ar-H), 6.93(d, 2H, Ar-H),
4.09(t, 2H, ArOCHj ), 3.94 (t, 2H, CH,OH) and 3.30 (s, 1H, OH). **C-NMR (CDCls,
100MHz) oppm: 190.9, 163.7, 132.1, 130.4, 114.9, 69.7 and  61.3. FT-IR (Cm'l):
3373, 3070, 1663, 1597, 1503, 1397, 1251, 1155 and 1077. HR-MS (ESI"): m/z
calculated for CoH1005: 166.17 and found 189.10 [M*+Na'].

69



Chapter 2

2.2.7. Synthesis of hydroxyl functionalized oligo-phenylenevinylene (HO-OPV-
OH) (5): Bisphosphonate ester (3) (2.0 g, 3.1 mmol) and compound (4) (1.1 g, 6.6
mmol) were taken in dry THF (20 mL) and purged with nitrogen for 20 minutes. This
reaction mixture was kept in ice cold condition. Potassium tert-butoxide was added
drop wise in nitrogen atmosphere and the stirring was continued at 30 °C for 12 h
under nitrogen atmosphere. The reaction mixture was concentrated, poured into water
and extracted into chloform. The organic layer was separated and dried using
anhydrous Na,SO4. The crude product was purified by column chromatography using
ethyl acetate and pet ether as eluent. Yield = 1.0 g (50 %). *H-NMR (CDCls, 400
MHz) dppm: 7.46 (d, 4H, Ar-H), 7.35 (d, 2H, CH=CH), 7.11(s, 2H, CH=CH), 7.11(s,
2H, Ar-H), 6.92 (d, 4H, Ar-H), 4.13 (d, 2H, CH,OH), 3.99 (d, 2H, Ar-CHy), 3.96 (d,
4H, OCHy), 1.82 (m, 2H, CH), 1.60-1.33 (m 16H CHy>) and 1.00-0.90 (t, 12H, CHy).
3C-NMR (CDCls, 100MHz) Sppm: 151.2, 138.0, 128.6, 127.3, 126.8, 126.4, 123.5,
110.1, 71.7, 39.7, 30.8, 29.3, 24.2, 23.1, 14.1 and 11.3. FT-IR (cm™): 3435, 2924,
2864, 1688, 1600, 1457, 1418, 1292, 1172 and 1076. MALDI-TOF-MS: m/z
calculated for C4,Hs5006: 658.92 and found 658.46 [M™].

2.2.8. Synthesis of t-butyl-3-((4-hydroxycyclohexyl)oxy)-propionate  (6):
1,4Cyclohexanediol (30.0 g, 259.0 mmol) and Potassium tert-butoxide (catalytic
amount) were taken in dry THF (90.0 mL) and purged with nitrogen for 15 minutes.
tert-Butyl acrylate (30.3 mL, 206.0 mmol) was added drop wise using dropping
funnel. The reaction mixture was refluxed for 24 h in nitrogen atmosphere. The
reaction mixture was concentrated and neutralized with dilute HCI. The content was
extracted into dichloromethane, organic layer was separated and dried over anhydrous
Na,SO,, The crude product was purified by passing through silica gel column using
ethyl acetate and pet ether as eluent. Yield = 27.2 g (60 %). *H-NMR (CDCls, 400
MHz) éppm: 3.64 (m, 3H, OCH,& OCH), 3.29-3.39(m, 1H, CHOH), 2.40 (t, 2H,
CH,CO), 1.96-1.81 (m, 4H, OCH(CHy),), 1.64-1.32 (m, 4H, CO(CHy,),) and 1.45 (s,
9H, C(CHs)s). *C-NMR (CDCl;, 100MHz): 171.1, 80.4, 69.5, 63.9, 63.5, 32.5, 30.1,
29.3 and 27.4. FT-IR (cm™): 3420, 2980, 2935, 2860, 1715, 1450, 1395, 1270, 1255,
1160 and 1035. HR-MS (ESI*): m/z calculated for Ci3H»404: 244.56 and found
267.72 [M™+Na'].

2.2.9. Synthesis of tert-butyl-3-((4-oxocyclohexyl) oxy) propanoate (7): Compound
(6) (10.0 g, 40.9 mmol) was taken in DCM (100.0 mL) and PCC (13.2 g, 61.4 mmol)
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was added. The reaction mixture was stirred at 30 °C under nitrogen atmosphere for 6
h. PCC salts formed during the reaction was removed by filtration. The resultant
filtrate was condensed by evaporating the solvent. The crude liquid product was
purified by passing through silica gel column using ethyl acetate and pet ether as
eluent. Yield = 8.5g (85 %). *H-NMR (CDCls, 400 MHz) 8ppm: 3.56 (m, 3H, OCHj
and OCH), 2.58 (t, 2H, CH,CO), 2.64 (m, 2H, COCHy,), 2.26 (m, 2H, COCH,), 2.09
(m, 2H, COCH,), 1.90 (m, 2H, COCH,) and 1.45 (s, 9H, C(CH3)3). *C-NMR
(CDCl3, 100MHz) éppm: 211.4, 171.1, 80.5, 72.7, 64.1, 37.2, 36.5, 30.5 and 20.0.
FT-IR (cm™): 2970, 2871, 2365, 1716, 1450, 1410, 1395, 1210, 1160 and 1105. HR-
MS (ESI™): m/z calculated for C13H2,04: 242.32 and found 265.48 [M*+Na'].

2.2.10. Synthesis of tert-butyl-3-((7-oxooxepan-4-yl)oxy)propanoate (8):
Compound (7) (8.0 g, 33.0 mmol) was dissolved in dry DCM and purged with
nitrogen for 10 minutes. m-CPBA (11.4 g, 66.1 mmol) was added slowly followed by
adding anhydrous NaHCO3(5.5 g, 66.1 mmol) The reaction mixture was stirred at 30
°C for 12 h under nitrogen atmosphere. Solvent was removed by rota evaporator,
saturated aqueous NaHCO; solution and saturated aqueous Na,S,03 solution were
added. It was extracted into ethyl acetate, organic layer was separated and dried using
anhydrous Na,SO,4. The crude product was further purified by passing through silica
gel column ethyl acetate in pet ether as eluent. Yield = 6.5 g (75 %). ‘H-NMR
(CDCls3, 400 MHz) dppm: 4.40 (dd, 1H, COOCH), 4.06(dd, 1H, COOCH), 3.60 (m,
4H, OCH,, OCH& COCH), 2.98 (dd, 1H, COCH), 2.48 (t, 2H, COCHy,), 2.42-1.81
(m, 4H OCH(CH,),) and 1.46 (s, 9H, C(CHj3)3). *C-NMR (CDCls, 100MHz) dppm:
176.5, 171.3, 80.8, 74.3, 64.3, 63.5, 36.8, 34.2, 28.5, 27.9 and 27.5. FT-IR (cm™):
2925, 1725, 1460, 1393, 1210, 1160 and 1105. HR-MS (ESI*): m/z calculated for
C13H2,0s: 258.31 and found 281.52 [M*+Na'].

2.2.11. Ring-Opening Polymerization of substituted caprolactone: The
representative procedure of ROP is described for substituted caprolactone monomer
(8) and HO-OPV-OH (as initiator)) for the ratio of [M]/[I] = 50 in neat. Substituted
caprolactone monomer (8) (500 mg, 1.93 mmol), HO-OPV-OH (5) (25.50 mg, 0.038
mmol), and Sn(Oct), (7.84 mg, 0.019 mmol) as catalyst was taken in flame- dried
schlenk tube. The content was evacuated by applying high vacuum for 30 minutes.
Then the polymerization mixture was heated at 130 °C for 12 h with constant stirring
under vacuum. After completion of polymerization THF (1 mL) was added. The
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solution was precipitated in cold hexane. The procedure was repeated twice to obtain
pure polymer. Yield = 290 mg (58 %). *H-NMR(CDCls, 400 MHz) dppm: 7.47-6.91
(m, 14 Ar-H), 4.44 (t, 4H), 4.14 (t, 6H), 3.96 (d, 4H), 3.75 (t, 2H), 3.66 (t, 1H), 2.45
(t, 4H), 1.85 (t, 4H), 1.44 (s, 9H), 0.98 (t, 6H) and 0.93 (t, 6H). **C-NMR (CDCl;,
100MHz) éppm: 173.3, 170.7, 127.5, 114.6, 80.4, 75.3, 65.8, 64.6, 61.1, 36.1, 32.7,
29.1, 22.9 and 14.0. FT-IR (cm™): 3580, 2974, 2875, 2361, 1884, 1731, 1632, 1473,
1363, 1252. GPC molecular weights: M, = 7200, M,, = 18100; M,/M, = 2.5.

Following the above polymerization procedure, different block copolymers
were synthesized by varying the [M]/[I] as = 5, 10, 20, 35 and 100. The details are

provided below.

2.2.12. Synthesis of BPCL8: HO-OPV-OH (212.57 mg, 0.32 mmol), monomer 8
(500 mg, 1.93 mmol), Sn(Oct), (65.34 mg, 0.16 mmol). Yield 300 mg (60%). ‘H-
NMR(CDCI3, 400 MHz) éppm: 7.46-6.92 (m, 14 Ar-H), 4.45 (t, 4H), 4.13 (t, 6H),
3.96 (d, 4H), 3.75 (t, 2H), 3.66 (t, 1H), 2.45 (t, 4H), 1.86 (t, 4H), 1.44 (s, 9H), 0.99 (t,
6H) and 0.92 (t, 6H). *C-NMR (CDCls, 100MHz) dppm: 173.9, 171.3, 158.3, 151.4,
131.8, 128.0, 122.1, 115.2, 110.5, 81.0, 75.9, 72.1, 65.2, 61.6, 40.2, 36.9, 33.3, 31.3,
29.3, 235, 14.5 and 11.7. FT-IR (cm™): 3530, 2968, 2874, 2361, 2008, 1731, 1630,
1508, 1470, 1366 and 1250. GPC molecular weights: M, =1500, Mw = 4000 &
My/M, = 2.6

2.2.13. Synthesis of BPC10: HO-OPV-OH (127.54 mg, 0.19 mmol), monomer 8
(500 mg, 1.93 mmol), Sn(oct), (39.20 mg, 0.09 mmol). Yield = 300 mg (60%). *H-
NMR(CDCI3, 400 MHz) dppm: 7.45-6.91 (m, 14H, Ar-H), 4.43 (t, 4H), 4.12 (t, 6H),
3.95 (d, 4H), 3.75 (t, 2H), 3.66 (t, 1H), 2.45 (t, 4H), 1.86 (t, 4H), 1.44 (s, 9H), 0.99 (t,
6H) and 0.93 (t, 6H). *C-NMR (CDCls, 100MHz) 8ppm: 173.9, 171.3, 158.4, 151.4,
131.8, 128.1, 122.1, 115.2, 110.5, 81.0, 75.9, 72.2, 65.2, 60.4, 40.2, 36.9, 33.3, 29.3,
23.5, 14.5 and 11.7. FT-IR (cm™): 3536, 3968, 2875, 2361, 2006, 1730, 1630, 1460,
1366 and 1250. GPC molecular weights: M,, = 2200, M,, = 6500 & M,/M, = 2.9

2.2.14. Synthesis of BPCL22: HO-OPV-OH (63.77 mg, 0.096 mmol), monomer 8
(500 mg, 1.93 mmol), Sn(Oct), (19.60 mg, 0.048 mmol). Yield = 270 mg (54%). *H-
NMR(CDCls, 400 MHz) dppm: 7.46-6.92 (m, 14 Ar-H), 4.45 (t, 4H), 4.14 (t, 6H),
3.96 (d, 4H), 3.76 (t, 2H), 3.66 (t, 1H), 2.45 (t, 4H), 1.85 (t, 4H), 1.44 (s, 9H), 0.99 (t,
6H) and 0.93 (t, 6H). *C-NMR (CDCls, 100MHz) &ppm: 173.6, 170.6, 80.7, 75.5,
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64.9, 61.3, 36.5, 33.0, 30.4 and 29.0. FT-IR (cm™): 3408, 2970, 2870, 2362, 2168,
2006, 1731, 1632, 1472, 1366 and 1251. GPC molecular weights: M, = 4700, M,, =
14800 & M,,/M, = 3.1

2.2.15. Synthesis of BPCL40: HO-OPV-OH (35.42 mg, 0.053 mmol), monomer 8
(500 mg, 1.93 mmol), Sn(Oct), (10.89 mg, 0.026 mmol). Yield = 320 mg (65%). *H-
NMR(CDCls, 400 MHz) dppm: 7.45-6.92 (m, 14 Ar-H), 4.45 (t, 4H), 4.13 (t, 6H),
3.96 (d, 4H), 3.76 (t, 2H), 3.66 (t, 1H), 2.44 (t, 4H), 1.84 (t, 4H), 1.44 (s, 9H), 0.99 (t,
6H) and 0.93 (t, 6H). *C-NMR (CDCl;, 100MHz) &ppm: 173.3, 170.7, 127.5, 80.4,
75.3, 64.6, 61.1, 36.1, 32.7, 29.5, 14.0 and 11.5. FT-IR (Cm'l): 3581, 2973, 2875,
2361, 1884, 1730, 1632, 1473, 1365 and 1251. GPC molecular weights: Mn = 6000,
My, = 13500 & M,/M,, = 2.2

2.2.16. Synthesis of BPCL100: HO-OPV-OH (12.75 mg, 0.019 mmol), monomer 8
(500 mg, 1.93 mmol), Sn(Oct) (3.92 mg, 0.0096 mmol). Yield = 240 mg (48%). 'H-
NMR(CDCls, 400 MHz) dppm: 7.47-6.92 (m, 14 Ar-H), 4.45 (t, 4H), 4.14 (t, 6H),
3.95 (d, 4H), 3.76 (t, 2H), 3.66 (t, 1H), 2.45 (t, 4H), 1.85 (t, 4H), 1.44 (s, 9H), 0.98 (t,
6H) and 0.93 (t, 6H). **C-NMR (CDCl;, 100MHz) dppm: 173.6, 170.6, 80.7, 75.5,
64.9, 61.3, 36.5, 33.0, and 29.0. FT-IR (cm™): 3581, 2974, 2875, 2361, 1884, 1731,
1632, 1473, 1363 and 1252. GPC molecular weights: M,, = 12,700, M,, = 35,600 &
Mw/M, =2.8

2.2.17. Encapsulation of doxorubicin (DOX) into BPCLx nanoparticles: The
anticancer drug, DOX was loaded into the BPCLx nanoparticles by the dialysis
method. DOX.HCI was neutralized with triethyl amine prior to loading. In a typical
experiment 2.0 mg of the polymer and 0.5 mg of DOX were dissolved in DMSO (2.0
mL). Deionized water (3.0 mL) was added drop wise into the polymer solution. The
resulting solution was stirred at 25 °C under dark conditions for 4 h. The solution was
transferred to the semi-permeable membrane having MWCO 1000 and then dialyzed
against large amount of deionized water for 48 h. Fresh water was replenished
periodically to ensure the removal of un-encapsulated DOX and DMSO from the
dialysis membrane. The dialyzed solution was filtered, lyophilized and stored at 4 °C

for further usage.

The drug loading content and drug loading efficiency were determined by
absorption spectroscopy. The absorbance of the DOX in DOX loaded BPCLXx
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nanoparticles at 480 nm was used to determine the DLC and DLE. The amount of
DOX loaded into the polymer nanoparticles was determined by the molar extinction
coefficient of DOX as 11500 L mol™® cm™. Drug loading content (DLC) and drug
loading efficiency (DLE) were calculated using the following equations.*

DLC (%) = {weight of drug encapsulated in nanoparticles / weight of drug loaded

nanoparticles} x 100%

DLE (%) = {weight of drug encapsulated in nanoparticles / weight of drug in feed} x
100%

2.2.18. In vitro drug release studies: The release profile of DOX from polymer
nanoparticles was studied using dialysis method under physiological conditions. DOX
loaded nanoparticles (1.0 mL) were taken in semi-permeable membrane. The
membrane was immersed in PBS (10.0 mL) (at pH 7.4) and it was incubated at 37 °C.
At specific time intervals PBS (2.0 mL) was withdrawn and replaced with equal
volume of fresh PBS buffer. The absorbance of each aliquot was measured using
absorption spectroscopy. The absorbance at 480 nm was used to determine the
amount of DOX released from the nanoparticles. Esterase assisted drug release studies
were carried out by adding 10 U esterase enzyme following the above mentioned
procedure. The cumulative release of the drug was calculated by using following

equation.**

Cumulative drug release = (amount of drug release at time t / total amount of drug in
the nanoparticle taken in dialysis tube) x 100

2.2.19. Cell-viability assay (MTT assay): The cytotoxicity of DOX loaded polymer
nanoparticles and polymer nanoparticles alone was studied in HelLa cell line using the
tetrazolium salt, 3,4,5-dimethylthiazol-2,5-diphenyltetrazolium bromide (MTT). In a
96-well plate (Corning, USA), 1000 cells were seeded per well in 100 puL of DMEM
with 10% FBS (fetal bovine serum) and allowed to adhere for 16 h. Prior to drug
treatment, media from the cells was aspirated and various concentrations of DOX and
drug loaded polymer nanoparticles were added as feed. A blank control, DMEM with
FBS in the absence of cells and an untreated control, cells with DMEM containing
FBS, were used in each experiment. All control and treated experiment wells were in

triplicate. Cells were incubated for 24 h without a change in medium and after 24 h
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the drug containing medium was aspirated. A freshly prepared stock solution of MTT
in sterile PBS (5 mg/mL) was diluted to 50 pug/mL in DMEM. 100 pL of this solution
was added to each well. Cells were then incubated with MTT for 4 h at 37 °C.
medium with MTT was then aspirated from the wells and the purple formazan
crystals that formed as a result of reduction of MTT by mitochondrial dehydrogenase
enzyme from the cells were dissolved in 100 uL of DMSO (added per well). The
absorbance from the formazan crystals was immediately measured using a micro plate
reader at 570 nm (Varioskan Flash) and was representative of the number of viable
cells per well. Values from triplicate run for each control and treated set were noted

and their mean value was used for calculations.

2.2.20. Cellular uptake studies using confocal microscopy: HeLa cells were seeded
at a density of 1 x 10° cells on flame dried cover slips coated placed in 6 well plates
containing DMEM medium with 10 % FBS. The cells were incubated at 37 °C for 16
hours and then exposed to the required concentrations of free DOX, BPCLx polymer
nanoparticles alone and DOX loaded polymer nanoparticles for 4 h in a CO, incubator
at 37 °C. After incubation, drug-containing medium was aspirated from each well, and
cells were washed twice with PBS (1 mL per wash) and fixed with 4 %
paraformaldehyde solution in PBS for 10 minutes at room temperature. The cells were
washed twice with PBS (1 mL per wash) and stained with phalloidin conjugated to
Alexa 488 (invitrogen) diluted 1: 100 in 5 % BSA solution in PBS. This incubation
was performed in the dark and excess of dye was washed from the cells with PBS.
The cover slips were mounted on slides using Fluoromount-G mounting medium
(Southern Biotech). Slides were then dried overnight at room temperature in the dark.
The cells were imaged using a LSM 710 confocal microscope with the A 420 nm (blue
channel), A 560 nm (red channel) and A 488 nm (green channel) lasers. Images thus
obtained were analyzed using Image J analysis software and the image for each

channel was separated.
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2.3. Results and Discussion
2.3.1. Synthesis and Characterization of Polymers

The hydroxyl functionalized OPV and substituted caprolactone monomer were
synthesized through multi-step reaction as shown in scheme 2.1. Hydroquinone was
converted into 1-methoxy-4-(2-ethylhexyloxy) benzene (1) and it was subjected to
bromomethylation to give compound 2. Compound 2 was converted into
bisphosphonate  ester  (3).***  2-Chlroethanol ~was coupled with  4-
hydroxybenzaldehyde to yield 4. Compounds 3 and 4 were reacted together using
potassium tert-butoxide by Wittig-Horner reaction to produce bishydroxyl
functionalized HO-OPV-OH (5).

OH OR (CH,0), OR OR

OC,H
KOH, DMSO HBr/Acetic acid Br P(OEt); cszo:P/ 2M5
—_— = —_— N —— o
. 0
2-Ethyl-hexyl bromide 80°C, 12 h Br 160 °C,12h /F‘\/
HO 80°C, 48 h RO RO RG CoHsO  OC,Hs
1 2 3

4 | KOtBu, THF
c ™o 30°C, 12h

OR
OH HO
I . O o)\
K,CO3, KI - 80°C, 48 h . O \ O o ~OH
RO

HO-OPV-OH 5

Scheme 2.1. Synthetic scheme of hydroxyl functionalized Oligo (phenylenevenylene).

The t-butyl carboxylic ester substituted caprolactone monomer was
synthesized starting from 1,4-cyclohexanediol in multistep synthesis.*® Michael
addition reaction of t-butyl acrylate tol,4-cyclohexanediol and the subsequent
oxidation of mono alcohol (6) by PCC yielded the ketone derivative (7). It was then
subjected to Bayer-Veliger oxidation to give substituted caprolactone monomer (8)
(see Scheme 2.2). All these compounds are characterized by *H-NMR, **C-NMR and

Mass analysis.

OH

o
KOtBu, THF o PCC o o mCPBA @
HO% . >LOJ\/\ON S ﬂowoﬁ%

30 h, Reflux 6h,30°C 12h,30°C OWO\K
NOK 6 CH,Cl, 7 CH,Cl, g ©
0

Scheme 2.2. Synthetic scheme of t-butyl carboxylic ester substituted caprolactone
monomer.

The ring opening polymerization was carried out using HO-OPV-OH as

initiator and Sn(Oct), as catalyst in a solvent free melt route (or neat) as shown in
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scheme 2.3. The polymerization of substituted caprolactone monomer 8 produced a
new OPV containing block copolymers in which the substituted polycaprolactone

arms are projected at both sides of the rt-core.

o

s

o
: e
o 130°C, 24 h 0o y O ! m

Bl LN P
HO-OPV-OH + — H{ \/MO/\/O O »
O\/YOK o n
o

Block copolymers BPCLx

Scheme 2.3. Synthetic scheme of block copolymers from t-butyl carboxylic ester
substituted caprolactone monomer.

These block copolymers were named as BPCLX, where x-represents the total
number of BPCL repeating units at both side of the OPV-core and B refers the t-
buytloxy substitution in PCL backbone. The monomer to initiator ratio [M]/ [lo] was
varied from 5 to 100 in the feed to produce different BPCLx chain lengths (or arms)
in the block copolymers. The structures of the BPCLx polymers were characterized
by 'H and *C NMR analysis. *H-NMR spectra of HO-OPV-OH and representative
example for BPCLx copolymers are given in figure 2.5.
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Figure 2.5. 'H-NMR spectra of HO-OPV-OH (a) and BPCLx (b) in CDCl5.

In figure 2.5a, the OPV exhibited typical aromatic peak splitting pattern with
respect to bis-stilbene chromophore.** In figure 2.5b, the BPCLx polymer showed
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protons corresponding to both OPV core (see the region 6.8 to 7.6 ppm) as well as
polycaprolactone units (see region below 5.00 ppm). The comparison of the peak
integrals of proton-a (from OPV part) with proton-f (from BPCL part) gave the
number of the BPCL units attached on the OPV core. For example for the feed ratio
of [M]/ [lo] = 20, the *H-NMR spectra accounted for total 22 BPCL (see figure 2.5b)
units and this polymer sample is referred as BPCL22. A similar NMR analysis was
done for other polymer compositions. The plot of [M]/ [lo] in the feed versus their
actual incorporation determined by 'H-NMR (see figure 2.6a) revealed that the

BPCLx polymer series followed linear trend with increase in [M]/ [lo] in the ROP

process.
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Figure 2.6. The plot of feed [M] / [lo] versus X, (no of repeating units) from *H-NMR
(a). GPC chromatograms of BPCLXx in tetrahydrofuran (b). Plots of M, (determined
by *H-NMR and GPC) and M,/ M, versus the monomer-to-initiator ratio in feed (c).

Table 2.1: Molecular weights of BPCL polymers determined by GPC and NMR

a a b b b b
6 8 2714 3 1500 4000 2.6
10 10 3228 5 2200 6600 3.0
20 22 6312 17 5100 15900 3.1
36 40 10938 30 7200 17900 2.5
50 60 16078 27 7700 13900 1.8
100 100 26358 47 12700 35600 2.8

@Number of repeating units are determined by *H-NMR and M, was calculated as M,
= (repeating unit mass) x n. ® Molecular weights and PDI determined by GPC in
THF.
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Molecular weights of the polymers were determined by gel permeation
chromatography and their molecular weights are given in table 2.1. GPC plots for
BPCLx polymers are given in figure 2.6b. All the polymers showed mono-model
distribution in the GPC plot and the retention time of the polymers decreased with
increase in the [M]/[lo] ratio in the feed. The plots of M, versus the BPCL chain
length (see figure 2.6¢) suggested that the linear trend for the formation of higher
molecular weight polymers at higher [M]/[lo] ratio. The polydispersity of the BPCL
polymers was found to be in the range of 1.8 to 2.9 as shown in figure 2.6¢. To further
confirm the controlled ROP process; the polymerization kinetic was carried out for
the substituted caprolactone monomer 8 at [M]/[lo] = 50. The aliquots were taken at
regular intervals and their molecular weights were determined by GPC. As shown in
figure 2.7a the GPC chromatograms showed mono-modal distribution for the aliquots
collected up to 120 minutes. The plots of the M, versus polymerization time (see
figure 2.7b) showed linear trend and the M,,/M, also did not change much. Thus, it
can be concluded that polymer with desired molecular weight can be synthesized by
controlled ring opening polymerization of newly designed monomer 8 and HO-OPV-

OH initiator in the ROP process.
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Figure 2.7. GPC chromatogram of aliquots of ROP kinetics for BPCL50 polymer (a),
Plot of molecular weight and polydispersity index versus (reaction) time.

The thermal properties of BPCLx polymers were investigated by TGA and
DSC analysis. TGA analysis of the polymers (see figure 2.7a) confirmed the thermal
stability of BPCLx from 200 °C to 230 °C. DSC thermograms of heating and cooling
cycles of the BPCL polymers are shown in figures 2.8b and 2.8c. The DSC
thermograms of BPCL-x series polymers were found to be sluggish to crystallize and
became completely amorphous. This trend was attributed to the steric hindrance
induced by the bulky t-butyl groups attached in the BPCLx polymers which hampered
the PCL chain folding for crystallization.
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Figure 2.8. TGA profile (a), DSC thermograms of BPCL, polymers, cooling cycle (b),
Heating cycle (c).

2.3.2. Self-assembly of polymers in Organic and Aqueous Medium

The polymers were designed with rigid OPV central m-core and flexible
BPCLx arm at both ends. The self-assemblies of these new classes of polymeric
building blocks were studied both in organic solvent (in THF) and in water. The
polymer samples BPCLx with 10 60, and 100 units were dissolved in THF (0.1
mg/mL) and their dropcaste films were subjected to imaging by field-emission
scanning electron microscopy (FESEM) and the images are shown in figure 2.9.

polymer concentration was maintained as 1.0 mg/mL and the images were recorded
for dropcaste films.

FE-SEM image of the BPCL10 and BPCL100 showed the formation of nano-
fibrous morphology. The average thickness of fiber was found to be 145 £10 nm 30
15, and 45 +10 nm for BPCL10, BPCL60, and BPCL100, respectively. The length of
the fibrils were found to be much longer in BPCL60 (6.8 £ 2um) BPCL100 (7.4 £
1um) compared to BPCL10 (4.0 £ 0.6um). The aspect ratios of the fibers were
determined to be ~ 30, 120 and 135 for BPCL10, BPCL60, and BPCLZ100,
respectively. This confirmed the existence of long range self-assembly of the polymer
chains for the exhibition of nanofibers. Atomic force microscope images of BPCL10
and BPCL100 are shown in figures 2.9a and 2.9b, respectively. BPCL10 showed the
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existence of curved nanofibers (see figure 2.9a) and their thickness were calculated to
be 400 £50 nm with length up to 5.3 £ 0.7um. On the other hand, BPCL100 produced
straight nano-fibers with thickness 70 +5 nm and length up to (3.0 £ 0.5um). Thus,
the self-organization of newly designed =-conjugated BPCL polymers were very
unique to produce variable length nanofibres which was indirectly controlled by the
BPCLx arm lengths.

Figure 2.9. Tapping mode AFM images of the BPCL10 (a) and BPCL100 (b)
(polymer concentration 1.0 mg/mL).

To investigate the self-assembly of n-conjugated BPCLXx polymers in aqueous
media; the samples were dissolved in DMSO + water mixture and dialyzed using
semi-permeable membrane having MWCO = 1000 for 48 h. The reservoir was
continuously replenished with fresh water to ensure the removal of DMSO. The
BPCLx polymers were found to produce very stable water solution (very stable for

more than 30 days at ambient conditions).

(a) P-10 | P-60 |P-100 (b) P-10 P-60 P-100
Hydrophilic

R

Hydrophobr R \RSel-assembly

Figure 2.10: Schematic representation of self-assembly of BPCLx polymer in aqueous
medium (a), Photographs of vials containing the dialyzed polymer solutions of BPCLx
under normal light and upon exposure to photoexcitation (b).
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The schematic representation of formation of self-assembly of BPCLx
polymers in aqueous medium is shown in figure 2.10a and it is attributed to the
hydrophobic rigid OPV core in the polymer which tries to stay away from the aqueous
medium. The photographs of vials containing BPCLx polymer dialyzed solutions are
shown in figure 2.10b. Upon exposure to UV-light irradiation, they showed high
intense blue fluorescence originated from the OPV core. This study clearly indicates
that the BOC substituted PCLx units are very good in producing stable aqueous

nanoparticles of n-conjugated luminescent OPVs for many newer applications.
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Figure 2.11. DLS histograms of BPCL10 (a), BPCL60 (b) and BPCL 100 (c) at 0.4
mg/mL, Plot of BPCLXx polymer nanoparticles size (DLS) in water versus no. of BPCL
units (d)

The polymer solutions were subjected to dynamic light scattering (DLS)
analysis to determine the size of the BPCLx polymer aggregates in water. DLS
histograms of BPCL10, BPCL60 and BPCL100 are shown in figure 2.11. These
samples showed mono-model distribution with the average sizes of the assemblies as
145 £10 nm, 250 £5 and 240 £5 nm, respectively. The average particle size of the
aqueous dispersion of BPCLx polymers were plotted against the number of BPCL
units (x-values) in the arms and the plot is shown in figure 2.11d. It is very clear from
the plot that the size of the particle increased with increase in the arm length and it
attained a plateau about 50-60 BPCLX units.
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Figure 2.12. BPCL10 (a), BPCL60 (b), and BPCL 100 from their aqueous dialysis

solution.

FE-SEM image of BPCL10, BPCL60 and BPCL100 are shown in figure 2.12
which revealed the formation of spherical nanoparticle morphology. The average
sizes of these nanoparticles were obtained as 100 +10 nm and 195 £10 nm for
BPCL10 and BPCL100, respectively. AFM analysis of BPCL60 and BPCL100 also
showed the formation of spherical naoparticles of 165 £15 nm 200 +15 respectively
(see figure 2.13). All three independent techniques DLS, FE-SEM and AFM
confirmed the formation of spherical nanoparticles in the newly designed BPCLx
polymers in water. The sizes of the nanoparticles were precisely increased from 120
to 250 nm by systematically varying the length of the BPCLx arms at either side of
the OPV core (see plot in figure 2.11d)

: i |
Figure 2.13. AFM images of BPCL60 (a) and BPCL100 (b) in aqueous medium.

To study the photo-physical properties of the OPV chromophores in the
polymers, their absorbance and emission spectra were recorded. The absorption and
emission spectra of BPCLx polymer nanoparticles in the aqueous solution are shown
in figures 2.14a and 2.14b. The concentration of BPCLXx polymers were maintained at

0.1 O.D with respect to OPV chromophore in solution state.
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Figure 2.14: Absorbance (a) and emission (b) spectra of dialyzed polymer solutions
of BPCLXx.

The absorption spectra showed maxima at 395 nm with respect to the OPV
chromophore and also a broad peak at 450 nm with respect to OPV chromophore
aggregation in water. The emission spectra were recorded by exciting at absorbance
maxima (Lex = 395 nm) and the OPV chromophore showed emission maxima at 490
nm. Based on the above analysis, it may be concluded that the newly designed
polymers having fixed OPV core and variable BPCLx arms are very interesting
classes of n-conjugated fluorescent materials to produce nano-fibrous morphology in
the organic solvents and also capable of producing luminescent nanoparticles in
water. Since, the aim of the present investigation is to explore these copolymers for
biomedical application; further, studies with respect to their nano-fibrous morphology

in thin film are not included.
2.3.3 Encapsulation Capabilities of BPCLx Nanoparticles

The loading capacity of the polymer nanoparticles was tested by anticancer
drug doxorubicin (DOX). DOX and polymer were dissolved in DMSO + water and
the solution was dialyzed against water using semi-permeable membrane for 48 h.
The reservoir was replenished with fresh water to remove the un-encapsulated DOX.
At the end of the dialysis, stable DOX encapsulated nanoparticles were produced. The
short armed polymer BPCL10 was unable to load the DOX into the nanoparticle
which suggest that minimum 50 unit arm length is required to produce stable self-
assembled nano-scaffold to load the drug into their nanocavity (see figure 2.15a for

schematic representation of encapsulation of DOX ).
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Figure 2.15: Schematic representation of DOX loading in the BPCLx nanoparticles.
DLS histograms of DOX loaded BPCL60 (b) and BPCL100 (c).

These DOX loaded nanoparticles are named as BPCLx-DOX. Drug loading
content was estimated using absorption spectroscopy. The DLCs were found to be 6.5
% and 8.3 % for BPCL60-DOX and BPCL100-DOX, respectively. Their DLEs were
calculated as 13.0 % and 16.7 %, respectively. The DLEs are little lower side;
however, the DLCs are moderate to high in the range of 5 to 8 % which is normally
observed for most of the polymer scaffolds in the literature.®****’ The block
copolymers reported in the present investigation is very good in encapsulating DOX
with good DLCs of 5.0 to 8.0 % for testing in cancer cell lines. It is necessary to
further optimize the length of the n-core as well as varying the types of substituted
PCL derivative to enhance drug loading efficiency. The DLS histograms for BPCL60-
DOX and BPCL100-DOX are given in figures 2.15b and 2.15c, respectively. They
showed mono-modal distribution and the size of the nanoparticles was found to be
200 £10 nm and 230 £10 nm for BPCL60-DOX and BPCL100-DOX, respectively.

Figure 2.16: FE-SEM images of DOX loaded BPCL100 (a) and BPCL60 (b), AFM image of
BPCL60-DOX (c).

FESEM image of BPCL60-DOX and BPCL100-DOX confirmed the
formation of spherical nanoparticle. AFM image of BPCL60-DOX is shown in figure

2.16¢ and it confirmed the nanoparticle formation. It is also important to mention that
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the loading of DOX did not alter the size and morphology of the nascent polymer

nanoparticles.

The photo-physical properties of the DOX loaded polymer nanoparticles
(aqueous solution) were studied by recording their absorption and emission spectra
(see figure 2.17). The optical density of BPCLx chromophore was maintained at 0.1
O.D with respect to OPV chromophore. In figure 2.17a, the absorption spectra of
BPCL60-DOX and BPCL100-DOX showed two maxima at 395 nm with respect to
OPV absorption and a broad peak at 480 nm with respect to DOX absorption. The
emission spectra of these polymers were recorded by exciting at 395 nm (with respect
to OPV excitation) (see figure 2.17b). BPCL100 (nascent polymer), BPCL60-DOX
and BPCL100-DOX showed emission with respect to OPV. At this excitation
wavelength, the free DOX showed negligible emission (see figure 2.17b).
Interestingly, there is no excitation energy transfer from OPV chromophore to DOX;;
thus no FRET process occurred between the OPV in the polymer backbone to the
DOX present in the nanoparticles. The emission spectra recorded at DOX excitation
wavelength (excited at 480 nm) are shown in figure 2.17c. Both free DOX and DOX
loaded nanoparticles BPCL60-DOX and BPCL100-DOX showed broad emission at
530 to 600 nm region with respect to DOX
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Figure 2.17. Absorbance spectra of free DOX, BPCL100 nanoparticles and DOX
loaded polymer nanoparticles (a), Emission spectra of DOX, BPCL100 nanoparticles
and DOX loaded polymer nanoparticles for Aecitation @t 395 nm (at OPV absorbance)
(b), Emission spectra of DOX, BPCL100 nanoparticles and DOX loaded polymer
nanoparticles for Aecitation at 480 nm (at DOX absorbance) (c)
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The loading of the DOX in the polymer nanoparticles was further conformed
using fluorescence microscopy imaging. Figures 2.18a-2.18d showed the FLM images
of BPCL60 DOX polymer. The blue fluorescence of OPV chromophore was observed
using 420 nm laser and red fluorescence from DOX was visualized using 568 nm
laser. The merged image in figure 2.18d showed very good overlap between red and
blue fluorescence from same nanoparticles. To further confirm, the nanoparticles were
subjected to confocal microscopic analysis (see figure 2.18e-2.18h). The Confocal
images represented the distribution of the blue OPV core as well as DOX in the entire
nanoparticles and directly supported the schematic representation of the solid
nanoparticle design as shown in figure 2.15a. Based on the above photo-physical
experiments as well as fluorescence and confocal microscope images, it may be
concluded that the OPV chromophore in the polymer scaffold and loaded DOX drug
in the interior do not exhibit any optical inference and they showed their independent

photo-physical characteristics.

DIC Polymer DOX Merged

20pm

10pm

Figure 2.18. Fluorescence and confocal microscopic images of DOX loaded BPCL60
nanoparticles in DIC (a,e); visualized through blue channel (41 420 nm) (b,f);
visualized through red channel (1 568nm) (c,g) and their merged image (d,h).

2.3.4 In vitro Drug Release and Cytotoxicity

The PCL backbone is constituted by the aliphatic ester linkage; thus, it is susceptible
to lysosomal enzymatic cleavage upon taken up by the cells.*"*® Therefore, one would
expect the enzyme-responsive biodegradation of the substituted PCL part would
disassembly the nanoparticles. In this process, the rupturing of the nanoparticles leads
to delivery of the loaded cargoes (DOX in the present case) to the intracellular

environment (see figure 2.19a).
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To study this phenomenon, in vitro drug release studies were carried out in
PBS in absence and presence of esterase enzyme at pH 7.4 and 37 °C. The cumulative
release was studied by absorption spectroscopy. The plot of cumulative drug release
in absence and presence of esterase enzyme (10 U)* for BPCL60-DOX are shown in
figure 219b. In the absence of esterase enzyme the scaffold showed very good
stability for the DOX loaded nanoparticles with less than 15 % release up to 48 h.
This suggests that the newly designed nanoparticles are very stable for intravenous
circulation. In the presence of esterase enzyme, the PCL part underwent enzymatic
biodegradation to release more than 80 % of the drugs in 48 h. This in vitro
experiment clearly demonstrates that the newly designed polymer scaffold was stable
in normal conditions and highly responsive to enzymatic cleavage at the intracellular

compartment to deliver the drugs.
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Figure 2.19. Schematic representation of enzyme-responsive cleavage of the DOX
loaded BPCLx nanoparticles (a). Cumulative drug release profiles of DOX loaded
BPCL60 nanoparticles in the absence and presence of esterase at 37 C in PBS (b).
DLS histograms of BPCL-60 polymer in the presence of 10 U esterase enzyme at
various time interval (c). AFM images of BPCL60 polymer nanopaticle at the initial
(d) and after 12h (e) of exposure to esterase enzyme.

To prove the biodegradation of the block copolymer nanoparticles, three
control experiments were carried out: (i) DLS studies of the polymer nanoparticle
degradation in the presence of esterase enzyme at 37 °C in PBS buffer, (ii) the
morphology of the polymer degraded product recorded by AFM and (iii) the degraded

products were analyzed by MALDI-TOF to identify the mass of the degraded units
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and their structures. The data from the first two experiments are given in figures 2.19c
to 2.19e. The DLS histograms of the polymer nanoparticles were recorded in the
presence of 10 U esterase for a period of 48 h at 37 °C in PBS (see figure 2.19c). The
initial data showed mono-model distribution with average size of the particles ~ 190
nm. With increase in time, the esterase enzyme cleaved the aliphatic ester backbone in
the PCL chain; as a result, the self-assembly of nanoparticles was disturbed. The
chopped PCL oligomer units were precipitated and turned the solution to turbid. The
photographs of the vials in figure 2.19c showed the formation of turbid solution at 48
h. With increase in the incubation time, the size of the particles increased from nano-
meter to micron-sized particles as evident from the DLS histograms (see figure
2.19c). AFM images of the initial and 12 h esterase enzyme treated samples are
shown in figures 2.19d and 2.19e, respectively. The sample exhibited the spherical
morphology at the initial stage; however, the nanoparticle features were completely
lost in the 12 h of esterase enzyme action. This supported the cleavage of the
nanoparticles by esterase enzyme. The turbid solution was lyophilized and the
degraded polymer sample was subjected to MALDI-TOF analysis. The MALDI-TOF
spectra showed the peaks with respect to the dimer and trimer species in the degraded
samples (see figure 2.20). The MALDI-TOF mass analysis along with DLS and AFM
images provided direct evidence for the biodegradation of the tri-block polymer

scaffold by esterase enzyme.
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Figure 2.20. MALDI-TOF spectrum of BPCL-60 polymer in the presence of 10 U
esterase enzyme after 48 h.
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The cytotoxicity of the nascent and DOX loaded BPCL60 and BPCL100
nanoparticles were investigated in cervical cancer (HeLa) cell line. The cytotoxicity
of the nascent polymer was tested in HeLa by varying their concentration up to 60
pg/mL. In figures 2.21a and 2.21b, the nascent polymer BPCL60 and BPCL100
nanoparticles, showed more than 80 % cell viability upto 30 pg/mL concentrations.
The cytotoxicity of the free DOX and DOX loaded BPCL60 and BPCL100 were
investigated and the data are shown in figure 2.21c and 2.21d, respectively. The free
drug concentration was maintained as equivalent to drug loaded in the polymer. The
concentration of the DOX was varied from 0.2 to 1.5 pg/mL. The DOX loaded
polymer nanoparticles exhibited about 50 % Kkilling of cells at 0.8 and 1.0 pg/ mL"
'drug concentration for BPCL60-DOX and BPCL100-DOX, respectively. The free
DOX showed much better killing compare to DOX loaded polymer nanoparticles. The
effect of polymer nanoparticles on the cell killing would be better visible in the in
vivo studies as supported by the EPR effect”® for macromolecular drug carriers.
Nevertheless, the present in vitro investigation provides direct evidence that the newly
developed DOX loaded polymer nanoparticles are promising candidate for killing
cancer cells more than 60-70 % which is very significant for any newly designed

polymer scaffold.

=
N
=]

. (a) 120 ; (b)

-
=3
=3

| BPCL60 ® BPCL100

=3
S

@
=]

40 -

Cell viability (%)
Cell viability (%)

Control 1 0 2 30 40 6 “Control 1 10 20 30 4 &
Concentration (pg/mL) Concentration (pg/mL)

100 (d)

-
=]
=]

@ BPCL100DOX ® DOX

® BPCL60DOX m DOX

=]
=1

80
60
40

I (C)
0.2 0.4 0.6 0.8 1 1.5

20
Control

Cell viability (%)

Cell viability (%)

o

Control 0.2 0.4 0.6 0.8 1 1.5

y Concentration (pg/mL)
Concentration (pg/mL)

Figure 2.21. Histograms showing cytotoxicity of BPCLx polymer nanoparticles
(alone) BPCL60 (a), BPCL100 (b), and DOX loaded BPCLXx polymer nanoparticles
BPCL60 DOX (c), BPCL100 DOX (d) in HeLa cells at various concentrations.
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2.3.5. Confocal Microscope Imaging and Cellular uptake

DIC P-60 Phalloidin Merged

4h

8h

12h

Figure 2.22.CLSM images of HelLa cells incubated with BPCL60 polymer
nanoparticles for 4h (a-d), 8h (e-h) and 12 h (i-1) The cells were observed through the
blue channel to locate the polymer (OPV chromophore) fluorescence. The actin
cytoskeleton network in cells is stained with phalloidin (green).

The cellular uptake and internalization of the nascent polymer and DOX
loaded nanoparticles were investigated in HelLa cells by confocal laser scanning
microscopy (CLSM). The nascent polymer nanoparticles are blue fluorescent in
nature; thus, they were tested for their uptake and detection for long term cellular
imaging applications. For this purpose, the BPCL60 nanoparticle was administrated to
HeLa cells and their confocal images were recorded and shown in figure 2.22. Since
the polymer nanoparticles are blue fluorescent, the cells were stained with Phalloidin
(green fluorescent). The images in figure 2.22 are clearly evident for the uptake of the
polymer nanoparticles in the cytoplasm and perinuclear environment. The merged
image in figure 2.22d is further support this claim. To study the influence of the
incubation period on the polymer nanoparticles uptake by the cells, the cells were
treated at various time intervals of 4h, 8h and 12 h. The Confocal images of cellular
uptake of 8 h and 12 h incubated cells are given in figure 2.22e to 2.22| along with 4h
images. The comparison of these images revealed that the cellular uptake of the
polymer nanoparticles at 4h is almost similar to that of 8h and 12 h. This implies that
the tri-block copolymer was capable of undergoing cleavage within 4h in the

cytoplasm. These experiments confirmed that the blue luminescent nascent polymer
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nanoparticles are highly cell penetrable and may be very useful for cellular imaging

applications.

DIC Polymer DOX Merged
)

P-60

P-100

Figure 2.23. Confocal microscopic images of DOX loaded polymer nanoparticles
BPCL60 DOX polymer nanoparticles (a-d), BPCL100 DOX (e-h) in treated HelLa
cells. The cells were observed through the blue channel to locate the polymer (OPV
chromophore) fluorescence and red channel to locate DOX fluorescence.

Figure 2.23 shows the CLSM images corresponding to DOX loaded
nanoparticles for BPCL60- DOX and BPCL100-DOX. The blue fluorescence
produced by the OPV chromophore was observed through blue channel (at X 420 nm)
and the red fluorescence from DOX was monitored through red channel (at A 568
nm). The merged images clearly showed magenta emission at the nucleus with respect
to the mixture of polymer blue emission and DOX red emission. The closer
observation in the merged panel further revealed that the DOX-loaded nanoparticles
preferentially accumulate at the nucleus of the cells. The red emission from DOX and
blue emission from OPV fluorophores were very clearly visible in the cytoplasm of
the cells (see figure 2.23b and 2.23c). This revealed that the current m-conjugated
chromophore containing polymer nanoparticle (alone) is very efficient for cellular
imaging in cancer cells. The OPV chromophores do not undergo any cross-talk
(energy transfer process) with loaded fluorescent drugs like DOX. Thus the optical
purity of the chromophores (OPV and DOX) is retained for the simultaneous
visualization of drug administration as well as nascent OPV polymer nanoparticle
uptake from single polymer dose. This new simultaneous imaging concept is not
restricted to this particular system; in principle, it can be expanded to other drugs and
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n-chromophores as long as there is no cross-talk between their optical properties. The
present investigation reports the development of new luminescent enzyme-responsive
(biodegradable) polymer nano-scaffolds for polymer drug delivery applications and
demonstrates the proof-of-concept for DOX delivery and cellular imaging in cervical
cancer cells.

2.4. Conclusion

In conclusion, a highly luminescent oligo-phenyelenevinylene (OPV)
chromophore and biodegradable polycaprolactones were cleverly chosen to make new
series of luminescent r-conjugated chromophore containing biodegradable polymer
nano-scaffold for cellular imaging-cum-drug delivery vehicle for administration to
cancer cells. For this purpose, a t-butyl ester substituted caprolactone monomer and
bis-hydroxyl functionalized OPV chromophore were custom designed through multi-
step synthesis and employed them as monomer and initiator, respectively, in the ring
opening polymerization methodology. The biodegradable arm length in the A-B-A
triblock species was precisely controlled by varying the monomer-to-initiator ratio in
the ring ROP process. It was found that the new series of block copolymers were self-
assembled as helical nanofibres in THF drop caste films. In water, the polymer
amphiphilic PCL arms facilitated the formation of spherical nanoparticle aggregates.
These nanoparticles were found to be blue luminescent and not toxic to cancer cells.
The loading of doxorubicin was accomplished in the hydrophobic core of the
nanoparticles. The detailed photo-physical studies revealed that there is no cross-
talking among the DOX and OPV chromophores in the photo-excitation process. In
vitro drug release kinetics revealed that the nanoparticles were stable in PBS buffer
and the PCL arm was found to undergo enzymatic bio-degradation to rapture the
nanoparticles to release the loaded drugs at the intracellular compartments.
Cytotoxicity studies indicated that DOX loaded polymer nanoparticles exhibited more
than 80 % cell Kkilling in HeLa cell lines. Confocal microscopic analyses further
establish the cellular uptake of the nascent blue luminescent nanoparticles as well as
DOX loaded nanoparticles in the cytoplasm and peri-nuclear environment. Here, the
new concept is demonstrated exclusively for OPV fluorophore and biodegradable
PCL system, and in general, this approach could be adapted to wide range of other

fluorophores and biodegradable polymers for better cancer therapy.
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Fluorescent-Tagged Biodegradable Polycaprolactone Block
Copolymer FRET Probe for Intracellular Imaging in Cancer
Cells
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Abstract

The present investigation reports a new fluorophore-tagged biodegradable
polycaprolactone (PCL) block copolymer FRET-probe for intracellular imaging in
cancer therapy. Hydroxyl functionalized =-conjugated oligo-phenylenevinylene
(OPV) chromophore was tailor-made and it was incorporated in t-butyl ester
substituted polycaprolactone block copolymer via ring opening polymerization. This
blue-luminescent OPV-PCL triblock self-assembled as < 200 nm spherical
nanoparticles (FRET donor) and it encapsulated water insoluble Nile red (NR, FRET
acceptor) to yield OPV-NR FRET probe. Selective photo excitation of OPV
chromophore in block copolymer nano-assembles enabled the excitation energy
transfer from the OPV to NR and facilitated the efficient FRET process in aqueous
medium. Time-correlated fluorescent decay dynamics and detail photophysical
studies were carried out to estimate the Forster distance, donor-acceptor distance and
the excitation energy transfer efficiency. These parameters confirmed the occurrence
of FRET process within the confined nano-particle environment. The PCL chains in
the FRET probe was susceptible for enzymatic biodegradation at the intracellular
environment and the degradation process controlled the FRET on/off mechanism.
Cytotoxicity studies revealed that the FRET probe was biocompatible and non-toxic
to cells and the FRET-probe was found to be readily taken up by the cancer cells and
it was internalized in the cytoplasm and peri-nuclear environment. Selective photo
excitation of OPV chromophore in confocal microscope exhibited dual emission from
the FRET probe. The cancer cells exhibited blue luminescence (self-emission) with
respect to the OPV chromophore (in blue channel) and bright red-luminescence from
the NR dye followed by the FRET process at the cellular level (in red channel). The
dual luminescence characteristics, biodegradation and biocompatibility makes the
newly designed PCL-OPV-NR FRET probe as an excellent biomedical nano-device
for bioimaging application and the proof-of-concept was established in cervical
(HeLa) and breast cancer (MCF 7) cell lines.
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3.1 Introduction

Fluorescent probe tagged polymer nano-carriers are emerging as multi-
purpose biomaterials for both delivering anticancer drugs/genes and also as
luminescent probes for cellular imaging in cancer therapy.® Macromolecular nano-
carriers have additional advantages of passive selective accumulation through EPR
effect and also capable of enhancing the bioavailability and biodistribution of loaded
cargoes at the cancer tissues.*® Among the various fluorescence techniques; Forster
resonance energy transfer (FRET) process® is one of the most powerful noninvasive
tool and it was employed to study protein folding’ and monitoring real-time drug

release kinetics at the cellular level (see figure 3.1).%°

Dual-color Photoluminescent Monitoring of DOX Delivery
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Figure 3.1. Schematic representation of dual color, luminescent nano-fibers based on
FRET mechanism between DOX molecules and upconversion nanofibers for
ratiometric monitoring of DOX release (Adopted from Fu et al. ACS Biomater. Sci.
Eng. 2016, 2, 652-661)

The development of FRET probes for biological application is relatively
challenging task since geometry of the polymer nano-carriers should be capable of
confining the donor-acceptor chromophores within the Forster distance of 20-60 A
under physiological conditions.® Three types of polymeric systems were explored in
the construction of FRET probes: (i) FRET donor-acceptor chromophores either
chemically conjugated on the non-luminescent polymers®*® or physically
encapsulated in their nano-scaffold,"** (ii) luminescent r-conjugated cationic
polymer nano-assemblies as FRET donor which encapsulated FRET acceptor dyes or

16-19

drugs, and (iii) both FRET donor and FRET acceptor rn-conjugated chromophores
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constituted as part of the backbone.*?° Cationic polyfluorene’®*’

3,21

and poly(fluorene-
benzothiadiazole) random copolymers,®** poly(p-phenylenevinylenes) *® and poly(p-
phenyleneethylene)s? (see figure 3.2) are some of the very good examples for the 7-

conjugated FRET systems.
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Fluorescent Supramolecular
polymer complexes

FRET modulation
Figure 3.2. Schematic illustration of FRET-based cell sensing using conjugated

polymer-GFP complexes. The polymer and GFP form supramolecular complexes
through electrostatic interactions, giving rise to FRET responses that are modulated
when the complexes interact with cell surface (adopted from et al. J. Am. Chem. Soc.
2016,138, 4522-4529)

The tunability of HOMO-LUMO bad gap in the -conjugated chromophores®
provided unlimited opportunity to make FRET probes ranging from visible to NIR
region.?* The n-conjugated polymer FRET probes were employed as biological

16-17

sensors,?? detection of DNA methylation in cancer, spermine,”® microbial

pathogens (see figure 3.3),'® nucleic acid,*” G-quadruplex,?® intracellular release of
siRNA? and imaging of protein-specific glycons in cell surface,®® etc. Despite these
many advantages of FRET process; still the non-biodegradability of C-C bond in the
n-conjugated polymer backbone is still one of the major concerns for the biomedical

applications.
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Blue light

PFP-NMe,* PPV-NMe,*

Adding fungi
or bacteria

Figure 3.3. Schematic representation of pathogen detection based on FRET between
cationic conjugated polymers and chemical structures of PFPNMes;* and PPVNMes"
(adopted from Zhu et al. J. Mater. Chem. 2011, 7905-7912)

Biodegradable polyesters based on poly(L-lactide),®* poly(L-glycolide)** and

polycaprolactone (PCL)* are emerging as new generation biomaterials due to their
excellent enzyme-responsive cleavage of aliphatic ester-backbone by lysosomal
enzymes at the intracellular level. Among these polymers, functional

|134 |,36

polycaprolactone (PCL) block copolymers having hydroxyl,** azide,® alky

1* and ketone®® were widely studied for

alkyloxy,® oligoethyleneoxy,® chlorstyry
anticancer drug and gene delivery in cancer therapy. From our group, we reported
carboxylic functional PCL block copolymers as pH responsive nano-carriers under Gl
track.** The role of random and block copolymer polymer topology,** hydrogen bond-
controlled drug release,*® and incorporation of n-conjugated fluorophore for imaging-
cum-delivery® were also investigated. PEG-b-CPCL diblocks*™®

PEG-b-PCL-b- CPCL triblock*” copolymers were stitched with cisplatin for

copolymers and

synergistic combination therapy in GSH-over expressed breast cancer cells. Recently,
few efforts have taken by other groups to encapsulate FRET donor-acceptor
molecules in the PCL to study DOX release aspects,*® in vivo siRNA + quantum dot
delivery*® and DOX delivery to peritumoral chemotherapy.*® This survey revealed
that until now there is no effort has been taken to construct fluorophore-tagged PCL

block copolymer nano-assembles as FRET probes in the literature. The approaches
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towards the development of new PCL based FRET probe is very important for both
fundamental understanding of enzyme-responsiveness on FRET process and also the
construction of biocompatible and biodegradable FRET diagnostic device for cancer
therapy. Our efforts towards achieving this goal on PCL based FRET probe and the

concept is shown in figure 3.4.
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FRET Process in Polymer Nanoparticle and Cellular Imaging in Cancer Cells

Figure 3.4. Development of biodegradable PCL polymer FRET Probe for imaging in
cancer.
The present investigation is emphasized to develop one of the first PCL based

FRET probes, study the FRET process by photophysical techniques and demonstrate
the proof-of-concept of FRET at the cellular level in cancer cells. For this purpose, -
conjugated oligo-phenylenevinylene (OPV) fluorophore was chosen as FRET donor
and it was conjugated as part of the PCL triblock copolymer (see Figure 1). This OPV
block copolymer self-assembled into aqueous blue luminescent nanoparticle (FRET
donor) which encapsulated water insoluble Nile red (NR) as FRET acceptor. The PCL
block copolymer assemblies acted as nano-container for photo excitation energy
transfer from OPV to NR and chromophores enabled the construction of efficient
FRET probe. Detail photophysical studies such as absorption, emission and time
correlated fluorescence decay profiles were done to establish the close vicinity of
donor-acceptor chrmophores within the Forster distance for the occurrence of FRET
process. Cytotoxicity data confirmed that the new PCL-FRET probe was highly
biocompatible and it was non-toxic to cells. The FRET probe was readily internalized
in the cancer cells through endocytosis and selective photo excitation in the confocal

microscope provided direct evidence of the
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3.2 Experimental Section

3.2.1Materials: Horse liver esterase enzyme, Nile red (NR), 3-(4,5-dimethylthiazole-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), 4 % paraformaldehyde, DMSO were
purchased from Sigma Aldrich and used without further purification. Wild type
mouse embryonic fibroblasts (WTMEF) cells, cervical (HeLa) and breast (MCF 7)
cancer cells were maintained in DMEM (Gibco) containing FBS (fetal bovine serum)
10 % (v/v) and penicillin-streptomycin 1 % (v/v) at 37 °C in CO, (5 %) atmosphere.
Cells were washed with DPBS (40 %) and trypsinized using 0.05 % trypsin (Gibco).
The cells were seeded in 96-well or 6-well flat bottom plastic plates (as per the
experiment) for all assays. The t-butyl carboxylic ester substituted caprolactone
monomer (1) and fluorescent HO-OPV-OH initiator were synthesized following our
earlier report.**

3.2.2Methods: Absorption studies were carried out using Perkin Elmer Lambda 45
UV-vis spectrophotometer. The emission spectra and time resolved fluorescence
lifetime measurements (TCSPC) were recorded using SPEX Fluorolog HORIBA
JOBINVYON fluorescence spectrophotometer. The 450 W Xe lamp was used as
excitation source to record steady state emission spectra. All photophysical
measurements were carried out by maintaining the optical density of OPV
chromophore at 0.1. The emission spectra were recorded at excitation wavelength of
395 nm and 550 nm corresponding to OPV and NR excitation, respectively. TCSPC
measurements were carried out using nano-LED source with wavelength 371nm was
used for excitation and life time was collected at emission maxima of 495 nm and 595
nm. The lifetime decay data was fitted using DAS6 software. Average particle size of
the polymer nanoparticles were investigated by dynamic light scattering (DLS) using
Nano ZS-90 apparatus utilizing 633 nm red laser (at 90° angle) from Malvern
Instruments.  Nanoparticles were characterized using Zeiss Ultra plus scanning
electron microscope. Atomic force microscopic (AFM) images were recorded using
Veeco Nanoscope IV instrument and samples were drop casted on mica sheets and
recorded in tapping mode. Confocal laser microscope analysis was carried out using

Carl Zeiss Axiovert 200 microscope.

3.2.3. Synthesis of OPV-PCL block copolymers: t-Butyl substituted caprolactone
monomer (400.0 mg, 1.55 mmol), hydroxyl functionalized HO-OPV-OH initiator
(34.0 mg, 0.051 mmol), for monomer to initiator ratio, [M]/[1] = 30) and Sn(Oct), as

102



Chapter 3

catalyst (10.4 mg, 0.025 mmol) were taken in schlenk tube. The polymerization
mixture was evacuated under high vacuum for 30 minutes and the polymerization was
continued by immersing the tube at 130 °C with stirring for 12 h under vacuum (1
mm of Hg). After the completion of polymerization, the viscous mass was dissolved
in tetrahydrofuran and precipitated in hexane. The polymer precipitate was filtered
and dried in vacuum oven. Yield = 230 mg (58 %). *H-NMR (CDCls, 400 MHz) §
ppm: 7.46-6.89 (m, 14H), 4.45 (t, 4H), 4.13(t, 6H), 3.95 (d, 4H), 3.74 (t, 2H), 3.67 (t,
1H), 2.46 (t, 4H), 1.85 (t, 4H), 1.43 (s, 9H), 0.98-0.93 (t, 12H). *C-NMR (CDCl;,
400 MHz) 6 ppm: 173.2, 170.6, 127.6, 114.3, 80.5, 75.2, 65.8, 64.5, 61.2, 39.2, 32.5,
29.0, 22.8,14.1.FT-IR (cm™):3585, 2970, 2871, 2360, 1885, 1735, 1630, 1472, 1365,
1255.

3.2.4 Preparation of luminescent polymer nanoparticles: The OPV-PCL block
copolymer (2.0 mg) was dissolved in 1.0 mL of DMSO and 4.0 mL distilled water
was added drop wise into the solution. The resulting solution was stirred at 25 °C
under dark for 4 h. This polymer solution was dialyzed against distilled water using
commercial cellulose ester semipermeable membrane (MW 3500) for 48 h. Fresh
water was replenished periodically to ensure the removal of DMSO from dialysis
membrane. The dialyzed solution was filtered, lyophilized and stored at 4 °C.

3.2.5. Encapsulation of Nile red (NR) in polymer nanoparticles: To encapsulate
Nile red (NR) in the polymer nanoparticles; 2.0 mg of the polymer and 0.2 mg of NR
were dissolved in DMSO (2.0 mL) and distilled water (3.0 mL). The solution was
stirred at 25 °C under dark for 4 h and dialyzed using semi-permeable membrane as
described above. The dialyzed solution was filtered, lyophilized and stored at 4 °C.
The absorption spectra of these NR encapsulated block copolymers were recorded
with 0.4 mg/mL concentration of the polymers and the optical density was found to be
0.21 at 550 nm (NR absorption maxima) which was sufficient enough to determine
the DLC and DLE of NR. The dye loading content (DLC) and dye loading efficiency
(DLE) were calculated using the equations:*

DLC (%) = {weight of NR encapsulated in nanoparticles / weight of NR loaded

nanoparticles} x 100%
DLE (%) = {weight of NR encapsulated in nanoparticles / weight of NR in feed} x 100%
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3.2.6. Enzymatic biodegradation of Nile red encapsulated OPV-PCL block
copolymers: Nile red (NR) encapsulated block copolymer P30-NR was subjected for
enzymatic biodegradation study in order to understand the enzyme responsive
behavior of polymer nanoparticles and its effect on the FRET process between OPV
and NR. For this purpose P30-NR polymer nanoparticle solution (2.3 x 10° M with
respect to OPV) in PBS pH = 7.4 was taken in a vial and esterase enzyme was added
to it followed by incubation at 37 °C. The steady state fluorescence spectra were
recorded at different time intervals and change in the NR emission intensity at 595 nm
was monitored with time. The same experiment was carried out in absence of esterase
enzyme in PBS pH=7.4 at 37 °C to determine the stability of NR encapsulated
polymer nanoparticle.

3.2.7. Cell-viability assay (MTT assay): The cytotoxicity of nascent polymer
nanoparticles and NR loaded polymer nanoparticles was investigated in HeLa cell line
using MTT assay.* 10° cells were seeded per well in a 96-well plate in 100 pL of
DMEM with 10% FBS. The cells were adhered for 16 h. Medium from the cells was
removed. Various concentrations of polymers and NR loaded polymer nanoparticles
were added to the cells. Experiment was carried out using medium with FBS without
cells and an untreated control, medium with FBS containing cells. Cells were
incubated for 24 h without changing medium followed by aspirating the compound
containing medium. A fresh 100 pL solution of MTT (prepared from stock solution)
was added into each well followed by incubating the cells with MTT for 4 h at 37 °C.
MTT was reduced by dehydrogenase enzyme present in the cells to form purple
formazan crystals. 100 pL of DMSO was added in each well to dissolve these
formazan crystals. The number of viable cells in each well was determined by
measuring absorbance of formazan crystals at 570 nm using a micro plate reader at
(\Varioskan Flash).

3.2.8. Cellular uptake studies using confocal microscopy: HelLa cells, Wild-type
MEF cells and MCF 7 cells at a density of 10° cells were seeded on cover slips placed
in 6 well plates containing DMEM medium** followed by incubation of cells at 37 °C
for 16 h. The cells were treated with desired concentrations of polymer nanoparticles
and NR encapsulated polymer nanoparticles for 2 h in a CO; incubator at 37 °C. Post
incubation, medium was aspirated from Cells were washed with 1 mL of PBS and
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fixed with 4 % PFA solution in PBS (10 minutes) followed by washing the cells with
1 mL of PBS. Fluoromount-G was used to mount the cover slips on slides. Slides
were allowed to dry at room temperature for overnight. The cell imaging was done
using a LSM 710 confocal microscope with the A 405 nm and A 561 nm lasers. Image
J analysis software was used to analyze the images. To determine the cellular uptake
of the polymer nanoparticles and NR encapsulated polymer nanoparticles the images
were recorded in lambda mode wherein the cells were excited by 405 nm laser source
and the intensity was recorded at each 5 nm interval from 415 to 725 nm range.
Further an area of the cell was chosen and the mean intensity was generated using

Image J analysis software and was plotted against wavelength.

3.2.9 Flow Cytometry Measurements: Flow cytometry analysis was carried out to
study the cellular uptake of P30 and P30-NR polymer nanoparticles in cervical cancer
cells following our earlier procedure.*? 1 x10° HeLa cells were seeded in 6 well plate
containing DMEM media. The incubation of cells at 37 °C was carried out for 16 h.
The cells were treated with P30 and P30-NR nanoparticles and incubated for 4 h.
After incubation the cells were washed with PBS and digested with 500 pL of trypsin
and incubated for 1 min. The suspension was subjected to centrifugation at 10000 rpm
for 5 min and pellet was resuspended in PBS (1 mL). BD LSR Fortessa SORP cell
analyzer equipped with five lasers and 18 color detectors was employed for the flow
cytometry studies. 405 and 561 nm lasers were used for excitation of OPV and NR

and band-pass filters were chosen as 450 +50 and 610 +£10 respectively.

105



Chapter 3

3.3 Results and Discussion
3.3.1. Synthesis and Self-assembly of Fluorescent-Block Copolymers

The t-butyl carboxylic substituted caprolactone monomer and the fluorescent
hydroxyl functionalized oligo-phenylenevinylene (HO-OPV-OH) initiator as well as
the fluorescent-tagged polycaprolactone block copolymers (P30) were prepared via
ring opening polymerization using HO-OPV-OH as initiator and Sn(Oct); as catalyst
at 130 °C (see Scehme-3.1 for the structure of PX polymer). following synthetic

procedures given in chapter 2.

>‘\Oj)\/\0 o
H\O{/\)\/\I)(O]:/\O O \ 0\/(/\/ O/\)kok
O’ \ ' o/\/O\(fﬁ\)\/\O}Hm
/\/j/\

P-X (X =m+n = 10, 30 and 60)
Scheme 3.1. Chemical structure OPV containing of block capoltmer

These polymers are referred as P-X (X= 10, 30 and 60) where X-represents the
total number of PCL units present at the either side of the OPV chromophores in the
block copolymer. P10 and P60 polymers were used from chapter 2.The no of
repeating units for P30 polymer were estimated from 'H NMR as described in

previous chapter (chapter 2).

The aqueous self-assembly of the fluorescent-tagged block polymer
nanoparticles was studied by dissolving the polymer in DMSO+ water and dialyzed in
distilled water using semipermeable membrane. Fresh water was replenished
periodically to ensure the removal of DMSO. The polymer structure possessed a rigid
hydrophobic aromatic OPV core in the centre and flexible carboxylic ester bearing
hydrophilic segments as arms at either side of the OPV part. The PCL chains are
highly hydrophobic and expected to be water insoluble; however, the t-butyl ester
substitution anchored as pendants in the PCL backbone enhanced the water
dispersability of the block copolymer nano-assemblies. Earlier, we proved that these
polymer nano-assemblies were very stable and capable of loading anticancer drug
molecules and deliver them to cancer cells.** In the present study to confirm the
formation of polymer aggregates, the dialyzed block copolymer solution was

subjected to dynamic light scattering (DLS) studies. The DLS histograms exhibited

106



Chapter 3

mono-modal distribution with respect to the formation of 180 10 nm sized
aggregates (see Figure 3.5b). Further to visualize the shape of the polymer
aggregates, they were subjected to electron microscope (FESEM) and atomic force
microscope (AFM) imaging. FESEM image in figure 3.6¢c showed the formation of
spherical nanoparticle morphology with average particle size as 150 + 30 nm. AFM
images also confirmed the formation of spherical nanoparticles of size 170 +10 nm
(see figure 3.5d). The sizes of the dialyzed polymer nano-aggregate in DLS matched
very well with the FESEM and AFM images and confirmed the formation of
nanoparticles for the OPV-PCL block copolymers model as shown the in figure 3.6a.
Polymer nanoparticles of size up to 250 nm range were reported to be readily taken up
by the cancer cells; H#44474%52 thys the custom designed polymer nanoparticles (<

200 nm) were within the acceptable range for cellular uptake studies.
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Figure 3.5.(a) Schematic representation of polymer nanoparticle formation. (b) DLS
histogram, (¢) FESEM and (d) AFM images of P-30 aqueous nanoparticles.
Absorbance (e) and emission spectra (f) of the OPV-PCL block copolymers in water.
The photographs in the vials showed under normal light and upon photo excitation by
UV-lamp. Absorbance (g) and emission spectra (h) of P-30 polymer in THF, water
and thin-film state.

Since the block copolymers have OPV chromophore, they were subjected to
photophysical studies. The absorption spectra of aqueous polymer nano-aggregates
showed maxima at 395 nm corresponding to OPV chromophore (see figure 3.6e). The
emission spectra of the polymers were recorded by exciting at absorption maxima of
OPV in the polymer (at 395 nm) and it showed maxima at 495 nm corresponding to

OPV chromophore. The photographs of the polymers under the hand-held UV lamp
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photo excitation (at A=365 nm) showed bright blue-luminescence (see Figure 3.6f)
and confirmed the strong emission characteristics in the nanoparticle. Thus, the
custom designed OPV fluorophore containing PCL block copolymers self-assembled
in water and produced stable fluorescent nanoparticles in aqueous medium. To study
the formation of types of OPV aggregates, the absorption and emission spectra of
OPV-PCL block copolymer (P30 polymer) were recorded in THF, aqueous medium
and solid state (in thin-film) and they are shown in figures 3.6f and 3.6g. The molar
extinction coefficient of the OPV chromophore containing P-10 block copolymer was
determined in both tetrahydrofuran (THF) and dialyzed aqueous solution. The
hydroxyl substituted HO-OPV-OH chromophore was not soluble in water; thus, its
molar extinction coefficient was determined in THF. To determine the molar
extinction coefficient, the sample concentrations were varied from 4x10” to 2x10° M
(see Figure 3.6). Using absorption spectroscopy, the molar extinction coefficient of
the P-10 block copolymer and HO-OPV-OH in THF were determined as 53,000 M™
cm™ and 61,000 M cm™ respectively. The molar extinction coefficient of the P-10
block copolymer in water was determined as 42,000 M™* cm. The molar extinction

coefficient values of the polymer samples were almost similar in both water and THF;
thus, it confirmed that the OPV chromophore has significant absorption in the visible
region. The photographs of the dialyzed sample polymer P-10 are shown in figure
3.6d and it is very clear that the samples were very well dispersed in water without

any turbidity or scattering.
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Figure 3.6. (a) Absorption spectra at different concentrations of HO-OPV-OH in
THF. (b) Absorption spectra at different concentrations of polymer P10 in THF (b)
and dialyzed aqueous medium (c). Inset figure shows optical density versus
concentration plot in linear fit for respective plot to calculate the molar extionction
coefficient. (d) Photograph of vials under normal light and UV light for P10 polymer.

The block copolymer showed identical absorption spectra with maxima at 395
nm with respect to OPV chromophore in THF, water and thin-film. On the other hand,
the emission spectra exhibited significant difference with respect to their self-
assembly in THF and water (or thin-film). In THF, the polymers showed emission
maxima at 445 nm with respect to isolated OPV chromophores. On the other hand, the
polymers showed 50 nm red-shift in water (maxima at 495 nm) followed by strong
aggregation. Aromatic m-conjugated chromophores such as OPV were well known to
undergo m-n stacking depending upon the solvent environment. 53541 Thys, the large
red-shift in the emission maxima was attributed to the emission from the J-type
aggregates by the hair-pin like micellar self-assembly of OPV chromophores. Further,
the emission spectra in thin film showed maxima at 495 nm which was almost
identical to that of their emission spectra in water. The n-m aggregation is typically
found to be maximum in the solid state; thus, the identical emission spectra of OPV-
PCL block polymers in water and thin film suggested that the OPV cores attained
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maximum aggregation in aqueous dialyzed nanoparticles as similar to that of solid

state.

3.3.2. Encapsulation of Acceptor and FRET Process

The OPV fluorophore tagged block copolymers were subjected for donor-
acceptor self-assembly study in aqueous medium. The OPV block copolymer and
acceptor molecules were dissolved in DMSO + water mixture and dialyzed using
semipermeable membrane. The NR loaded polymer nanoparticles were named as
P10-NR, P30-NR and P60-NR. In order to study the encapsulation of polymer
backbone, a diblock copolymer PEG-b-BPCL without OPV chromophores and having
100 repeating units (reported by us in earlier studies*®) was chosen as a non-
luminescent PCL polymer counterpart (see scheme 3.2). This polymer was donated by
Ms. Mehak Malhotra from our laboratory. It was encapsulated with NR and the

resultant non- luminescent polymer nanoparticles were employed as a reference.

ot ™SO o Q
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Scheme 3.2. Non-luminescent carboxylic PCL block copolymer (PEG-b-BPCL) for
encapsulating NR

The DLS histogram of P30-NR (see figure 3.7a) exhibited mono-modal
distribution and the size of the nanoparticles was found to be 185 + 10 nm. Further the
FESEM and AFM morphologies of these NR dye loaded polymer sample was found
to be spherical nanoparticles with sizes ranging as 160 + 10 nm. Thus, the loading of
NR did not alter the morphology of the polymer nanoparticles. Absorption spectra of
NR loaded polymer donor-acceptor pair (see figure 3.7b) showed polymer absorption
maxima at 395 nm corresponding to OPV chromophore and NR maxima as shoulder
at 550 nm. This confirmed the loading of the NR dye in the OPV block copolymer
nanoparticle. Dye loading content (DLC) and dye loading efficiency (DLE) were
estimated by absorption spectroscopy and it was found to be in the range of 0.36 to
0.45 % and 3.61 to 4.56 % respectively as shown in table 3.1. The DLC and DLE of
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this non-luminescent PEG-b-BPCL polymer was determined to be 0.44 % and 4.47 %
respectively, which were almost similar to that of the luminescent OPV-PCL block

copolymer nanoparticles.
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Figure 3.7. (@) DLS histogram, FE-SEM and AFM images of NR loaded P30
nanoparticles. (b) Absorbance spectra of NR loaded polymers P10, P30 and P60
nanoparticles in aqueous medium. (c) Emission spectra of the nanoparticles (solid
line) recorded at OPV excitation (1ex = 395 nm) NR excitation (lex = 550 nm, dotted
line). (d) Photo excitation energy transfer from OPV to NR and the occurrence of
FRET process in the nanoparticles. The OPV and NR concentrations are 2.3 x 10°M

and 5.0 x 107 M, respectively for photophysical studies
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Table 3.1. DLC and DLE of NR-loaded polymers.

Polymer DLC(wt %) | DLE(wt %)
PI0-NR 0.43 434
P30-NR 0.45 4.56
P60-NR 0.36 3.61
PEG-5-BPCLyy | 0.44 4.47

The concentration of NR present in the NR loaded block copolymer

nanoparticles was determined by absorption spectra as 5.7 x 10° M. The
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concentration of OPV chromophores was determined as 2.7 x 10° M. This estimated
the molar ratio between OPV in the polymer and NR in the nanoparticles as 1.0 : 0.21.
The NR dye has molar extinction coefficient as 38,000 M cm™;> thus, it has good
absorption characteristics as fluorophore. The loading capability could be increased
by further optimizing the block copolymer structures. Nevertheless, the quantity of
the NR dye encapsulated in the polymer nanoparticle was sufficient enough for
bioimaging application. The OPV-PCL block copolymers were employed as donor
and various electron deficient fluorophores such as fluorescine, Nile red (NR),
perylenebisimdes, and Rose Bengal were used as acceptors. It was found that only NR
loaded sample was found to be stable in aqueous medium and other donor-acceptor
combinations were precipitated during the dialysis process. Thus, the present polymer
micellar assemblies are suitable exclusively for NR loading.

The emission studies of the NR loaded polymers were carried out by exciting
at absorption maxima of OPV at 395 nm as shown in figure 3.7c. The optical density
of OPV chromospheres was maintained as 0.1 OD for this study. The emission
spectra of nascent OPV block polymer nanoparticle (without NR loading), and NR
loaded non-luminescent PEG-b-PCL block copolymer (without OPV chromophore)
and P30-NR (having both OPV and NR chromophores) were compared in figure 3.7c.
At 395 nm excitation, the OPV containing polymer P-30 exhibited emission maxima
at 495 nm with respect to OPV self-emission. In this sample there is no emission with
respect to NR. At 395 nm excitation, the NR loaded in non-luminescent PEG-b-PCL
nanoparticle (without OPV) showed almost no emission at 595 nm. At 550 nm
excitation (with respect to NR absorption); this sample showed little enhancement in
the NR emission at 595 nm (shown dotted line, see figure 3.7c). This suggested that
the NR dye does not have significant amount of emission from the nanoparticles at
395 nm excitation. The emission spectra of OPV and NR containing sample (P30-NR)
exhibited two emission maxima at 495 nm and 595 nm corresponding to the self-
emission from OPV chromophore and FRET induced emission form NR
chromophore, respectively (see Figure 3.7c). The comparison of emission spectra of
P-30 and P-30-NR samples revealed that the excitation energy transfer from OPV
chromospheres to NR in the P30-NR sample. Thus, the sample P30-NR exhibited
emission from NR at 595 nm followed by the FRET process. Based on the density
functional theory calculation in the literature; the LUMO (or S;) state of the OPV
chromophore and NR dye were found to be -2.60 eV**" and -3.56 eV*®, respectively,
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for the vacuum level. This suggested that S; state of the OPV was very well below the
S1 state of the NR which provided ample opportunity for the energy transfer process
in the present system for FRET process. This process is explained by schematic
energy model as shown in figure 3.7d.

The FRET between donor and acceptor resulted in the different emission color
than original color of either donor (OPV) or acceptor (nile red). Ideally OPV
chromophore is blue emitting molecule; hence, the nascent polymer showed blue light
emission in absence of Nile red (acceptor) (see vials in figure 3.5f). Upon
encapsulation of NR, the OPV polymer exhibited the donor acceptor interaction
which resulted in the orange-pink emission in the visible region (see vials in figure
3.7c). This difference in the emission color further confirmed from occurrence of the
FRET process. To further visualize the color difference, the OPV block copolymer
and its NR loaded sample were subjected to fluorescence microscope images and the

images are shown in figure 3.8.

DIC - Blue- channel Red- channel Merged

P30

P30-NR

Figure 3.8. Fluorescence microscope imaging of P30 and P-30-NR sample and the
images were captured in the blue and red-channels for the photoexcitation of OPV
chromophore using 405 nm LED Laser. The merged images are produced by

overlaying the blue and red channel images together. The OPV and NR
concentrations are 2.7 x 10° M and 5.7 x 10°® M, respectively.

The images were recorded by exciting the sample at 405 nm laser source and
visualizing through both blue and red channel. The nascent OPV polymer P30 showed
bright blue emission (in blue channel) and it did not show any red fluorescence (in the
red channel) (see the first panel). On the other hand, the NR loaded OPV block
copolymer exhibited bright red emission (in red channel) in addition to the self blue

emission. The merged image for the NR loaded sample showed magenta emission
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followed by the merging of blue+red colors. Further, the merged image also showed
the magenta color at the particle domain where the red and blue color observed in
respective channels confirming that FRET process between OPV and NR within the
nanoparticle domain (shown by arrows). These studies confirmed the excitation

energy transfer from OPV chromophore in the polymer (donor) to the NR (acceptor).

3.3.3. 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 Férster distance (Ro).® and determined by equation:
Ro = [8.79 x 10 (k™ *QpJ(W))]M®

where «? is the angle between the dipole moments of donor and acceptor, Qp is the
quantum yield of donor, n is refractive index of the medium and J(1), the overlap
integral form the emission spectrum of donor with the absorption spectrum of

acceptor is given as;’
J0) = f,” FoM)Ea) 1* d

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

The FRET efficiency can be determined from the equation:
Errer = (Ro°) / [Ro’+ R

where R is the distance between donor and acceptor molecules. The parameter Ry is
also dependent on the J(1), the overlap integral of the emission spectrum of donor and
absorption spectrum of acceptor. Errer is determined from the fluorescence life of

donor molecule as follows:®
E= 1-[’EDA/’ED]

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
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J(A) and R, determined as above were computationally determined using the

programme as per the literature report.*®
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Figure 3.9. (a) Overlap between the OPV emission spectrum of P-30 and absorbance
spectrum of NR in aqueous medium. TCSPC life time data for (b)P30 and P30-NR (c)
P10 and P10-NR and (d) P60 and P60-NR recorded by 371 nm LED source and
collected at OPV emission at 495 nm

Table 3.2 TCSPC life time data recorded by 371 nm LED source and collected at
OPV emission at 495 nm for OPV-PCL block copolymers and NR encapsulated OPV-
PCL block copolymers. The TCSPC decay data was fitted using DAS6 software and
bi-exponential fit was observed for all the polymers.

Polymer | t,(ns)| t,(ns) | Average e B, B,
T(ns)
P10 0.84 1.73 1.00 0.92 68.74 | 31.26
P30 1.0 1.65 1.21 0.75 56.85 | 43.15
P60 1.08 1.73 1.28 0.86 56.84 | 43.16
Polymer | t,(ns)| t,(ns) | Average e B, B,
T(ns)
P10-NR 0.04 0.69 0.04 1.09 87.84 | 12.16
P30-NR 0.12 0.74 0.18 0.97 61.98 | 38.02
P60-NR 0.16 0.83 0.24 1.03 58.97 | 41.03
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There was significant overlap (> 75 %) between the emission spectrum of
OPV in the polymer (FRET donor) and the absorption spectrum of NR (FRET
acceptor) (see figure 3.9a). Further, the energy transfer between donor and acceptor
was determined by time correlated single photon count (TCSPC) techniques. The
average fluorescence lifetime of the polymers was determined in absence and
presence of NR (acceptor). The TCSPC studies were done using 371 nm nano-LED
excitation source and the data were collected at emission maxima of OPV at 495 nm.
For the NR loaded polymer sample, the data were collected at both OPV emission
maxima at 495 nm and at NR maxima at 595 nm. All the polymers and NR
encapsulated polymers collected at OPV emission maxima are shown in figure 3.9b to
3.9d.The TCSPC decay data was fitted using DAS6 software and bi-exponential fit
was observed for all the polymers and the life time, amplitude and other details are
provided in table 3.2. The average life time data [(t1+72) /2] was used for the D-A
energy calculations and the determination of Erger by following reported procedure.
] The average lifetime values are summarized in table 3.2. The decay profiles clear
evident that the OPV chromospheres exhibited much faster decay in the presence of
NR. The comparison of the fluorescence lifetime data of the polymers in absence and
presence of acceptor showed that average fluorescence lifetime of the polymers has
been changed in the presence of the acceptor. There was significant decrease in the
average lifetime of the polymers in presence of acceptor which further confirmed the
energy transfer from OPV in the polymer (donor) to nile red (acceptor). The energy
transfer efficiency (E) was calculated for each combination of the donor acceptor pair.
The Errer values were obtained 82 to 95 % (see table 3.3) revealed the excellent
energy transfer between OPV and NR chromophores. The distance at which the FRET
is 50% efficient is called Forster distance (Ro) between energy donor and acceptor and
the distance should be in the range of 20 to 60 A.° From the table it is clear that the
Forster distance (Ro) for all the donor acceptor pairs was almost identical and they
were found be < 42 A for the present system. Both the Férster distance (Ro) and Erget
values were used to determine the intermolecular distance (R) between the OPV and
NR in the nanoparticle domain. The values of R were found to be < 32 A (see table
3.3) which is much below the Forster distance (Ro) and provide direct evidence for the
efficient FRET process at the nanoparticle domain. The size of the NR encapsulated

polymer nanoparticles was in the range of ~180 nm (obtained from DLS
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measurements at concentration of 0.4 mg/mL) and this particle size corresponds to the
aggregation of few nanoparticles together in the agueous medium. The donor-
acceptor distance determined by the photophysical experiments represent the actual
OPV and NR distance within the isolated nanoparticles in the aqueous medium. The
detail photophysical analysis confirmed that the custom designed OPV fluorophore
bearing PCL block copolymers are efficient nano-container for facilitating FRET

process between OPV and NR.

Table 3.3. all the parameters determined for the FRET process

Polymer J(A) Ry, |[1p Tpa E R
(M-'cm”'nm?) | (A) [(ns) | (ns) (A)

P10-NR 1.96 x 10" | 41.82 | 1.00 0.04 | 095 | 25.89
P30-NR 1.67 x 10" | 4156 |1.21 0.18 | 0.86 | 31.08
P60-NR 1.56 x 10" | 41.48 | 1.28 0.24 | 0.82 | 32.54

3.3.4. Enzyme-responsiveness and FRET Process

The polycaprolactone arms in the block copolymer is aliphatic polyester in
nature; thus it is readily susceptible for enzymatic biodegradation under physiological
conditions.”®* The biodegradation of PCL segments in the block copolymer would
bring the hydrophilic-hydrophobic imbalance thereby the nanoparticle undergo
disassembly as shown in figure 3.10a. This process is expected to induce large
separation of OPV donor and NR acceptor more than Forster distance (Ro); thus the
FRET process is expected to be turn-off in the NR loaded nanoparticle assembly. In
order to study the effect of enzyme-responsiveness of the block copolymer
nanoparticles on the FRET process; esterase enzyme was chosen to biodegrade PCL
segments.*? The steady state fluorescence spectra of the P30-NR nanoparticle were
recorded at different time intervals in the presence or absence of esterase enzyme in
PBS 7.4 at 37 °C. In the absence of esterase enzyme, the nanoparticle was very stable
and there is no change in the intensity of NR emission maxima at 595 nm (see Figure
3.10b). In presence of esterase enzyme, the cleavage of nanoparticle and separation of
OPV and NR chromophores apart reflected on the decrease in the NR emission
intensity at 595 nm (see Figure 3.10c). The decrease in the FRET intensity was
attributed to the separation of OPV and NR chromophores upon the biodegradation of
PCL chain by enzymes. The isolation of OPV and NR would increase the donor-
acceptor distance more than the Forster distance (Ro); thus, hampered the FRET
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process. To quantify the enzyme action on the FRET process; the plot of [Fo-F]/Fo
x100 was plotted against incubation time and shown in figure 3.10d. In this plot Fq is
the fluorescence intensity at initial time and F; is the fluorescence intensity at time t.
From this plot it can be concluded that FRET efficiency decreased drastically at initial
2 h and then it decreased slowly up to 12 h. In this process only 65% of FRET
intensity was lost; however, remaining 35 % of the FRET was retained. The NR
emission was not completely vanished even after 24 h indicated that there may be
partial association of OPV and NR even after the biodegradation of PCL arms from

the nanoparticles.
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Figure 3.10. (a) Enzymatic biodegradation of PCL segments in the block copolymers
and its influence on FRET Process. (b) Emission spectra of P-30-NR sample in PBS
at 37 <. (c) Emission spectra of P-30-NR sample in the presence of 10 U esterase
enzyme in PBS at 37 <. (d) Plot of [Fo-F{]/Fo x100 versus incubation time in the
absence or presence of esterase enzyme. The emission spectra were recorded using
excitation wavelength at 395 nm. (e) Time dependent DLS histograms of P30-NR
polymer in presence of esterase enzyme in PBS 7.4 at 37 °C. (f) Plot of DLS size
versus time for P30-NR polymer in absence and presence of esterase enzyme in PBS
7.4 at 37 °C. The OPV and NR concentrations are 2.3 x 10° M and 5.0 x 107 M,
respectively.

To further confirm the biodegradability of these block copolymers time-
dependent DLS studies were carried out for P30-NR polymer nanoparticles. For this
purpose P30-NR polymer nanoparticles were incubated in the absence and presence
of esterase enzyme at 37 °C and PBS pH 7.4 buffer and the DLS histograms were
recorded at regular time intervals (see figure 3.10e). The average sizes of the polymer

nanoparticles obtained at various time intervals were plotted against incubation time
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as shown in figure 3.10f. In absence of esterase enzyme, the polymer nanoparticles
were found to be stable and hence size of the nanoparticles did not changed with time.
In presence of esterase enzyme, the aliphatic ester backbone in the PCL chain was
cleaved and disturbed the self-assembly of the polymer nanoparticles. Hence with
increase in incubation time, the size of the nanoparticle was changed from nanometer
to micron sized particles which is evident from the DLS histograms. A similar
experiment was carried out wherein DLS histograms were recorded in pH 5 PBS
buffer at 37 °C over a period of 48 h (see figure 3.11) With increase in the time of
incubation, a slight increase in the size of polymer nanoparticle was observed and the
nanoparticles were found to be stable at pH=5. At pH =5.0, in the presence of
enzyme, the release occurred more than 80 %. This confirmed that the nanoparticles
were not disassembled or degraded under lysosomal acidic-environment and the
enzymes present in the endo-lysosomal compartment are responsible for cleavage of
the nanoparticle. The above study revealed that the NR loaded OPV polymer
nanoparticles behaved as efficient FRET probe and are stable at extracellular
conditions (at 37 °C and pH 7.4). The FRET probes partially lose its activity at the
intracellular environment due to the dissociation by the lysosomal enzymes. This
experiment suggests that once the imaging is done at the intracellular level; the FRET
probe can be completely degraded by the enzymes to clear from the site of action

under physiological conditions.
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Figure 3.11: Time dependent DLS histograms of P30-NR polymer in presence of
esterase enzyme in PBS 5 at 37 <. (f) Plot of DLS size versus time for P30-NR
polymer in absence and presence of esterase enzyme in PBS5 at 37
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3.3.5. Cytotoxicity and FRET Process in Cancer Cells

To determine the biocompatibility of the polymer nanoparticles; cytotoxicity
studies were done for P-30 and P30-NR nanoparticles by MTT assay method. HelLa
cell line was used and the sample concentrations were varied up to 60 pg/mL and the
histograms are shown in figures 3.12a and 3.12b. The cell viability results showed
that nascent polymer as well as its NR loaded nanoparticles is biocompatible and non-
toxic to cells up to 40 pg/mL. This data clearly supports that the custom designed
FRET probe nanoparticles were biocompatible and it may not harm the tissue

environment while employing them for bioimaging.
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Figure 3.12: Cytotoxicity data of (a) P30 polymer and (b) P30-NR polymer in HeLa
Cells at various concentrations

The FRET process between OPV in polymer and NR was investigated in
HeLa cells by confocal microscopy. P30 and P30-NR polymer nanoparticles were
incubated in HelLa cells for 2 h and the CLSM images are shown in figure 3.13a.
Confocal images showed the uptake of the polymer nanoparticles and these
nanoparticles were accumulated in the cytoplasm. The polymer nanoparticles are blue
fluorescent in nature due to OPV chromophore; and thus, the OPV fluorescence was
observed through blue channel (A= 405 nm). These images are shown in the first
panel and the cells are clearly blue luminescent with respect to the OPV in blue
channel and the signals were completely absent in the red-channel. NR loaded non-
luminescent block polymer nanoparticle (without OPV) was also subjected to cellular
uptake and these nanoparticles showed signals only in the red channel. Interestingly,
the NR loaded OPV block copolymer showed bright blue emission upon excited by
blue laser source and visualized through blue channel. For the same excitation source,
this sample also showed strong signal in the red channel (560 nm) and the merged

images showed magenta color emission with very good overlap. Hence, it may be
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concluded that the occurrence of FRET process at OPV excitation enabled the OPV
self-emission in the blue channel and also showed red emission with respect to the
energy transfer from OPV to NR. The comparison of photophysical process in
polymer nanoparticles in figure 3.7, fluorescence microscopy images in figure 3.8 and
the confocal images of HelLa cells in figure 3.13a revealed that the occurrence of
FRET process in the custom designed NR loaded OPV-block copolymer
nanoparticles. To further, support the cellular internalization of P-30 and P30-NR
polymer nanoparticles, they were subjected to flow cytometry analysis in HeLa cells
(see Figures 3.13b and 3.13c). These plots clearly showed that P30 and P30-NR
nanoparticles were taken up by the cells and fluorescence intensity clearly indicated

high levels of cellular uptake of the nanoparticles.
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Figure 3.13. CLSM images of P30 polymer, NR encapsulated control
polymer(polymer+NR) and P30-NR polymer (a) Incubated with HeLa cells and cells
were excited using blue laser (A 405 nm) and observed through blue and red channel
and their merged images. Flow cytometry plots for P30 (b) and P30-NR nanoparticles
(c) in HeLa cell lines (10000 cells were used). The OPV and NR concentrations are
2.7x10° M and 5.7 x 10° M, respectively.
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Figure 3.14: CLSM images of P30 polymer in MCF 7 and WT-MEF cells (upper two
panels). The cells were excited using blue laser (A 405 nm) and observed through blue
and red channel and their merged images. The OPV concentration is 2.7 x 107
M.CLSM images of P30-NR polymer in MCF 7 and WT-MEF cells (lower two
pannels). The cells were excited using blue laser (A 405 nm) and observed through
blue and red channel and their merged images. The OPV and NR concentrations are
2.7 x10° M and 5.7 x 10°® M, respectively.

The FRET process was also investigated in breast cancer (MCF 7) and wild-type
MEF cells (normal) cell lines. The FRET process was observed using the 405 nm
excitation and the CLSM images for samples incubated with P30-NR are shown in
Figure 3.14. Both these cell line images showed bright blue emission with respect to

OPV chromophore in blue channel and red-emission form NR followed by the
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occurrence of FRET between OPV and NR. The merged images showed magenta

color with respect to the overlap of chromophores from same nanoparticles.
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Figure 3.15.Mean FI intensity from CLSM images of P30 and P30-NR nanoparticles
in HeLa (a and b), MCF 7 (c and d) and WT-MEF (e and f) cells. The cells were
excited using blue laser (2 405 nm) and observed through blue channel (for spectra a,
c and e) and red channel (for spectra b, d and f) for OPV and NR chromophores,
respectively. The OPV and NR concentrations are 2.7 x 10° M and 5.7 x 10° M,
respectively.

Further, fluorescence spectra for the in vitro CLSM images were constructed
by exciting the cells using 405 nm laser source and recording the emission intensity at
5 nm interval from 415 to 725 nm. The mean fluorescence intensity was determined
by image J software and plotted against the emission wavelength. The resultant
spectra in HeLa, MCF 7 and WT-MEF cells for the P-30 and P30-NR samples are
shown in figure 10. The P30 polymer showed emission peak with respect to OPV
whereas the P30-NR showed peaks for self-emission from OPV and also FRET
induced red-emission from NR at 590 to 700 nm (see Figure 3.15). The FRET process
between OPV and NR was observed in both cancer (MCF 7 and HelLa) as well as
normal cells indicating that new OPV-NR FRET probe is versatile to exhibit FRET
based bioimaging in diverse cell lines. In the present investigation, we have designed
and developed a new FRET probe based on OPV fluorophore conjugated PCL based
diblocks copolymers and employed them as nano-scaffold for stabilizing NR to make

new FRET donor-acceptor pair in aqueous medium. The FRET process as established
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by detail spectroscopic and proof-of-concept of the occurrence of the FRET process
was also successfully demonstrated in the cancer cell. The new FRET probe is
biodegradable, non-toxic, cell penetrable and retained the chromophore photophysical
process to enable their action at the intracellular level.

3.4. Conclusion

In summary, we have developed new FRET probes based on biodegradable
and biocompatible and blue luminescent OPV-PCL block copolymer nanoparticles as
FRET donor and nile red (NR) as FRET acceptor. Biodegradable substituted
caprolactone monomer was subjected to ring opening polymerization by luminescent
hydroxyl functionalized OPV as initiator. These polymers were self-assembled as
aqueous, luminescent nanoparticles and further encapsulated with NR dye. The
polymer nanoparticles and NR loaded polymer nanoparticles were characterized by
DLS and spherical morphology was confirmed by FESEM and AFM. The
photophysical studies revealed that the block copolymer nano-assembles provided
appropriate geometry for close vicinity for OPV chromophores in the polymer and
physically encapsulated NR dye for efficient excitation energy transfer from OPV to
NR. The Forster distance and spatial distance between OPV and NR was found to be
~ 42 A and 32 A, respectively for efficient FRET process. The photoexcitation energy
transfer between donor and acceptor was determined to be > 85 % which is very good
for imaging applications. The new OPV-NR FRET probe was enzyme-degradable,
biocompatible and non-toxic to cells. Intracellular visualization of FRET process
between OPV and NR was accomplished by confocal microscopic imaging. The
CLSM images were exhibited bright blue luminescence from OPV self-emission and
bright red-luminescence from NR followed by the FRET process between OPV and
NR. This observation supports that the newly developed FRET probe can be used for
dual imaging process in cancer cells depending upon the requirement. Though, the
PCL block copolymer approach here demonstrated exclusively for OPV and NR
donor-acceptor pair, it is not restricted to only these two examples, in principle, it may
extended to other FRET chromophores as well. The OPV-NR FRET probe based on
PCL nanoparticles can be employed for many futuristic applications including

bioimaging in cancer cells for diagnostic purpose.
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Enzymatically-Biodegradable Perylene bisimide-Carboxylic
Polycaprolactone Fluorescent Block Copolymers for Bio-
imaging in Cancer Cells
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Abstract

Water soluble perylene bisimide derivatives are becoming increasingly attractive for
various biomedical applications. However preserving their exceptional properties in
aqueous medium is one of the great challenges. The present work is focused to
prepare water soluble highly fluorescent PBI derivatives with enzyme responsive
amphiphilic biodegradable block copolymer for cellular imaging in cancer cells. The
carboxyl substituted polycaprolactone was incorporated as hydrophilic and
biodegradable substituent on the imide position of PBI via ring opening
polymerization. The amphiphilic block copolymers self-assembled as spherical
nanoparticles of ~ 100 nm in aqueous medium. The hydrophilic PCL arms ensured the
water solubility and expected to hinder the aggregation of PBI chromophore in block
copolymers. Importantly the desired photophysical properties of the PBI chromophore
were retained in aqueous medium. Enzyme responsive biodegradation studies
revealed the possible degradation of polymer nanoparticles into small molecules
which can be subsequently removed from the body after the intended purpose. The
block copolymer nanoparticles with prominent features including high fluorescence,
biodegradability and low toxicity were demonstrated for bioimaging application in
cancer cells and exhibited good cellular uptake concurrently observed by inherent red
fluorescence for the PBI chromophore. Hence, current polymer design with attractive
photophysical properties of PBI and biodegradability of PCL backbone provided new
opportunity for development of efficient nano-assemblies for bioimaging application.
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4.1 Introduction

n-Conjugated oligomers and polymers have been extensively investigated for
optoelectronic devices application as well as biomedical applications such as
bioimaging, biosensing, diagnosis etc owing to their excellent photophysical
properties.™? In this regard, perylenebisimide (PBI) derivatives have been well
recognized m-conjugated chormophores with outstanding chemical, thermal, and
photostability. PBI derivatives are also characterized by exceptional electrochemical
properties and unique photophysical properties such as high molar extinction
coefficient, high fluorescence quantum vyield intense photoluminescence, and long
fluorescence lifetime.>* Thus, scientific interest is driven by the remarkable highly
versatile PBI derivatives which find potential applications in broad range of different
fields such as OLEDs,” molecular switches and wires®, light harvesting arrays’,
photoreactive thin  films®, solar cells’, sensor materials®, supramolecular
architectures™ and so on. Amphiphilic PBI derivatives have also gained significant
interest in biological applications for cellular imaging and drug delivery.'? Most of the
n-conjugated polyaromatic chromophores encounter three important problems for
biomedical applications: (i) insoluble, (ii) aggregation-induced fluorescent quenching
even at low concentrations in aqueous medium and (iii) non-biodegradability under
physiological conditions. Hence, potential biomedical applications of PBI derivatives
have so far been limited by their poor water solubility and low quantum vyield in

aqueous medium.*®

O O
Bragvcd
Da s

Figure 4.1. Imide position and bay regiori of Perylene bisimide (adopted from k. Liu
et al. Prog. Polym. Sci. 2015, 46,25-54)

130



Chapter 4

Thus, it is highly desirable to prepare water soluble PBI derivatives for
biological applications. In order to overcome insolubility of the PBI chormophores in
water many successful efforts have been taken to develop water soluble PBI
derivatives. The derivatization of PBI core was done both at the bay region and imide
substitution position as shown in figure 4.1. The substitution at the imide position
provide unlimited choice via imide chemistry and this approach was extended to make
charged or uncharged substituents such as dendritic newkome type carboxylates,**
polyethylene glycol chains,® cyclodextrines,® phosphate surfactants,"” poly(vinyl
alcohol)*® and crown ethers®, etc. All these PBI derivatives exhibited water solubility
but high fluorescence quantum vyields could not be achieved perhaps due to the

aggregation induced fluorescence quenching.
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Figure 4.2 Water soluble , highly fluorescent polyglycerl dendronized Perylene
bisimide (adopted from Heek et al. Chem. Commun. 2010, 46, 1884-1886)

To circumvent this Haag and co-workers synthesized highly water soluble
polyglycerol dendronized PBI as shown in figure 4.2 with high fluorescence quantum
yields in water.”? Amino acid substituents such as alanine,”* aspartic acid,?
histidine,” and lysine** have been introduced to achieve water soluble PBI. Water
soluble core substituted, imide substituted nitrilotriacetic acid functionalized PBI
derivatives and monofunctional polyglycerol dendronized PBI and were developed
for highly specific protein labelling.?* Mullen and co-worker synthesized core shell
nanoparticles consist of central PBI chromophore, a rigid polyphenylene dendrimer
and flexible polymer shell with multiple carboxylic acid groups and monofunctional
amine groups for inducing water solubility as shown in Figure 4.3. These core shell
nanoparticles were demonstrated for different biological applications such as cellular
membrane transport,?’ staining of extracellular matrix®® and specific cell-nucleus

staining.?® Hg*? detection via imaging in live cells have been reported for dithioacetal
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functionalized PBI and N-acetylated urea derivatives of PBI which serve as selective

fluorescent chemo sensor of recyclable Hg™ detection and ‘turn on’ fluorescent

chemodosimeter respectively.**3!
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Figure 4.3. PDI-labeled core/shell nanoparticles containing multiple carboxylic
groups (P1 and P2) and PEO groups (adopted from Yin et al. Small 2008, 4, 894-
898)

Maizen Yin and Jie group reported highly water soluble PBI cored cationic
polyesters and polyamidiamine (PBI-PAmMAmM) dendrimers with peripheral amine
groups for efficient in vitro and in vivo gene transfection.®* PBI cored acrylate star
polymers poly(2-(dimethylamino ethyl methacrylate) were synthesized and further
employed to prepare bifunctional magnetic fluorescent Fe;0,SiO,-PDI-PAA/Ca’?
nanoparticles as shown in Figure 4.4. These star polymers and the magnetic

nanoparticles were demonstrated for gene delivery and bioimaging.****
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Figure 4.4. Fluorescent, magnetic PBI cored star polymer for cell imaging (adopted
from Lu et al. ACS Appl. Mater. Interface 2015, 7, 5226-5232)
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Figure 4.5. Schematic illustration of the formation of CPT-loaded PDI-star-(PLA15-
b-PEEP25)8 nanomicelles and the fluorescence imaging-guided intracellular drug
release (adopted from Nanoscale 2016, 8, 5302-5312)

The imide position of PBI was modified with poly(ethylene glycol)
monomethyl ether methacrylate (PEGMA) based on ATRP to obtain brush like
fluorescent labelled polymer for imaging different types of cells.*® Asha and co-
workers developed fluorescent polystyrene nanobeads by incorporating PBI and/or
OPV chormophores and successfully demonstrated for multicolour bioimaging
application in HeLa cells.®® Further, Xu et al.reported water soluble rigid PBI
derivative was designed as DNA intercalator by introduction of two tertiary
ammonium salts at imide position which localized into cell nuclei and intercalated
into DNA thereby supressing cancer cells and tumour.®” lonic pyridinol substituted
highly water soluble PBI was employed for biolabeling.® In vitro bioimaging in HeLa
cells was carried out by perylene monoimide (Pelm) nanoparticles and ortho
substituted phosphonate functionalized PBI.***° Haag and co-workers designed and
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synthesized amphiphilic dendritic perylene imido dialkylester for imaging of cellular
membrane as shown ** Fluorescent pH responsive micelles composed of PDI core and
poly(D,L-lactide)-b-poly(ethyl ethylene phosphate) star polymer was developed for
fluorescence imaging-guided cancer therapy as shown in figure in Figure 4.5.%

Thus, PBI is an excellent fluorophore which is being explored for the potential
biomedical application due to its favourable properties including biocompatibility.
However, as discussed above majority of the polymer or dendrimeric units attached
on the PBI do not possess biodegradability (except the PLLA system) which is of
utmost importance for the applications in biological field. The biodegradable material
can be broken down either through hydrolytic degradation or by enzymatic means and
subsequently removed from the body after the intended purpose. Hence, development
of new water soluble PBI derivatives with biodegradable substituents would be of
high interest and provide new opportunity for their potential use in various biomedical

applications.

0
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Figure 4.6. New red fluorescent, biodegradable PBI containing block copolymers for
cellular imaging in cancer cells.

The goal of the present work is to prepare water soluble highly fluorescent
PBI derivatives with hydrophilic biodegradable polymer for cellular imaging in
cancer cells. Among various biodegradable polymers enzymatically-degradable
polycaprolactone based aliphatic polyesters are extensively used for biomedical
applications. PBI with PCL polymer was earlier reported in the literature; however,

their water insolubility restricted their exploration in biological systems.”**4** In the
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present investigation, the unique photophysical properties of PBI were combined with
biodegradable carboxyl substituted PCL backbone, for the first time, to make new
PBI-PCL amphiphilic nano-scaffolds and employ them for cellular imaging in the
literature which is schematically shown in figure 4.6. To achieve this goal carboxyl
substituted polycaprolactone which have been reported in the previous chapters (2 and
3) appeared to be promising to introduce water solubility was employed as
hydrophilic and biodegradable substituent on the imide position of PBI. Unlike the
OPV chromophore (in the chapters 2 and 3), the PBI unit was found to stable under
de-protection of BOC-ester groups under acidic conditions which enabled the
construction of highly water soluble and fluorescent PBI-carboxylic PCL system for
bioimaging application in cancer cells. These polymers were self-assembled in to ~
100 nm spherical nanoparticles in aqueous medium. Further photophysical properties
of PBI chromophore were retained in the aqueous medium so that these polymer
nanoparticles could be employed for cellular imaging studies. Enzyme responsive
biodegradation was carried out as the polymer backbone consists of aliphatic ester
linkages. Cytotoxicity studies confirmed that the newly synthesized luminescent block
copolymers were highly biocompatible and cellular internalization was studied by

confocal microscope imaging.

4.2. Experimental section

4.2.1. Materials: Tetraethylene glycol, p-toluenesulfonylchloride, sodium azide,
lithium aluminium hydride, zinc acetate [Zn(OAc),], tin (II) 2-ethylhexanoate, and
horse liver esterase enzyme were purchased from Sigma Aldrich chemicals and used
as received. Dimethyl acetamide (DMACc), tetrahydrofuran (THF), dimethyl
formamide (DMF) and all other solvents were purchased locally and used after
purification by  standard procedures. 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide salt (MTT), 4 % paraformaldehyde, DMSO were
obtained from Sigma Aldrich.

4.2.2. Methods: *H and **C NMR spectra were recorded in CDCl; and methanol D,
containing tetramethylsilane (TMS) as internal standard using 400-MHz JEOL NMR
spectrophotometer. Mass analysis of all the intermediate compounds was carried out
using high resolution mass spectrometry-electrospray ionization-quantitative time-of-
flight liquid chromatography-mass spectrometry (HRMS-ESI-Q-TOF LC-MS) and
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Applied Biosystem 4800 PLUS MALDI TOF/TOF Analyzer. Gel permeation
chromatographic (GPC) analysis of polymers was performed to determine the purity
of polymer samples using Viscotek VE 1122 pump, Viscotek VE 3580 RI detector
and Viscotek VE 3210 UV-Vis detector. Polymer samples for GPC were prepared in
THF (with concentration 0.5 mgmL™) using polystyrene standards for calibration.
Thermogravimetric analysis (TGA) was carried out to determine thermal stability of
polymers using Perkin Elmer thermal analyser STA 6000 model at heating rate of 10
°C/min under nitrogen atmosphere. Subsequently thermal properties of the polymers
were studied using TA Q20 Differential Scanning Calorimeter (DSC) with heating
and cooling rate of 10 °C/min. Size of the nanoparticles was determined by dynamic
light scattering using Nano ZS-90 apparatus from Malvern instruments using red laser
with 633 nm as light source. Absorption studies were performed using PerkinElmer
Lambda 45 UV-Vis spectrophotometer. Steady state fluorescence spectra were
recorded using Horiba Jobin Fluoromax fluorescence spectrophotometer. FE-SEM
analysis was carried out by using Zeiss Ultra Plus scanning electron microscope.
Atomic force microscope (AFM) images of nanoparticle samples drop casted on mica
plates were recorded using Veeco Nanoscope IV instrument in tapping mode.

Confocal microscope images were collected using LSM 710 confocal microscope.

4.2.3. Synthesis of 2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 4-
methylbenzenesulphonate (1). Tetraethylene glycol (5.0 g, 25.7 mml) was dissolved
in THF (40.0 mL) and this solution was added to aqueous solution of NaOH (40.0
mL) at room temperature. p-toluenesulfonylchloride (2.5 g, 12.8 mmol) was dissolved
in THF (40.0 mL) and this solution was slowly added into the reaction mixture using
dropping funnel under ice cold conditions followed by stirring under same condition
for 2 h. After the completion of reaction, reaction mixture was poured in ice cold
water and extracted into chloroform. Organic layer was separated and dried over
sodium sulphate. The crude product was purified by column chromatography using
chloroform and methanol as eluent. Yield = 6.0 g (67%) *H-NMR(CDCls, 400 MHz)
dppm: 7.78 (d, 2Ar-H), 7.33 (d, 2Ar-H), 4.16 (t, 2H, OH-CH,), 3.59-3.70 (m, 12H, O-
CH,), 2.52 (t, 2H, O-CH,), 2.44 (s, 3H, Ar-CHs). *C-NMR (CDCl;, 100MHz) dppm:
140.3,128.5,70.4, 67.6, 61.3, 21.4

4.2.4 Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanol (2). Compound 1
was dissolved in DMF and sodium azide was added to it. The reaction mixture was
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stirred at 80 °C for 12 h. reaction mixture was cooled to room temperature and poured
into water followed by extraction with diethyl ether. The organic layer was separated
and dried over anhydrous sodium sulphate. The crude compound was used for next
step without purification. *H-NMR (CDCls, 400 MHz) &ppm 3.71 (t, 2H, OH-CH,),
3.36 (m, 10H, O-CH,), 3.59 (t, 2H, O-CHy), 3.38 (t, 2H, N3-CH,) *C-NMR (CDCls,
100MHz) éppm 67.8, 69.5, 70.2, 70.8, 61.5.

4.2.5 Synthesis of 2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethanol (3). Compound 2
was dissolved in dry THF under N, atmosphere at room temperature. Lithium
aluminium hydride was taken in round bottom flask and dry THF was added to it
under N in ice cold condition followed by addition of compound 2 solution in THF to
it. Reaction mixture was stirred at 25 °C for 7 h under N,. Subsequently reaction
mixture was filtered and concentrated to get yellow oil which was used without
purification for next reaction. *H-NMR (CDCls, 400 MHz) 8ppm 3.69 (t, 2H, OH-
CHy), 3.62-3.64 (m, 8H, O-CHy), 3.58 (t, 2H, O-CHy), 3.52 (t, 2H, O-CH,), 2.83 (t,
2H, NH,-CH, *C-NMR (CDCls, 100MHz) dppm 67.8, 69.5, 72.3, 70.8, 61.5, 41.2

4.2.6. Synthesis of PBI initiator. PTCDA was taken in round bottom flask and DMAc
was added it. Further compound 3 and Zn(OAc), was added to it and the reaction
mixture was heated at 140 °C for 12 h. After completion of reaction DMAc was
removed by vacuum distillation. The crude product was washed with water, dried
over sodium sulphate and purified by column chromatography using chloroform and
methanol as eluent. Yield = 40 % 'H-NMR (CDCl;, 400 MHz) ppm 8.61 (d, 4Ar-H),
8.52 (d, 4Ar-H), 4.46 (t, 2H, N-CHy), 3.88 (t, 2H, HO-CH,), 3.62 (m, 24H, O-CHy)
B3C-NMR (CDCl;, 100MHz) dppm 161.5, 130.1, 127, 9, 125.1, 122.8, 71.9, 69.2,
65.5, 43.9

4.2.7 Synthesis of t-butyl substituted polymers (PBI-BPCL4). Ring opening
polymerization was carried out to synthesize PBI-BPCL). The polymer was
synthesized with [M]/[I] = 50. Hydroxyl functionalized PBI initiator (22.98 mg,
0.0309 mmol) was dissolved in 0.5 mL of dry THF in a schlenk tube and Sn(Oct),
(6.27 mg, 0.0154 mmol) as catalyst was added to it. This polymerization mixture was
purged with nitrogen for 30 min. t-butyl substituted caprolactone monomer (400 mg,
1.5485 mmol) was dissolved in 0.5 mL dry THF and added to the polymerization
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mixture and the purging was continued for another 30 min. The schlenk tube was
immersed into preheated oil bath and the polymerization mixture was refluxed for 48
h under nitrogen atmosphere. After completion of polymerization the content was
precipitated in hexane and the procedure was repeated to obtain pure polymer. Yield =
290 mg (58 %). *H-NMR(CDCls, 400 MHz) dppm: 7.47-6.91 (m, 14 Ar-H), 4.44 (t,
4H), 4.14 (t, 6H), 3.96 (d, 4H), 3.75 (t, 2H), 3.66 (t, 1H), 2.45 (t, 4H), 1.85 (t, 4H),
1.44 (s, 9H), 0.98 (t, 6H) and 0.93 (t, 6H). **C-NMR (CDCl;, 100MHz) dppm: 173.3,
170.7, 127.5, 114.6, 80.4, 75.3, 65.8, 64.6, 61.1, 36.1, 32.7, 29.1, 22.9 and 14.0. FT-
IR (cm™): 3580, 2974, 2875, 2361, 1884, 1731, 1632, 1473, 1363, 1252. GPC Mol.
Wt

4.2.7. Synthesis of PBI-BPCL;s polymer. The polymer was synthesized by
following the above mentioned ROP procedure with [M]/[1] = 25. PBI initiator (46.01
mg, 0.0620 mmol), t-butyl ester substituted monomer (400 mg, 1.548 mmol),
Sn(Oct), (12.51 mg, 0.0309 mmol) and dry THF 1.0 mL. Yield 300 mg (60%). ‘H-
NMR(CDCI3, 400 MHz) éppm: 7.46-6.92 (m, 14 Ar-H), 4.45 (t, 4H), 4.13 (t, 6H),
3.96 (d, 4H), 3.75 (t, 2H), 3.66 (t, 1H), 2.45 (t, 4H), 1.86 (t, 4H), 1.44 (s, 9H), 0.99 (t,
6H) and 0.92 (t, 6H). *C-NMR (CDCls, 100MHz) dppm: 173.9, 171.3, 158.3, 151.4,
131.8, 128.0, 122.1, 115.2, 110.5, 81.0, 75.9, 72.1, 65.2, 61.6, 40.2, 36.9, 33.3, 31.3,
29.3, 235, 14.5 and 11.7. FT-IR (cm™): 3530, 2968, 2874, 2361, 2008, 1731, 1630,
1508, 1470, 1366 and 1250.

Following similar polymerization condition caprolactone monomer was also
synthesized to produce PBI-PCL4g polymer with [M]/[1] = 50 and the details are given

below.

4.2.8. Synthesis of PBI-PCL4, polymer: Caprolactone monomer (400 mg, 1.548
mmol), PBI initiator (46.01 mg, 0.0620 mmol), Sn(Oct), (12.51 mg, 0.0309 mmol)
and dry THF 1.0 mL. Yield 300 mg (60%). *H-NMR(CDCls, 400 MHz) dppm: 7.46-
6.92 (m, 14 Ar-H), 4.45 (t, 4H), 4.13 (t, 6H), 3.96 (d, 4H), 3.75 (t, 2H), 3.66 (t, 1H),
2.45 (t, 4H), 1.86 (t, 4H), 1.44 (s, 9H), 0.99 (t, 6H) and 0.92 (t, 6H). *C-NMR
(CDCl3, 100MHz) éppm: 173.9, 171.3, 158.3, 151.4, 131.8, 128.0, 122.1, 115.2,
110.5, 81.0, 75.9, 72.1, 65.2, 61.6, 40.2, 36.9, 33.3, 31.3, 29.3, 23.5, 14.5 and 11.7.
FT-IR (cm™): 3530, 2968, 2874, 2361, 2008, 1731, 1630, 1508, 1470, 1366 and 1250.
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4.2.9 Synthesis of carboxylic acid substituted polymers (PBI-CPCLX). PBI-
BPCL;s polymer (300 mg) was dissolved in dry DCM (3.0 mL) and trifluoroacetic
acid (3.0 mL) was added slowly into the polymer solution and stirred at 30 °C for 30
min. The polymer content was concentrated and dissolved in THF and precipitated in
methanol. *H-NMR (CD30D, 400 MHz) ppm: 7.47-6.92 (m, 14 Ar-H), 4.45 (t, 4H),
4.14 (t, 6H), 3.95 (d, 4H), 3.76 (t, 2H), 3.66 (t, 1H), 2.45 (t, 4H), 1.85 (t, 4H), 0.98 (t,
6H) and 0.93 (t, 6H). *C-NMR (CDCls, 100MHz) &ppm: 173.6, 170.6, 80.7, 75.5,
64.9, 61.3, 36.5, 33.0, and 29.0. FT-IR (cm™): 3581, 2974, 2875, 2361, 1884, 1731,
1632, 1473, 1363 and 1252

Following similar procedure deprotection of PBI-BPCL4o polymer was carried

out and the details are given below.

4.2.8. Synthesis of PBI-CPCL4, polymer:*H-NMR (CDs;OD, 400 MHz) Sppm:
7.45-6.92 (m, 14 Ar-H), 4.45 (t, 4H), 4.13 (t, 4H), 3.96 (d, 4H), 3.76 (t, 2H), 3.66 (t,
1H), 2.44 (t, 4H), 1.84 (t, 4H), 0.99 (t, 6H) and 0.93 (t, 6H). *C-NMR (CDCl;,
100MHz) Sppm: 173.3, 170.7, 127.5, 80.4, 75.3, 64.6, 61.1, 36.1, 32.7, 29.5, 14.0 and
11.5. FT-IR (cm'l): 3581, 2973, 2875, 2361, 1884, 1730, 1632, 1473, 1365 and 1251

4.2.10. Cell-viability assay (MTT assay): The cytotoxicity polymer nanoparticles
was studied in HeLa and MCF-7 cell line using the tetrazolium salt, 3,4,5-
dimethylthiazol-2,5-diphenyltetrazolium bromide (MTT). In a 96-well plate (Corning,
USA), 1000 cells were seeded per well in 100 pL of DMEM with 10% FBS (fetal
bovine serum) and allowed to adhere for 16 h. Prior to drug treatment, media from the
cells was aspirated and various concentrations of polymer nanoparticles were added
as feed. A blank control, DMEM with FBS in the absence of cells and an untreated
control, cells with DMEM containing FBS, were used in each experiment. All control
and treated experiment wells were in triplicate. Cells were incubated for 24 h without
a change in medium and after 24 h the drug containing medium was aspirated. A
freshly prepared stock solution of MTT in sterile PBS (5 mg/mL) was diluted to 50
pg/mL in DMEM. 100 pL of this solution was added to each well. Cells were then
incubated with MTT for 4 h at 37 °C. medium with MTT was then aspirated from the
wells and the purple formazan crystals that formed as a result of reduction of MTT by
mitochondrial dehydrogenase enzyme from the cells were dissolved in 100 pL of
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DMSO (added per well). The absorbance from the formazan crystals was immediately
measured using a micro plate reader at 570 nm (Varioskan Flash) and was
representative of the number of viable cells per well. Values from triplicate run for
each control and treated set were noted and their mean value was used for

calculations.

4.2.11. Cellular uptake studies using confocal microscopy: HeLa cells were seeded
at a density of 1 x 10° cells on flame dried cover slips coated placed in 6 well plates
containing DMEM medium with 10 % FBS. The cells were incubated at 37 °C for 16
hours and then exposed to the required concentrations of polymer nanoparticles and
for 4 h in a CO, incubator at 37 °C. After incubation, drug-containing medium was
aspirated from each well, and cells were washed twice with PBS (1 mL per wash) and
fixed with 4 % paraformaldehyde solution in PBS for 10 minutes at room
temperature. The cells were washed twice with PBS (1 mL per wash) and stained with
phalloidin conjugated to Alexa 488 (invitrogen) diluted 1: 100 in 5 % BSA solution in
PBS. This incubation was performed in the dark and excess of dye was washed from
the cells with PBS. The cover slips were mounted on slides using Fluoromount-G
mounting medium (Southern Biotech). Slides were then dried overnight at room
temperature in the dark. The cells were imaged using a LSM 710 confocal microscope
with the A 420 nm (blue channel), A 560 nm (red channel) and lasers. Images thus
obtained were analyzed using Image J analysis software and the image for each

channel was separated.
4.3 Results and Discussion
4.3.1. Synthesis of Fluorescent PBI-PCL Block Copolymers

The N-substituted hydroxyl functionalized perylene bisimide (PBI) initiator
was synthesized following the steps as shown in scheme 4.1. Tetraethylene glycol was
reacted with p-toluenesulfonylchloride to give monotosylated product (compound 1).
The monotosylated tetraethylene glycol was converted into azide using sodium azide
(compound 2) followed by reduction with LAH to give amine (compound 3). The
symmetrical N-substituted perylenebisimide was obtained by reacting perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA) with compound 3. The resulting PBI

initiator was characterized by *H, *C NMR, and mass spectrometry analysis.

140



Chapter 4

TsCl, NaOH

HO\/\O/\/O\/\O/\/OH . HO\/{\O/\/)O HO\/{\O/\/)O\/\N3
THF/H,0, 0°C 2 $ DMF, 80°C

1 2

o]
0.0 o 25°C|LiAlH,, THF
U

o
0 O~ o p &)
Howowpwggwowoyw Zn0A0), HO_ Ao~ M9~ Nu,

DMAc, 140°C 3

Scheme 4.1. Synthetic scheme of hydroxyl functionalized perylene bisimide initiator.

t-Butyl substituted caprolactone monomer (compound 8 from chapter 2) was
synthesized from 1,4-cyclohexanediol using procedure reported in chapter 2. The ring
opening polymerization of t-butyl substituted caprolactone monomer was carried out
by employing fluorescent hydroxyl functionalized perylene bisimide (PBI) as initiator

and Sn(Oct), as catalyst in THF as shown in Scheme 4.2.
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Scheme 4.2. Synthetic scheme of PBI containing block copolymers from t-butyl
carboxylic ester substituted caprolactone monomer
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Two different polymers were synthesized by varying the t-butyl substituted
caprolactone monomer to PBI initiator molar ratio in the feed as [M]/[I] = 25, and 50.
The polymerization was carried out in THF solvent at 80 °C for 48 h. polymers were
purified by repeated precipitation in hexane. Further the polymers were subjected to
selective deprotection of t-butyl ester using trifluoroacetic acid to obtain

corresponding carboxylic acid functionalized derivatives.

The proton NMR spectra of PBI initiator and PBI-BPCL 4 are shown in figure
4.7. The degree of polymerization was determined by comparison of the peak
intensities of N-CH, proton from PBI initiator which appeared at 4.48 ppm (proton a)
with proton ‘f ° from the PCL part. The degree of polymerization was found to be 40
repeating units for the M/l = 50 in the feed. A similar NMR analysis was carried out
for the polymer synthesized with M/l = 50 in the feed and the degree of
polymerization was determined to be 15.
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Figure 4.7. 'H-NMR spectra of PBI initiator and PBI-BPCL 4o in CDCl3,

The deprotection of t-butyl substituted polymers was confirmed by ‘*H NMR
spectra as shown in figure 4.8 wherein the protons at 1.45 ppm corresponding to t-
butyl group were completely disappeared. This analysis further revealed the
successful deprotection of t-butyl group to produce carboxyl substituted polymers
without disturbing the polymer backbone structure.
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Figure 4.8. *H-NMR spectra of PBI-CPCLy in methanol D,

The molecular weights, polydisperties and the purity of the polymers were
determined by size exclusion chromatography using polystyrene standards and the
corresponding chromatograms are shown in figure 4.9. The number average (M;)
molecular weight, weight average (M,,) molecular weight and their polydispersity are
summarized in table 4.1. All the polymers showed monomodal distribution indicating
the purity of polymers and relatively low polydispersities ~ 1.4. Further distinct
difference in the retention time of the polymers and PBI initiator confirmed the
formation of polymers. Thus well-defined homogeneous polymers were obtained
from ring opening polymerization process. The polymers were referred as PBI-
BPCLy and PBI-CPCLy wherein x represents the number of t-butyl substituted
caprolactone (B) and carboxylic acid monomer repeating unit present at both sides of
the PBI core
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Figure 4.9. GPC chromatograms of PBI containing block copolymers in THF
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Table 4.1: Molecular weights of PBI-BPCL polymers determined by GPC and NMR

Polymer M,? M,.p M,b M,/M.° | T, To

(g/mol) | (g/mol) (°C) | (°C)

PBI-BPCL,; | 4600 2600 3600 1.36 | -44.1 | 220
PBI-BPCL,, | 11100 7200 9000 125 | -37.5 | 220
PBI-CPCL,; | 3800 1400 3300 1.28 | -38.7 | 250
PBI-CPCL,, | 8700 2900 3700 1.26 | -30.8 | 250
PBI-PCL,, 5300 2500 4000 14 -40.7 | 220

®Molecular weights are determined by 'H-NMR and calculated as M, =
(repeating unit mass) x n. ® Molecular weights and PDI determined by GPC.

The ROP process was first optimized for fixed monomer to initiator ratio as

[MJ/[I] = 50 and the optimization was done by varying the polymerization

temperature and time. The degree of polymerization (from NMR) and GPC molecular

weights of polymer obtained in various reaction conditions are summarized in the

table 4.2. A maximum of 40 repeating units were obtained in the ROP process at 80

°C for 48 h polymerization. Hence, these reaction conditions were followed to study

the kinetics of ROP. Since the PBI is bifunctional initiator, the ROP initiation occurs

at both ends and the polymer chain grows at both sides of the PBI core.

Table 4.2: Molecular weights of PBI-BPCL, polymers determined by GPC and NMR

1 80
2 80
3 80
4 80
5 60
6 70

20
36
48
72
48
48

17
30
40
34
22
25

2600
6800
7200
6300
2800
2900

3400
8600
9000
9200
4500
3700

1.29
1.24
1.25
1.47
1.56
1.26

®no. of repeating units are determined by *H-NMR. ® Molecular weights and
PDI determined by GPC.
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The polymerization Kinetics was carried out for t-butyl substituted caprolactone
monomer with M/l = 50. For this purpose, aliquots were taken at regular intervals up
to 48 h and for these aliquots were subjected to NMR and GPC analysis. The GPC
plot (figure 4.10a) showed gradual increase in molecular weight with polymerization
time. Similarly, the plot for molecular weight M, obtained from NMR versus
polymerization time (figure 4.10b) also showed liner trend and polydispersity values
obtained as = 1.4 and did not change much with reaction time (figure 4.10c). These
results confirmed that desired molecular weight polymers can be produced by

controlled ROP process.
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Figure 4.10. GPC chromatograms of PBI-BPCLXx in tetrahydrofuran (a). Plots of M,
(determined by *H-NMR and GPC) vs polymerization time (b)and M,/ M, versus the
polymerization time (c).

Following a similar ROP methodology, a polymer from g-caprolactone was
also synthesized with monomer to initiator ratio as 40 as shown in scheme 4.3. This

non-substituted analogue was named as PBI-PCL.
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Scheme 4.3. Synthetic scheme of PBI containing block copolymers from caprolactone
monomer
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Figure 4.11. *H-NMR spectra and GPC chromatogram of PBI-PCLyg in CDCl3;,

The proton NMR spectra of PBI-PCL4o are shown in figure 4.5. The degree of
polymerization was determined by comparison of the peak intensities of N-CH,
proton from PBI initiator which appeared at 4.48 ppm (proton a) (as shown in figure
4.1) with proton ‘f’ from the PCL part. The degree of polymerization was found to be
40 repeating units for the M/l = 50 in the feed. The comparison of no of repeating
units obtained for t-butyl ester substituted e-caprolactone and e-caprolactone for the
feed [M]/[I] ratio are equal which shows that reactivity of PBI initiator is similar
towards both the monomers for ROP process. The molecular weights, polydisperties
and the purity of the polymers were determined by gel permeation chromatography
and the corresponding chromatograms are shown in figure 4.11. The number average
(Mp) molecular weight, weight average (M,) molecular weight and their
polydispersity are summarized in table 4.1. The polymer showed monomodal

distribution indicating the purity of polymer.

Thermal properties of the newly synthesized polymers were investigated by
TGA and DSC with 10 °C/min heating rate under nitrogen atmosphere and the plots
are shown in figure 4.12. From TGA plots it is evident that all the polymers were
stable up to 220-250 °C. The DSC thermograms in figures 4.12b and 4.12c clearly
showed that t-butyl ester substituted block copolymers and their deprotected
analogues were completely amorphous in nature due to the bulky substitution on the
polymer backbone which hampered the packing of the polymer chains. Interestingly,

non-substituted PCL block copolymer PBI-PCL4 was found to be semi-crystalline.
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The degradation temperatures and glass transition temperatures of the polymers are

summarized in table 4.2.
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Figure 4.12. TGA profile (a), DSC thermograms of PBI-BPCL, and PBI-PCLx
polymers (b), PBI-CPCL polymers (c).

4.3.2. Self-Assembly of PBI-CPCL Amphiphilic block copolymers

In the present investigation, the block copolymer was engineered rigid
hydrophobic PBI unit in the middle which was sandwiched between the hydrophilic
carbocyclic functionalize PCL chains. This unique design provide optimum geometry
to self-assembly the polymer chains differently in organic and in aqueous medium.
While evaporating the dropcaste the polymer samples from the organic solvent such
as THF on substrate, the polymer chains underwent long-range phase segregation of
like-like interactions to produce nano-fibrous morphology. On the other hand, it is
anticipated that the phase segregation of hydrophilic-hydrophobic segments in the
block is expected to align as hair-pin bend type amphiphiles in water. Subsequent
aggregation of these hair-pin type amphiphiles produces compact spherical
nanoparticle assemblies. In these arrangements, the PBI units occupy at the middle of
the nanoparticle core; thus, it could able to retain the fluorescence characteristics in
aqueous medium for several applications including bio-imaging. The self-assembly

phenomena of the PBI-CPCL blocks are shown schematically Figure 4.13.
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Figure 4.13. Schematic representation of self-assembly phenomenon of block
copolymers in organic and agueous medium.

The self-assemblies of these newly synthesized fluorescent block copolymers
were investigated in organic solvent (THF) and in aqueous medium. Electron and
atomic force microscopic analysis was carried out to visualize the morphology of the
polymer films drop-caste from organic solvent (THF). The field emission scanning
electron microscope images of PBI-CPCL;s and PBI-CPCLy4o are shown in figure
4.14a and 4.14b and AFM image for PBI-CPCL,s is shown in figure 4.14c. FESEM
images clearly showed the formation of helical nano-fibres. The average thickness
and length of the nano-fibers were estimated to be 20 +5 nm and 3 #0.5pum
respectively for PBI-BPCLjs. Similarly PBI-BPCL4, produced nano-fibers with

average thickness and length of 45 +5 nm and 4 +1um respectively.

Figure 4.14. FE-SEM images of PBI-BPCL;s (a) and PBI-BPCL4o (b), and AFM
image of PBI-BPCL ;5 (). The polymer concentration was maintained as 0.1 mg/mL
and the images were recorded for dropcaste films.

The ability of these PBI-CPCL polymers to produce stable self-assemblies in
aqueous medium was investigated. For this purpose, the polymer was dissolved in
DMSO+water (2:3 v/v/) and the resultant solution was dialyzed against large excess
of water for 48 h using semipermeable membrance having MWCO of 3500 g/mol.
Fresh water was relished in the reservoir periodically to remove the DSMO
completely. In this process, the polymer chains self-assembled as shown in Figure
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4.15 to produce stable nano-aggregates. A red colour clear aqueous polymer solution

was obtained at the end of the dialysis (photograph of vials shown in figure 4.15

10 10
Size (nm)

(b)

10?

Figure ?:;(BTS) histograms of PBI-CPCL15 (a), and PBI-CPCL40 (b). FE-SEM
and AFM images of PBI-CPCL15 (a,c) and PBI-CPCL40 (b,d), respectively (aqueous
dialysis solution).

The size of the polymer aggregates was determined by dynamic light
scattering (DLS) analysis and their DLS histograms are shown in figure 4.15a and
4.15b. The histograms clearly showed the existence of uniform mono-modal
distribution of nanoparticles with average sizes 90 £5 nm and 110 £5 nm for PBI-
CPCLy5 and PBI-CPCLy4g polymer, respectively. The morphology and size of these
polymer nano-aggregates were investigated by FESEM and AFM analysis. FE-SEM
images of PBI-CPCL;s and PBI-CPCL4 are shown in figure 4.15c and 4.15d,
receptively, which indicates the existence of soft spherical nano-aggregates. The
nanoparticles exhibited average size of 80 +£10 nm and 100 £15 nm for PBI-CPCL 5
and PBICPCL,g, respectively. The spherical morphology was further confirmed by
AFM analysis (see figure 4.15) and the sizes of the polymer nanoparticles are in good
agreement with FESEM analysis. The nanoparticle size of the aqueous aggregates
were found to almost identical both in the DLS and FE-SEM (or AFM) indicating that
these aggregates indeed stabilized in the aqueous solution and they were not disturbed
during the morphological analysis. These results confirmed that the newly designed
PBI-CPCL block copolymer is unique to produce stable spherical nano-assemblies of

in aqueous environment.
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4.3.3. Photophysical Characterization

To investigate the photophysical properties of PBI chromophore absorption
and emission spectra of the PCL block copolymers were recorded in organic solvent
as well as in aqueous medium. Figure 4.16 shows the absorption and emission spectra
of block copolymers in THF. The absorption band between 450 to 530 nm can be
assigned to 0—0, 0—1, 0—2, 0—3 transitions of Sy;—S; band. Thus, PBI
chromophore exhibit well resolved vibronic structure corresponding to Sp—S;
transitions with transition dipole moment along the long axis of PBI molecule.*® The
emission spectra of the polymers were (recorded at Aexcitation OF 485 nm) mirror images
corresponding to Sp—S; absorption band indicating the well resolved fine structure of
PBI chromophore. The absorption and emission spectra of the block copolymer nano-
assemblies were also recorded in aqueous medium as shown in figure 4.16. It can be
seen from the figure 4.16¢ that spectra became broader and less structured in aqueous
medium which may be attributed to the electronic coupling between the PBI
chromophores. The emission spectra of these polymers at Aexcitation OF 495 nm showed

the characteristic fluorescence of PBI.
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Figure 4.16. Absorbance (a) and emission (b) spectra of block copolymers in THF.
Absorbance (c) and emission (d) spectra of aqueous dialysed block copolymers.

The fluorescence quantum vyield of the block copolymers was in THF and
water using N,N’-bis(hexyl heptyl)perylene-3,4,9,10-bis(dicarbiximide) as standard in
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chloroform.* In THF the fluorescence quantum yields were found to be 0.90 and 0.93
for PBI-CPCL;s and PBI-CPCLy, respectively. In agueous medium the quantum
yields were found to be 0.23 and 0.30 for PBI-CPCL;5 and PBI-CPCLyg, respectively.
The quantum vyields of the PBI-CPCL nanopartciles in aqueous solution are in the
similar range of other PBI systems reported for bio-imaging application (ref).?*’ In
the present case, the good fluorescence quantum yield of PBI in the block copolymer
may be attributed to the fact that the polymer structure consist of rigid hydrophobic
PBI in the middle and hydrophilic carboxylic acid substituted caprolactone units at
both the ends which are expected to reduce the possible aggregation of PBI

chromophore in aqueous medium.

Time resolved fluorescence life time measurements of PBI-CPCL polymer
were carried out in organic solvent THF and in aqueous medium. The decay
measurements were carried out at 460 nm LED as excitation source and the decay
were collected at respective emission maxima. The decay profile and the life time data
are given in figure 4.17 Polymer in THF showed single exponential fit with life time
of 4.43 ns corresponding to isolated species in excited state. The polymer
nanoparticles in aqueous medium exhibited biexponential decay corresponding to
isolated and aggregated species in the excited state. Moreover, polymer showed
similar decay profile and the average life time of polymer in THF and water is almost
similar which indicated that in water the aggregated excited species did not lose the
excitation energy by nonradiative processes and retained its delayed emission which

is beneficial for bioimaging application.

prompt || Golvent T, T, B, B, 12 | Average
(ns) [ (ms) lifetime
(ns)

water 1.09 | 4.82 | 4.10 [ 95.90 | L.16 4.27

Counts

THF 4.43 - 100 - 1.17 4.43

il N L b \
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Figure 4.17. TCSPC decay profile and life time data for PBI-CPCL40 in organic and
aqueous medium recorded by 460 nm LED source and collected at emission maxima
540 nm.
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To get more insight into the aggregation behaviour of PBI, solvent dependent
UV-Vis spectroscopic studies were carried out for PBI-CPCL40 block copolymer.
Figure 4.18 shows UV-Vis spectra recorded for the block copolymer in THF/water
solvent combination. The absorption spectra revealed well resolved vibronic structure
corresponding to Sp—S; transition with most intense band at 520 nm indicating that
PBI is in molecularly dissolved (nonaggregated) state in THF. Upon increasing the
amount of water, a gradual decrease in the absorption coefficient was observed.
Further spectral features were also changed and spectra became broader and less
structured which is attributed to the electronic interactions between the chromophores.
As seen in figure 4.18, a gradual decrease in the emission intensity (excited at 495
nm) of PBI with concomitant decrease in the absorption coefficient was observed
which was further confirmed from the plot of PL intensity versus THF/ Water
composition. Hence, all these photophysical studies conclude that the PBI containing
block copolymers can be utilized for bio-imaging application as they exhibit desired

water solubility and quantum yield in aqueous medium.
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Figure 4.18. Absorption (a) and emission (b) spectra of PBI-CP4.4CL40 polymer in
THF/water combination, plot of PL intensity versus solvent composition (c).

4.3.4. Enzyme-responsive Biodegradation of PBI-CPCL

Florescent polymer nanoparticles encounter two important challenges while
employing them for cellular imaging in biological system; (i) they should possess
significant stability under extracellular conditions, and (ii) should be capable of bio-
degradable into smaller segments under intracellular stimuli so that they can be
excreted from the cellular environment once the action is performed. These two steps
are shown in Figure 4.19a. In the present investigation, the PBI-CPCL blocks are
designed with biodegrade aliphatic polyester chains (PCL chains); hence, they can be

readily enzymatically-biodegraded by intracellular enzymes such as esterase present
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in the lysosomal comportments. Stability of polymer nanoparticles under
physiological conditions is the desirable property for the bio-imaging application.
Therefore, stability of the block copolymer nanoparticles was investigated in PBS 7.4
at 37 °C by monitoring change in the size of the nanoparticle utilizing DLS up to 48h.
Figure 4.19b represents the DLS histograms at various time points and it is evident
that mean diameter of the polymer nanoparticle did not change over the period of
time. Hence the block copolymer nanoparticles are stable under physiological
condition. The backbone of the fluorescent PCL block copolymer constitute with
aliphatic ester linkage therefore they are prone to degrade in presence of esterase
enzyme under physiological conditions. DLS was utilized to evaluated enzymatic

biodegradation of the block copolymers.
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Figure 4.19. The DLS histograms of PBI-CPCL40 polymer nanoparticles incubated
in PBS 7.4 at 37 °C in absence of esterase (a), in presence of esterase (b), plot for size
of the polymer nanoparticles vs incubation time (c).

To demonstrate the enzymatic biodegradation, polymer nanoparticles were
incubated with esterase enzyme in PBS 7.4 at 37 °C and DLS measurements were
carried out at regular time interval as shown in figure. A gradual change from mono-
modal to multi-modal size distribution with increase in mean diameter was observed.
Increase in the size of the polymer nanoparticle was attributed to cleavage of the
polymer backbone by esterase enzyme to produce oligomer species. As a result,

polymer nanoparticle disassembled due to the disturbance in amphiphilicity and the
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resulting oligomer species loose the hydrophobic-hydrophilic balance to form large
size aggregates in the aqueous medium. Further size of the nanoparticle vs incubation
time plot as shown in figure 4.19c demonstrates the stability of block copolymer
under physiological conditions as there is no appreciable change in the size of the
polymer NP with incubation time. On the other hand size of the nanoparticle

increased gradually due to the enzymatic biodegradation of the polymer.

The enzymatic biodegradability of block copolymers was also investigated by
GPC analysis. For this purpose, block copolymer PBI-CPCL,4o was dissolved in PBS
7.4 in presence of esterase enzyme and stirred at 37 °C for 48 h. Aliquots were taken
periodically and GPC analysis was performed and the GPC plots are shown in Figure
4.20a. The molecular weight (M,) obtained from GPC analysis was plotted against
esterase incubation time as shown in figure 4.19b. The plot revealed gradual decrease
in the molecular weight of the polymer due to the degradation of long polymeric chain
by esterase enzyme which results in the formation of low molecular weight fragments.
Thus, the newly synthesized fluorescent PCL block copolymers were stable at

extracellular conditions and undergo enzymatic biodegradation at intracellular

conditions.
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Figure 4.20. GPC chromatograms of aliquots of polymer incubated with esterase
enzyme at various time points (a) and plot for molecular weight (Mn) obtained from
GPC versus incubation time (b).
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4.3.5. Cytotoxicity and Cellular Uptake of Polymer Nanoparticles

Biocompatibility of polymer nanoparticle is a primary concern for their
potential use in biomedical application. In order to demonstrate the biocompatibility,
cervical cancer (HeLa) and breast cancer (MCF-7) cells were incubated with block
copolymer nanoparticles at various concentrations (from 1 to 100 pg/mL) for 48 h and
MTT assay was carried out in HeLa and MCF-7 cell line. MTT is colorimetric assay
wherein the cell viability is evaluated by reduction of MTT in to formazan and figure
4.21 shows the cell viabilities of PBI-CPCL 5 and PBI-CPCL4o polymer nanoparticles
in HeLa and MCF-7 cells. The results showed that more than 80 % cell viability was
retained up to 100 pg/mL concentration of the polymer nanoparticles. Thus the low
cytotoxicity of block copolymer nanoparticles further confirmed that they are

potential candidates for biomedical applications.
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Figure 4.21. Cytotoxicity studies of PBI-CPCLx block copolymers in MCF-7 cells (a)
and HeLa cells (b).

Therefore, the highly biocompatible, biodegradable red luminescent polymer
nanoparticles were demonstrated for the in vitro cellular imaging in cervical cancer
HeLa cell line. The cellular uptake was studied by incubating the polymer
nanoparticles with HelLa cells and the imaging was performed using confocal laser
scanning microscope (CLSM). The polymer nanoparticles were stained with DAPI to
visualize the nuclei of the cells. The CLSM images of the polymer nanoparticles are
shown in figure 4.22. The cells were observed for the red luminescence (A 514 nm
laser) from the PBI chromophore in the polymer NP as shown in figure 4.19c and

4.19g which confirmed that the polymer NP was taken up by the cells and mainly
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localized in the cytoplasm and perinuclear region. The cells were also observed
through blue channel (A 405 nm laser) for DAPI stain (figure 4.22b,f ). The merged
images again confirmed that the polymer NP was preferably accumulated in the
cytoplasm. Thus the cellular uptake studies revealed that these PBI containing
polymer nanoparticles were readily internalized into the HelLa cells and red
fluorescence of PBI chromophore was preserved at the intracellular conditions hence

current polymer design is very efficient for cellular imaging in cancer cells.

DIC DAPI POLYMER MERGED
(d)

Figure 4.22. CLSM images of HelLa cells incubated with block copolymer
nanoparticles. Cells were stained with DAPI (b, f) and observed for red fluorescence
of PBI (c, g),

4.4 Conclusion

In conclusion, novel highly luminescent, enzyme responsive, amphiphilic PCL
block copolymers were successfully synthesized and demonstrated for the cellular
imaging application in the cancer cells. For this purpose, ROP process was optimized
for t-butyl ester substituted caprolactone monomer and hydroxyl functionalized red
fluorescent PBI chromophore as initiator. Molecular weight of the polymers was
controlled by monomer to initiator ratio in the ROP process. Further t-butyl ester
substituted PCL polymers were successfully converted into carboxyl substituted PCL

polymers which rendered the amphiphilicity to the block copolymers. The PCL block
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copolymers exhibited nanofibrous morphology in organic solvent THF and in aqueous
medium spherical nanoparticles of ~100 nm were observed. The photophysical
properties of PBI chromophore in the block copolymer were studied in detail. The
hydrophilic PCL arms ensured the water solubility thereby reducing the aggregation
of PBI chromophore in block copolymers which resulted in retaining the desirable
photophysical properties in aqueous medium. The PCL block copolymers were
studied for their enzyme responsive biodegradation as the polymer backbone
constituent aliphatic ester linkages which are cleaved in presence of esterase enzyme
present in the lysosomal compartment. The enzymatic biodegradation studies revealed
that block copolymer NP were stable at extracellular condition and degrade at
intracellular conditions in presence of esterase enzyme. Further biocompatibility was
studied by MTT assay and the block copolymer NPs were nontoxic to cells. Thus,
desired water solubility, strong red fluorescence from PBI chromophore along with
biodegradability and low cytotoxicity were the key attractions for bioimaging
application of the novel PBI containing PCL block copolymers. The cellular uptake
studies revealed that the polymer NPs were rapidly internalized in to the cells and
inherent red fluorescence for the PBI chromophore was observed inside the cells
confirming the potential use of the polymer NPs for cellular imaging application. The
present polymer design combined attractive photophysical properties of PBI in
aqueous medium and biodegradability of PCL backbone which provided new
opportunity for development of efficient nano-assemblies for biological applications

such as drug delivery and bioimaging.
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Abstract

The development of smart nanocarriers system for simultaneous delivery and direct
monitoring of cisplatin to elicit improved therapeutic efficiency from cisplatin is
highly desirable. Therefore, dual functional highly luminescent, biodegradable,
cisplatin conjugated amphiphilic block copolymer nanocarriers have been developed
and demonstrated for therapeutic and diagnostic application in cancer cells. Novel
PBI-CPCL-PEGPCL block copolymer was designed and synthesized by ring opening
polymerization. The polymer design comprises carboxylic acid is functionalized
polycaprolactone block to facilitate chemical conjugation of cisplatin and hydrophilic
PEG substituted polycaprolactone block to obtain required amphiphilicity in the block
copolymer. Moreover, highly fluorescent PBI chromophore provides opportunity to
directly monitor fate of the drug inside the cells. The polymer nanocarriers prevented
undesirable interactions of cisplatin with PBS, saline and GSH and protected the drug
inside polymer-cisplatin conjugated nanoparticles. The in vitro drug release studies
demonstrated that esterase enzyme triggered the cleavage of polymer-cisplatin
conjugated nanoparticles to release cisplatin in to the medium. Cytotoxicity studies
confirmed high biocompatibility of the nascent polymer and hence utilized as
fluorescent probe to track the non-fluorescent cisplatin delivery inside the cancer cells
using non-invasive bioimaging tool. Further, Polymer-cisplatin conjugated NP
exhibited comparable cell killing to that of free cisplatin in cancer cells The cellular
uptake followed by accumulation of the drug conjugated nanoparticles inside the
cytoplasm was confirmed from the red fluorescence of PBI chromophore in the
polymer by CLSM imaging. Thus, the multifunctional block copolymer nanocarriers
are promising candidates for simultaneous delivery and direct tracking of cisplatin

inside the cancer cells.
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5.1 Introduction

The serendipitous discovery of anticancer properties of cisplatin by Rosenberg and
Vancamp in 1969 has revolutionized the cancer treatment. FDA approved cisplatin to
treat ovarian and testicular cancer in 1978, since then it has become one of the oldest
and most efficient clinical drugs employed to treat wide range of cancers including
ovarian, breast, testicular, head and neck, small cell and non-small cell lung, bladder,
liver because of its broad spectrum of antitumor activity."? Cisplatin (cis-
diamminedichloridoplatinum (11) (CDDP) is platinum based neutral, inorganic, square
planar complex and its antitumor property is mainly associated with binding of
cisplatin to DNA in cell nucleus to form un-repairable platinum DNA adducts
ultimately resulting in DNA damage to trigger cellular apoptosis.®*® The mechanism

of action of cisplatin is depicted in figure 5.1.

[CI] = 104 mM (blood) Plasma membrane

[CI] = 4-10 mM (cytoplasm) e

(i) cisplatin binds at N7 NH,
u . 7
N, -H h
HN, OH1 2* T
Pl +2 {Cv-u G NY
o SR §

C-G DNA Base Pair 1,2-d(GpG) Intrastrand adduct
(major product)

Figure 5.1. Four steps of the mechanism of action of cisplatin (i) cellular uptake, (ii)
aquation/ activation, (iii) DNA binding, and (iv) cellular processing of DNA lesions
leading to apoptosis (adopted from Johnstone et al. Chem. Reviews 2016, 116, 3436-
3486)

The cisplatin drug is neutral in bloodstream and enters the cell via both passive and
active pathways. At intracellular conditions the chloride leaving group is displaced by
water molecule to form aquated cisplatin and thus the drug is in activated form. The
aquo complex of cisplatin covalently binds to the nitrogen in N’ position of purine
bases which subsequently cross link to adjacent purine. This platinum DNA adduct
interfere with normal DNA replication and transcription which trigger DNA damage

and culminate in cell apoptosis.>* However, cisplatin treatment suffers severe side
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effects including neurotoxicity, nephrotoxicity, ototoxicity, emetogenesis, nausea,
vomiting, fatigue. This systemic toxicity is due to the poor specificity of cisplatin
which limits the therapeutic efficacy. In addition, cisplatin efficacy is mainly
restricted by inherent and acquired resistance in cancer cells. The major mechanisms
by which the cells become resistant to cisplatin are; (1) Reduced drug accumulation
due to change in the uptake or efflux profile, (2) Cytoplasmic detoxification of
cisplatin by sulphur containing molecules, (3) enhanced repair of cisplatin-DNA
adduct. (4) Increased tolerance to DNA damage and change in the molecular
pathways leading to failure of apoptosis pathways.®’ To circumvent the limitations of
cisplatin, second generation Platinum analogues such as oxaliplatin, carboplatin, and
nidaplatin have been prepared and are in clinical use. These platinum derivatives are
safer and show improved therapeutic efficacy in cancer treatment. Despite the better
performance of these drugs, their use is also associated with more acceptable side
effects as they possess similar mechanism of action to that of cisplatin.®® Recent
advances in nanotechnology have enabled the development of smart nanocarriers to
alleviate the side effects of cisplatin in cancer treatment. Using this approach, the
encapsulation of drug in the nanocarriers temporarily passivates the drug during the
transport to reduce systemic toxicity and targeted delivery of the nanocarriers
promotes drug uptake thereby improving the therapeutic efficacy.* A range of
nanocarriers including liposomes, inorganic, and polymeric nanoparticles have been

investigated for the cisplatin delivery in the cancer treatment.
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Figure 5.2. lllustration of nanogel formation from chelating ligand-conjugated HA,
induced by ligand-cisplatin coordination. The ligand conjugated HA is cross-linked
via bridging of ligands by cisplatin or hydrophobic interaction of cisplatin
coordinated ligands that lose their hydrophilicity through coordination of action of
cisplatin (adopted from Ohta et al. Bioconjugate Chem. 2016, 27, 504-508)
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Ohta et al. developed cisplatin encapsulated hyaluronan nanogels through cheating
ligand metal coordination as shown in figure 5.2 for pH responsive cisplatin
delivery.’Similarly, pH responsive luteinizing hormone-releasing hormone (LHRH)-
targeted nanogels and laponite nanodisc based nanohydrogels were demonstrated for
in vitro as well as in vivo cisplatin delivery to ovarian cancer and cervical cancer
respectively.’®** Anish Babu et al. prepared multifunctional chitosan coated lactic
acid nanoparticle for codelivery of cisplatin and siRNA/Plasmid DNA and tested for
its efficacy in cisplatin resistant 2008/C13 ovarian cancer cells.*> Xinming Li and co-
workers used multifunctional grapheme oxide conjugated Pt(1\V) prodrug to enhance
the in vivo therapeutic efficacy.® Shribin et al. developed folic acid conjugated
polypeptide based cisplatin encapsulated vesicles for targeted drug delivery.*
Liopsome-conjugated cisplatin (1) prodrug nanomedicine was developed for in vivo
cancer therapy.™ Johnson and coworkers synthesized brush-arm star polymer via
convergent synthetic approach and demonstrated for single nanoparticle based
combination cancer therapy of cisplatin, doxorubicin, and camptothecin.*®

Novel Triple Block Nano-carrier (TBN) for Cancer Treatment (,, oFr_," Site for Cisplatin
O%W )

/v Enzymatic-Biodegradable Conjugation

/
—0
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o\/\o/‘<\/°\/)/\0/\/° M )M \n/\/\/\ )‘ ‘ N o vv o5 70 NN .A«,v OH
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Hydrophobic
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N - e
Doxorubicin /. . CISP|3);II1HDoxsmblcln "\;:lsplatm OH OH
XA U/ ee X % B S P nas "

” . (‘yer :
DOX Nanoparticle Cisplatin
(TBN-DOX) Dual Drug Nanoparticle Nanoparticle |

(TBN-CP-DOX) (TBN-CP)

e Combination —
splatin Therapy Synergistic Cell Killing g A ?
3 P ¢ ol ﬁ'\ ’ L
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Figure 5.3. Triple block nanocarrier (TBN) design for combination therapy of
cisplatin and DOX and accomplishing synergistic cancer therapy from single polymer
platform (adopted from Bapurao et al Biomacromolecules 2016, 17, 4075-4085)

Bapurao et al. from our laboratory reported biodegradable PEG-CPCL block
copolymer core shell nanoparticles to overcome cisplatin detoxification against GSH
overexpressed breast cancer cells.'’*® Bapurao et al. from our laboratory has also
demonstrated biodegradable triblock copolymers as triple block nanocarriers for
codelivery of antagonistic drugs cisplatin and doxorubicin for synergistic cancer

therapy as shown in figure 5.3.°
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Nilesh et al. from our laboratory developed cisplatin-conjugated polysaccharide
vesicles as single nanoscaffold for combination therapy of triple antagonistic
cisplatin, doxorubicin, and camptothecin drugs.”> The aforementioned cisplatin
nanocarriers are important in demonstrating improved therapeutic efficacy of cisplatin

in cancer therapy.

Theranostic polymer nano-carriers are one of the fast growing research areas
in cancer treatment in which the nano-system is tagged with unique molecular
property for tracking their administration in the biological system (diagonstics) as
well as deliver desirable cargoes to carryout particular action (therapeutics) in single
polymer platform. Therefore, several efforts were taken to coformulate Pt-drug
imaging agent with therapeutic agent in a single platform which allows simultaneous
delivery as well as non-invasive visualization of the drug to improve cancer treatment.
Among these approaches Kabanov and co-workers developed magnetic nanoparticles
with luteinizing hormone-releasing hormone (LHRH)-targeted poly(glutamic acid)-b-
(ethylene glycol) block copolymer conjugated with cisplatin as shown in figure 5.4

and demonstrated for simultaneous MR imaging and ovarian cancer chemotherapy.?

Figure 5.4. Cisplatin loaded magnetite nanoclusters for simultaneous MR imaging
and cancer chemotherapy (adopted from Vishwasrao H.M. et al Chem. Mater. 2016,
28, 3024-3040)

Lipoic acid functionalized PEGylated dendritic system was developed with
bio-reducible disulphide bond to generate pH/redox dual responsive supramolecular
nanoplatform for cisplatin delivery. Moreover, the nanocarriers were endowed with

NIR fluorescence probe to visualized in vitro and in vivo fate of the cisplatin
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delivery.?? Yubin Huang and co-workers developed dual sensitive dual drug
(demethylcantharidin (DMC) and cisplatin) backboned nanoparticles (DD-NP) as
shown in figure 5.5 which trigger release of the drugs in chain-shattering manner
under reduction/acidic intracellular environment. Further DD-NP was applied as
contrast agent to directly track the drug and NP via DMCT and ICP-MS both in vitro

and in vivo.?®

Apoptosis

Abrogate arrest

Endosome Cell cycle arrest

Pt
NHY  YOH,

Qlop,lg;ﬂn DNA binding.

Figure 5.5. Schematic illustration of dual drug backboned shattering polymeric
nanoparticle possible dual anticancer mechanism after endocytosis by cancer cells
(adopted from Cong et al Adv. Mater. 2018, 30, 1706220)

Patel et al. demonstrated nanoemulsions for encapsulation of difatty acid
platins (cisplatin prodrug) and C6 ceramide an apoptosis enhancer in the lipid core
and the surface was decorated with lipidated FA and lipidated Gd-DTPA to improve
targeting ability and Gd-DTPA enabled monitoring of tumor uptake by noninvasive
MR imaging.?* Poly(methacrylic acid)-grafted-poly(ehtyleneglycol methacrylate)
polymer nano-assemblies were investigated with in situ coating of magnetite
nanocrystallites and this magnetic drug delivery system was investigated for cisplatin
delivery. The anticancer properties of the drug nanocarriers were monitored with
PET-CT (positron emission tomography/computed tomography) in cisplatin resistant

HT-29 human colon adenocarcinoma model.®

Xiaoyong Wang and co-workers
explored Pt(IV) prodrug loaded superparamagnetic iron oxide nanoparticles (SPIONSs)
which exhibited GSH promoted cytotoxicity against tumor cells and therapeutic
response of the NP was monitored by MR imaging.?® Multifunctional FA-grafted
PEGylated yolk like Fe304@Gd203 pH responsive nanoparticle for in vivo cisplatin
delivery and MR imaging diagnostic was investigated by Zhengyan Wu and co-

workers.?’
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Unfortunatley, cisplatin is non-fluorescent drug therefore these nanocarrier
designs depend upon the labelling of fluorescent molecules or the fluorescent drug
used in the combination therapy for tracking of the intracellular cisplatin delivery as a
compromise as this approach does not give the direct information about fate of the
drug at intracellular level. Fluorescent polymer nano-carriers are unique system which
allows to track their pathway in the biological system by confocal microscopy
imaging as well as image dependent spectroscopy tools such as FRET. Yen Wei and
co-workers prepared AIE based fluorescent amphiphilic copolymer (ATPHE-co-
BTDA) synthesized via ROP of amine terminated AIE dyes (ATPHE) with BDTA
followed by conjugation with hydrazide terminated PEG to form dynamic hydrazine.
These nano-assemblies were developed for in vitro cisplatin delivery and biological
imaging in HeLa cells.”® Upconversion nanoparticles consisting of lanthanides coated
with polyethyleneimine for Pt(I\V) drug conjugation (UCNP@PEI-Pt-PEG@siRNA)
were demonstrated for in vitro as well as in vivo cisplatin delivery and to track the
fate of the nanoparticles.”® Wang et al. developed structure switching aptamer
triggered hybridization chain reaction (HCR) on cell surface which enabled real time
activation and signal amplification for fluorescence imaging and efficient targeted
tumor therapy.*® Chatterjee et al developed cisplatin encapsulated gold nanoparticles
for simultaneous cell imaging and drug delivery in cervical cancer HeLa cells.®"
Gold nanoclusters conjugated with cisplatin prodrug and folic acid were reported for
fluorescence imaging and targeted chemotherapy of breast cancer.*® Polydopamine
coated gold nanorods were investigated for image guided tumor therapy which targets
tumor angiogenesis enhancing therapeutic efficacy.** Bin Liu and co-workers
synthesized PEG substituted conjugated polyelectrolyte (CPE) conjugated with
cisplatin to develope nanoparticles (CPE-PEG-Pt) for simultaneous cisplatin delivery
and drug tracking in HepG2 cancer cells.®* Lipoic acid functionalized PEGylated
dendritic system was developed with bio-reducible disulphide bond to generate
pH/redox dual responsive supramolecular nanoplatform for cisplatin delivery.
Moreover, the nanocarriers were endowed with NIR fluorescence probe to visualized
in vitro and in vivo fate of the cisplatin delivery.*® With very few exceptions, above
mentioned cisplatin delivering and imaging nanocarriers are biocompatible but not
biodegradable. The development of biodegradable dual functional nanocarriers would
facilitate the targeted delivery of cisplatin to tumor and allow non-invasive
visualization of fate of the drug at intracellular condition. Hence, developing
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biodegradable nanocarriers which is capable of simultaneously delivering cisplatin
and monitoring fate of the drug inside the cells is highly desirable. However, major
challenge in developing such biodegradable nano-scaffold is to maintain balance
between therapeutic and diagnostic properties to achieve optimum effect.

Figure 5.6. Dual functional block copolymer nanocarriers design for simultaneous
cisplatin delivery and cell imaging in cancer therapy.

In order to accomplish this goal new biodegradable block copolymer design
was proposed with following features. (i) carboxylic acid substituted PCL for CP
conjugation, (ii) PEG substituted PCL block for aqueous solubility of the nanocarriers
(iii) red fluorescent perylene bisimide (PBI) chromophore for fluorescence
bioimaging to monitor cisplatin delivery to cancer cells. In this design, PCL block
copolymer undergo enzymatic cleavage at intracellular environment to trigger
cisplatin release and PBI chromophore utilized for bioimaging purpose is
biocompatible and has negligible mass in comparison with total biodegradable
polymeric mass. This nanocarriers design for simultaneous delivery and imaging is
schematically shown in figure 5.6. In the present investigation novel PBI-CPCL-
PEGPCL block copolymer was designed and synthesized by ring opening
polymerization. For this purpose, PEG substituted caprolactone monomer was custom
designed and synthesized to improve the solubility of block copolymer in aqueous
medium. The polymer design is functionalized with carboxylic acid groups for

chemical conjugation of cisplatin. The resulting polymer-cisplatin conjugate self-
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assembled in aqueous medium to form spherical nanoparticles. The desirable
photophysical properties of PBI chromophore were retained in polymer-cisplatin
conjugates which enabled to utilize them for cellular imaging to monitor the delivery
of cisplatin to cancer cells. The stability of polymer-cisplatin conjugated nanoparticles
was investigated in detail. In vitro drug release studies demonstrated that esterase
enzyme present in the lysosomal compartment triggered the cleavage of polymer-
cisplatin conjugated nanoparticles to release cisplatin. Polymer-cisplatin conjugated
NP exhibited comparable cell killing to that of free cisplatin in cancer cells. The
fluorescent PBI chromophore enabled to monitor the cellular uptake of NP by CLSM
imaging which confirmed the successful internalization of NP inside the cells and
preferably accumulated in cytoplasm and peri-nuclear region. Hence, present
investigation demonstrated that multifunctional block copolymer nanocarriers are

efficient for simultaneous imaging and drug delivery in cancer treatment.
5. 2 . Experimental section

5.2.1. Materials: Tetraethylene glycol, p-toluenesulfonylchloride, sodium azide,
lithium aluminium hydride, zinc acetate [Zn(OAc);], 1,4-cyclohexane diol, tert-butyl
acrylate, pyridiniumchlorochromate (PCC), m-chloroperbenzoic acid, caprolactone,
polyethylene glycol monomethyl ether (molecular weight = 350), cisplatin, tin (I1) 2-
ethylhexanoate, orthophenylenediamine (OPD), silver nitrate, glutathione (GSH) and
horse liver esterase enzyme were purchased from Sigma Aldrich chemicals and used
as received. Dimethyl acetamide (DMACc), tetrahydrofuran (THF), dimethyl
formamide (DMF), chloroform, trifluoroacetic acid and all other solvents were
purchased locally and used after purification by standard procedures. Human breast
cancer cells (MCF-7) and Cervical cancer (HelLa) cells were maintained in DMEM
(with phenol red medium: Gibco) supplemented with 10 % (v/v) fetal bovin serum
(FBS) and 1 % (v/v) penicillin-streptomycin at 37 °C under a 5 % CO, humidified
atmosphere. Cells were washed with 40 % DPBS (Gibco), trypsinised using 0.05 %
trypsin (Gibco) and seeded in 96- or 6- well flat-bottomed plastic plates (Costar) for
all assays. 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide salt (MTT),
4 % paraformaldehyde, DAPI, and DMSO were obtained from Sigma Aldrich.

5.2.2. Synthesis of 3-((4-oxocyclohexyl)oxy)propanoic acid (3): compound (7 from
chapter 2) (14.0 g, 57.85 mmol) was dissolved in dry DCM (50.0 mL) and stirred for
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5 minutes. TFA (50.0 mL) was added slowly to the reaction mixture and continued to
stir for 2 h at 30 °C. Solvent and TFA were removed by evaporation to get yellow
liquid. The crude product was purified by column chromatography using ethyl acetate
in pet ether as eluent. Yield = 10.0 g (90.0 %). *H-NMR (400MHz, CDCl3) & ppm:
3.77 (m, 3H, -CH; and —-O-CH), 2.55 (t, 2H, -CH,-CO-), 2.48 (m, 2H, -CH), 2.22 (m,
2H, -CH,), 2.06 (m, 2H, -CH5) and 1.87 (m, 2H, -CH,). *C-NMR (100MHz, CDCl5)
8 ppm: 211.9, 177.4, 72.7, 63.3, 36.8, 36.0 and 30.2 FT-IR (cm™): 3440, 2930, 2365,
1700, 1420, 1340, 1310, 1240, 1185, 1105 and 1063. HRMS (ESI+): m/z [M+Na"]
calcd. for CoH1404[M*] = 209.07; found = 209.15

5.2.3. Synthesis of tert-butyl-3-((7-oxooxepan-4-yl)oxy)propanoate  (4):
Compound (3) (10.0 g, 53.5 mmol) and catalytic amount of DMAP were dissolved in
was dissolved in dry DCM (150.0 mL) and deoxygenated by purging with nitrogen
with stirring for 10 minutes. EDC.HCI (15.4 g, 80.0 mmol) was added to it and
stirring was continued for 15 minutes followed by addition of DIPEA (28.1 mL, 16.1
mmol). PEG monomethyl ether (molecular weight 350) (15.0 g, 43.0 mmol) was
dissolved in dry DCM (50.0mL) separately and deoxygenated by purging with
nitrogen for 15 minutes. The PEG solution was added to the reaction mixture ad
continued to stir for 48 h at 30 °C under nitrogen atmosphere. DCM was evaporated
and crude reaction mixture was dissolved in ethyl acetate followed by washing with
sodium bicarbonate and brine solution. The organic layer was separated and dried
over sodium sulphate. Crude product was purified by passing through silica gel
column using DCM and methanol as eluent. Yield = 13.5 g (50 %). ‘H-NMR
(400MHz, CDClI3) 6 ppm: 4.24 (t, 2H, CH,-O0C-), 3.76 (t, 2H, -CH,-0-), 3.68 (m,
3H, -CH-0O and -CH,-0-), 3.63 (m, 22H, -CH,-O-), 3.53 (t, 2H, -CH,-O-), 3.36 (s,
3H, -O-CHj3), 2.62 (t, 2H, -CH,-CO-), 2.55 (m, 2H, -CH,), 2.22 (m, 2H, -CH,), 2.05
(m, 2H, -CH,) and 1.88 (m, 2H, -CH,). *C-NMR (100MHz, CDCls) § ppm: 211.9,
177.4, 72.7, 63.3, 36.8, 36.0 and 30.2 FT-IR (cm™): 3445, 2925, 2362, 1725, 1422,
1345, 1310, 1240, 1185, 1105 and 1063.

5.2.4. Synthesis of tert-butyl-3-((7-oxooxepan-4-yl)oxy)propanoate (PEG-CL-
Monomer): Compound (4) (5.0 g, 9.65 mmol) was dissolved in dry DCM (100.0 mL)
and m-chloroperbenzoic acid (3.3 g, 19.3 mmol) and sodium bicarbonate (1.6 g, 19.3
mmol) were added sequentially and the reaction mixture was stirred at 30 °C for 72 h

under nitrogen atmosphere. Reaction mixture was concentrated and saturated aqueous
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NaHCOg solution and saturated aqueous Na,S,03 solution was added to it. The crude
product was extracted into ethyl acetate and dried over anhydrous sodium sulphate.
Pure product was obtained by column chromatography using DCM and methanol as
eluent. Yield = 3.2 g (60 %). '"H-NMR (CDCls, 400 MHz) &ppm: 4.45 (dd, 1H,
COOCH), 4.24 (t, 2H, CH,-00C-), 4.04(dd, 1H, COOCH), 3.64 (m, 4H, OCH,,
OCH& COCH), 3.53 (t, 2H, -CH,-0-), 3.36 (s, 3H, -O-CHj3), 2.95 (dd, 1H, COCH),
2.50 (t, 2H, COCH,), 2.42-1.79 (m, 4H OCH(CH,),) *C-NMR (CDCl;, 100MHz)
dppm: 176.5, 171.3, 80.8, 74.3, 64.3, 63.5, 36.8, 34.2, 28.5, 27.9 and 27.5. FT-IR (cm’
1): 2925, 1725, 1460, 1393, 1210, 1160 and 1105.

5.2.5. Synthesis of PBI-BPCL4o Macroinitiator: Macroinitiator was synthesized by
ring opening polymerization of t-butyl ester substituted monomer with hydroxyl
functionalized perylene bisimide (PBI) initiator following the procedure as described
below. The monomer to initiator was taken as [M]/[1] = 50. In a flame dried schlenk
tube PBI initiator (22.9 mg, 0.03 mmol) was dissolved in dry THF (0.5 mL) and
Sn(Oct); (6.2 mg, 0.01 mmol) as added as catalyst. The polymerization mixture was
deoxygenated by purging with nitrogen for 30 minutes. Monomer (400 mg, 1.54
mmol) was dissolved in dry THF (0.5 mL) separately and this monomer solution was
added to the schlenk tube and purging was continued for another 30 minutes. The
schlenk tube was immersed in preheated oil bath and refluxed for 48 h with constant
stirring. The crude polymer mixture was cooled and precipitated in hexane. The
procedure was repeated twice to obtain pure polymer. Yield = 270 mg (67 %) *H-
NMR (400 MHz, CDCl3) 6 ppm: 4.13 (m, 2H), 4.07 (m, 2H), 3.69-3.63 (m, 5.27 H),
3.45 (m, 1H), 2.52 (m, 2H), 3.38 (m, 2H), 1.86-1.78 (m, 4H), 1.45 (m, 9H). *C-NMR
(100 MHz, CDCls3): 173.85, 172.02, 760.99, 65.20, 61.67, 35.73, 33.36, 32.22, 29.65,
29.04, 26.34, 23.06 and 14.51. FT-IR (cm™): 2935, 2867, 1250,1328, 1463, 1343,
1257, 1172, 1094, 1064, 941 and 720.

5.2.6. Synthesis of PBI-BPCL-PEGPCL Block copolymer. The block copolymer
was synthesized by ring opening polymerization of PEG substituted caprolactone
monomer (5) with PBI-BPCL polymer synthesized above as macroinitiator for [M]/[1]
ratio of 50 as follows. Macroinitiator (165.7 mg, 0.015 mmol) was taken in a flame
dried schlenk tube and dissolved in dry THF (0.5 mL) followed by addition of

Sn(Oct); (3.1 mg, 0.007 mmol) as added as catalyst. The polymerization mixture was
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deoxygenated by purging with nitrogen for 30 minutes. The PEG substituted
caprolactone monomer (5) (400 mg, 0.75 mmol) was dissolved in dry THF (0.5 mL)
separately and this monomer solution was added to the schlenk tube and purging was
continued for another 30 minutes. The schlenk tube was immersed in preheated oil
bath and refluxed for 72 h with constant stirring. The crude polymer mixture was
cooled and precipitated in diethyl ether. The procedure was repeated twice to obtain
pure polymer. Yield = 300 mg (50 %) ‘H-NMR (400 MHz, CDCls) & ppm: 4.24 (t,
2H, CH,-00C-), 4.13 (m, 2H), 4.07 (m, 2H), 3.53 (t, 2H, -CH,-0-), 3.36 (s, 3H, -O-
CHj3),3.69-3.63 (m, 5.27 H), 3.45 (m, 1H), 2.52 (m, 2H), 3.38 (m, 2H), 1.86-1.78 (m,
4H), 1.45 (m, 9H). *C-NMR (100 MHz, CDCls): 173.85, 172.02, 760.99, 65.20,
61.67, 35.73, 33.36, 32.22, 29.65, 29.04, 26.34, 23.06 and 14.51. FT-IR (cm™%): 2938,
2870, 1725, 1328, 1463, 1343, 1257, 1172, 1094, 1064.

5.2.7. Synthesis of PBI-CPCL-PEGPCL block copolymer: The t-butyl group was
deprotected by adding trifluoroacetic acid (2.0 mL) into the PBI-BPCL-PEGPCL
polymer (200 mg) solution in DCM and the reaction mixture was stirred for 30
minutes at 30 °C. The solvents were evaporated and polymer was precipitated from
diethyl ether to obtain pure polymer. *H-NMR (400 MHz, CDCls) & ppm: 4.24 (t, 2H,
CH,-00C-), 4.13 (m, 2H), 4.07 (m, 2H), 3.53 (t, 2H, -CH,-0-), 3.36 (s, 3H, -O-
CHj3),3.69-3.63 (m, 5.27 H), 3.45 (m, 1H), 2.52 (m, 2H), 3.38 (m, 2H), 1.86-1.78 (m,
4H), C-NMR (100 MHz, CDCl3): 173.85, 172.02, 760.99, 65.20, 61.67, 35.73,
33.36, 32.22, 29.65, 29.04. FT-IR (cm™1): 3450, 2880, 1720, 1352, 1252, 1180, 1092,
948, 917, 841 and 730.

5.2.8. Preparation of Aquated Cisplatin [Pt(NHs),(OH,),]**: Cisplatin drug (20
mg, 0.066 mmol, 1 equivalent) was suspended in H,O (20.0 mL) with constant
stirring at 37 °C subsequently silver nitrate (22.5 mg, 0.132 mmol, 2 equivalents) was
added and stirring was continued for 24 h under dark conditions. Cisplatin aquo
complex formation was confirmed by milky white silver chloride precipitate
formation which was removed by centrifuging at 10,000 rpm for 1 h. the resulting

solution was filtered through 0.45 um filter and lyophilized and stored at 4°C.

5.2.9. Synthesis of Polymer-Cisplatin Conjugate: PBI-CPCL-PEGPCL block
copolymer (10.0 mg) was dissolved in NaOH solution and stirred for 30 minutes at 37

°C followed by addition of cisplatin aquo complex. Stirring was continued for 24 h
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under dark condition. The resulting polymer-cisplatin conjugate was dialysed against
large excess of Mili-Q water for 48 h to remove the un-encapsulated cisplatin. The
solution was filtered through 0.45 um filters, lyophilized and stored at 4 °C. FT-IR
(cm™): 3300, 2920, 2880, 1725, 1660, 1560, 1395, 1360, 1090, 1050, 930, 830 and
548.

5.2.10. Ortho-phenylenediamine (OPD) colorimetric assay: To determine the
cisplatin content in the given samples OPD assay was performed. Cisplatin containing
samples were added to the OPD solution (2.0 mL) in DMF (1.2 mg/mL) and heated at
80 °C for 2 h to get OPD-Pt complex. The absorbance of the resulting solution was
measured at 706 nm (absorption maxima of OPD-Pt complex) to determine the
amount of platinum present in the sample. Molar extinction coefficient for OPD-Pt
was calculated as 24,310 L.mol t.cm™.

Drug loading content (DLC) and drug loading efficiency (DLE) of cisplatin in
polymer-drug conjugated were determined by OPD assay using absorption

spectroscopy as follows.*
DLC (%) = {weight of drug in NPs / weight of drug loaded NPs} x 100%.
DLE (%) = {weight of drug in NPs / weight of drug in feed} x 100%

5.2.11. In vitro drug release studies: In vitro drug release studies of polymer-
cisplatin conjugated nanoparticles were carried out in saline, PBS, and esterase
enzyme (10 U). The nanoparticles (2.0 mL) were taken in dialysis bag and dialysed
against saline and or PBS solution at 37 °C. 1.0 mL of the dialysate was collected at
regular time intervals and replaced with fresh solution. OPD colorimetric assay was
carried out to measure the amount of drug present in each aliquot using absorption

spectroscopy and the cumulative release was calculated using following equation:*®
Cumulative release (%) = C, x Vo/m x 100

Where, C, is the amount of loaded cargo in the n™ sample, V, is total volume, and m
is the total amount loaded in nanoparticles.

5.2.12. Cell viability assay: To evaluate the therapeutic effect of cisplatin
cytotoxicity of nascent PBI-CPCL-PEGPCL polymer and the polymer-cisplatin
conjugated nanoparticles was determined using standard MTT assay. HeLa and MCF-

7 cells were seeded (1000 cells/well) in 96 well plate supplemented with 100 pL
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DMEM in 10% FBS and incubated at 37 °C for 16 h. After that the media was
discarded and the cells were treated with various concentrations of cisplatin and
polymer-cisplatin conjugated nanoparticles for 72 h. DMEM containing FBS with and
without cells were used as blank control and untreated control respectively. After 72 h
the cell media was removed and 100 uL of MTT (stock solution prepared in sterile
PBS (5 mg/mL) and diluted to 50 pg/mL in DMEM) solution was added in each well
and the cells were allowed to incubate for 4 h at 37 °C. MTT was reduced to purple
formazan crystals by mitochondrial dehydrogenase enzyme. Then the media was
replaced with 100 pL of DMSO in each well. The relative cell viabilities were
calculated by measuring the absorbance from the formazan crystals at 570 nm using

micro plate reader.

5.2.13. Cellular Uptake of polymer-cisplatin conjugated nanoparticles by
Confocal microscopy: HelLa cells were seeded at a density of 1 x 10° cells on flame
dried cover slips coated placed in 6 well plates containing DMEM medium with 10 %
FBS. The cells were incubated at 37 °C for 16 hours and then exposed to the required
concentrations of nascent block copolymer nanoparticles polymer-cisplatin
conjugated nanoparticles for 4 h in a CO, incubator at 37 °C. After incubation, drug-
containing medium was aspirated from each well, and cells were washed twice with
PBS (1 mL per wash) and fixed with 4 % paraformaldehyde solution in PBS for 10
minutes at room temperature. The cells were washed twice with PBS (1 mL per wash)
and stained with DAPI solution in PBS. This incubation was performed in the dark
and after 2 min incubation, at room temperature excess of dye was washed from the
cells with PBS. The cover slips were mounted on slides using Fluoromount-G
mounting medium (Southern Biotech). Slides were then dried overnight at room
temperature in the dark. The cells were imaged using a LSM 710 confocal microscope
with the A 420 nm (blue channel), A 514 nm (red channel) lasers. Images thus obtained
were analyzed using Image J analysis software and the image for each channel was

separated.
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5.3. Results and Discussion

5.3.1.Synthesis of block copolymers

The block copolymers were synthesized via ring opening polymerization of
two different t-butyl ester substituted caprolactone and PEGgssy substituted
caprolactone monomers with red fluorescent PBI initiator. The PEG substituted e-
caprolactone monomer was synthesized following the steps as shown in scheme 5.1.
1,4-Cyclohexanediol was reacted with t-butyl acrylated by Michael addition reaction
to produce monosubstituted alcohol which was subsequently oxidized into ketone
with PCC as described in chapter 2.The t-butyl group present in the resulting ketone
was deprotected using trifluoroacetic acid (TFA) to give carboxylic acid substituted
ketone (8). Esterification of Compound (8) was carried out with polyethylene glycol
monomethyl ether (molecular weight 350) to form ester (9). Compound (9) was
subsequently oxidized to e-caprolactone (10) by Baeyer viliger oxidation. The e-

caprolactone monomer was characterized by 'H, *C NMR, and mass spectrometry

analysis.
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Scheme 5.1. Synthesis of PEG-350 substituted e-caprolactone monomer

t-Butyl substituted caprolactone monomer and hydroxyl functionalized
fluorescent PBI initiator were synthesized according to the detailed procedure
discussed in chapter 2 and chapter 4. The ring opening polymerization of t-butyl
substituted caprolactone monomer was carried out by employing fluorescent hydroxyl
functionalized perylene bisimide (PBI) as initiator and Sn(Oct), as catalyst in THF as
shown in Scheme 5.2. The monomer to PBI initiator molar ratio was fixed as [M]/[1]
= 50. The resulting polymer was referred as PBI-BPCL4, with 40 repeating units.
Further the block copolymer was synthesized by utilizing PBI-BPCL4o polymer as
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macroinitiator in ROP process with PEG3s substituted g-caprolactone monomer with
monomer to macroinitiator ratio as [M]/[I] = 50. The block copolymer was purified
by repeated precipitation in diethyl ether and the block copolymer was referred as
PBI-BPCL-PEGPCL. The block copolymer was subjected to selective deprotection of
t-butyl ester using trifluoroacetic acid to obtain corresponding carboxylic acid
functionalized derivative PBI-CPCL-PEGPCL. Thus, the ROP of PEG substituted
caprolactone monomer with fluorescent PBI-BPCL4 polymer as macroinitiator

resulted in new class fluorescent polymer.
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Scheme 5.2. Synthesis of macroinitiator and block copolymer

The structures of these polymers were characterized by *H and *C NMR. The
proton NMR spectra of macroinitiator PBI-BPCL4, and PBI-BPCL-PEGPCL block
copolymer are shown in figure 5.7. The degree of polymerization was determined by
comparison of the peak intensities of N-CH, proton from PBI which appeared at 4.45
ppm (proton a) with proton g corresponding to methyl group present on PEG chain on
caprolactone monomer. The degree of polymerization was found to be 40 repeating
units in the present case. The disappearance of t-butyl proton in the *H NMR spectra
confirmed the deprotection of t-butyl substituted polymers into carboxylic acid
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substituted polymers. Further this analysis also confirmed that the polymer backbone

remains undisturbed during the selective deprotection of t-butyl group.
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Figure 5.7. '"H NMR of PBI-BPCL macroinitiator and PBI-BPCL-PEGCPCL block
copolymer

The molecular weights and the purity of the polymers were measured by gel
permeation chromatography and figure 5.8 shows the GPC chromatograms for
corresponding polymers. Standard polystyrene calibration plot was used for
estimation of molecular weights of the polymers. The formation of PBI-BPCL-
PEGPCL polymer was confirmed by shift in the retention time of the block
copolymer towards high molecular side in comparison with retention time of the PBI-
BPCL macroinitiator. The number average (M,) molecular weight, weight average
(My) molecular weight and their polydispersity are summarized in table given in
figure 5.8. All the polymers showed monomodal distribution indicating the purity of
polymers and relatively low polydispersities ~ 1.4. Thus well-defined homogeneous

polymers were obtained from ring opening polymerization process.
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Figure 5.8 GPC chromatograms of macroinitiator and block copolymers in THF.
Molecular weights and polydispersity of block copolymers determined by GPC

Thermal gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) studies were carried out to investigate the thermal properties of the newly
synthesized block polymers. The thermal analysis was carried out with 10 °C/min
heating rate under nitrogen atmosphere. The TGA and DSC thermograms are shown
in figure 5.9. The TGA plot clearly showed that the block copolymer was stable up to
220-250 °C and the amorphous nature of the polymer was confirmed from the DSC

plot.
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Figure 5.9. TGA (a), DSC (b) thermograms of block copolymers at heating/cooling
rate of 10 °C/min under nitrogen atmosphere.
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5.3.2. Synthesis of PBI Fluorescent Triblock Pt-prodrug

After the successful synthesis and characterization of PBI-CPCL-PEGPCL
block copolymer, further it was tested for the polymer-cisplatin conjugated formation
as the polymer backbone is functionalized with carboxylic acids and the PEG350
chains present on the polymer backbone ensures the water solubility after the complex
formation. The importance of the current polymer design is that, it provides an
opportunity to track the delivery cisplatin drug as the drug is not fluorescent. For this
purpose, the cisplatin was converted into its aquo complex cis-diamminediaqua
platinum (1) by reacting with silver nitrate in Milli-Q water. The silver chloride
precipitate formed in this reaction was filtered to get the required cisplatin aquo
complex. The carboxylic sodium salt of the block copolymer was treated with
cisplatin aquo complex in dark condition for 24 h at 37 °C. 1.0:1.0 molar ratios
between aquo complex and block copolymer was maintained to obtain complete
complex formation as shown in figure 5.10. After the completion of polymer-cisplatin
conjugate formation the resulting solution was filtered and subjected for dialysis for
48 h to ensure the removal of unreacted cisplatin aquo complex. The polymer-

cisplatin prodrug was obtained by lyophilisation of the dialyzed solution.
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Figure 5.10. Synthesis of Pt-conjugatation in the triblock copolymer.

FT-IR spectra of the block copolymer and the polymer-cisplatin prodrug were
recorded and shown in figure 5.11 in order to confirm the formation of polymer-
cisplatin complex. The nascent polymer showed band at 1725 cm™ corresponding to —
C=0 (carbonyl) stretching frequency. After polymer-cisplatin complex formation a

new band around 1565 cm™ was observed corresponding to (Pt-O-C=0) stretching
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frequency of the metal carboxylate functional group. A band at 540 cm™ was also
observed for Pt-O bond stretching with reference to the formation of polymer-

cisplatin drug conjugates.
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Figure 5.11. FT-IR spectra of PBI-CPCL-PEGPCL block copolymer and polymer-
cisplatin conjugate.
Further the drug loading content and the drug loading efficiency of the
polymer-cisplatin conjugate was determined by OPD colorimetric assay and was

obtained as 5.5 % and 30 % respectively.
5.3.3. Self-assembly of PBI Triblock Pt-Prodrug

The polymer-cisplatin conjugate has rigid PBI and the cisplatin conjugated
PCL as hydrophobic part and PCL backbone decorated with PEG chain as flexible
hydrophilic part. Hence the polymer-cisplatin drug conjugate is capable of self-
organizing to form nano-assembly in water. The size distribution of this nano-
assembly was investigated by dynamic light scattering measurements and showed
mono-modal distribution as shown in figure 5.12a The mean diameter of the polymer-
cisplatin drug conjugate nanoparticles was measured to be 165 +10 nm in aqueous
solution. The morphology of the polymer-drug conjugate was studied by field
emission- scanning electron microscope and atomic force microscope techniques. The
FE-SEM and AFM images of the polymer-drug nanoparticles are shown in figure
5.12 which exhibited the formation of spherical nanoparticles with average size of

160 +10. Thus, the amphiphilic polymer cisplatin complex revealed the formation of
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uniform spherical nanoparticles as obtained from DLS, FE-SEM and AFM studies

which can be utilized for cisplatin delivery to the cancer cells.
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Figure 5.12. DLS histogram AFM image and FESEM image of polymer cisplatin
conjugated nanoparticles.

The UV-vis absorption and emission spectra of the PBI-CPCL-PEGPCL
polymer was recorded in THF solution to study the photo-physical properties of the
perylene bisimide chromophore. The absorption and emission spectra of the block
copolymer are shown in figure 5.13 The absorption spectra revealed the absorption
peak (0—0, 0—1, 0—2, 0—3) between 450 to 530 nm regions related to Sp—S;
transition which confirmed the existence of well resolved vibronic structure
corresponding to Sp—S; transitions with transition dipole moment along the long axis
of the molecule. The polymer was excited at absorption maxima of 485 nm and
emission spectrum was recorded. Emission maximum at 530 nm was obtained along
with the well resolved structure of the perylene bisimide chromophore. Further, the
absorption spectrum of the polymer-cisplatin conjugate nanoparticles was recorded in
aqueous medium and it is shown in figure 5.13c. In aqueous medium the electronic
coupling between the perylene bisimide chromophores resulted in the broadening of
the absorption spectra along with the loss of the structural features. The emission
spectrum recorded at an absorption maximum of 495 nm exhibited a maximum at 540

nm showing characteristic emission of perylene bisimide chromophore.
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Figure 5.13. Absorption(a) and emission(b) spectra of block copolymers in THF.
Absorption and emission (c) spectra of polymer-cisplatin conjugated nanoparticles in
aqueous medium.

The fluorescence quantum vyield of the PBI-CPCL-PEGPCL polymer and the
polymer-cisplatin conjugate were determined in THF and water, respectively using
N,N’-bis(hexylheptyl)perylene-3,4,9,10-bis(dicarbiximide) as standard in chloroform.
The QY of the block copolymer in THF was measured to be 0.90 and that of polymer-
cisplatin conjugate in water was measured to be 0.25. The high quantum yield of the
polymer-drug conjugate is the result of the decreased possible aggregation of PBI
chromophores in aqueous medium due to the hydrophilic PEG chain present on the
caprolactone repeating unit facilitating the water solubility of the polymer in aqueous
medium. Hence, these studies revealed that loading of cisplatin into the block
copolymer through conjugation did not alter the optical properties of perylene

bisimide chromophore and therefore it can be employed for the diagnostic purpose.
5.3.4. Stability Against GSH detoxification and Enzyme-responsive Delivery

The stability of the polymer-cisplatin drug conjugate was investigated in
presence of chloride ions in saline (0.9%) and phosphate buffer saline as these ions
favour the cleavage of platinum-carboxylate (Pt-OOC) linkages and release cisplatin
from the polymer-drug conjugate through exchange reaction and is schematically
shown in figure 5.14a. For this purpose, polymer-cisplatin complex was incubated in
saline (aqueous NaCl, pH = 6.8), and PBS 7.4 at 37 °C for 48 h. The OPD (o-
phenylenediamine) colorimetric assay was utilized to establish the amount of drug
released from polymer-drug conjugate in the media wherein the released drug is
treated with OPD solution in DMF at 80 °C. The absorption spectra of the resulting
solution (OPD-Pt complex) were recorded and the absorbance at 706 nm determines
the amount of drug released in the solution. The cumulative release was calculated

using following equation: Cumulative release (%) = C, x Vo / m x 100 %, where C, is

182



Chapter 5

the amount of drug loaded in the nth sample, Vy is the total volume and m is total

amount loaded in the prodrug.

The absorption spectra of OPD treated samples showed increase in the
absorption maxima with respect to drug release time. The cumulative release profile
of cisplatin from polymer-cisplatin conjugate in presence of water, saline (0.9%) and
PBS pH 7.4 is shown in figure 5.14b. It is clear from the release profile that the
polymer drug conjugate was quiet stable in water as less than 10 % of drug was
released in 48 h. Hence, the polymer-cisplatin drug conjugate could be stored in
water. In presence of chloride ions in saline, polymer-drug conjugate was cleaved due
to the de-chelation and 35 % of drug was leached from the nanoparticles. A burst
release of 25 % of drug was observed in 12 h followed by very slow release of drug
(only 10 %) over a period of 48 h. Thus, more than 60 % of drug was retained in the

polymer-cisplatin conjugated nanoparticles.
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Figure 5.14. Schematic representation of cisplatin release from polymer-cisplatin
conjugated nanoparticles in presence of saline/PBS/enzyme and GSH detoxification
(a), cumulative release profile of cisplatin in presence of water, PBS 7.4 and (0.9 %)
saline and esterase enzyme(b) Extent of GSH reaction on PBI-CPCL-PEGPCL
polymer, polymer-cisplatin conjugate and free cisplatin (monitored at 260 nm
absorbance for formation of Pt-S bond)(c)

The stability of polymer-cisplatin drug conjugate in saline under physiological
conditions is particularly important because the drug carrying nanoparticles are
exposed to 5 to 10 times higher chloride ion concentration in extracellular conditions
([CI'T = 100 mM) compared to intracellular condition (JCI'] = 3-10 mM). The cisplatin

conjugated nanoparticles can also undergo de-chelation in presence of phosphate ions

183



Chapter 5

present in PBS buffer and hence 30 % of drug leaching was observed in PBS pH 7.4
buffer. The drug release kinetics of the cisplatin conjugated nanoparticles in PBS
buffer was found to be similar to that in the saline. Thus, these release studies
suggested that the polymer-cisplatin conjugated nanoparticles were stable under
physiological conditions with more than 60 % of the drug was retained in the polymer
nanoparticles and can be employed for the intravenous administration of the drug for
cancer therapeutics. Cisplatin encounters the major challenge of detoxification by
sulphur containing biological species present in the body such as amino acids like
cysteine and tripeptide glutathione (GSH) in cancer therapy. Cisplatin exhibit strong
reactivity towards S-donor molecules such as methalothioneins or GSH resulting in
the formation of stable S-Pt bond which leads to resistance and toxicity. Thus, the
stability of polymer-cisplatin conjugated nanoparticles was studied against GSH
detoxification. For this purpose, free cisplatin, PBI-CPCL-PEGPCL polymer and
polymer-cisplatin conjugate were treated with GSH in 0.1mM Tris-HCI buffer
containing 4.6 mM NaCl at 37 °C in the dark. Reaction between cisplatin and GSH
was monitored by absorption spectroscopy which showed new absorption peak at 250
nm corresponding to the formation of Pt-S bond and the intensity of peak increased
with time. The plot of percentage detoxification vs reaction time is shown in figure
5.14c. The nascent polymer did not show any detoxification with GSH and thus the
polymer is completely stable against GSH. It is clear from the plot that free cisplatin
readily reacted with GSH and more than 95 % of drug was detoxified. In case of
polymer-cisplatin conjugated nanoparticles more than 55 % of the drug was protected
from the detoxification against GSH action as the cisplatin was confined inside the
polymer nanoparticles. Thus, this experiment clearly indicates that these newly
designed polymer-cisplatin conjugates are capable of stabilizing cisplatin inside the

nanoparticles and helps in reducing GSH detoxification.

The intracellular drug delivering capability of the polymer-cisplatin drug
conjugated nanoparticles was investigated in presence of lysosomal esterase enzyme
owing to the presence of aliphatic ester linkages in the polymer backbone. To study
the intracellular fate of the polymer-cisplatin drug conjugated nanoparticles and
subsequent cisplatin release the nanoparticles were incubated with 10 U esterase in
presence of esterase enzyme in PBS pH 7.4 buffer at 37 °C for 48 h. The polymer

nanoparticles were cleaved in presence of esterase enzyme which leads to the release
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of cisplatin in to the medium which is schematically shown in figure 5.14a and the
amount of cisplatin released was measured by OPD assay. The cumulative cisplatin
release pattern is shown in figure 5.14b which exhibited 80 % of cisplatin release
from the drug conjugated nanoparticles due to the rupture of nanoparticles in presence

of esterase enzyme.

Further the cleavage of polymer-cisplatin conjugated nanoparticles was also
demonstrated by dynamic light scattering experiment. Polymer-cisplatin conjugated
nanoparticles were incubated in PBS 7.4 buffer at 37 °C for 48 h in absence and
presence of esterase enzyme. The size of the nanoparticles was measured by DLS at
regular time interval and it was plotted against incubation time which is shown in
figure 5.15. In absence of esterase enzyme there was a negligible change in size of the
polymer nanoparticles with incubation time suggesting that the nanoparticles were
stable in PBS buffer. On the other hand, in presence of esterase enzyme size of the
polymer nanoparticles increased with incubation time. The increase in the
nanoparticle size was attributed to the disassembly of polymer nanoparticles due to
the cleavage of the ester linkage present in the polymer backbone. Hence the present
polymer design has demonstrated that the polymer-cisplatin conjugated nanoparticles
were efficient for stabilizing the drug inside the nanoparticles at extracellular

condition and delivering cisplatin at the intracellular conditions.
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Figure 5.15. Plot for size of the polymer nanoparticles obtained from DLS vs
incubation time in absence and presence of esterase enzyme at 37°C.
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5.3.5. Cytotoxicity and Cellular Uptake

The in vitro cell viability of HeLa and MCF-7 cells incubated with nascent
PBI-CPCL-PEGCL polymer was examined in order to employ the polymer
nanoparticles for the bioimaging application. The concentration of the polymer was
varied upto 100 pg/mL. The cell viability data is shown in figure 5.16 which indicates
that more than 80 % cell viability of both HeLa and MCF-7 cells was observed for
100 pg/mL concentration. These results revealed that the polymer nanoparticles are
non-toxic even at 100 ug/mL suggesting that the newly designed block copolymer are
promising for bioimaging application due to the high biocompatibility.
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Figure 5.16. Cell viability study of cervical (HeLa) (a) and breast cancer (MCF-7)
(b) cells incubated with PBI-CPCL-PEGPCL nascent polymer.

The in vitro cytotoxicity of the polymer-cisplatin conjugated nanoparticles and
free cisplatin against HeLa and MCF-7 cells were investigated. The equivalent
concentration of cisplatin was maintained in free cisplatin and polymer-drug
conjugate and the concentration was varied from 0.1 to 8.0 pg/mL. The cytotoxicity
data are shown in figure 5.17. In Hela cells, Polymer-cisplatin conjugate showed 50 %
cell killing at 2 pg/mL whereas free cisplatin showed the same cell killing at 1 pg/mL.
This result indicates that polymer-drug conjugate nanoparticles have slightly lower
cytotoxicity than free cisplatin but at higher concentration of 8.0 pg/mL both free
cisplatin and polymer-drug conjugated nanoparticles exhibit similar cell killing which
may be due to slow release of cisplatin from the polymer-drug conjugate
nanoparticles. In MCF-7 cells, both free cisplatin and polymer-drug conjugated
nanoparticles showed 50 % cell killing at 2 ug/mL indicating that polymer-drug
conjugated nanoparticles exhibit potential cell killing. Hence, the custom designed
polymer-cisplatin conjugated nanoparticles are efficient candidates for cisplatin

delivery to the cancer cells. The cellular uptake studies were carried out in HeLa cells
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using confocal microscopic imaging. The importance of the current design is that
cisplatin conjugated polymer contains PBI chromophore and hence it is red
luminescent in nature so it provides an opportunity to monitor the drug release from
the polymer nanoparticles as well as the fate of the polymer unlike the other non-
luminescent polymer-cisplatin conjugate nano-carrier designs which depend upon the
physically encapsulated dyes or the fluorescent drug used in combination therapy as

cisplatin is non-fluorescent drug.
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Figure 5.17. Cell viability study of cervical cancer (HeLa) (a) and breast cancer (b)
cell line incubated with polymer-cisplatin conjugated nanoparticles and free cisplatin
as control.
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Figure 5.18. CLSM images of HelLa cells incubated with nascent PBI-CPCL-
PEGPCL block copolymer and polymer-cisplatin conjugated nanoparticles. Cells
were stained with DAPI (b, f) and observed for red fluorescence of PBI (c, g)
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The cellular uptake of nascent polymer and the polymer-cisplatin conjugated
nanoparticles was demonstrated in HelLa cells. For this purpose, HelLa cells were
incubated with nascent polymer and the polymer-cisplatin conjugated nanoparticles
for 4 h and then the polymers were stained with DAPI to visualize the cell nuclei in
the confocal microscope. Figure 5.18 shows the CLSM images of nascent polymer
and the polymer-cisplatin conjugated nanoparticles. The blue fluorescence (A = 405
nm) from cell nuclei was observed as the cells were stained with DAPI (figure 5.18b
and f). The red fluorescence produced from PBI chromophore present in the polymer
was observed through red channel (A = 514 nm). Figure 5.18c and g clearly indicated
that the red fluorescence coming from the PBI chromophore in the polymer was
primarily coming from cytoplasm thus the polymer and cisplatin conjugated polymer
nanoparticles were internalized in to the cells and accumulated in the cytoplasm and
the peri-nuclear region. The merged images further supported the above observation.
Hence, cellular uptake studies revealed that, the polymer-cisplatin conjugated
nanoparticles were rapidly internalized into the cells and distributed mainly in the
cytoplasm and peri-nuclear environment and importantly the tracking of cisplatin
release was possible due to the inherent red fluorescence from the PBI chromophore
in the polymer. Thus the current polymer design is efficient candidate for the

therapeutics as well as diagnostic purpose.
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5.4. Conclusion

In summary, the present investigation demonstrated new classes of dual functional
highly luminescent, biodegradable, cisplatin conjugated amphiphilic block copolymer
nanocarriers for therapeutic and diagnostic application in cancer cells. Tailor made
PEGssp substituted caprolactone monomer was prepared by multistep synthesis to
employ as monomer for ring opening polymerization. The ROP process was carried
out for the macro-initiator synthesis in which the dual hydroxyl functionalized PBI
chromophore having inherent red luminescence was employed as initiator and t-butyl
ester substituted caprolactone monomer. The block copolymer was synthesized by
using t-butyl substituted PCL polymer as macro-initiator and the newly designed PEG
substituted caprolactone as monomer in ROP process. The length of the block
copolymer was varied by varying monomer to initiator ratio. The PBI-BPCL-
PEGPCL block copolymer was converted into carboxylic acid functionalized PBI-
CPCL-PEGPCL block copolymer as it was designed to conjugate cisplatin drug
through carboxyl acid functional groups. The cisplatin conjugated block copolymer
were amphiphilic having cisplatin stitched hydrophobic core and the PEG substituted
caprolactone units as hydrophilic shell and hence self-assembled as spherical
nanoparticles with average size of 160 nm in aqueous medium. The novel optical
properties of PBI chromophore were preserved in the polymer-cisplatin conjugated
nanoparticles so that it can be utilized for the bioimaging application in cancer cells.
The drug conjugated block copolymers exhibited very good stability in water. Further,
in saline and PBS buffer more than 60 % of cisplatin was retained inside the polymer-
cisplatin nanoparticles and the cisplatin present inside the nanoparticles were also
protected against GSH detoxification. The in vitro drug release studies suggested that
lysosomal esterase enzyme triggers the cleavage of polymer backbone having
aliphatic ester linkages to deliver the drug in the cancer cells. Cytotoxicity studies of
the nascent polymer confirmed that the PBI-CPCL-PEGPCL block copolymer was
highly biocompatible and hence utilized as fluorescent probe to track the cisplatin
delivery inside the cancer cells using bioimaging tool as cisplatin is non-fluorescent
drug and difficult to track otherwise. Moreover, the cytotoxicity of the polymer-
cisplatin conjugated polymer nanoparticles is comparable to that of free cisplatin in
HeLa and MCF-7 cells. Cellular uptake studies of polymer-cisplatin polymer

conjugated nanoparticles in HeLa and MCF-7 cells revealed that nanoparticles were
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readily internalized inside the cells and preferably distributed in the cytoplasm and the
peri-nuclear region to deliver the drug in the cancer cells. The accumulation of the
drug conjugated nanoparticles inside the cytoplasm was confirmed from the red
fluorescence of PBI chromophore in the polymer by CLSM imaging. Thus, the
present biodegradable, luminescent cisplatin conjugated block copolymers are
promising nanocarriers for simultaneous drug delivery and fluorescence probe for

tracking of the drug inside the cancer cells.
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6 Overall summary and future directions

This thesis work is focused on design and development of multifunctional fluorescent,
biodegradable caprolactone block copolymers for drug delivery and bioimaging in
cancer cells to achieve improved cancer treatment. For this purpose, blue fluorescent
oligophenylene vinylene (OPV) and red fluorescent perylene bisimide (PBI) were
explored imaging agents for bioimaging and carboxylic acid and PEG substituted
polycaprolactone nanocarriers were demonstrated for delivery of drug such as DOX
and cisplatin to cancer cells. Moreover the OPV forms a FRET probe with NR as

acceptor for intracellular bioimaging in cancer cells.

Blue-luminescent biodegradable PCL block copolymers were designed and developed
for simultaneous delivery of doxorubicin and bioimaging at the intracellular level.
Ring opening polymerization process was adopted to synthesize t-butyl substituted
caprolactone polymers using tailor-made blue luminescent oligo-phenylenevinylene
chromophore as initiator. The fluorescent caprolactone block copolymers were
encapsulated with doxorubicin and demonstrated for enzyme responsive in vitro
delivery of DOX. The block copolymer nanocarriers also served as fluorescent probe

for cancer cell imaging.

The blue fluorescent OPV tagged block copolymer nanoassemblies were encapsulated
with NR dye to obtain FRET probe with OPV as donor and NR acceptor. In vitro
enzyme triggered FRET process was studied by detailed steady state fluorescence and
TCSPC measurements. Further the energy transfer process in the FRET probe was

also visualized inside the cancer cells.

The red luminescent carboxylic acid substituted PCL polymers were developed by
ROP process between red luminescent hydroxyl functionalized PBI initiator and t-
butyl ester substituted caprolactone monomer. The conversion of t-butyl substituted
PCL polymer into carboxylic acid substituted PCL polymers resulted into luminescent
amphiphilic block copolymers readily forming nano-assemblies in agueous medium.
The block copolymer nano-assemblies were employed for cell imaging in cancer cells

owing to the inherent red luminescence of PBI chromophore.

Novel triblock copolymers were synthesized from t-butyl ester and PEG

functionalized monomers and PBI chromophore initiator by ROP process. For this
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purpose PEG substituted caprolactone monomer was tailor made to improve the water
solubility of the block copolymers. The carboxylic acid functionality in the triblock
copolymer was utilized for chemical conjugation of cisplatin. These red fluorescent
cisplatin conjugated polymer nanocarriers were demonstrated for simultaneous

tracking of cisplatin delivery to cancer cells.

Future direction

This thesis work has combined the smart features of conjugated polymers and
biodegradable polymers together to give rise to a plenty of opportunities for the drug
delivery of drug and monitoring the fate of the drug as well as nanocarriers within
single nano-object to improve the efficacy of the treatment. The perylene bisimide
(PBI) is potential chromophore for fluorescence imaging technique as it has emission
in the red region of visible spectrum. Further conjugation in PBI can be extended by
substitution in the core of the molecule to obtain emission in the near IR region which
is beneficial for the deep tissue penetration and biological autofluorescence in in vivo
imaging. Further the carboxylic group present on the caprolactone backbone can be
conjugated with drugs, fluorophore, targeting ligand to improve the cellular uptake of
nanocarriers. Further encapsulation of another drug in cisplatin conjugated block
copolymer nanoparticles provides opportunity for codelivery of drug for combination
therapy. The PEG substituted polycaprolactone block is known to exhibit
thermoresponsive behaviour therefore by varying the PEG chain length in the

polymer backbone dual (temperature and enzyme) responsive polymer nanocarriers

can be developed for controlled drug delivery.
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ABSTRACT: Multipurpose polymer nanoscaffolds for cellular imaging
and delivery of anticancer drug are urgently required for the cancer
therapy. The present investigation reports a new polymer drug delivery
concept based on biodegradable polycaprolactone (PCL) and highly
luminescent r-conjugated flucrophore as dual functional nanocarrier for
cellular imaging and delivery vehicles for anticancer drug to cancer cells.
To accomplish this goal, a new substituted caprolactone monomer was
designed, and it was subjected to ring opening polymerization using a
blue luminescent bishydroxyloligo-phenylenevinylene (OPV) fluoro-
phore as an initiator, A series of A—B—A triblock copolymer buiding
blocks with a fixed OPV m-core and variable chain biodegradable PCL
arm length were tailor-made. These triblocks self-assembled in organic
solvents to produce well-defined helical nanofibers, whereas in water
they produced spherical nanoparticles (size ~150 nm) with blue
luminescence. The hydrophobic pocket of the polymer nanoparticle was found to be an efficient host for loading water insoluble
anticancer drug such as doxorubicin (DOX). The photophysical studies revealed that there was no cross between the
OPV and DOX chromophores, and their optical purity was retained in the nanoparticle assembly for cellular imaging. In vitro
studies revealed that the biod le PCL arm was susceptible to enzymatic cleavage at the intracellular lysosomal esterase
under physiological conditions to release the loaded drugs. The nascent nanoparticles were found to be nontoxic to cancer cells,
whereas the DON-loaded nanoparticles accomplished more than 80% in Hela cells. Confocal microscopic analysis
confirmed the cell penetrating ability of the blue luminescent polymer nanoparticles and their accumulation preferably in the
cytoplasm. The DOX loaded red luminescent polymer nanoparticles were also taken up by the cells, and the drug was found to
be accumulated at the perinuclear environment The new nanocarrier approach reported in the present manuscript accomplishes
both cellular imaging and delivering drugs to ntracellular compartments in a single polymer system. The present investigation is
one of the first examples to demonstrate the dual functional biodegradable luminescence nanocarrier concept in the literature,
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and the studies established this proof-ofconcept in cellular imaging and drug delivery in cancer cells.

B INTRODUCTION

Multipurpose polymer nanoscaffolds are mgi:nﬂ)' required for
the simultaneous detection and delivery of anticancer drugs to
improve the treatment efficacies in cancer.'” Recently, self
assembled nanoparticulsr dispersion of luminescent m-con-
jugatud pul}'rm:rs (or u]igm'm:ni) was ua:pbmd as a fluorescent
nanoprobe for cellubir imaging and diagnosis.” The emission
color of these nanoparticles was tuned by rna:upu].atmlg thuf
HOMO-LUMO band gaps of their a- cn'n]ugatud backbones.*’
To enhance the cellular uptake and imaging, these T-conjugated
na.nupa.rl_ldu were further modified with cationic Lh.lrgua tu
increase their intracellular admmistration and bm:lmg to DNAS

Cationic polyelectrolytes based on polyfluorenes and their
copolymers,”™ " poly Ephm)lmnthynﬁi.m)s""m and poly-
(phm}'anL\m}'anL]b ! are some of the important L'xa.rnpli:i
for the above studies. These polymers were employed as probes
for Heparin sensing,™ NIR fluorescence imaging,™ targeted

VACS Publications 2016 Amenican Chemical Saciety
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imaging of HER2-pasitive cells,™ ete. Two-photon imaging and
two-photon photodynamic therapeutic techniques were also
developed based on these r-conjugated polymers in living
cells, ®™*¥ Bioluminescence resonance energy transfer process
between luminal and cationic u].ig&phurr}'lmwi.n}'lm (OPV)
chromophores was also achieved for anticancer, antifungal
activities and combating drug resistance of cancer cells. F Few
atternpts were also made to blend or complex these o cn'n]ugatud
polymers (or ullgm-m:r) with puh-:.t}'n_m co-maleic anhydride,™

pﬂl}'(T_ gluta.rmc al:u:| or ].lpu:h a.nLLchlu:a., o
i*to ]m:lga.pprupnati.bm:mnpatbﬂlt} and nanoshape for dmg
administration. Cationic polyfluorene polyelectrolyte —cisplatin
complex was also developed for imaging and drug tracking in

or cucurbitur-
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ABSTRACT: The present investigation reports a new FRET Donar
fluorophore-tagged  biodegradable polycaprolactone (PCL) o =y 0F _o* Encapsulation
block copolymer FRET-probe for intracellular imaging in " ¥ “a  FRET acceptor
cancer therapy. A hydroxyl functionalized m-conjugated oligo- aur-ma-l [ O W™

phenylenevinylene (OPV) chromophore was tailor-made, and
it was incorporated in a t-butyl ester substituted polycapro-
lactone block copolymer via ring opening polymerization. This
blueluminescent OPV-PCL triblock self-assembled as <200
nm spherical nanoparticles (FRET doner), and it encapsulated
water insoluble Nile red (NR, FRET acceptor) to yield an
OPV-NR FRET probe. Selective photo excitation of the OPV
chromephore in block nanoassemblies enabled the excitation energy transfer from the OPV to NR and facilitated the efficient
FRET process in aqueous medium, Time-correlated fluorescent decay dynamics and detailed photophysical studies were carried
out to estimate the Forster distance, donor—acceptor distance, and the excitation energy transfer efficiency. These parameters
confirmed the occurrence of the FRET process within the confined nanoparticle environment. The PCL chains in the FRET
probe were susceptible to enzymatic biodegradation in intracellular environments, and the degradation process controlled the
FRET on/off mechanism. Cytotoxicity studies revealed that the FRET probe was biocompatible and nontoxic to cells, and the
FRET-probe was found to be readily taken up by the cancer cells, and it was internalized in the cytoplasm and peri-nuclear
environment. Selective photoexcitation of the OPV chromophore in a confocal microscope exhibited dual emission from the
FRET probe. The cancer cells exhibited blue luminescence (self-emission) with respect to the OPV chromophore (in the blue
channel) and bright red-luminescence from the NR dye followed by the FRET process at the celular level (in the red channel).
The dual luminescence characteristics, Hndepzdaﬁnn and biocompatibility, make the newly dl:&ip'u:d PCL-OPV-NR FRET
probe an excellent biomedical nanodevice for bicimaging applications, and the proof-of-concept was established in cervical

By =500 Py

. .mrm

New Biodegradable PCL Block FRET Probe for Bioimaging

(HelLa) and breast cancer (MCF 7) cell lines,

KEYWORDS: FRET, block copolymers, enzymeresponsive, polycaprolactone, bioimaging

W INTRODUCTION

Fluorescent probe tagged polymer nanocarriers are emerging as
multipurpose biomaterials for both delivering anticancer drugs/
genes and ako as luminescent probes for cellular imaging in
cancer t_'hur.q::)'.l_'1 Macromolecular nanocarriers have addi-
tional advantages of passive selective accumulation through an
EPR effect and are also capable of enhancing the bioavailability
and biodistribution of loaded cargoes at the cancer tissues. ™
Among the various flucrescence techniques, the Forster
TESOMANCE Energy transfer (FRET) p'r{.u:i:.'a';s is one of the
most powerful noninvasive tools, and it was employed to study
protein fclding-" and monitoring real-time drug release kinetics
at the cellubr level™ The development of FRET probes for
biological application is a relatively challenging task since the
geometry of the polymer nanocarriers should be capable of
confining the donor—acceptor chromophores within  the
Firster distance of 20-60 A under physiological conditions*
Three types of polymeric systems were explored in the
construction of FRET probes: (i) FRET donor—acceptor

< ACS Publications @ 2017 Amescan Chemical Sacety

2185

chromophores cither chemically conjugated on the non-
lurninescent 'PDI)TI'H:TEI”_H or physically encapsulated in ther
nanoscaffold,'™" (i) luminescent m-conjugated cationic
polymer nanoassemblics as a FRET donor which encapsulated
FRET acceptor dyes or i:lrl.lla;sJM_Ier and (iii) both FRET donor
and FRET acceptor r-conjugated chromophores constituted as
part of the backbone. ™ Cationic pbl)'ﬂwl’l:nl:m-n and
poly{fluorene-benzothiadiazole) random cupul}mi:rs,'“' poly-
(p-phenylenevinylenes) ™ and poly( p-phenylencethylene Js™
are some of the very good examples for the r-conjugated
FRET systems. The tunability of the HOMO-LUMO band
gap in the m-conjugated chromophores™ provided unlimited
opportunities to make FRET probes functionable from visible
to the NIR Tﬂg‘b'ﬂ.y The X—EDTI‘}IF‘E_':!‘ Fnl)'rru_'r FRET probes
were employed as biological sensors,™” for the detection of
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