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Synopsis

SYNOPSIS

Polymer nano-assemblies are emerging as important nano-scaffolds for loading and
delivering anticancer drugs and genes in cancer treatment. Among the diverse
synthetic polymers, well defined hydrophilic and hydrophobic block copolymers are
excellent candidates to precisely control the size and shape of the self-assembled nano-
carriers such as micelles and vesicles. These block copolymers can be synthesized in a
controlled way to reslt in narrow polydisperse polymers with high molecular weigth as
well as bearing pH, enzyme, temperature etc. stimuli in order to disassemble for
delivering the loaded cargoes. In this aspect, the development of biodegradable block
copolymers is particularly important since the degraded small oligomers or monomeric
units after the delivery of the cargoes could be readily excreted from the biological
system. The present thesis has aimed to develop new classes of biodegradable block
copolymer nano-assemblies based on carboxylic functionalized polycaprolactones
(PCL) and demonstrate their delivering capabilities for wide ranges of anticancer
drugs such as doxorubicin (DOX), cisplatin, camptothecin and lbuprofen, etc. The
new polymer scaffolds were employed as oral delivery vehicles under gastrointestinal
(GI) tract and also deliver of drugs at the intracellular level in cancer cells. The thesis
has been divided into following five chapters:

(i) Chapter 1: The introduction chapter provides complete literature survey on block
copolymers synthesis and self-assembly, application in biomedical field and describe
the aim of the thesis work.

(if) Chapter 2: New classes of pH responsive carboxylic substituted polycaprolactones
were designed and developed. Synthesis of new monomers by multi-step reactions,
block copolymer synthesis via ring opening polymerization methodology, self-
assembly of block copolymers into vesicles and study their in vitro drug delivering
capabilities under gastrointestinal tract (Gl).

(iii) Chapter 3:Hydrogen-bond controlled anticancer drug delivery strategy was
developed for intracellular delivery of drugs. Enzyme-responsiveness of the
hydrogen bonded biodegradable diblock copolymers were programmed for “burst”
versus “controlled” release of drugs at the intracellular level.

(iv) Chapter 4: PCL diblock copolymer-cisplatin core-shell nanoparticles were
developed to overcome the detoxification of cisplatin drugs against cytoplasmic thiol

residues such as glutathione and cysteine. The core-shell nanoparticles were very
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stable in saline, phosphate saline buffer (PBS) and blood serum (FBS) and
exclusively cleaved at the intracellular level by enzymes to deliver the Pt-drugs.

(v) Chapter 5: New classes of triple layer nano-particles were developed to achieve the
combination therapy of DOX and cisplatin together from single nano-carrier. This
method accomplished the synergistic killing of breast cancer cells via combination
therapy.

In chapter 2, new carboxylic

pH stimuli Vesicle

functionalized poly(caprolactone) (PCL) block

copolymer vesicles was developed as novel
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dual drug delivery pH responsive vehicles for
oral administration under gastrointestinal (GI)
tract. New  carboxylic  functionalized
caprolactone monomer was custom designed DiBIck
through multi-step organic reactions and
polymerized under controlled ROP conditions using polyethylene glycol as initiator. These
carboxylic PCL block copolymers were self-organized into 100-250 nm vesicular assemblies.
The size and shape of the vesicular assemblies were confirmed by light scattering, Zeta
potential and electron microscopy. These vesicles were capable of loading both hydrophilic
molecules (like rhodamine B, Rh-B) and hydrophobic drugs such as Ibuprofen (IBU) and
camptothecin (CPT) in the core and layer, respectively. These pH responsive PCL vesicles
were stable in strong acidic conditions (pH < 2.0, stomach) and ruptured to release the loaded
cargoes under neutral or basic pH (pH = 7.0, similar to that of small intestine). The drug
release Kkinetics under simulated Gl tract revealed that the individual drug loaded vesicles
followed the combination of diffusion and erosion pathway whereas the stable dual drug
loaded vesicles predominantly followed the diffusion controlled process.

In chapter 3, hydrogen-bond controlled drug delivery strategy has been designed to
programme the enzymatic degradation of block copolymer nano-assemblies at the
intracellular compartments to deliver drugs to cancer cells. Hydrogen bonded
polycaprolactone-block-polyethylene glycol copolymers were custom designed and self-
assembled as aqueous micellar aggregates of ~ 90-160 nm. These diblock polymer
nanoparticles exhibited excellent capability for loading doxorubicin (DOX) and stabilized the
drugs against leaching at extracellular circularly conditions (37 °C in PBS). At the

intracellular level, lysosomal-esterase enzyme degraded the aliphatic polyester PCL backbone

viii
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killing compared to that of their non-hydrogen
bonded analogues. In vivo mimicking cell line experiments were designed to study the action
of drug on breast and cervical cancer cells by programmed incubation period. These cell line
experiments provided direct evidence for hydrogen-bond controlled lysosomal enzymatic
cleavage of polymer-drug scaffolds at the intracellular level on their cell killing ability.

In chapter 4, glutathione resistant polymer-cisplatin core shell nanoparticles were
custom designed based on biodegradable carboxylic functional polycaprolactone (PCL)-
block- polyethylene glycol diblock copolymers. The core of the nanoparticle was fixed as 100
carboxylic units and shell part was varied using various molecular weight polyethylene glycol
monomethyl ethers (MW of PEGs =100 to 5000 g/mol) as initiator in the ring opening
polymerization. The complexation of cisplatin aquo species with the diblocks produced core-
shell nanoparticles of 75 nm core with precise size control of the particles from 1 to 190 nm.
The core-shell nanoparticles were found to be stable in saline and PBS and they exhibited
enhanced stability with increase in the PEG
shell at the periphery. The hydrophobic PCL
layer on the periphery of the cisplatin core has

behaved as protecting layer against the

" Resistance to
Detoxification

cytoplasmic thiol residues (GSH and cysteine)
and exhibited < 5 % of drug detoxification. In
vitro drug release studies revealed that the core-

shell nanoparticles were ruptured upon

exposure to lysosomal enzymes like esterase at

the intracellular compartments. Cytotoxicity  Cisplatindrug core Hydrophilic & GSH shield

studies were performed both in normal wild
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type mouse embryonic fibroblasts (Wt-MEFs) cells, breast cancer (MCF 7) and cervical
cancer (HeLa) cell lines. Free cisplatin and polymer drug core-shell nanoparticles showed
similar cytotoxicity effect in the HeLa cells. In MCF 7 cells, the free cisplatin drug exhibited
50 % cell death whereas complete cell death (100 %) was accomplished by the polymer
cisplatin core-shell nanoparticles. Confocal microscopic images confirmed that the core-shell
nanoparticles were taken up by the MCF 7 and HeLa cells and they were accumulated both at
the cytoplasm as well at peri-nuclear environments.

In chapter 5, combination chemotherapy is developed to overcome the drug GSH-
detoxification and DNA repair based on new triple layer nanoparticles (TLNs). These TLNs
were custom designed based on polyethylene glycol-block-polycaprolactone-block-carboxylic
functional polycaprolactone triblock copolymers PEG-PCL-CPCL (TBs). The complexation
of cisplatin aquo species with the triblock copolymers fabricated triple layer nanoparticles
(TLNs) of 150+10 nm size. The hydrophobic anticancer drug DOX was encapsulated in
middle PCL layer of TLNs to achieve synergistic cell killing in breast cancer cells. These
dual loaded nanoparticles were found to be stable in PBS; they exhibited ~ 90 % cisplatin
stability due to subsumed PCL layer between PEG shell and CPCL core. The hydrophobic
PCL layer also behaved as a protecting layer against the cytoplasmic GSH and completely
inhibited the drug detoxification. In vitro drug release studies revealed that the dual loaded
nanopartciles ruptured upon exposure to
lysosomal ~ enzymes and  showed Y VMV VL\/\VVIV

controlled release up to 2 days.

Cytotoxicity studies were performed
both in normal wild-type mouse
embryonic fibroblasts (Wt-MEFs) cells,
breast cancer (MCF 7) and cervical

Synergistic

cancer (HeLa) cell lines. In MCF 7 o e - o cuvuns |
cells, the free cisplatin drug exhibited 50 % cell death whereas complete cell death (100 %)
with synergistic killing was accomplished by the TLNs.

The overall conclusion of the thesis work revealed that the tailor-made carboxylic
acid substitute caprolactones are potential block copolymer biomaterial candidates and also
they exhibited excellent drug loading and delivering capabilities for DOX, cisplatin,
camptothecin and lbuprofen, etc. The last chapter summarized the thesis work with future

perspectives.
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Chapter 1

1.1.  Introduction to Block Copolymer

Prior to 1920’s the chemists disbelieved the existence of molecules with higher than a
few thousand molecular weights."?> Hermann Staudinger, whose revelation about the
polymeric structure of rubber, based on an isoprene repeating unit, challenged this limiting
view.® From this point forth there was an exponential growth in the field of polymer
chemistry and enormous efforts went into achieving more controlled polymerization
kinetics.* After the invention of the living character of polymerization in the mid-1950s by
Szwarc, the anionic polymerization process on copolymers (mainly block copolymers)
becomes one of the major areas of research in the polymer science and technology.”

m@ — 00000000000000

Homo polymer

m@ — 00000000000000

Random Copolymer

m@ — 00000000000000

Alternative Copolymer

n® ———> 0000000 :lﬂ.

Block Copolymer

Figure 1.1. Types of different copolymers.

Polymers are formed by attaching of similar or different monomers together, these
results in the homo and copolymers respectively.® As shown in figure 1.1 similar monomer
units come together to form homopolymers and two or more monomers come together to
form copolymers. For example two monomers stitch together to form copolymer, hence
depending on the monomer arrangement they were divided as follows. In random copolymers
monomers are arranged in random fashion, and in alternating copolymers they occur in a
regular alternating fashion. On the other hand, block copolymers involve two or more
homopolymer parts connected together through covalent bonds. The synthesis of these block

copolymers (see figure 1.1) primarily involves the homo polymerization of a single monomer
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and subsequently another monomer is added which grows beside the homopolymer to yield a
block copolymer. In this process, depending on the monomers used, polymers can be
subdivided in to diblock (two monomers) and triblock (three different monomers). In the
introduction chapter the synthesis, applications of the block copolymers are discussed in

detail.”®

Block copolymers are distinct type of polymers in which each chain consists of two or
more different segments of varying monomers joined in certain architecture by a covalent
bond. Henceforth, these block copolymers are classified by the number of blocks and their
arrangement.’ Block copolymers with two, three, or more blocks are called as di, tri, and
multi block copolymers respectively. If considering the block copolymer topology it can be
linear or star. In linear arrangement the blocks are linked end-to-end, and in star topology
they are connected through one of their ends at a single junction. The higher order
arrangements like brushes and miktoarm stars are also possible.’®* The different types of

block copolymer arrangements are schematically presented in Figure 1.2.

Diblock Copolymers Triblock Copolymers
VA AN AL TP AANANAVVNNNAAAAN N
Brush Copolymers Miktoarm and Star Copolymers

e Sk

Figure 1.2. Various block copolymer architectures (adapted from England et al. Polym.
Chem. 2010, 1, 1533-1544).

Block copolymers have attracted enormous interest due to their capacity to self-
assemble in to nano-sized assemblies.**> The molecular architecture of the block copolymer,
which consists of two or more chemically distinct homopolymers tied to each other, so the
strength of the repulsive interaction between blocks is sufficiently large, leads to microphase
separation of dissimilar polymer chains into periodic domains whether in the solid or solution
state.*®*" Typical dimensions of these micro-aggregates (micro-domains) range from 5 to 100
nm usually, a range that encompasses the sizes needed by the semiconductor industry for the
construction of future integrated circuits (ICs).® The rate of progression of modern

3
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semiconductor devices is ruled by the ability to generate high-resolution patterns on
substrates of electronic materials. Consideration of these issues has heightened an already
growing interest in the use of self-assembly of materials as a means for patterning solid
surfaces.?* Self-assembly, in principle, offers well-organized structures with molecular level
precision. In an ultimate application of self-assembly, nanoscale device components might be
directly deposited on a substrate in a self-organized fashion to form a functioning circuit.
This stratergy creat opportunity to utilize the profits of self-assembly in evolutionary way.*?
In order to pursue this goal huge amount of efforts were taken to understand the self-assebly

of the block copolymers.

Many synthesis strategies have been widely employed to prepare block copolymers
with well-defined structure, molecular weight, and composition. Beside classical synthetic
routes such as living anionic and cationic polymerization, in recent years, new polymerization
methods have engendered intense interest among polymer chemists.”*% The arrival of
controlled radical polymerization (CRP) started through the invention of nitroxide mediated
polymerization (NMP) and furthered by the expansion of atom transfer radical
polymerization (ATRP) and reversible addition fragmentation chain transfer (RAFT)
polymerization has initiated resurgence in the use of free radical polymerization for the

preparation of functional polymeric materials (see figure 1.3 — 1.5).2%%

Acetic anh\dnde 1% 6
(j AIBN, 95 "C 125 "C
PNVP-b-PS Block Copolymer

Figure 1.3.Synthesis of PNVP-b-PS block copolymer using nitroxide mediated
polymerization (NMP) (adapted from Bilalis et al. J. Polym. Sci. A Polym Chem. 2006, 44,
659-665).

These techniques provided ease of synthesis in functional polymers with controlled
molar mass, narrow polydispersites (PDI) and defined molecular architecture including block,
gradient, graft and star copolymers.?” These methods combine the aids of the robust nature of
conventional radical polymerization with the capability to prepare well-defined

macromolecular architectures common to living polymerization techniques.”® These
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polymerization techniques facilitated the growth of the block copolymer area in manifolds.
These controlled radical polymerization techniques (CRP) have been described in detail in

these reviewsMatyjaszewski et al.?*>°

Figure 1.4.Synthesis of polystyrene using (adapted from Bilalis et al. J. Polym. Sci. A Polym
Chem. 2006, 44, 659-665).

Br \ OW Br 0 Br
CuBr,/TPMA n n m
O +

N0 —— 0 N _og———> ~.O N_g
GO O

O
< PNVP-b-PS Block Copolymer

Nitroxide-mediated radical polymerization (NMP) is a protocol that makes use of an
alkoxy amine initiator to produce polymers with well controlled and defined stereochemistry
and narrow polydispersity index. As an example the synthesis of PNVP-b-PS using NMP
technique is depicted in figure 1.3, where using alkoxy amine initiator homopolymer was
prepared and second monomer styrene was added to generate the block copolymer. ¥ ATRP
is one of the examples of reversible-deactivation radical polymerization i.e. polymerization
processes by formation of the carbon-carbon bond through a transition metal catalyst (see
figure 1.4).3"
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PNVP-b-PS Block Copolymer

Figure 1.5.Synthesis of PNVP-b-PS block copolymer using RAFT polymerization. (adapted
from Bilalis et al. J. Polym. Sci. A Polym Chem. 2006, 44, 659-665).

The atom transfer is a key step in the polymerization responsible for defined polymer
chain development. In the RAFT technique thio-carbonyl-thio compounds were used as
initiator, where chain transfer agent is in the form of an initiator to achieve control over the

produced molecular weight and polydispersity index during polymerization (see figure 1.5).%
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ROP R X

ROH + -

Initiator Catalyst Polymer

Scheme 1.1.Schematic representation of ROP of cyclic ethers (X=0), lactones (X= COO),
lactams (C=CONH).

Ring opening polymerization (ROP) also popularized in producing controlled and
narrow dispersed molecular weights. The major benefit of these methods is their tolerance to
a large variety of functional groups, with the additional advantage of controlled
polymerization (see scheme 1.1). The block copolymers produced from these techniques are
known to have narrow polydispersity with controlled molecular weights, which means the
properties achieved from these polymers will be highly accurate.®* Block copolymers can also
be synthesized by coupling end-functionalized polymers or for instance chemical

modification of a given homopolymer by hydrogenation (discussed in detail below).
1.2. Applications of the Block Copolymer

Over the last two decades, incredible research efforts have been taken to study the
potential applications of block copolymers in advanced technologies, such as information
storage, drug delivery, photonic crystals, etc. These studies have shown that block

copolymers are very important candidates for applications in these areas.**

The most important and popular application of block copolymers is their use as
thermoplastic elastomers (TPEs). TPEs were considered to be one of the major breakthroughs
in rubber technology.® Thermo plasticity and elasticity these are two conflicting terms. At
the molecular level, non-cross linked chains brings the thermo plasticity, whereas elasticity is
reliable with cross linked chains. These materials are so versatile that they are widely used in
wine bottle stoppers, outer coverings for optical fibre cables, jelly candles, adhesives,
bitumen modifiers and in artificial synthetic organ technology.®* The first commercially
available TPEs were produced by B. F. Goodrich Co. in the late fifties and were based on

polyurethanes (TPU).¥ These polymers have excellent strength, wear, and oil resistance and
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are used in automotive bumpers, snowmobile treads, etc. Later on, styrenic TPEs (Shell, as
Kratton) based on polyesters, TPEs (du Pont) based on polyamides were introduced into the

market.*® Furthermore, unlike vulcanized rubber, they can be reused.

The applications of block copolymers in Conventional and potential high-technology
are completely based on their ability to self-assemble, in bulk and in selective solvents, into
ordered nanostructures. By changing the molecular weight, chemical structure, molecular
architecture, and composition of block copolymers, the size scale, the type of ordering, and
the features of these nanostructures can be tuned.*

Nanometre-scale patterning of materials is an important objective of current science
and technology due to the miniaturization of electronic,”’ optoelectronic,” and magnetic
devices.”® Block copolymers, which have the ability to self-assemble into periodic ordered
microstructures in bulk, are found to be useful candidates for patterning nanostructures. The
bulk self-assembly of block copolymers leads to the formation of higher aggregates structures
such as body-cantered-cubic spheres, hexagonally packed cylinders, bi-continuous gyroids
and lamellae as shown in figure 1.6.** A few examples of nano patterning by using block
copolymers are presented below.

NNN\N\NANV
 Block copolymers |
\

Block copolymers

Lamellae Cylinder Sphere

Figure 1.6. Block copolymer based self-assemblies in bulk and solution (adapted from Mai et
al. Chem. Soc. Rev. 2012, 41, 5969-5985).

Nano patterning is a very important technique for lithography. The sizes greater than
150 nm can be precisely created by photolithography.® The sizes achievable in
photolithography are possible due to the tuning of wavelength of light used in the exposure.
Electron beam lithography (EBL) is commonly used to access feature sizes between 150 nm

and 30 nm. However, sizes less than 30 nm are not easily obtained by standard lithography.

7
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This obstacle can be overcome by using block copolymers, wherein periodic arrays of
patterns have been fabricated on silicon wafer using block copolymers.® Later on polymer
not filled in patterns will be removed; this provides the nanoscale patterns. This technique
accesses a length scale difficult to attain by conventional lithography and opens up new

routes for the micro patterning domain.

/ N // TRV

(a) Topographic pattern (b) Chemical pattern (c)Aligned lamellar-forming
prepared by lithography with surface parallel cylinder-forming block copolymer
block copolymer along chemical pattern
I Ps domain B si substrate
PMMA domain SU-8 Photoresist

Figure 1.7. Nano patterning on silicon substrate using polystyrene-block-PMMA diblock
copolymers (adapted from Kim et al. Soft Matter 2013, 9, 2780-2786).

The fabrication of nano patterning using polystyrene-block-PMMA diblock
copolymersisshown schematically in figure 1.7.*” By using the same principle, various dense
nano meter patterns can be produced by employing block copolymers. For example, parallel
lines can be produced either by a film of lamellae, which are oriented normal to the substrate
or by cylinders that lie parallel to the surface. Deep UV exposure degrades the PMMA
domains and simultaneously crosslinks the PS matrix.*”*® By using block copolymers, mono-
porous and nano-relief ceramic films can be prepared with important applications to address
such as next generation catalysts, and photonic materials.

These block copolymers are partially solubilised in solvents to self-aggregate as
spherical micelles, vesicles, nano-capsules and nanoparticles.*® This phenomenon can be used

in water purification, tissue engineering,”** bone engineering®*>*

and most importantly, in
drug delivery.> The selective delivery of drugs to malicious tissues or cells is a very exigent
task in medical and pharmaceutical sciences. This is because most of the drugs are toxic to
healthy cells and produce side effects, or face solubility problems in the blood plasma, if they
are released in non-target systems. Most of the drugs present in the market are hydrophobic
compounds, and they are usually subjected to patient through the blood stream. The blood

plasma consists of water and a wide variety of dissolved proteins as well as other substances
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which the drugs can come in contact with, that eventually decrease the half-life of these

drugs.>®

Normal Tissue

Figure_1.8. [llustration of passive targeting of Polymer Drug conjugate by EPR Effect to
tumor tissue.

In order to overcome these barriers, block copolymers self-assembled as nano
containers act as delivery vehicle for drugs. Block copolymer amphiphiles self-organize in
solution to give rise to various morphologies such as micelles, nanoparticles, nanocapsules,
polymeric vesicles or polymerosomes and so on.>" Such nanometer sized (1 to 500 nm)
polymeric structures retard the adverse effects associated with the encapsulated drug by
controlling the delivery of drug via diffusion or polymer degradation mechanism, long
exposure of drug at target site through EPR effect (see figure 1.8), protecting drug from harsh
physiological conditions, increasing circulatory longevity with slow rate of renal clearance,

enhanced aqueous solubility etc. *®

1.3. Self-assembly of Amphiphilic Block Copolymers

Block copolymers are made up of two or more fragments of distinct chemical nature
that undergo phase separation in water which leads to selective solubility of one of the
blocks. During the self-organization process, the hydrophobic blocks tend to be in inner side
of the aggregates, whereas the hydrophilic segments position between the inner core and the
external aqueous medium.>**° These blocks can self-assemble as micelles, vesicles and nano
capsules.’” These unique architectures of block copolymers in water enable the loading and
stabilization of hydrophobic and hydrophilic drugs depending upon the self-assembly. As per
the general rule proposed by Prof. Israelachvili, the type of supramolecular self-assembly can
tentatively be predicted.®* The various reported morphologies such as spherical micelles,
cylindrical micelles and polymerosomes are primarily a result of the inherent molecular

curvature and how this influences the packing of the copolymer chains; specific self-



Chapter 1

assembled nanostructures can be predicted according to a ‘packing parameter’, p, which is

defined by the equation below:

p = n/ael;

where n is the volume of the hydrophobic chains, a, is the optimal area of the head group, and
I is the length of the hydrophobic tail. Therefore, the packing parameter of a given molecule
usually provides its possible self-assembled morphology. As a general rule, spherical
micelles are favoured when p = 1/3, cylindrical micelles when 1/3 < p < 1/2, and

polymerosomes when it is 1/2 < p <1 (see figure 1.9).

‘Polymersomes’

Spherical Cylindrical
Micelles Micelles

High Medium Low
curvature curvature curvature
P=% Ya=P =12 V2 =P=1

Figure 1.9. Various self-aggregated structures created by amphiphilic block copolymers in
solvent. (adapted from Armes and co-workers Macromol. Rapid Commun. 2009, 30, 267—
277).

Scaffold to be used as a drug delivery vehicle must consist of a water-soluble block
(hydrophilic), in order to impart solubility to the container under blood plasma conditions and
a water insoluble block (hydrophobic) compatible with the drug to be carried.®® The water-
soluble block, that constitutes the outer shell of the carrier, should be biologically inert
towards interactions with the antibodies of the organism. In order to achieve selective
localization at some specific site or cell in the ‘‘vector’’, a targeting moiety should be
covalently attached to the outer hydrophilic block.%*In most of the cases, poly ethylene glycol
(PEG), a synthetic block, serves the aforementioned purpose. Block copolymers of ethylene
oxide with propylene oxide (hydrophobic block), like PEG-b-PPO-b-PEO triblocks;** with
benzyl-L-aspartate (BAsp), like PEG-b-PBAsp® or with caprolactone®® as PEG-b-PCL are

10
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potential candidates for delivery of anticancer drugs that are water-insoluble, for example
Doxorubicin (DOX) or Adriamycin (ADN). In aqueous solution these blocks form nano
aggregates, with the hydrophobic PPG, PBAsp and PCL chain in the core, surrounded by the
hydrophilic PEG corona.

Table 1.1.Table shows polymeric self organized structures and its characteristics features
(Adapted from Letchford et al. Eur.J.Pharm. Biopharm. 2007, 65, 259-265).

Block Copolymer Representation | Size Characteristics
Based Self-Assembly (nm)
Micelle 10-100 | Hydrophobic core and

stabilizes hydrophobic drugs.

Low CMC
Nanoparticles 10-200 | Solid colloidal particle
(Nanospheres) e Hydrophobic drug entrapped,
> s encapsulated or chemically
. s = a e bound to the polymer matrix.
Nanoparticles 100-300 | Single layer polymer

membrane surrounding an oily
core or drug reservoir.
Encapsulate hydrophobic drug
in the core

Vesicles 5-500 [ Bilayer polymer membrane
surrounds an aqueous
Ireservoir.

Encapsulate hydrophilic drugs
in core and hydrophobic drugs
in membrane. Dual drug

loading carriers

1.3.1. Block Copolymer Micelles

In aqueous solutions, amphiphilic molecules orient themselves so that the
hydrophobic blocks are away from the aqueous environment in order to achieve a state of
minimum free energy.®” There has been great interest in the use of polymeric micelles as drug
carriers. The size of the aggregates can be tuned by varying the molecular characteristics of
the copolymer. A convenient size range, which can be easily obtained, is 10 to 200 nm; these
sizes are acceptable for pharmaceutical applications (table 1.1).°® At a specific and narrow
concentration range of amphiphile in solution, termed the critical micelle concentration
(CMCQC), several amphiphiles will self-assemble into colloidal-sized particles termed micelles.
The formation of micelles effectively removes the hydrophobic portion of the amphiphile

11
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from solution minimizing unfavourable interactions between the surrounding water
molecules and the hydrophobic groups of the amphiphiles. At concentrations above the CMC
value, micelle formation is thermodynamically favourable and stable against disassembly.
However, these micelles rapidly disassemble upon dilution to values lower than CMC and the
rate at which disassembly takes place depends upon the amphiphiles’ structure as well as
inter-chain interactions. The core region is encapsulated by a corona composed of the
hydrophilic part of the amphiphiles. This outer corona renders advantages like suppression of
opsonisation by blood components, thus retarding phagocytosis by macrophages and

decreasing clearance by the reticuloendothelial system (RES), resulting in prolonged

circulation times.®*"°
5
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Figure 1.10.Pluroics based micellar structure for drug and gene delivery. (adapted from
Haung et al. RSC Adv. 2014, 4, 31552-31563)

Emphasis will be given to three explicit categories of poly(ethylene oxide)-based
block copolymers, which are classified according to the chemical nature of the core forming
hydrophobic blocks. Therefore, the blocks will be grouped as poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide), i.e., the Pluronics (see figure 1.10).™

1.3.2. Block Copolymer Nanospheres

A polymeric nano sphere is defined as a solid colloidal matrix particle in which
cargoes are encapsulated or chemically bound to the constituent polymer matrix. These
particles are usually larger than micellar aggregates with diameters of 100 to 250 nm and also
display significantly high polydispersity.”® It is shown that the hydrophobic surfaces of these
sub-micron nano-aggregates are highly vulnerable to opsonisation and clearance by the RES.
Thus, it became clearer that in order to prolong the circulation of nanoparticles in blood

plasma, surface needs to be pegylated to resemble water.”® Various surfactants, such as

12
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poloxamine and poloxame, are used to modify the nanoparticles surface by adsorbing onto it
in order to improve its half-life” Nanospheres prepared using amphiphilic copolymers such
as MePEG-b-PLA with high molecular weight blocks conjugated with PEG coatings
provided greater stability. A phase-separated structure for the diblock copolymer nanospheres
was observed with a solid core. A clear distinction between micelles and nanospheres formed
from diblock copolymers is not always possible, or desirable.”

CH,

Figure 1.11:PEG-b-PDLLA block copolymer based suitinib loaded nanospheres. (adapted
form Ramazani et al. Eur. J. Pharm. Biopharm. 2015, 95, 368-377).

Experimental studies using a series of PEG-b-PDLLA block copolymers, by Riley et
al.”® and Heald et al.”” investigated the effects of increasing hydrophobicity on the
physicochemical properties of nanoparticles manufactured (see figure 1.11).The study
revealed that the aggregation behaviour and copolymer architecture of these blocks were
entirely dependent on copolymer composition. With increase in the molecular weight of the
PDLLA block, the core of the nanoparticles became more solid-like, resembling nanospheres,

whereas smaller PDLLA blocks resulted in micelle-like nanoparticle assemblies.

1.3.3.Block Copolymer Nanocapsules

Nanocapsule is a vesicle, where an oily liquid constitutes the core surrounded by a
single layer of polymer. These systems proved to be useful in the encapsulation and delivery
of hydrophobic drugs such as methotrexate, xanthone and 3-methylxanthone.” Polymers
used for the preparation of nanocapsules includes polyester homopolymers such as PLA,
PLGA and PCL.%%! Nanocapsules composed of a copolymer of PEG and chitosan have
recently been used for the oral delivery of salmon calcitonin, where PEG increased the
stability of the nanocapsules in gastrointestinal fluid while reducing their cytotoxicity (see
figure 1.12).%2
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Figure 1.12.PEG-g-Chitosan polymer structure and it’s self-assembly as nanocapsules
(adapted from Prego et al. Journal of Controlled Release 2006, 11, 299-308).
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Polymeric micelles,nanospheres and nanocapsules provide opportunity for loading
and delivering hydrophobic drug molecules. However, hydrophilic therapeutics such as drug,

gene (DNA) and proteins were not possible to load in the above carriers.

1.3.4. Block Copolymer Vesicles

Vesicles with an aqueous reservoir enclosed by a hydrophobic bilayer membrane
serve the purpose of dual delivery of the hydrophilic and hydrophobic molecules. Vesicles
are ubiquitous higher order self-organized systems that exist in all living organisms from
archae-bacteria to human cells.**®* These are special assemblies that are self-directed by the
association of hydrophobic chains of amphiphilic molecules with the presence of hydrophilic
segments on both sides of the membrane. Structurally, it has a hydrophilic hollow cavity
along with a hydrophobic membrane as seen in the Table 1.1. Vesicles found in cells are
composed of amphiphilic lipid molecules (phospholipids) and are termed as lipid vesicles.®®
The  diblock  copolymers  PEG-b-PBD  (polybutadiene)® and  PEG-b-PEE
(polyethylethylene)®” have a high tendency to form vesicle or polymerosomes. Pioneering
work in the area of polymerosomes was extensively carried out by Discher and co-workers
using the block copolymer, poly (ethylene oxide)-b-poly-(ethyl ethylene) (PEO-b-PEE).®’
Later, numerous polymers were explored in the literature for the preparation of polymeric
vesicles. Block copolymers known to form vesicles have identical amphiphilic character as
that of lipids, but instead are composed of covalently connected two or more distinct polymer
segments. As shown in figure 1.13, Chen et al. synthesised PEG-b-p(DEA-stat-TMA47)
block copolymer dual responsive vesicles, capable of loading delivering DOX.HCI.%8
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Figure 1.13. DOX loaded PEG-b-p(DEA-stat-TMA4;) block copolymer vesicles and stimuli
responsive drug release (adapted from Chen et al. Scientific Reports
doi:10.1038/srep02162).

The drug, which is physically trapped inside or covalently bound to the polymer
scaffolds, can be released in its active form, when these nano aggregates undergo structural
changes or cleavage upon encounter with the tumor environments. To achieve this goal,
polymer scaffold should have some kind of stimuli which brings about structural changes in
the scaffold at the tumor environment. Some of the stimuli responsive block copolymers have
been discussed below.

Stimuli responsive aggregates are capable of showing structural changes within upon
exposure to harsh tumor conditions. Stimuli-responsive drug delivery is quintessential since
controlled and targeted delivery is required in order to avoid systemic side effects and
resistance to drug molecules.?® In the recent years, research focussed on stimuli responsive
block copolymers (smart polymers) involves the preparation of intelligent polymeric
micelles, nano capsules and vesicles that respond to biological, physical and chemical
stimulus. These can be internal stimuli such as pH,* temperature,® enzymes,* redox

1, and external stimuli such as light, ultrasound and magnetic field.**Stimuli

potentia
responsiveness with examples has been described in review by Alvarez-Lorenzo® and
Zhuang. %

The self-assembly of block copolymers has been discussed at length above; however,
an extremely important point needs to be addressed. That is in order for these block
copolymers to be of relevance for biomedical applications they are required to be

biodegradable, i.e. after completing their task of delivering the cargo at the tumor site they
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should, over a period of time, degrade within the body and get cleared from the system. A
few reviews talk extensively about biodegradable block copolymers such as Kumar et al.®’
Some of the biodegradable block copolymers have been discussed in brief in the further

section.

1.4. Bio-degradable Block Copolymers

The biodegradability of the polymers is of utmost importance, since these
biomaterials are required to break down in to small fragments and subsequently be removed
or resorbed.®® Collagen, a natural polymer have been used for years in biomedaical
applications, however few years back synthetic biodegradable block copolymers came in to
picture.” In the last 5 decades, the successes have been plentiful, but grand challenges still
exist in both the basic and translational arena of biomaterial design. As these materials are
applied in the clinical setting, numerous issues arise that could not be adequately identified
and addressed in previous in vitro and in vivo model experiments. The host response to both
drug delivery and tissue engineering scaffolds depends on the chemical, physical and
biological properties of these biomaterials. When it is said that these materials are
biodegradable, there is an issue of continuous changes in the material properties persuaded by
degradation over a period of time. This issue is non-trivial and has contributed to the slow

evolution of biodegradable polymer biomaterials as a field of research.*®
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Figure 1.14.1llustration of enzyme degradation polyesters.

These biodegradable polymers own enzymatically or hydrolytically reactive chemical
bonds in their backbone and can be broken down without secondary influence. There are
large number of degradable polymers known in the literature that have bonds that are

vulnerable to enzyme degradation and water hydrolysis including esters, anhydrides, acetals,
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carbonates, amides, urethanes and phosphates reviewed by Kumar et al.*” The following text
only talks about ester group containing polymers i.e. polyesters.

Poly(a-esters) are a class of polymers that contain an aliphatic ester bond in their
backbone which can be easily cleaved in the presence of enzyme as shown in figure 1.14.
While a number of polyesters are commercially available and all are theoretically degradable
too, these are some of the degradable polymers utilized for biomedical applications. These
polymers are usually mildly hydrophobic, undergo bulk erosion due to ester bond reactivity.
Due to the relative ease of their synthesis and commercial availability, poly(a-esters) have

been the most heavily researched degradable biomaterials to date.'*

The synthesis of bio-degradable polyesters through condensation polymerization
primarily appeared in the literature in late 1920s by Carothers et al."® This technique
provides opportunity to synthesize a wide range of degradable polymers whose properties can
be easily tuned by varying the starting material. However this approach needs the mechanistic
features such as long reaction times and high conversion to achieve high molecular weight
polymers, which leads to highly dispersed polymers. This hampers the industrial usage where
amount of material per unit time is vital as this technique requires longer polymerization time

and with broad polydispersity.

In this respect, chain growth polymerization such as ring opening polymerization
(ROP) offers the advantages such as (i) high control over the polymer molecular weight
structure, (ii) high control over the rate of polymerization which leads to narrow dispersed
polymers. Along with the aforementioned advantages it also gives the opportunity to use
wide range of initiators and catalysts. These advantages help to achieve control on molecular
weights and macromolecular structure, thus it is easy to synthesize refined macromolecular
architectures including block copolymers, branched and star-shaped polymers with high
accuracy. ROP of various monomers at different conditions is discussed in more detail in the

following section.
1.4.1. Ring-Opening Polymerization

The polymerization of lactones is generally performed in bulk as well as in solution
route. In bulk (melt route) it is usually carried out in highly inert conditions and temperature
is usually maintained between 100-150 °C depending on the monomer being used. **° The

reaction kinetics of melt route is very high. The polymers synthesized using this route are
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highly pure as it is carried out in solvent free conditions. On the other hand in solution route
ROP, performed in THF, dioxane and toluene, the range of low temperatures has been used

(< 60 °C) to produce the narrow disperse polymers. **3
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Figure 1.15.Biodegradable polymers prepared using ROP.

The pharmaceutically important polyesters including PGA, PLA, PBL and PCL are
derived by ROP from cyclic esters such as glycolide (GA), lactide (LA), a-butyrolactone (a-
BL) and e—caprolactone (e-CL) respectively (see figure 1.15). The random copolymers such
as poly(lactic acid-co-glycolic acid) (PLGA) and block copolymers poly(lactic acid)-b-
poly(ethylene oxide) (PLA-PEG) have been extensively explored for their degradability and
drug delivery applications. ROP of lactones has four main mechanisms depending on the
catalyst including (i) anionic, (ii) cationic, (iii) monomer-activated and (iv) coordination—

insertion mechanism (see figure 1.16).

Anionic ROP involves the formation of an anionic species which further attacks the
carbonyl group of the monomer. The growing species is an alkoxide as the monomer is ring
opened at the acyl-oxygen bond (see figure 1.16).%*2% The main drawback of this method is
the back-biting that is intramolecular trans-esterification; this causes the formation of low
molecular weight polymers. The cationic ROP involves the formation of a cationic species
which is attacked by the carbonyl oxygen of the monomer through a nucleophilic substitution
reaction.’®*% The monomer-activated ROP involves the activation of the monomer
molecules by a catalyst, followed by the attack of the activated monomer onto the polymer

chain end (see figure 1.16). ® The various ROP mechanisms for caprolactone as a model
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monomer are depicted in figure 1.16, similar mechanism are followed for other monomers

such as lactides and glycolides.
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Figure 1.16. Various types of ROP mechanisms (adapted from A. Khanna, Y. Sudha, S. Pillai
and S. Rath, J. Mol. Model., 2008,14, 367-374., K. M. Stridsberg, M. Ryner and A.-C.
Albertsson, Adv. Polym. Sci., 2002, 157, 41-65M. S. Kim, K. S. Seo, G. Khang and H. B. Lee,
Macromol. Rapid Commun., 2005, 26, 643-648.T. Endo, in Handbook of Ring-Opening
Polymerization, ed. P. Dubois, O. Coulembier and J.-M. Raquez, Wiley-VCH, Weinheim,
2009, pp. 53-63.).

The coordination insertion ROP is the very common procedure of this polymerization
technique. It is also known as a pseudo-anionic ROP. In this mechanism ROP propagates
through the monomer coordination to the catalyst and it’s insertion into a metal oxygen bond
of the catalyst (see figure 1.16). 1®% Throughout propagation, the increasing chain is
attached to the metal by an alkoxide bond. Many organometallics, such as carboxylates,
oxides, and alkoxides are employed as effective initiators for the controlled ROP of lactones
to result in the synthesis of polyesters. Mostly high molecular weight and narrow dispersed

polyesters have been synthesized by using coordination-insertion or anionic ROP.
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For ROP, amine and alcohols are usually employed as initiators, and three different
types of catalysts are employed including metal based, inorganic acid and enzymatic catalyst.
Metal based catalyst such as alkali (lithium diisopropylamide, Phenyl lithium, potassium ter.
butoxide), Alkaline earth (magnesium aryl oxide, calcium alkoxide, calcium aluminate and
strontium ammoniates etc), poor metal based aluminium alkoxide are used. Along with this
tin octanoate, scandium triflate, transition metal based zinc alkoxides, iron alkoxides,
molybdenum (IV) complexes, rare earth metals such as yttrium (111) and neodymium (111),
series of lipase enzymes are also used as catalysts. Some of these catalysts are mentioned,
their activity, conditions and reaction kinetics have been discussed in detail in a review by
Labet et al. Some of the very important polyesters are described below which are synthesized
employing ROP.1%

1.4.2. Polyglycolide or poly(glycolic acid) (PGA)

PGA is one of the very first degradable block copolymers ever explored for
biomedical application.'® These polymers are usually synthesized from ROP of glycolide as
shown in figure 1.15. These polymers have > 200 °C melting point (Tn), 40 °C glass
transition temperature (Tg) and very high tensile strength of 12.5 GPa.'® PGA found
application as the degradable suture DEXON which has been actively used since 1970.1%
Due to PGA’s fast degradation and insolubility in many common solvents, limited research
has been conducted with PGA-based drug delivery devices. Instead, mostly research has
focussed on manufacturing of tissue engineering scaffolds. PGA is often fabricated into a
mesh network and has been used as a scaffold for bone, cartilage, tooth, vaginal, intestinal
and spinal regeneration.'®®*!? While there has been research conducted into a wide range of
applications, there exists significant issues with PGA. Rapid degradation leads to loss of
mechanical strength and significant local production of glycolic acid. While glycolic acid is
bio-resorbable by cells via the citric acid cycle, high level of glycolic acid has been linked to

a strong, undesired inflammatory response. **3

1.4.3. Polylactide (PLA)
Since the PLA possesses chiral molecules, they are found in four 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 and meso-poly(lactic acid)."* Mostly PLLA and

PDLLA have found promising applications and have been extensively studied as in
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biomaterials. PLLA has a T4 of 60 - 65 °C, a melting temperature of around 175 °C and a
mechanical strength of 4.8 GPa.
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Figure 1.17. Synthesis of PLA/DOX/Fe,O4 nanoparticles for magnetic targeting to the
tumous tissues (adapted from Mhlanga et al. ACS Appl. Mater. Interfaces 2015, 7,
22692-22701).

The additional methyl group in PLA causes the polymer to be much more
hydrophobic and stable against hydrolysis as compared to PGA. Due to the slow degradation
time, limited research has been recently conducted into drug delivery by PLLA systems
alone. As shown in figure 1.17, Mhlanga developed PLA based DOX andiron nanoparticles
loaded nanospheres to magnetic targeted delivery to the tumor tissues over healthy tissues.*™
In order to reduce degradation time, investigators have either developed modification
techniques or have blended or copolymerized PLLA with other degradable polymers. It is
also widely used in tissue engineering applications ranging from scaffolds for bone, cartilage,

tendon, neural, and vascular regeneration. "¢

1.4.4. Poly(lactide-co-glycolide) (PLGA)

Random copolymerization of PLA and PGA, known as poly(lactide-co-glycolide
(PLGA), is the most investigated degradable polymer for biomedical applications and has
been used in sutures, drug delivery devices and tissue engineering scaffolds. One particular
advantage is that since PLA and PGA have significantly different properties, careful choice
of copolymer composition allows for optimization of PLGA for intended applications.''®
Property modulation is even more significant for PLGA copolymers since with 25 — 75 %
lactide composition, PLGA forms amorphous polymers which are very hydrolytically

unstable compared to the more stable homopolymers. This is evident in the degradation times
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of 50:50 PLGA, 75:25 PLGA, and 85:15 PLGA being 1-2 months, 4-5 months and 5-6

months, respectively. %1%
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Figure 1.18.Schematic illustration of pyrene loaded PLGA-silica nanoparticles for targeted
delivery (adapted from Quesada et al. Chem. Mater. 2013, 25, 2597-2602).

With rapid degradation compared to other polyesters, PLGA has been utilized
extensively in drug delivery applications. PLGA has been used to deliver chemotherapeutics,
proteins, vaccines, antibiotics, analgesics, anti-inflammatory drugs and siRNA.*?° Most often
PLGA is fabricated into microspheres, microcapsules, nano-spheres to facilitate controlled
delivery of encapsulated or adsorbed payloads. As shown in figure 1.18 Quesada et al.
manufactured, glutathione sensitive disulphide coated PLGA nanoparticles to deliver pyrene
as model cargoes deliver to the tumour tissues.*** Unfortunately, it has seen a significant drop
in recent use due to public concern that it induces significant inflammation after implantation

even though a recent report refutes this argument.

1.4.5. Polycaprolactone (PCL)

Polycaprolactone (PCL) is one of the very earliest polymers produced by the
Carothers group in the early 1930s. *°? After identification of microorganism degradation of
this synthetic polymer it became commercially available. PCL is usually prepared via ring
opening polymerization (ROP) of caprolactone using a variety of aforementioned anionic,
cationic and co-ordination insertion mechanism based catalysts. This polymer can be also

synthesized by free radical ring-opening polymerization of 2-methylene-1, 3-dioxepane.*??

It is a semi crystalline polyester with 55-60 °C as the melting point (T,) and -54 °C

glass transition temperature (Ty) value which also has great solubility in wide range of
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organic solvent. Polycaprolactone has a very low bio degradability and high permeability or
solubility for hydrophobic drugs. This answers that why PCL is one of the very popular
polymeric materials to be used as long term implant devices and drug delivery vehicles.'?®
Capronor is a PCL based commercial contraceptive product that has shown to have the
capability of delivering levonorgestrel in vivo for years and it is available in market for over
25 years. PCL biodegradation completely depends on the molecular weight, degree of
crystallinity of the polymer and also on the conditions of degradation. Many microbes can
degrade PCL which are present in nature; it is known that these microbes degrade the
amorphous portion of the polymer first and followed by the crystalline domain.*?* This results
in increase in the crystallinity whilst by keeping molecular weights constant. In this process

finally ester bonds get chopped out which leads to complete decrease in overall mass.

The superior viscoelastic and rheological properties of PCL over many other aliphatic
polyester counter parts render PCL the advantage of easy production and manipulation for
applications in a large range of devices and implants. These interesting facts about PCL made
it a very important material in the biomaterial arena. As said above it has FDA approval and
inexpensive synthetic protocol (ROP). PCL’s high processability allows the development of
new scaffolds composed of microspheres, electro spun fibres and porous networks. PCL
homopolymers, copolymers or blended materials have been employed as tissue engineering

scaffolds for regeneration of bone, cartilage, ligament and vascular tissue.**>*%

The pure PCL usage in the field of drug delivery is stemmed by its high
hydrophobicity and its slow degradation. Along with this it’s non-functionality also provides
less opportunity to improve it’s aforementioned properties. However, it has best
hydrophobicity which encapsulates most of the hydrophobic drugs and creates stable nano-
aggregates in water. This polymer needs to be manipulated in such a way that one could
improve and make usage of its unique properties. To do this multiple ways have been
employed in the literature, two of them are described below. First polycaprolactone could be
coupled with hydrophilic or functional block polymer in order to improve amphiphilicity and
its properties. This was achieved by either the copolymerization of caprolactone with
monomer of interest or one end of the PCL coupled to other block. The second method being
the making of a functional monomer, the ROP of this monomer provided the functionality

and amphiphilicity to polymer (this will be discussed later). As mentioned above PCL
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segments are heavily used with other blocks to construct drug delivery nano-devices; this
PCL block has been coupled with PEG, polylactides, polypeptides, polysaccharides etc.

Core

Glioma
Cell

Figure 1.19. Strategy of PTX loaded Angiopep-conjugated polymer nanoaggregates as dual
targeting drug delivery system for glioma via LRP mediated endocytosis. (adapted from Xin
et al. Biomaterials2012, 33, 8167-8176)

Xin et al. carried out ROP of PCL using PEG as initiator/hydrophilic block, where
they have synthesized Angiopep-conjugated PEG-PCL nanoparticles (ANG-PEG-NP) as a
dual targeting drug delivery system for glioma (tumor to glial cells) treatment (see figure
1.19) based on low density lipoprotein related protein (LRP) receptor that is not only over-
expressed on BBB but also on glioma cells. It is known that the therapeutic effect on glioma
is very less due to low permeability of delivery systems through the Blood-Brain Barrier
(BBB) and poor diffusion into the tumor tissue. In this study they have shown that paclitaxel
(PTX) loaded 90 nm size nanoparticles were able to overcome the aforementioned two
barriers. They have prepared 3D glioma spheroids where they were able to achieve the
selective tumor regression compared with non-targeted (PEG-NP) nanoparticles. Results
showed that no critical toxicity to hematological system, liver, kidney and brain tissue was
observed after intravenous administration with a dose of 100 mg/kg blank ANG-PEG-NP per
day for a week in glioma mice model. *®

Veena koul and co-workers fabricated amphiphilic triblock copolymer (pPEGMA-
PCL-S-S-PCL-pPEGMA) based redox sensitive polymerosomes (see figure 1.20). To
minimize cardiotoxicity and to increase the bioavailability of doxorubicin, redox sensitive

linkage (-S-S-) were designed and developed.
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Figure 1.20. Schematic Illustration of Dual Targeted (Folic Acid and Trastuzumab) Redox
Sensitive pPEGMA-PCL-ss-PCLpPEGMA Polymerosomes for Cancer Targeting. (adapted
from Koul et al. ACS Appl. Mater. Interfaces2015, 7, 9211-9227)

The polymers were prepared via ROP of e-caprolactone and followed by atom
transfer radical polymerization (ATRP) of PEGMA. This triblock copolymer undergoes self-
assembly with DOX to form polymerosomes in the size range of ~ 150 nm. Disulphide
linkages favored nano aggregates to release the cargo at the GSH over expression conditions
in the breast cancer cell line (MCF 7). In vivo studies on Ehrlich’s ascites tumor (EAT)
bearing Swiss albino mouse model showed ~ 85% tumor regression as compared to free

doxorubicin without any significant cardiotoxicity associated with doxorubicin.*?®
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Figure 1.21. Synthesis of amphiphilic PEG-b-P(HEMA-g-PCL) blocks and its micellar
aggragation. (adapted from Chen and coworkersBiomacromolecules2010, 11, 1331-1338)

Chen and coworkers prepared PCL block grafted on PEG-b-HEMA block copolymer
to achieve amphiphilic PEG-b-P(HEMA-g-PCL) tooth brush like copolymers. Also the
micellization properties of tooth brush like polymers with DOX loading was studied in
aqueous solution (see figure 1.21). In vitro DOX release data and confocal laser scanning

microscopy (CLSM) studies showed that DOX-loaded tooth brush like copolymer micelles
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could be effectively internalized by bladder carcinoma cells (EJ cell line), and the DOX could
be released into cytoplasmic compartments and finally travelled to the nucleus. *°

Discher and co-workers reported the very first protocol for preparation of giant and
flexible worm micelles self-assembled from degradable copolymer PEG-b-PCL. They have
described that these worm micelles impulsively shorten to produce spherical micelles,

triggered by degradable PCL hydrolysis (refer to figure 1.22.)."**
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Figure 1.22. CLSM and microscopic images of PEG-b-PCL block copolymer worm micelles
spontaneously shorten with time to spherical micelles in water (adapted from Discher et al. J.
Am. Chem. Soc.2005, 127, 12780-12781).

Dong and coworkers studied mPEG-b-PCL-b-PDMAEMA triblock copolymer
nanoparticles as the co-delivery vector for hydrophobic drug PTX and pDNA as shown in
figure 1.23. Importantly, they have showed that the introduction of hydrophobic segment
between mPEG and PDMAEMA segments can lead to 15 fold improvement in the gene
transfection efficiency compared to mPEG-b-PDMAEMA. These dual loaded particles
efficiently internalized into HEK 293T cells after transfection for 2 h. They have mentioned

that this approach could help to improve the anti-tumor efficacy and patient compliance. **?

Hydrophobic Drug Plasmid DNA
Paclitaxel .-
L
_—

e

Figure 1.23. Preparation of mPEG-b-PCL-b-PDMAEMA NPs to codeliver hydrophobic
Drug and DNA (adapted from Dong and coworkers Biomacromolecules2010,11, 2306-2312)
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Jin et al prepared the triblock PEG-b-PCL-b-PEG copolymer by embedding PCL into
two PEG blocks with oxime linkages to achieve pH sensitive micellar assemblies. DOX was
physically loaded and anti-tumor efficiency was tested in NIH/3T3 cells (see figure 1.24). ***
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Figure 1.24. Synthetic Route of PEG-OPCL-PEG and Schematic Illustration of Intracellular
Drug Release (adapted from Jin et al. Biomacromolecules2011, 12, 3460-3468)

Song et al. proposed a new strategy for nano-vehicle construction to load DOX based
on PCL and poly lysine (see figure 1.25). This is bearing a redox responsive disulfide bond
and clickable alkynyl groups to couple detachable PEG chain with a highly pH-sensitive
benzoic-imine linkage. Furthermore, folic acid (FA) as a model targeting ligand was

conjugated and successfully selective targeting was achieved. *3*
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Figure 1.25. Design and Construction of Targeting-Clickable and Tumor-Cleavable
Polyurethane Nano-micelles: Schematic molecular structure of 27 multiblocks
polyurethanes; Intracellular drug release triggered by the cleavage of disulfide bond in
response to GSH (adapted from Song et al. Biomacromolecules2013, 14, 4407-4419)
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Park and coworkers developed tumor-targeted robust nanoparticles based on an
amphiphilic hyaluronic acid (HA)-polycaprolactone (PCL) block copolymer, in which the

HA shell was cross-linked via a disulfide linkage (see figure 1.26). These blocks were loaded
with Doxorubicin (DOX) (DOX-HA-ss-NPs) that greatly retarded the drug release under

physiological conditions (pH 7.4), whereas the drug release rate was markedly enhanced in
135

the presence of glutathione at cytoplasmic conditions of SCC7 cells.
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Figure 1.26. Synthetic route for the PDA-conjugated HA-b-PCL copolymer and intracellular
drug release triggered by the cleavage of disulfide bond in response to GSH (adapted from
Park and coworkers. Biomacromolecules2015, 16, 447—456)

Gong and coworkers prepared hydrophilic doxorubicin (DOX) and hydrophobic
curcumin (CUR) loaded biodegradable poly(ethylene glycol)—poly(3-caprolactone) (mPEG-
b-PCL) based micelles for combination chemotherapy (see figure 1.27). Furthermore, they
have found that these co-delivery vehicles exhibited remarkable progress in either cytotoxic
activities or apoptotic effects compared with free drugs alone. This micellar co-delivery of
DOX and Cur could synergistically potentiate antitumor effects on breast tumor.**

wl{-ammbb
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Figure 1.27.Preparation of Dox—Cur-micelles; schematic illustration of self-assembly of
Dox—Cur-micelles (adapted from Gong and co-workers RSC Adv.2014, 4, 46737-46750).

28



Chapter 1

Zhao et al. showed that an anti-tuberculosis drug (rifampicin, RFP) was loaded into a
porous scaffold, which was composed of caprolactone and lactide copolymerization (see
scheme 1.2). During the in vivo experimental period, the drug concentration in tissues
surrounding implants was much higher than that in blood which was still superior to the
effective value to kill mycobacterium tuberculosis. The results of a rabbit radius repair
experiment displayed that scaffolds have good bone regeneration capacity. The RFP
composite scaffold thus could be envisioned to be a potential and promising substrate in

clinical treatment of bone tuberculosis.*®’
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Scheme 1.2.Preparation of PLGC triblock copolymers (adapted from Zhao et al. J. Mater.
Chem. B2015, 3, 6885).

These approaches which make PCL amphiphilic, such as where these polymers were
grown as block, or grafted on to various other block hydrophilic polymers seem to be
important. Even though these scaffolds showed potential as drug delivery vehicles, there are
some unaddressed problems such as non-functionality which hinders the opportunity of
covalent drugs conjugation to increase loading content, to attach targeting moity for site
specific drug delivery. In order to overcome this, scientists adapted the approach of
substituted (or) functional polycaprolactone that offer amphiphilicity, functional group
availability to conjugate drug or target specific moieties as well as render 100 %

biodegradable systems.

1.5. Functional Polycaprolactone as Drug Carriers

As mentioned above, the polyester PCL has excellent physical properties along with
good biocompatibility and bio degradability which stands them in the first row of
biomaterials in pharmaceutical industry. In recent ages the usage of this polymer got
hampered by its non-functionality along with high hydrophobicity and crystallinity which
renders the slow biodegradation. To achieve this substitution of monomer came into picture

which upon polymerization provides substituted (or) functional polymers. This provides
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advantages over non substituted or non-functional PCL such as (i) solubility of polymer in
water can be enhanced, (ii) drug solubility of hydrophobic drugs can be tuned, (iii) packing or
crystallinity in the scaffold can be varied, (iv) site specific drug delivery can be achieved, (V)
stimuli responsive nano-carries can be prepared, (vi) substituents can provide the opportunity
to deliver genes, and (vii) finally, drugs can be covalently attached to the polymer. The
aforementioned properties are completely reliant on the kind of substitution on the polymer.
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Figure 1.28.Substituted caprolactone monomers.

SPCL is usually synthesized from corresponding substituted caprolactone monomer
using ring opening polymerization (ROP). In literature various types of substituted monomers
have been synthesized and employed for ROP by using various initiators and catalysts. Most
of the monomers have substituents at o and vy positions. The a-substituted caprolactone
monomers were usually synthesized from caprolactone itself. Electrophilic substitution of
monomer was carried out with electrophile of interest. The y-substituted caprolactone
monomers were usually synthesized from 1, 4-cyclohexane diol or 1, 4-cyclohexanone. For

example in the case of diol one of the —OH groups was coupled with the moiety of interest
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and subsequent free OH converted to keto group, followed by Baeyer villiger oxidation to
achieve the monomer. **

The various monomers known in the literature are listed in figure 1.28, these were
prepared using above mentioned techniques. The synthesis of polymers from these monomers
and polymer usage as biomaterial has been discussed in detail. SPCL can be synthesized by
ROP of these substituted caprolactone monomers. The typical route to poly(e-caprolactone)s
is the ROP of caprolactone monomer, often catalyzed by stannous 2-ethylhexanoate
(Sn(Oct),), with a small alcohol or other hydroxy-terminated macro initiator like mPEG-
OH.138

As said above o andy substituted polycaprolactones are available in the
literature. These monomers depending on the nature of the substituent we have classified and
categorized them as described below.

AlKky or phenyl substituted polycaprolactone

Methyl and phenyl substituted polycaprolactone were prepared from monomer M1
and M2 by Li and coworkers, where they have prepared methyl/phenyl substituted
caprolactone, carried out ROP using PEG which has a photo degradable linker, this provided
amphiphilic block copolymer (PEG-ONB-PCL) (scheme 1.3). From this block they have
prepared Indomethacin (IMC) loaded micellar structures of 100 nm size. When polymer
solutions were exposed to UV, significant changes were observed in the morphology of
particles. After 30 min of UV radiation it showed light-triggered burst drug release in PBS at
ambient temperature. No significant toxicity of these nanoparticles was found, at

concentrations up to 1000 mg/mL before or after light irradiation. ***
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Scheme 1.3.Photo cleavable mPEG-b-PXCL block copolymers (adapted from Li and
coworkers RSC Adv. 2013, 3, 18453)
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Alkoxy substituted polycaprolactone

These substituents are connected to the caprolactone monomer with ether moiety.
Ethoxy (M3), Benzyloxy (M4), ethyl hexyl oxy (M5), Octyloxy (M6), ethylene glycol (M7)
and triethylene glycol (M8) etc. moieties were attached using various chemical reactions. The
polymerization of these monomers, their properties and application as drug delivery vehicles

(if any) are explained in detail below.

T<LCST T>LCST

Figure 1.29. Synthesis of nile red loaded PMEEECL-b-POCTCL diblock micelles and its
LCST properties (adapted from Stefan and co-workers Biomacromolecules 2012, 13,
2163-2173).

Stefan and coworkers prepared a thermo-responsive poly{y-2-[2-(2 methoxyethoxy)-
ethoxy]ethoxy-g-caprolactone}-b-poly(y-octyloxy-e-caprolactone)  (PMEEECL-b-OCTCL)
diblock copolymer and employed for delivery of DOX and nile red (NR) to MCF 7 human
breast cancer cell lines (see figure 1.29). For this they have prepared two new octyl ether and
triethylene glycol (TEG) substituted monomers and carried out ROP using tin octanoate
(Sn(Oct),) as catalyst and a fluorescent dansyl initiator. The PMEEECL-b-POCTCL had a
lower critical solution temperature (LCST) of 38 °C, and it was employed to prepare
thermally responsive micelles. At this temperature they have incubated DOX loaded micelles,
and obtained elevated toxicity and better cellular uptake in MCF 7 cells. *%°

Same authors prepared one more new monomer y-2-(methoxyethoxy)-3-caprolactone
(MECL) and copolymerized with already synthesized TEG coupled monomer (y-2-[2-(2-
methoxyethoxy)-ethoxy]ethoxy-e-caprolactone) to have a amphiphilic block polymer (see
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scheme 1.4). By varying the composition of both the monomers they were accurately able to
tune LCST values (31-43 °C).**
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Scheme 1.4.Synthesis of »-2-(methoxyethoxy)-3-caprolactone-block-(y-2-[2-(2-
methoxyethoxy)-ethoxy]ethoxy-e-caprolactone) diblocks. (adapted from Rainbolt et al. J.
Mater. Chem. B, 2013, 16532)

Continuation of the above shown work, authors prepared five new monomers using
the earlier protocols. Wherein, they have substituted monomers with five different alkyl units
and these monomers were copolymerized with TEG substituted caprolactone individually,
and provided five random copolymers with different hydrophobicity (see scheme 1.5). In this
work they have shown that increase in hydrophobic nature of the micellar core increases the

hydrophobic drug loading. 242

Q
O Dkbts
o n
© Sn(Oct)s O*\/O% Ph.. O O
OR
m e Ph o) L S, \Jr Y\/L\/\ *W/
BiOH \N\AD’K“ A
O P1-P5
OV}'\D;};

Sasaslacalola <o

Scheme 1.5. Synthesis of various alkyl substituted polycaprolactones (SPCLs) (adapted from
Hao et al. Macromlecules 2013, 46, 4829-4838)

Functional groups such as chloro (M9), azido (M10), alkynyl (M11), benzyloxy
(M12), keto (M13), di hydroxy (M14), amino (M15) functional substituted

polycaprolactones were prepared from respective functional group protected monomers. The
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polymerization of these monomers, their properties and application as drug delivery vehicles
(if any) are explained in detail below.

The Lavasanifar group recently prepared a-alkynyl substituted caprolactone using
above mentioned protocol and carried out the ROP using PEG as initiator. Further alkynyl
groups reacted with azide (N3) end having PEG chains, which bring polymer chains together
to form micelles in water. Loading and delivering capabilities of PTX were tested in these

micellar structures (see figure 1.30).'*
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Figure 1.30.Synthesis of clickable micelles based on PEG-b-PPCL block copolymers
(adapted from Lavasanifar and co-workersMacromolecules2011, 44, 2058—-2066).
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Scheme 1.6.Strategy for the chemical modification and grafting of PCL by click chemistry
(adapted from Jerome and co-workers Macromolecules 2007,40, 796-803)

Robert Jerome and Philippe Lecomte firstly created a-chloro and a-azido substituted

caprolactones as shown in scheme 1.6. Further they have carried out the ROP of azide
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substituted caprolactone. They have proposed that this azide group grafted PCL provides

huge number of opportunities to attach various functional groups though click chemistry***
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Scheme 1.7.Synthesis of 5-keto functionalized PCL (KCL) (adapted from Jerome et
al.Macromolecules 1998, 31, 924-927).

Jerome and coworkers prepared y-keto substituted caprolactone (see scheme 1.7), and
they have standardized the ROP using PEG as initiator at ambient temperature using
AIl(iOPr)3 as a catalyst. This block copolymer was thoroughly characterized using NMR, SEC
and FTIR techniques. Continuation to this work they carried out the anionic ROP of epoxides
on caprolactones vy position. This offered the caprolactone monomer with PEG chain on the
vy position; they believed that this monomer may help in preparing new polymers that will

help in drug delivery. '*
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Figure 1.31.Synthesis of DOX loaded micelles based on hydroxy PEG-b-PPCL block
copolymers (adapted from Chang et al.Biomacromolecules, 2012, 13, 3301-3310).

This approach was further adapted by Chang et al. to synthesized 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 block (see figure 1.31). The hydroxyl
groups were formed through the reduction of the above shown KCL, a keto substituted
polycaprolactone by sodium borohydride. These polymers self-assembled along with DOX in

water to form NPs of 140 nm. They have demonstrated that for loading and delivering DOX
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the hydroxyl groups play very important role as they form H-bonding with the DOX
molecule. They have also performed cytotoxicity assay and cellular uptake studies in HepG2
cells.*

Lavasanifar and coworkers synthesized, for the first time, a-benzyl ester substituted
caprolactone. They have synthesized this monomer in two steps, in first step caprolactone’s o
position was activated and the second step followed the benzoyl chloroformate substitution.
This monomer was subjected to ROP with PEG as initiator to get poly(ethylene oxide)-block-
benzoyl poly(caprolactone) (PEO-b-BnPCL) based block copolymers which provided
micelles in water (see scheme 1.8). They haven’t shown any loading capabilities of the block
copolymer. In the next work these particular block copolymers were loaded with curcumin
and used as drug delivery vehicles for anticancer drugs. **’
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Scheme 1.8. Synthesis ofPEO-b-BPCL diblock copolymer and its post-polymerization to
polyamine grafted diblock copolymer; in inset CLSM image of MDA435/LCC6 cells shows
transfection. (adapted from Lavasanifar and co-workers Macromolecules 2006, 39, 9419-
9428, Biomaterials 2009, 30, 242-253)

Same authors later on carried out the post polymerization of above synthesized block
copolymers (PEO-b-BPCL). Where they have substituted the hanging benzoyl groups with
polyamine, this provides the cationic charged micellar structures in water (see scheme 1.8).
Further, these nano-aggregates were employed to deliver siRNA to specific site.**

Hedrick and coworkers prepared series of y-substituted monomers, with various
functional groups including benzyl, di-alcohol, trifluoroacetamide, t-butyl ester group (see
figure 1.32). They have carried out the ROP of these monomers individually and together in
order to achieve homo and block copolymers. Further they were able to succeed in post

polymerization to deprotect t-butyl and trifluoroacetamide to have corresponding polymers.
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Unfortunately they were unable to achieve high molecular weights in the case of t-butyl
grafted polymers.**
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Figure 1.32.Substituted polycaprolactones synthesized by Hedrick and coworkers. (adapted
from Macromolecules 2000, 33, 4619-4627).

The aforementioned examples clearly outlined about the substituted caprolactone
monomers and how these substitutions led to changes in the properties of the subsequent
polymers. Scientists were able to tune the amphiphilicity, the drug or cargo loading abilities
and target specific delivery of the polymeric scaffolds. However, among these examples there
is no mention of carboxylic substituted polycaprolactone. The carboxylic group, in itself, is a
diverse functionality in terms of the opportunities it offers to a chemist to bring about further
modification by carrying out various coupling reactions. It can offer the advantages of
enhanced water solubility, developing vesicular assemblies, bring about pH responsiveness,
as well as offer the advantage of covalently binding drugs or targeting moieties in order to

enhance the efficiency of polymers for biomedical applications.
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1.6. Aim of the thesis

The detailed review of the block copolymers clearly demonstrates the several
technological advantages behind the design and development of functional
polycaprolactones. Unfortunately, the carboxylic polycaprolactones are not applied in the
drug delivery applications. The development of new carboxylic polycaprolactone would
provide the opportunity to create pH-responsive nano-scaffolds like micelles and vesicles to
load various drug molecules. Further, the carboxylic acid groups can be employed for
conjugation of drug molecules to increase the drug loading as well as blood plasma stability.
Thus both stimuli responsiveness as well as drug conjugation can be achieved by preparing

carboxylic functional PCL systems.
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Figure 1.33.Carboxylic polycaprolactone based scaffolds for various applications.

This thesis work is focused on design and development of new carboxylic substituted
caprolactone monomer and its ring opening polymerization with PEG in very controlled
manner to achieve narrow dispersed polymers with high molecular weights. These polymers
formed pH responsive vesicles, which were further loaded with ibuprofen, camptothecin and
rhodamine-B and employed as oral delivery vehicles under gastrointestinal (GI) tract.

Further these carboxylic units were substituted with various alcohols and amine to tune the
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biodegradability of polymer, which controls the release rate of the loaded cargo and its
cellular uptake. Efforts were also put to anchor the cisplatin drug to the carboxylic groups of
the polycaprolactone to form core-shell nanoparticles which delivers the drug to the resistant
breast cancer cells by preventing GSH detoxification. This approach extended to the
development of the triblock polymer based dual drug loaded (cisplatin and DOX)
nanoparticles to achieve synergistic cell killing in resistant breast cancer cells.

The thesis work is focused on the design and development of biocompatible and
biodegradable carboxylic functionalised polycaprolactone nano-aggregates for physical
loading and chemical anchoring of chemotherapeutics to achieve complete cell killing in
various cell lines. The thesis work is divided into four chapters and the scientific outcome has

been reported below in detail:

(vi) New classes of pH responsive carboxylic substituted polycaprolactones were
designed and developed. Synthesis of new monomers by multi-step reactions, block
copolymer synthesis via ring opening polymerization methodology, self-assembly of
block copolymers into vesicles and study the in vitro drug delivering capabilities
under the gastrointestinal tract (Gl).

(vii)Hydrogen-bond controlled anticancer drug delivery approach was developed for
intracellular delivery of chemotherapeutics. Enzyme-responsivenessof the hydrogen
bonded biodegradable diblock copolymers were programmed for “burst” versus
“controlled” release of drugs at the intracellular level.

(viii) PCL diblock copolymer-cisplatin core-shell nanoparticles were made to overcome
the detoxification of cisplatin drugs against cytoplasmic thiol residues such as
glutathione and cysteine. The core-shell nanoparticles were very stable in saline,
phosphate saline buffer (PBS) and bovine serum (FBS) and exclusively cleaved at
the intracellular compartment by enzymes to deliver the Pt-drug.

(ix) New classes of triblock copolymerbasedtriple layer nano-particles (TLNs) were
developed to achieve the combination therapy of cisplatin, DOX and together from
single nano-carrier. This method accomplished the synergistic killing of breast
cancer cells (MCF 7) by the combination therapy.

Finally, the overall conclusion of the thesis has been summarized in the last

chapter with future perspectives.
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Stimuli-responsive Poly(caprolactone) Vesicles for

Dual Drug Delivery under GI Tract

The present investigation reports the first example of carboxylic functionalized
poly(caprolactone) (PCL) block copolymer vesicles as novel dual drug delivery pH
responsive vehicles for oral administration under gastrointestinal (GI) tract. New
carboxylic functionalized caprolactone monomer was custom designed through multi-
step organic reactions and polymerized under controlled ROP conditions using
polyethylene glycol (PEG-2000) as initiator to produce amphiphilic diblocks, PEG-b-
CPCLy, with x= 25, 50, 75 and 100. These carboxylic PCL block copolymers were
self-organized into 100-250 nm vesicular assemblies. The size and shape of the
vesicular assemblies were confirmed by light scattering, Zeta potential and electron
microscopy. These vesicles were capable of loading both hydrophilic molecules (like
rhodamine B, Rh-B) and hydrophobic drugs such as Ibuprofen (IBU) and
camptothecin (CPT) in the core and layer, respectively. These pH responsive PCL
vesicles were stable in strong acidic conditions (pH < 2.0, stomach) and ruptured to
release the loaded cargoes under neutral or basic pH (pH =7.0, similar to that of
small intestine). The drug release kinetics under simulated Gl tract revealed that the
individual drug loaded vesicles followed the combination of diffusion and erosion
pathway whereas the stable dual drug loaded vesicles predominantly followed the
diffusion controlled process. Thus, the custom designed PCL vesicles open up a new
area of pH stimuli responsive polymer vehicles for delivering multiple drugs via oral

drug delivery route which is yet to be explored for biomedical applications.
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2.1. Introduction

Oral delivery under gastrointestinal (GI) tract is one of the most elegant methods for
the administration of drug molecules with improved patient compliances, low cost and ease
of treatment and so on so forth.>An oral delivery is a very challenging task because the drug
molecules should be stable and retained in the active form under the harsh GI tract and be
intact against the p-glycoprotein mediated efflux effect.’Today we have major hurdles in the
oral delivery of NSAIDS (nonsteroidal anti-inflammatory drugs), anti-cancer drugs and

protein based therapeutics (mainly insulin).

< NSAIDs disrupt
CH3 1 b mucosal gel i
Y layer of GI tract,
H* NSAO TR living inacld |0

' 200

Ibuprofen Tablets
USP 200 mg / Pain Rellever /
Fever Reducer (NSAID)

100 @ —

Figure 2.1. lbuprofen and schematic representation of disruption of mucosal layer by
NSAIDS like IBU

For example in the case of NSAIDS, such as lbuprofen (IBU) that hinders the
cyclooxygenase system and is used as an analgesic and antipyretic for a variety of
inflammatory pathologies.® IBU can be used for a short and long duration therapy such as for
headache and rheumatoid arthritis respectively. However, it is sparingly soluble in water®,
and it is rapidly eliminated from systemic circulation displaying a relatively short half-life
(2.7-2 h), and therefore, leading to several dosages for an effective and prolonged
pharmacological activity®. The stomach's ability to protect itself from stomach acids gets
interfered by these NSAIDS which lead to ulcers (see figure 2.1). As it is known that stomach
has three defenses against digestive juices namely, mucus that coats the stomach lining and
shields it from stomach acid, the bicarbonates that neutralize stomach acid, and blood
circulation to the stomach lining that aids in cell renewal and repair; all of these all get
hindered by NSAIDS. There are about some 20 different traditional drugs including aspirin,
ibuprofen, naproxen, indomethacin, and piroxicam which are facing similar problems.’On the

other hand, oral delivery of proteins such as insulin has received widest attention, however,
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yet currently no oral insulin preparation exists. Oral administration of insulin was found to be
ineffective for the treatment of insulin-dependent diabetes mellitus®. Since then the
subcutaneous route has been the mainstay of insulin delivery until today. Hence, to achieve
effective and prolonged drug levels for an extended period without having related gastric side
effects, new polymer based formulations were urgently required for controlled and sustained
release of various therapeutics.

pH-responsive synthetic polymers are particularly attractive for the above purpose
since they can protect the drug molecules in the acidic stomach conditions (pH < 2.0) and

burst instantaneously under neutral or basic pH (7.4 or > 7.4) in the small intestine to release

7-11 12-14

, random copolymers,*>
d23, 24

the loaded cargoes. Amphiphilic block copolymers

20 2nolyacrylic acid®, polymethacrylic aci

27-32

®dendronized structures, , poly(lactic-co-

glutamic acid)*®polycarboxylates®, amine functionalized polymers
33,34

and poly(trimethylene
carbonate)-b-poly(L-glutamic acid) are few important examples reported for releasing
drugs under pH stimuli.

In general, among all the nano structures, vesicular assemblies are particularly
important for drug delivery since they resemble the structure of the cell membrane and also
provides features such as loading both water soluble and water insoluble drugs.*>*" Most of
the pH responsive polymer vesicles were employed for the administration of DNA,*® gold
nanoparticles,®* MRI agents*®*'and anticancer drug molecules** under in vitro conditions
similar to that of intravenous delivery. It is rather surprising to notice that there is no report
on pH stimuli-based polymer vesicles for oral drug delivery under Gl tract. Thus, new efforts
are required to explore pH responsive vesicular assemblies for both fundamental

understanding as well as developing new scaffolds for oral drug delivery applications.
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Figure 2.2.Preparation of PEG-b-PCL block copolymer based vesicles, and its CLSM and
cryo-TEM images. (adapted from Ghoroghchain et al. Macromolecules 2006,39, 1673-1675)
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Poly(caprolactone) (PCL) is one of the most important commercial aliphatic polyester
explored for biodegradable and biomedical applications.”* PCL is water insoluble; however
its block copolymer with hydrophilic polyethylene glycol (PEG) chains (PEG-b-PCL)
provides appropriate hydrophilic and hydrophobic balance to self-organize in water.** %
Typically, PEG-b-PCL block copolymers were known to produce only micelles (not vesicles)
for delivering water insoluble hydrophobic drugs.*® Few reports document the generation of
these block copolymer vesicles under solvent assisted processing techniques.*”*° For
example, solvent combination of organic solvent + water is one of the methods used to
produce vesicles. Ghoroghchain et al. reported the formation of PEG-b-PCL block copolymer
vesicles via thin-film hydration method (see figure 2.2)*° wherein, it is shown that by keeping
PEG (2000) chain length constant and increasing the PCL chain length facilitates vesicle
formation. In all the blocks the higher analogue PEG-b-PCL1,k diblock copolymer showed
the vesicular formation. Kurz et al. reported TOSUO substituted PEG-block-PCL for vesicle
formation as shown in figure 2.3; however, they are not pH sensitive.>® Unfortunately none of
these conditions are suitable for delivering anticancer drugs using pH as stimuli. As a result,

poly(caprolactone)s based pH responsive vesicles are not reported in the literature.

O

Figure 2.3. Preparation of PEG-b-PCL and PEG-b-PTOSUO block copolymer based
vesicles, and its CLSM and cryo-TEM images. (adapted from Kurz et al. Soft Matter, 2012, 8,
10853)

|51 |52-55’

Functional Poly(caprolactone)s were also developed with hydroxyl®, alky

|57,58 |59

azide®®, and benzy or a-cholesteryl®™ units and their micelles (or nanoparticles) were
employed for drug delivery. Jerome and co-workers reported hydroxyl substituted and click

chemistry based o-position derivatives in poly(caprolactone)s.®®®? Hedrick and co-workers
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earlier attempted to make carboxylic poly(caprolactone)s; however, it was not successful
since their monomer design was only capable of producing low molecular weight oligomers
(no information is available on their molecular self-organization as well).®*®* Thus, pH
responsive PCL scaffolds are yet to be achieved for drug delivery both via oral and

intravenous routes.
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Figure 2.4. Carboxylic substituted PCL block copolymer vesicles and their pH stimuli
rendered delivery under Gl tract.

The present investigation is emphasized to address the two un-resolved problems in
polymer drug delivery that are (i) design and development of pH responsive PCL block
copolymers and (ii) investigation on the individual or dual drug loading and delivering
capabilities of pH stimuli-based vesicular assemblies for oral delivery under GI tract. This
new approach is schematically shown in figure 2.4. New substituted carboxylic acid
caprolactone was synthesized through tailor-made approach and polymerized under
controlled ROP conditions to produce series of PEG-block-carboxylic PCL (PEG-b-CPCL,,
with x= 25 to 100). These new carboxylic functionalized block copolymers were completely
water soluble and they self-organized into pH responsive polymer vesicles of 100 - 250 nm
size. These pH stimuli PCL vesicles have unique ability to encapsulate both water soluble
molecules such as Rhodamine-B (RhB) and insoluble anti-inflammatory drug Ibuprofen
(IBU) and anticancer drugs like camptothecin (CPT). The in vitro release profiles of drug
loaded vesicles were studied under simulated gastrointestinal conditions. The PCL vesicles
were observed to stabilize the drug molecules under strong acidic conditions (like pH < 2.0 in

stomach) and ruptured to release the cargoes under neutral pH, similar to that of small
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intestine. Thus, the custom designed PCL vesicles open up new oral drug delivery approach
for pH stimuli-incorporated polymerosomes, more specifically based on custom designed
carboxylic PCL vesicles.

2.2. Experimental methods

2.2.1. Materials: 1,4-Cyclohexane diol, t-butyl acrylate, potassium t-butoxide, pyridinium
chlorochromate (PCC), metachloroperbenzoic acid (MCPBA), Tin(ll) 2-ethylhexanoate
(Sn(Oct),) , triethylene glycol monomethyl ether (TEG), polyethylene glycol monomethyl
ether (MW = 2000, here after referred as PEG), caprolactone, Rhodamine B (Rh B),
Ibuprofen (IBU) and camptothecin (CPT) were purchased from Aldrich chemicals. TEG and
PEG were dried under vacuum oven prior to use. Catalyst Sn(Oct), and caprolactone were
distilled under vacuum and stored in glove box. All other solvents like tetrahydrofuran (THF)
and trifluoroacedic acid (TFA) are purchased locally and distilled and kept under inert
atmosphere prior to use.

2.2.2. Measurements: NMR was recorded using 400-MHz JEOL NMR Spectrophotometer.
All NMR spectra were recorded in CDCl; containing TMS as internal Standard. MALDI-
TOF of the polymers was determined by using Applied Bio systems 4800 PLUS MALDI
TOF/TOF analyzer. Polymer samples were dissolved in Tetrahydrofuran (THF) at 1mg/mL.
Dihydroxy benzoic acid (DHB) was used as matrix. The matrix solution was prepared by
dissolving 10 mg in 1 ml MeOH (or 30% ACN). To aid sample ionization, the MALDI
target was pre spotted with 2mg/ml Nal in methanol and allowed to air-dry. Mass of the
small intermediate precursors was determined using a HRMS-ESI-Q-Time of Flight LC-MS
(SynaptG2, Waters).Gel permeation chromatographic (GPC) analysis which was performed
using Viscotek VE 1122 pump, Viscotek VE 3580 RI detector and Viscotek VE 3210
UV/Vis detector in tetrahydrofuran (THF) using polystyrene as standards. Thermal analysis
of all polymers was done using TA Q20 Differential Scanning Calorimeter. The instrument
was calibrated with indium standards. All the polymers were heated to melt before recording
their thermo grams to remove their previous thermal history. Polymers were heated and
cooled at 10 °C/min under nitrogen atmosphere and their thermo grams were recorded.
Thermal stability of the polymers was determined using Perkin Elmer thermal analyzer STA
6000 model at a heating rate of 10°C/min in nitrogen atmosphere. Water contact angle
measurements were performed on a GBX model (DIGIDROP contact angle instrument) using
Windrop software. Extreme care has been taken in carrying out sessile contact angle

measurements to monitor contact angle values within 1 min to avoid the evaporation effects.
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All contact angle measurements were carried out at room temperature (27 °C) and constant
humidity (40-50%). The absorption and emission studies were done by a Perkin-Elmer
Lambda 45 UV-visible spectrophotometer and SPEX Fluorolog HORIBA JOBIN VYON
fluorescence spectrophotometer with a double-grating 0.22 m Spex1680 monochromator and
a 450 W Xe lamp as the excitation source at room temperature. The excitation spectra were
collected at 375 and 420 nm (Pyrene emission wavelength), and the emission spectra were
recorded by exciting at the excitation maxima. The Pyrene samples were purged with N, gas
for at least 15-20 min prior to photo physical experiments. Dynamic light scattering (DLS)
was done using a Nano ZS-90 apparatus utilizing 633 nm red laser (at 90° angle) from
Malvern Instruments. At 90° scattered fluctuations were detected to generate correlation
function [g?(t)], from this function diffusion coefficient(D) calculated by using cumulant
method. By applying stock-Einstein equation particle diameter was calculated. The
reproducibility of the data was checked for at least three times using independent polymer
solutions. The static light scattering experiment (SLS) was carried out using 3D-DLS
spectrometer, from LS Instruments, Switzerland. The instrument consists of a He Ne laser
having a wavelength of 632.8 nm attached to a computer using Lab view interface utilizing
toluene as reference. The measurement was performed in autocorrelation mode from 20 to
130° by steps of 5°. FE-SEM images were recorded using Zeiss Ultra Plus scanning electron
microscope. For FE-SEM analysis, the samples were prepared by drop casting on silicon
wafers and coated with gold. TEM images were recorded using a Technai-300 instrument by
drop casting the sample on Formvar-coated copper grid. The fluorescent micrographs were
collected using Carl Zeiss Axiovert 200 microscope.
2.2.3. Encapsulation in carboxylic PCL vesicles: The detail procedure is given for
Rhodamine-B encapsulation. In a typical experiment, 10 mg of the polymer and 1 mg of
Rhodamine-B was dissolved in DMSO (2 ml). Distilled water (8 ml) was added drop wise
into the polymer solution and the mixture was stirred at 25° C for 12 hours. The solution was
transferred to a dialysis bag (MWCO=1000) and dialyzed against large amount of distilled
water for 3-5 days. Fresh distilled water replaced periodically to ensure the removal of un-
encapsulated molecules from the dialysis tube.
The drug loading efficiency (DLE) and drug loading content (DLC) were determined by
absorption spectroscopy using the following equation:®*

DLE (%) = {Weight of drug in vesicles / Weight of drug in Feed}x 100 %

DLC (%) = { Weight of drug in vesicles / Weight of Drug loaded vesicles} x 100 %
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A similar procedure was followed to encapsulate Ibuprofen (IBU) and camptothecin
(CPT) using 2 mg of drugs in the feed. Dual loading of Rh-B and IBU was performed using 1
mg of each of these molecules.

2.2.4. In vitro drug release studies

Rh-B, IBU and CPT loaded vesicles were taken in a dialysis bag in 3 mL of solution
and they were immersed in 100 ml beaker and dialyzed at 37 °C with constant stirring.
Various pH buffers of 2.0, 4.0, 7.4 and 9.2 are employed for the dialysis studies. Simulated
gastric fluid (SGF, 5.47 g HCI, 3.72 g KCI, 1 L water, pH 2) and simulated intestinal fluid
(SIF, 8 g NaCl, 0.2 g KCl, 1.44 g Na;HPOQq,, 0.24 g KH,PO4, 1 L water, pH 7.4) were also
prepared following literature report? for the released studies. At specific time intervals, 3.0
ml of the dialysate was withdrawn and replaced with an equal volume of fresh buffer. The
amount of molecules released in each aliquot was measured using absorption spectroscopy
and quantified to determine their percentage of cumulative release. Each experiment was
triplicated in order to calculate standard error. Cumulative release (%) =C, x V,/ m x 100
where C, is amount of loaded cargo in n™ sample, V, is total volume and m is total amount
loaded in vesicles.

2.2.5. Synthesis of t-butyl 3-((4-hydroxycyclohexyl) oxy) propionates (1)

1, 4-Cyclohexanediol (20.0 g, 172.0 mmol) and potassium t-butoxide (200 mg, 1.78
mmol) were taken in dry THF (200 mL) and stirred for 10 minutes under nitrogen. t-Butyl
acrylate (11.0 g, 86.1 mmol) in dry THF (50 mL) was added drop wise and the reaction
mixture was refluxed under dry conditions for 24 h. The solvent was removed by rotavapor
and the content was neutralised with 1IN HCI (20 mL). It was extracted with ethyl acetate and
the organic layer was dried over anhydrous Na,SO,. The solvent was removed to get the
product as viscous liquid. It was further purified by passing through silica column
chromatography using ethyl acetate and petroleum ether (1 : 10 v/v) as eluent. Yield: 16.7 g
(78.4 %). 'H NMR (400MHz, CDCls) & ppm: 3.64 (m, 3H, O-CH,-and O-CH), 3.29-3.39 (m,
1H, CH-OH), 2.4 (t, 2H, -CH,CO-), 1.96-1.81 (m, 4H, OCH(CHj ),), 1.64-1.32 (m, 4H,
CO(CH, ),), 1.45 (s, 9H, -C(CHs)3). *C-NMR (100 MHz, CDCl3) & ppm: 171.08, 80.43,
69.50, 63.94, 63.53, 32.54, 30.33, 29.17 and 27.44. FT-IR (cm™): 3421, 2977, 2935, 2863,
1727, 1456, 1393, 1366, 1255, 1155, 1106 and 1034. HR-MS (ESI"): m/z [M+Na"] calcd. for
Ci13H2404 [M'] : 267.1572; found: 267.1562.

55



Chapter 2

2.2.6. Synthesis of tert-butyl 3-((4-oxocyclohexyl)oxy)propanoate (2): PCC (16.7g, 77.9
mmol) was added to compound 1 (9.5 g, 38.9 mmol) in dry DCM (100 mL) under nitrogen
atmosphere and the reaction mixture stirred at 25 °C for 4 h. The reaction mixture was
filtered through molecular sieves to remove PCC salts. The filtrate was condensed and the
resultant liquid was purified by passing through silica gel column by eluting with petroleum
ether/EtOAc (1:4 v/v). The product was obtained as colourless liquid. Yield: 8.5 g (90 %).
'H-NMR(400 MHz, CDCl3) & ppm : 3.56 (m, 3H, O-CH, and O-CH), 2.58 (t, 2H, -CH,-CO),
2.64 (m, 2H, -(C=0)CH;-), 2.26 (m, 2H, -(C=0)CH,- ) 2.09 (m, 2H, -(CO)CH-) 1.90(m,
2H, -(CO)CHy-), 1.45 (s, 9H, -C(CHj3)3). *C-NMR (100MHz, CDClz) & ppm: 211.40,
170.99, 80.56, 72.74, 64.02, 37.02, 36.56, 30.40 and 20.04. FT-IR (cm™): 2974, 2874, 2360,
1716, 1456, 1419, 1393, 1366, 1306, 1249, 1210 and 1100. HRMS (ESI"): m/z [M+Na']
calcd. for Cy3H2,04 [M™] : 265.1415 ; found : 265.1411.

2.2.7. Synthesis of tert-butyl 3-((7-oxooxepan-4-yl) oxy) propanoate (3): m-
Chloroperbenzoic acid (3.5 g, 17.3 mmol) was added slowly to a stirred solution of 2 (3.5 g,
14.4 mmol) in dry DCM (40 mL) under nitrogen atmosphere. To above reaction mixture,
anhydrous NaHCOj3 (3.63g, 43.3 mmol) was added and the reaction was continued at 25 °C
for 12 h. The solvent was removed and the residue was quenched with saturated aqueous
NaHCOg solution (20 mL) and saturated aqueous Na,S,03 solution (20 mL). It was extracted
with ethyl acetate and the organic layer was dried over anhydrous Na,SO, After solvent
evaporation, the crude product was purified by passing through silica gel column using ethyl
acetate and petroleum ether (4:6 v/v). Yield= 3.2 g (92 %). The product 3 was obtained as
colorless liquid *H-NMR (400 MHz, CDCls) & ppm : 4.40 (dd, 1H, COOCH), 4.06 (dd, 1H,
COOCH) 3.60 (m, 4H, OCH,, OCH and COCH), 2.98 (dd, 1H, COCH), 2.48 (t, 2H,
COCHy), 2.42-1.81 (m, 4H, OCH-(CHy)2), 1.46 (s, 9H, C(CH3)3) *C-NMR (100MHz,
CDCI3) 6 ppm: 176.55, 171.24, 80.99, 74.24, 64.24, 63.66, 36.77, 34.15, 28.40, 27.84 and
27.61. FT-IR (cm™): 2925, 1725, 1456,1393, 1366, 1253, 1155, 1100 and 1058. HRMS
(ESI+): m/z [M+K™] calcd. For C13H3,05[M*]: 299.3187; found: 299.3665.

2.2.8. Ring opening polymerization of substituted Poly(caprolactone)s: Typical procedure
for ROP was described for the y-substituted caprolactone monomer 3 with [Mo]/[lp] = 100
and polyethylene glycol PEG-2000 monomethyl ether as initiator (for polymer PEG-b-
BPCL;q0). MeO-PEG-2000 (31.0 mg, 0.0155 mmol) was taken in a flame dried schlenk tube
and dry toluene (1.0 mL) was added under nitrogen atmosphere. To this mixture, Sn(Oct),

(3.1 mg, 0.0077 mmol) was added and the content was stirred at 25 °C 15 minutes under
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nitrogen purge. The monomer 3 (0.4 g, 1.55 mmol) was added to the above mixture and the
polymerization mixture was continued at 25 °C for 15 minutes under nitrogen purge. The
polymerisation tube was immersed in preheated oil bath at 110 °C the polymerization was
continued for 48 h with constant stirring. The polymerization mixture was precipitated in
MeOH. The polymer was re-dissolved in THF and precipitated again in methanol. The
purification was done at least twice to obtain highly pure polymer. Yield: 280 mg (70 %).
'H-NMR (400MHz, CDCl3) & ppm: 4.13 (s, 2H), 3.64 (s, 3.8 H), 3.45 (s, 1H), 3.38 (s, 1H),
2.44 (t, 2H), 2.35 (t, 2H), 1.93 — 1.81 (m, 2H), 1.81 —1.67 (m, 4H), 1.44 (s, 9H, t-butyl). *C-
NMR (400MHz, CDCl3): 173.63, 170.81, 80.72, 75.58, 70.68, 65.13, 61.47, 36.60, 33.04,
29.81, 28.86, and 28.22. FT-IR (cm™): 2973, 2931, 1726 (C=0O ester), 1457, 1364, 1251,
1156, 1156, 1099, 1062, 957, 898, 845 and 757. GPC molecular weights: M, = 18,400, M,, =
24,900 and M,,/M,, = 1.35.

A similar procedure was followed for the synthesis of other compositions ofPEG-b-
BPCL, with x = 25, 50 and 75. Under the identical conditions caprolactone was also
polymerized to produce a series of PEG-b-PCLy with x = 25, 50, 75, and 100. These details
are provided below. Two homopolymers TEG-BPCLs, and TEG-PCLs, (these are not block
copolymers) were also synthesized using triethyleneglycol monomethyl ether as initiator for
[Mo]/[lo] = 50 and these details are provided below.

Synthesis of PEG initiated Amphiphilic Polycaprolactone (PEG-b-PCL,s): Caprolactone
(0.5 g, 4.39 mmol), mPEG-2K (351.2 mg, 0.175 mmol) andSn(Oct) , (35.5 mg, 0.0878
mmol) and *H NMR (400MHz, CDCl3) & ppm: 4.05 (t, 2H), 3.64 (s, 6.2 H), 2.31 (t, 2H), 1.69
— 1.51 (m, 4H), 1.38 (t, 2H). ). FT-IR (cm™): 3525, 2941, 2870, 1723, 1465, 1365, 1389,
1240, 1185, 1145, 1101, 1042, 956, 842 and 730. Yield: 300 mg (60%). M, (NMR) 5,306
g/mol; M, (SEC): 7,100 g/mol.

Synthesis of PEG initiated Amphiphilic Polycaprolactone (PEG-b-PCLs) : Caprolactone
(0.5 g, 4.39 mmol), mPEG-2K (175.6 mg, 0.0878 mmol) and Sn(Oct), (17.7 mg,
0.0439mmol) *H NMR (400MHz, CDCl3) & ppm: 4.05 (t, 2H), 3.64 (s, 3.3 H), 2.31 (t, 2H),
1.69 — 1.51 (m, 4H), 1.38 (t, 2H). FT-IR (cm™): 3525, 2942, 2867, 1722, 1767, 13665, 1293,
1239, 1179, 1100, 1040, 957 and 729. Yield: 400 mg (80%) M, (NMR) 8,156 g/mol; M,
(SEC): 10,400 g/mol.

Synthesis of PEG initiated Amphiphilic Polycaprolactone (PEG-b-PCL ) : Caprolactone
(0.5 g, 4.39 mmol), mPEG-2K (117 mg, 0.0585 mmol) and Sn(Oct) , (11.8 mg, 0.029
mmol)."H NMR (400MHz, CDCl3) & ppm: 4.05 (t, 2H), 3.64 (s, 2.36 H), 2.31 (t, 2H), 1.69 —
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1.51 (m, 4H), 1.38 (t, 2H). FT-IR (cm™): 2940, 2868, 2870, 1722, 1648, 1516, 1364, 1291,
1179, 1103, 1040, 956, 843 and 729. Yield: 390mg (78%). M, (NMR) 10,660 g/mol; M,
(SEC): 11,500 g/mol.

Synthesis of PEG initiated Amphiphilic Polycaprolactone (PEG-b-PCL q): Caprolactone
(0.5 g, 4.39 mmol), mPEG-2K (87.8 mg, 0.0439mmol) and Sn(Oct), (8.8 mg, 0.0219
mmol)."H NMR (400MHz, CDCls) & ppm: 4.06 (t, 2H), 3.64 (s, 1.78H), 2.31 (t, 2H), 1.69 —
1.51 (m, 4H), 1.38 (t, 2H). ). FT-IR (cm™): 3648, 2943, 2867, 2361, 1722, 1648, 1516, 1464,
1365, 1292, 1239, 1174, 1102, 958, 839 and 728. Yield: 450mg (90%). M, (NMR) 13,514
g/mol; M, (SEC): 23,000 g/mol.

Synthesis of y- ter. Butyl substituted Amphiphilic polycaprolactone (PEG-b-BPCL 3s):
Compound 3 (0.4 g, 1.55 mmol), mPEG (124 mg, 0.062 mmol) and Sn (Oct), (12.5 mg,
0.031 mol). *H NMR (400MHz, CDCls) & ppm: 4.05 (s, 2H), 3.64 (m, 10.6H), 3.45 (s, 1H),
3.38 (s, 1H), 2.44 (t, 2H), 2.35 (t, 2H), 1.93 — 1.81 (m, 2H), 1.81 — 1.67 (m, 4H), 1.44 (s, 9H).
Yield: 300 mg (75%). FT-IR (cm™): 2973, 2932, 1726, 1458, 1363, 1250, 1156, 1099, 1062,
959, 898, 846 and 757. M, (NMR) 7,418 g/mol; M, (SEC): 7,500 g/mol.

Synthesis of y- ter. Butyl substituted Amphiphilic polycaprolactone (PEG-b-BPCLs):
Compound 3 (0.4 g, 1.55 mmol), mPEG (62 mg, 0.031 mmol), Sn(Oct), (6.3 mg, 0.0155
mmol). 'H NMR (400MHz, CDCls) & ppm: 4.05 (s, 2H), 3.64 (m, 6.28 H), 3.45 (s, 1H), 3.38
(s, 1H), 2.44 (t, 2H), 2.35 (t, 2H), 1.93 — 1.81 (m, 2H), 1.81 -1.67 (m, 4H), 1.44 (s, 9H).
Yield: 370mg (92.5 %). FT-IR (cm™): 2972, 2928, 2876, 1725, 1457, 1364, 1250, 1153,
1099, 956, 912, 846, 720 and 647. M,, (NMR) 12,836 g/mol; M, (SEC): 9,200 g/mol.
Synthesis of y- ter. Butyl substituted Amphiphilic polycaprolactone. (PEG-b-BPCL75)
Compound 3 (0.4 g, 1.55 mmol), mPEG (41.3 mg, 0.0206 mmol) andSn(Oct), (4.2 mg,
0.0103 mmol). 'H NMR (400MHz, CDCl3) & ppm: 4.05 (s, 2H), 3.64 (s, 4.4 H), 3.45 (s, 1H),
3.38 (s, 1H), 2.44 (t, 2H), 2.35 (t, 2H), 1.93 — 1.81 (m, 2H), 1.81 —-1.67 (m, 4H), 1.44 (s, 9H).
- FT-IR (cm'l): 2973, 2931, 1726, 1457, 1364, 1251, 1156, 1099, 957, 846, 720 and 647.
Yield: 380mg (95%). M, (NMR) 20,060 g/mol; M, (SEC): 12,200 g/mol.

Synthesis of TEG initiated Polycaprolactone (TEG - PCLs): Caprolactone (0.5 g, 4.39
mmol), TEG (14.4 mg, 0.0878 mmol)and Sn(Oct)»(17.7 mg, 0.0439 mmol). *H NMR
(400MHz, CDCI3) 6 ppm: 4.06 (t, 2H), 3.64 (s, 0.16 H), 2.31 (t, 2H), 1.69 — 1.51 (m, 4H),
1.38 (t, 2H). ). Yield: 300 mg (60%). FT-IR (cm™): 3566, 2925, 2361, 1741, 1699, 1542,
1511, 1424, 1105, 822, and 619. M,, (NMR) 5,754 g/mol; M, (SEC): 8,900 g/mol.
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Synthesis of y- ter. Butyl substituted polycaprolactone (TEG - BPCLs): Compound 3
(0.4 g, 1.55 mmol), TEG (5.1 mg, 0.031 mmol), Sn (Oct), (6.3 mg, 0.0155 mmol). *H NMR
(400MHz, CDCl3) & ppm: 4.13 (s, 2H), 3.64 (m, 2.17 H), 3.45 (s, 1H), 3.38 (s, 1H), 2.44 (t,
2H), 2.35 (t, 2H), 1.93 — 1.81 (m, 2H), 1.81 —1.67 (m, 4H), 1.44 (s, 9H). FT-IR (cm™): 3566,
2927, 2361, 1727, 1650, 1542, 1511, 1249, 1156, 1099, 956, 845, 756, 675 and 618. Yield:
370mg (85%). M, (NMR) 12,032 g/mol; M, (SEC): 11,000 g/mol.

Synthesis of substituted carboxylic substituted Poly(caprolactone)s (PEG-b-CPCL,):
Trifluoroacetic acid (0.2 mL) was added slowly into PEG-b-BUCPCLjgo (200 mg) in dry
DCM (5.0 mL) and the polymer solution was stirred at 25 °C for 30 minutes. The solvents
were evaporated and the polymer was re-dissolved in THF and precipitated in cold methanol.
The purification was repeated at least twice to get pure polymer. *H-NMR (400MHz, CDCls)
d: 4.14 (t, 2H, CH,0H), 3.84- 3.64 (m, 3.8 H, PEG and OCHy,), 3.57 (m, 1H, OCH), 2.56 (t,
2H, CH,COOH), 2.38 (t, 2H, COCHy), 1.99 — 1.67 (m, 4H, -OCH (CH,),). FT-IR (cm™):
3447, 2932, 2450, 1711(C=0 acid), 1355, 1257, 1175, 1096, 1059 and 955.

A similar procedure was followed for the hydrolysis of PEG-b-BPCLX to produce
PEG-b-CPCLXx, where x = 25, 50, 75 and also TEG-b-CPCLs, from TEG-b-BPCLsy.
Synthesis of (PEG-b-CPCL,s):'"HNMR (400MHz, CDCls) &: 4.14 (t, 2H), 3.84- 3.64 (m
10.6H), 3.57 (m, 1H), 2.56 (t, 2H), 2.38 (t, 2H), 1.99 — 1.67 (m, 4H). FT-IR (cm™): 3450,
2880, 1749, 1352, 1252, 1180, 1092, 948, 917, 841 and 730. M, (NMR) 6,242 g/mol; M,
(SEC): 5,300 g/mol.

Synthesis of (PEG-b-CPCLs):'"HNMR (400MHz, CDCls) &: 4.14 (t, 2H), 3.84- 3.64 (m
6.3H), 3.57 (m, 1H), 2.56 (t, 2H), 2.38 (t, 2H), 1.99 — 1.67 (m, 4H). FT-IR (cm™): 3447,
2923, 1717, 1454, 1352, 1252, 1179, 1091, 948 and 841. M, (NMR) 10,484 g/mol; M,
(SEC): 7,200 g/mol.

Synthesis of (PEG-b-CPCL7s):'"HNMR (400MHz, CDCls) &: 4.14 (t, 2H), 3.84- 3.64 (m,
4.4H), 3.57 (m, 1H), 2.56 (t, 2H), 2.38 (t, 2H), 1.99 — 1.67 (m, 4H). FT-IR (cm™): 3503,
2932, 1720, 1355, 1255, 1173, 1096, 1062, 954 and 843. M, (NMR) 16,140 g/mol; M,
(SEC): 10,500 g/mol.

Synthesis of (TEG-b-CPCLso):'"HNMR (400MHz, CDCls) &: 4.14 (t, 2H), 3.84- 3.64 (m,
2.12 H), 3.57 (m, 1H), 2.56 (t, 2H), 2.38 (t, 2H), 1.99 — 1.67 (m, 4H). FT-IR (cm™): 3677,
2927, 2361, 1705, 1651, 1555, 1458, 1423, 1171, 1097 and 1055. M, (NMR) 9,456 g/mol;
M, (SEC): 5,000 g/mol.
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2.3. Results and Discussion

2.3.1 Synthesis and Characterization of Polymers

The synthesis of substituted caprolactone is shown in scheme 2.1. A new route is
developed for producing these compounds from commercially available 1,4-cyclohexanediol
through multi-step reactions. 1,4-cyclohexanediol was reacted with t-butyl acrylate in the
presence of potassium t-OBu via Michael reaction to produce(1) in high yield. 1 was oxidized
with PCC to convert the hydroxyl group into corresponding cyclohexanone derivative (2).
The compound 2 was subjected to Baeyer villiger oxidation to produce y-substituted ester
caprolactone monomer 3 in good vyield. All the above intermediates were completely
characterized by NMR, FT-IR and HR-MS and their details are given below.
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Scheme 2.1. Synthetic scheme of substituted CL monomer.

Polyethylene glycol monomethyl ether (MW = 2000, here after referred as PEG) was
employed as hydrophilic initiator for the ROP using the Sn(Oct), as transition metal catalyst.
The ratio of the Sn(Oct), catalyst to PEG was maintained as 1:2 in mole ratio so that the
required concentration of active initiator SnO-PEG could be generated in-situ for the ROP
initiation.®> The monomer to initiator ratio was varied from [Mg]/[lo] = 25, 50, 75 and 100 to
produce different amount of carboxylic functional groups in the Poly(caprolactone) chain in
the diblock copolymers (see scheme 2.2). The ROP was first optimized for caprolactone
monomer in laboratory conditions prior to the newly designed monomer 3. Thus, the PEG-
2000 initiated ROP produced two series of block copolymers PEG-b-PCLy and PEG-b-
BPCLy, where x= represents the number of repeating units in the polymers. Further,
triethylene glycol monomethyl ether (TEG) was employed as initiator to make two
homopolymers TEG-PCLsg and TEG-BPCLs (these are not block copolymers). For these
homopolymers, [Mg]/[lo] ratio was kept as 50 in the feed. The t-butyl ester group in the
blocks of PEG-b-BPCL, and homopolymer TEG-BPCLs, were hydrolysed to obtain their
corresponding carboxylic acid derivativesPEG-b-CPCLy and TEG-CPCLs, respectively (B =

t-butyl ester and C = carboxylic acid).
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Scheme 2.2. Synthetic scheme ofhomo and block polymers from substituted CL monomer.

The *H-NMR spectra of the PEG-b-BPCL,diblock copolymers are depicted in figure
2.5where X is 25, 50, 75 and 100. The quantification of caprolactone units (repeating units-
Xn) in diblock polymers were done by comparing the -OCH,CH,0- in the PEG part appeared
at 3.65 ppm for 180 protons (45 units x 4H) with the methylene protons of PCL at 4.05
(OCH,) as depicted in the figure 2.5 for both series of diblock copolymers (in detail
explained for PEG-b-CPCLqo below). From the figure 2.5 it is clearly evident in the above
spectra that the intensity of the BPCL units increased (see the arrow mark in figure 2.5) with
increase in the [Mo]/[l] ratio in the feed. On the other hand PEG-b-PCL block copolymers

also characterized in similar way.
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Figure 2.5.The stack plot of *H-NMR spectra of PEG-b-BPCL, diblock copolymers.
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Figure 2.6."H-NMR spectrum of PEG-b-CPCLgblock copolymer.

'H-NMR spectrum of PEG-b-CPCLyo is shown in figure 2.6. The protons in the
repeating units are assigned with alphabets in the structure and their corresponding peaks are
indicated in the spectrum. In figure 2.6 -OCH,CH,0O- in the PEG part (proton-b) appeared at
3.65 ppm and upon polymerization new ester peak appeared at 4.05 ppm (proton a) and all
other CL repeating unit protons appeared with respect to expected structure. A similar NMR
analysis was done for other samples to confirm their structure. The comparison of the peak
intensities of the PEG part (proton-b at 3.65 ppm) and the CL repeating units (protons at 4.05
ppm) gave the number average degree of polymerization, n = 99 in the present case.
Similarly, the n values for PEG-b-PCL and PEG-b-CPCL, were determined and these values
are summarized in table 2.1. The n, number of repeating units in the copolymers
wereincreased with the [Mg]/[lo] in the feed showed a linear trend for both PEG-b-PCL and
PEG-b-BPCL series (see figure 2.5).
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Figure 2.7.MALDI-TOF-MS spectrum of TEG-CPCLsy
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MALDI-TOF is a powerful tool for the end group analysis of new polymers. For this
purpose, the TEG initiated homopolymers TEG-CPCLsowas subjected for the MALDI-TOF
analysis. MALDI-TOF MS spectra of the TEG-CPCLsg is shown in figure 2.7. Wherein, the
peaks were well separated by 202 amu with respect to carboxylic caprolactone repeating unit
mass. The peaks followed the sequence P,= MeO-TEG + (202), + Na" which confirmed the
formation of expected polymer structure by ROP. Further, the MALDI-TOF mass spectra did
not show peaks with respect to the presence of catalyst or other impurities®® at the chain ends
indicating the formation of highly pure polymer.

Table 2.1. Molecular weights and [Mg]/[lo] ratio of PCL and substituted PCL

Polymer Monomer| Feed M,}P Ne M, M,¢ M,® |DM, /DL

[My]/[Tg] (NMR) | (NMR) | (GPC) | (GPC) | (GPC)
PEG-b-PCLys CL 25 4,900 29 5,300 | 7,100 8,700 1.21
PEG-b-PCL3g CL 50 7,700 54 8,100 | 10,400 | 11,500 1.11
PEG-b-PCLys CL 75 10.600 76 10,600 | 11,500 | 13,600 1.18
PEG-b-PCLjgo CL 100 13.400 101 13,500 | 23,000 | 30,000 1.31
PEG-b-BPCLys 3 25 8,500 21 7400 | 7,500 9.100 1.39
PEG-b-BPCLs5 3 50 14,900 42 12,800 | 9,200 | 12,900 1.22
PEG-b-BPCLy; 3 75 21.400 70 20,000 | 12,200 | 15,600 1.27
PEG-b-BPCLy 3 100 27,800 99 27,500 | 18,400 [ 24,900 1.35
BPCLsp* 3 50 13,100 46 12,000 | 11,000 | 14,700 1.34

4 Polymers are synthesized using MeO-TEG as initiator. ®Theoretical M, was calculated
based on M, = (repeating unit mass) x n. “number of repeating units are determined by *H-
NMR. ¥ M, was calculated based on repeating units obtained from NMR i.e. M, = (repeating
unit mass) x n. ®Molecular weights are determined by GPC using polystyrene as standard in
THF
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Figure 2.8.GPC chromatograms of

CPCL,diblock copolymers.

PEG-b-PCL, (a),PEG-b-BPCLy(b),andPEG-b-

The molecular weights of the polymers were determined by gel permeation
chromatography using polystyrene standards. All the polymers showed mono modal (see
figure 2.8) distribution and the M, M,, and polydispersites (M./M,) are summarized in table

2.1. The M, of the polymers increased with increase in the [Mg]/[lo] ratio in the feed in both
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PEG-b-PCLyand PEG-b-BPCL series. Further, the polydispersites of the polymers were also
relatively low < 1.4 confirming the formation of well-defined homogeneous polymer in the

ROP process.
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Figure 2.9.GPC chromatograms of aliquots of ROP Kkinetics for caprolactone (a) and
monomer 3 (b), Plot of molecular weights (c) and PDI (d) of aliquots collected during the
ROP reaction kinetics of caprolactone.Plot of molecular weights (e) and PDI (f) of aliquots
collected during the ROP reaction kinetics of monomer 3.

To further understand the ROP capability of newly synthesized monomer; a detailed
ROP kinetics was carried out for both CL and the new monomer 3. For this purpose MeO-
PEG-2000 was used as initiator and [Mo]/[l,] ratio was fixed as 50. These kinetic reactions
were performed for 48 h and samples were retrieved at various time intervals. The polymer
samples were precipitated in methanol and the samples were subjected to both GPC and *H-
NMR to determine their molecular weights and the degree of polymerization (n). The GPC
chromatogramsfor reaction kinetics of CL and monomer 3were presented in figure 2.9aand
figure 2.9brespectively. In both cases, the GPC plots showed mono modal distribution and
also showed gradual increase in molecular weights with reaction time. The M,(GPC and
NMR)of these samples were plotted against the polymerization reaction time for CL and as
well as for new monomer 3 and are showed in figure 2.9c and 2.9d, respectively. The M,
observed from GPC and *H-NMR are similar to each other and is found to be linearly
increase with polymerization time. On the other hand, in the case of monomer 3, the M,
obtained from NMR was found to be slightly higher compared to GPC data indicating a slight
under estimation of molecular weights by GPC. The polydispersities of these kinetic samples

were plotted against the polymerization reaction time for CL and as well as for new monomer
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3 and showed in figure 2.9e and 2.9f, respectively. M, linearly increased with the reaction
time and thepolydispersities of the samples were obtained below 1.2 (CL) and 1.4 (monomer
3) indicating their narrow molecule weight distributions. Hence, it may be concluded that
newly designed carboxylic functionalized caprolactone monomer 3 is very good for
producing controlled molecular weights under control ROP Kinetics, similar to that of
caprolactone monomer.®” % The TGA profiles of these newly synthesizes diblock copolymers
are shown decomposition at 240 °C as depicted in figure 2.10 a. In figure 2.10b DSC
thermograms of these polymers are showed, which shows the thermal glass transition

temperature (T,) around -10 °C, proves the amorphous nature of the block copolymer.
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Figure 2.10. TGA profiles (a) and DSC thermograms (b) of the block polymers at 10 <C/min
heating/cooling rate.

2.3.2. Self-assemblies of Substituted PCL

The newly designed PEG-b-CPCL, polymers have unique features of amphiphilic A-
B diblocks with hydrophilic PEG and hydrophobic carboxylic substituted PCL chains. To
determine the self-assembled structures in water, they were subjected to dynamic light
scattering (DLS) measurement. The DLS histogram of two di-blocks PEG-b-BPCL o and its
carboxylic derivative PEG-b-CPCLjg are shown in figure 2.11a and 2.11b respectively.
PEG-b-BPCLgowas found to be partially soluble in water and produced turbid solution
whereas the carboxylic functionalized block PEG-b-CPCLy was freely soluble in water (see
vials figure 2.11a and 2.11b). DLS histogram of PEG-b-BPCLjo showed bimodal
distribution with an average size of 530 + 10nm whereas PEG-b-CPCL10 showed uniform

mono modal distributions with average sizes of 100 + 10nm.
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Figure 2.11. DLS histograms of PEG-b-BPCL o (a) and PEG-b-CPCL; (b) at 0.5mg/mL at
25 <. Static light scattering data of PEG-b-CPCLg (¢). DLS histograms of PEG-b-BPCL s
(d), PEG-b-CPCLs (e) and PEG-b-CPCLs (f) at 0.5 mg/mL at 25 <.

The hydrodynamic radius of the vesicle (Ry) was calculated as 51 nm (half-of the
vesicular diameter, see figure 2.11b). Static light scattering analysis of the vesicles (see figure
2.11c) provided the radiation of gyration of vesicular assemblies (Rg) from the slope of
Guinier plot as 50 nm. The ratio of R¢/Ry, was obtained as 0.98 which confirmed the existence
of vesicular geometry of PEG-b-CPCLjg diblcok copolymer.®® ™ Similar results were
observed in other diblock copolymers including PEG-b-CPCL s, PEG-b-CPCLs, and PEG-b-
CPCLys as shown in figure 2.11d, e and f respectively. The size of the aggregates was

decreased with increase in the carboxylic groups in the back bone of the diblock copolymer.

Figure 2.12.FE-SEM images of PEG-b-BPCLjp (@) and PEG-b-CPCLyg (b). HR-TEM
image of PEG-b-CPClLqo () at 0.5mg/mL at 25 <C.
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The morphologies of the PEG-b-PCL1go and PEG-b-CPCL;, nano-aggregates were
analysed by electron microscopes. Field emission scanning electron microscopy (FE-SEM)
images of these diblock aggregates are shown in figure 2.12a and 2.11b. PEG-b-CPCLq
appeared as 107 + 5 nm soft spherical objects and resembles morphology of polymer vesicles
whereas PEG-b-BPCLq showed the formation of larger particles of 0.5 um in size. The
sizes of self-assembled aggregates in DLS (see figure 2.10) are in very good agreement with
the sizes of the FE-SEM images. To further confirm the existence of the vesicle in PEG-b-
CPCL1o sample, it was subjected to high resolution transmission electron microscope (HR-
TEM). In order to visualize more clearly the vesicle formation in the block copolymers, the
samples were stained using uranyl acetate following reported procedure.’*"® The vesicles
obtained using the staining methods clearly showed the existence of vesicles in figure 2.12c.
The vesicles were appeared as hydrophilic layer of 11.4 nm thickness with distinct inner
cavity. Thus the, HR-TEM confirmed the formation of vesicular structures in PEG-b-
CPCLygo. Thus, the carboxylic acid PCL di blocks are very unique and capable of self-
assembling into nano-vesicular scaffolds in water. Thus, the newly designed carboxylic PCL

block copolymers are very unique to produce small and stable nano-aggregates in water.
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Figure 2.13.High definition images of water contact angle of polymers with their respective

angles.

Water contact angle (WCA) measurements provide direct information on the
hydrophilic or hydrophobic nature of amphiphilic polymers.”"*WCA for the newly
synthesized block polymers including PEG-b-PCLgo, PEGx-b-BPCLg0and PEG-b-CPCL 09

were determined by the sessile drop method. The photographs of water droplets on the
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polymer film (on glass substrate) are shown in figure 2.13 along with their contact angles.
PEG-b-BPCL, series showed increase in the WCA with increase in the number of
caprolactone unit in the diblocks. The WCA for PEG-b-BPCL series were found to be 40 to
60° with respect to hydrophobic in nature. A similar trend was also observed in the PEG-b-
PCLy (see SF-17). This indicated that the hydrophobicity of the block copolymers increased
with increases in the butyl-substituted units (or normal caprolactone unit). On the other hand,
the carboxylic acid functionalized di-block PEG-b-CPCL series showed excellent
hydrophilicity with WCA less than 30°.”® The increase in the hydrophilicity in PEG-b-CPCL,

enhanced their water solubility as well as the formation of stable nano-aggregates.

2.3.3. Encapsulation Capabilities of PCL Vesicles

Vesicles are unique self-assembled structures for dual loading of hydrophobic and
hydrophilic molecules in the layer and core, respectively. To study the loading capabilities of
carboxylic PCL vesicles, water soluble Rhodamine-B (Rh-B) and water insoluble drugs
Ibuprofen (IBU, anti-inflammatory drug) and camptothecin (CPT, anti-cancer drug) were
chosen. In the present studies three types of loaded vesicles are produced from PEG-b-
CPCL4qo diblock: (i) hydrophilic molecule Rh-B loaded vesicle (Vrn-g); (ii) hydrophobic
drugs loaded vesicles V gy and Vcer and (iii) hydrophilic + hydrophobic dual loaded vesicle
Vrne+isu. Rh-B encapsulation is one of the most important control experiment to prove the
existence of vesicular scaffolds in polymer assemblies. For example, micelles or
nanoparticles cannot encapsulate the water soluble Rh-B since their internal part is

hydrophobic.
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Figure 2.14: Photographs of vials containing the polymers after Rh-B encapsulation under
UV light.
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PEG-b-BPCL;pp, PEG-b-CPCL;pp and TEG-CPCLs, were subjected to Rh-B

encapsulation in water. The photographs of the Rh-B encapsulated samples in vials after

dialysis are shown in figure 2.14 (photographs captured under hand held UV-light exposure).

As it can be clearly evident that the carboxylic PCL block copolymer showed the stable

encapsulation of Rh-B whereas its butyl ester and homopolymer TEG-CPCLs, did not

stabilize Rh-B. This observation confirmed that the diblock nature as well as the presence of

carboxylic functional groups is essential to produce stable PCL vesicles in water.
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Figure 2.15. DLS histograms of Vrns(a@), Visu(b), and Vcer(c). FESEM imgaes of Vrns(d),
Visu (€), and Vepr(f). HRTEM image of of Vrp-s(9).SLS plot for Vris(h) and Vigy (i).

The carboxylic PCL loaded vesicles were further characterized by light scattering

(dynamic and static) methods and electron microscopy their data are shown in figure

2.15.The DLS histograms for Vgh.s, Visu and Vcpr are provided in figure 2.15 a, b and ¢
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respectively. The hydrodynamic diameter of the Rh-B, IBU and CPT loaded vesicle ranging
between 180 = 5 nm to 190 + 5nm (see figure 2.15a, b and c). In figure 2.15 d, e and f
depicted the fesem images of the Vrp-g, Vigu and Vcpr assemblies respectively. These images
showed the existence of soft spherical objects with 200+ 5nm resembles with formation of
vesicular assemblies in all the cases. The slight increase in size in the cargo loaded vesicles is
attributed to the occupation of the guest molecules in the vesicular assemblies. The HR-TEM
images of Rh-B loaded vesicles are shown in figure 2.15g,confirmed the existence of the
vesicular assemblies. The hydrodynamic radius of the Rh-B loaded vesicle (Rn) was
calculated as 95 nm (see figure 2.15a). Static light scattering provided the radius of gyration
of vesicular assemblies (Rq) as 98 nm (see figure 2.15h). The ratio of R¢/Rn was obtained as
1.03 which confirmed the existence of vesicular geometry in Rh-B loaded samples.?® In a
similar way IBU loaded vesicles were also analysed. The hydrodynamic diameter of the IBU
encapsulated vesicles was determined as 180+ 5nm from DLS (see figure 2.13b). The ratio of

R¢/Rn was obtained as 1.02 for IBU loaded vesicles (see figure 2.15i).
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Figure 2.16. DLS histogram (a) and FESEM image (b) of Vrnh-s+isudual loaded vesicles.

Similarly, the self-assemblies of dual loaded Vgh.+i5u dual loaded vesicles were also
confirmed and their details are given infigure 2.16a and b. The DLS histogram and fesem
images were provided in the figure, shows the formation 200 + 10 nm size nano-assemblies.
Drug loading contents (DLC) of the vesicles were determined by absorbance spectroscopy.
Absorbance spectra of drug loaded scaffolds were shown in figure 2.17a. The unloaded
vesicular scaffold showed absorbance maxima at 190 nm which does not interfere with the

drug molecules absorbance in the visible region. The Vrps sShowed absorbance maxima at 555
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nm and IBU V gy showed absorbance maxima at 265 nm. In case of dual loaded vesicles
(Vrn-B+1BU), peaks for Rh-B and IBU are clearly visible. The camptothecin (CPT) loaded
vesicles (Vcpr) absorbance maxima for Vepr was found at 365 nm. Based on the molar
extinction coefficient of Rh-B, IBU and CPT, the drug loading content of individual vesicles
were determined as 1.1 %, 9.5% and 1.2% for Vrns, Visu and Vcpr, respectively. The loading
contents of Rh-B and IBU were determined as 1.7 % and 13% in the dual loaded Vrpg+iu

vesicle, respectively.
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Figure 2.17. Absorbance spectra of loaded vesicles. (a) FL microscope images of Vgn.g and
Vepr(b).

In similar way drug loading efficiencies were calculated for individual vesicles as
11%, 32%, and 12% for Vg, Visu and Vcer, respectively.The loading efficiency of Rh-B
and IBU were determined as 17 % and 51% in the dual loaded Vrps+i8u Vesicle, respectively.
Among all the loaded molecules, IBU showed higher loading ability and this was attributed
to its smaller molecular size. The Rh-B and CPT are fluorescent molecules as a result their
vesicles Vrns and Vcpr Were also found to be highly fluorescent. Florescent microscope
images of these vesicles are shown in figure 2.17b. The Vgrng showed red fluorescent whereas
Vcpr Was found to be blue luminescent. The fluorescent maxima of loaded vesicles clearly

matched with the appearance of red and blue luminescent in Vrpg and Vepr respectively.
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2.3.4. pH Response and Zeta potential of the PCL vesicles

Zeta potential measurement is very important tool for understanding the solution dynamic of
charged aggregates or more likely self-assemblies of anionic (or cationic) polymeric nano-
structures. In solution electrically charged species (nano- assemblies) tend to move under the
effect of electrical field; thereby the Zeta potential of the spherical aggregates was expected
to show significant change with pH of media. The custom designed PEG-b-CPCL vesicles
have carboxylic acid functional group anchored on the PCL backbone; as a result they were
expected to show significant change in the self-assemblies with respect to the pH of the

solution.
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Figure 2.18. Zeta potential of PEG-b-CPCLx in various pH (0.5mg/mL) at 25 < (a). DLS
histograms of PEG-b-CPCL,o at pH= 2.0 and 7.4 (b). Size of the PEG-b-CPCL10 and Vgh-s
in various pH (0.5mg/mL) at 25 < (c). Zeta potential of Vgpg and Vgy in various pH
(0.5mg/mL) at 25 < (d).

Zeta potential of the PEG-b-CPCLy vesicles were plotted against various pH and
presented in figure 2.18a. The zeta potential of the vesicles increased (more negative
potential) with increase in the pH as the carboxylic acid group became carboxylate anion at
higher pH. The plots showed fast increase up to pH~ 7.0 (0 to -30 mV) and thereafter the
increase was not so significant (-30 to -40 mV). This suggested that vesicular assemblies
underwent structural changes from acidic to neutral pH whereas the structural change was
less significant from neutral to basic pH. In order to trace these structural changes in the
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vesicular assemblies, the size of the aggregates were also measured by DLS at various pH.
DLS histograms of PEG-b-CPCLj at pH=2.0 and 7.4 are shown in figure 2.18b. The
vesicles showed a mono-model distribution at pH=2.0 whereas a broad bi-model distribution
was obtained with higher sizes at basic pH = 7.4. In figure 2.18c the plot of size of aggregates
at various pH. The size of the aggregates did not change up to pH=6 which suggest that the
vesicles are stable in the region pH < 6.0, further increase in pH produced larger size particles
with respect to the breakage of the vesicular scaffold. This trend was matched with the zeta
potential in figure 2.18a and the increases in the size of the polymer aggregates was attributed
to the disassembly of PCL vesicles at higher pH due to the repulsion between the carboxylate
anions in the hydrophobic layer. A similar trend was recently observed by Do et al. in PEG-
polyacrylics acid self-assembly.”” Vgng and V gy loaded vesicles were also subjected for zeta
potential and DLS measurements and their data are shown in figure 2.18d. These cargo
loaded vesicles were also showed similar trend in their zeta potential as similar to that of un-
loaded vesicles (see figure 2.18a).The size of the Vrpg also increased at higher pH with
respect to the breakage of the vesicular structure. This confirmed that the pH responsive
nature of the PCL vesicles not disturbed by the loaded drug in their layer or inside the vesicle.
Thus, this custom designed PCL blocks are unique pH responsive vesicles and they are able
to stabilize the hydrophilic as well as hydrophobic molecules (or drugs) in the strong acidic
media (below pH < 2.0) and capable of selectively rupture to deliver them at neutral or higher
pH.

2.3.5.In vitro delivery under Simulated GI tract

Oral drug delivery capability of PCL vesicular assemblies were tested under in-vitro
conditions. The release characteristics of Vgrp-g at 37 °C at various pH = 2.0, 4.0, 7.4 and 9.2
are shown in figure 2.19. The cumulative releases of the Rh-B releases were estimated by
absorbance spectroscopy and there are plotted and shown in figure 2.19a. It can be evident
that the vesicles were stable in strong acidic conditions (pH= 2.0) and only less than 15 + 3 %
of the loaded Rh-B content was released up on 24h was observed. At pH = 4.0, the releasing
ability slightly increase to reach 30 + 6 %. At neutral pH = 7.4, the vesicles underwent burst
release in a short period of 4 h and thereafter continued controlled release to reach of 70 + 7
% till 24 h. At basic pH = 9.2, the release profile increased further and almost 89 + 9 % Rh-B
released. This variable pH release kinetics clearly demonstrates the ability of the newly

designed carboxylic functionalized PCL vesicles under controlled manner with respect to the

73



Chapter 2

change of pH. In order to study the release kinetics of these PCL vesicles under Gl tract, they
were subjected to freshly prepared simulated gastric fluid (SGF, pH = 2.0) and simulated
interstitial fluid (SIF, pH = 7.4) as per the literature reports.” Figure 2.19b showed the release
kinetics of the Vrng loaded vesicles under SGF and SIF. The vesicles were very stable in SGF
whereas they completely broke to release the 90 + 8 % of the Rh-B in SIF. In figure 2.19c,
the hydrophobic drug loaded vesicles V gy and Vcpr were also showed similar burst release
of the loaded drugs selectively in SIF. In figure 2.19d, the hydrophilic and hydrophobic dual
loaded vesicle Vgu+rns Was also found to show selective release in SIF as similar to their
individual counterparts. The above in-vitro studies summarized that loaded PCL vesicles

were stabilized in the gastric conditions and selectively collapse to release at interstitial pH.
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Figure 2.19.Cumulative release of Vgn.s in various pH buffers at 37 € (a). Cumulative
release of Vgrpg (b) and Vigy and Vepr (€) in SIF and SGF at 37 <. The dual loaded vesicle
VRh-B+IBU (d) in SIF and SGF at 37 <C.

The release kinetics of loaded molecules (or drugs) in the polymer matrix is a

7880 hroposed the

complex problem and not clearly understood till date. Peppas and coworkers
following semi-empirical model for the polymer drug releases either by diffusion, erosion or

combination of both processes:

74



Chapter 2

M/ M,, = kt, (or) log (M{/ M,;) =nlog t + log k
Where M; and M,, are cumulative release of loaded cargoes (or drugs) at time t and infinite, n
is a release exponent and K is the rate constant. The value n-value provide direct information
on the release kinetics either by Fickian diffusion (n = 0.43) or non-Fickian mechanism
(n<0.43) in which both diffusion and erosion occurred together.”® This kinetic methodology

was recently employed by Sanson et al.*? .2

and Yang et al.““ independently in the release
studies of hydrophilic or hydrophobic drugs. Since the present investigation provides unique
opportunity to load both hydrophilic and hydrophobic in a single PCL vesicles, it would be
important to understand their release pattern under SIF conditions. The release profiles of
Visu; Vree; Vepr; and Vigu+rns Under SIF at 7.4 were subjected to the above kinetics. The
plots of the log (M/M..) versus log t for the deliveries of Rh-B, IBU, CPT or IBU+Rh-B are
shown in figure 2.20. The individual loaded vesicles Vgu; Vrne and Vcpr showed release in
two stages. These data were fitted with linear plot to obtain their n and their k-values from the

slope and intercepts, respectively. These values are summarized in table 2.2.
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Figure 2.20.The plots of the log (M/M.,) versus log t for individual loaded vesicles (a) and
dual loaded vesicle (b).

Table 2.2. Release kinetic parameters of vesicles

Sample Stage-I Stage-11

n k R® n k R®
VRh-B 0.134 [ 0.381 |0.962 |0.262 | 0.173 0.946
Visu 0.178 [ 0.224 |0.921 | 0.402 | 0.071 0.980
Vepr 0.097 [0.363 |0.909 |0.338|0.104 0.990
dual (for Rh-B) 0.473 [0.078 |0.991 |0.156 | 0.356 0.945
dual (for 1BU) 0.422 [ 0.053 |0.945 |0.215|0.156 0.960
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The individual loaded vesicles showed relatively low n values (n<0.2) in stage —I with
respect to the 60 % drug release. This was attributed to both diffusion and erosion
mechanism. The increase in the n-values (0.2 < n< 0.4) in stage-1l indicated that the
remaining 40 % of the drugs are released may be through diffusion process. It is very
important to note that the release kinetics of individual vesicles showed identical release
patterns for both hydrophilic and hydrophobic cargoes. Thus, the vesicles are potential drug
loading vectors for releasing both water soluble and water insoluble drugs under the identical
rate in a single scaffold. On the other hand, the release kinetics of the drugs (or Rh-B) from
the dual loaded vesicles were followed just opposite compared to their individual
counterparts. Both IBU and Rh-B were released with large n-values (n < 4.3) in the stage-I
compared to stage-1l (n< 0.21). This revealed that the dual loaded vesicles first release its 60
% of the drugs predominately by diffusion controlled process rather than diffusion+ erosion.
Though both individual and dual loaded vesicles followed a similar two stage kinetics; the ‘n’
values revealed that the process in which the cargoes release seems to be different. The dual
loaded vesicles released 60 % of the drug by diffusion process whereas the vesicles with
individual drugs predominantly followed the combination of diffusion plus erosion. It
suggested that the dual loading provide more stability in the vesicular assemblies which is
less influenced by the erosion process. The present investigation provide first time insight
into the concept of the dual drug delivery based on PCL vesicles for drugs (like CPT and
IBU) and water soluble Rh-B molecules under Gl tract. Though, the approach demonstrated
here tested only few examples, it is not restricted to few cases, and in general, it is applicable

to wide range of drugs which are yet to be explored in oral drug delivery.

2.4. Conclusion

In conclusion, the present investigation has successfully demonstrated the creation of
pH responsive PCL vesicles, their loading and releasing capabilities of hydrophobic and
hydrophilic molecules under simulated Gl tract. A new carboxylic functionalized
caprolactone monomer was designed and synthesized for the above purpose readily from
commercial starting materials and polymerized using ROP. The carboxylic substituted PCL
block copolymers PEG-b-CPCLx were very unique in producing water soluble nano-sized
80-250 nm vesicles. The existence of the PCL vesicle was confirmed by various techniques
such as DLS, SLS, FESEM, HR-TEM, WCA and so on. These zeta potential and DLS studies

revealed that pH responsive PCL vesicles were found to be stable up to pH < 6.0 and they
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ruptured to release the loaded drug molecules at neutral or basic pH> 7.0. The loading and
delivering capabilities were investigated for water soluble molecules such as Rh-B and
hydrophobic drugs like IBU or CPT. The in vitro release characteristics revealed that the PCL
vesicles exclusively release the drugs only under SIF which is identical to our physiological
conditions of small intestine. Further, the custom designed PEG-b-CPCLx block copolymers
provide new opportunity to tag either drug molecules or antibody for site directed delivery in
PCL systems while retaining the pH as stimuli for release. Further, the carboxylic acid group
either may be partially or fully substituted with suitable chemical functional groups for
application as scaffolds for stabilizing metal nano-particles. The nano-particles along with
drug conjugates may provide new opportunity for real time imaging or delivery to specific
tumor site and so on. Currently efforts are taken to employ these pH responsive PCL vesicles
for delivery of anticancer drugs in collaboration with biology research groups which will be

published elsewhere.
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Hydrogen-Bond Controlled Drug Delivery to Cancer
Cells by Programming the Enzyme Degradation in

Block Copolymer Nano-assemblies

Steady and control release of drugs from polymer scaffolds are urgently required to
enhance the therapeutics in cancer treatment. To accomplish this goal, here new
hydrogen-bond controlled drug delivery strategy is designed to programme the
enzymatic degradation of block copolymer nano-assemblies at the intracellular
compartments to deliver drugs to cancer cells. Hydrogen bonded polycaprolactone-
block-polyethylene glycol copolymers were custom designed and self-assembled them
as aqueous micellar aggregates of ~ 90-160 nm. These diblock polymer nanoparticles
exhibited excellent capability for loading doxorubicin (DOX) and stabilized the drugs
against leaching at extracellular circularly conditions (37 < in PBS). At the
intracellular level, lysosomal-esterase enzyme degraded the aliphatic polyester PCL
backbone to release DOX in steady and controlled profiles. Cytotoxicity studies in
cervical cancer (HelLa) and breast cancer (MCF-7) cell lines revealed that the newly
engineered hydrogen bonded diblock copolymers are non-toxic to cells. In vitro
cytotoxicity experiments pointed out that the steady DOX release from hydrogen
bonded nanoparticles exhibited slow and steady cell killing compared to that of their
non-hydrogen bonded analogues. In vivo mimicking cell line experiments were
designed to study the action of drug on breast and cervical cancer cells by
programmed incubation period. These cell-line experiments provided direct evidence
for hydrogen-bond controlled lysosomal enzymatic cleavage of polymer-drug scaffolds
at the intracellular level on their cell killing ability. Confocal microscopic images
revealed that the hydrogen bonded nanoparticles were capable of transporting DOX
across the cell membranes and accumulating the DOX predominantly in the cytoplasm
and at peri-nuclear region. The present investigation described the structural
engineering aspects in diblock copolymers and their hydrogen-bond controlled
enzymatic-degradation for precise drug administration in cancer therapy.
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3.1. Introduction

Polymer-based drug delivery approaches are emerging as an important protocol for
drug administration in cancer treatment.* High loading content, less cytotoxicity,
accumulation of drugs at the cancer tissue via enhanced permeability and retention (EPR)
effect and surface anchoring of target receptors are some of the added advantages in
polymeric systems compared to other drug carriers.”’Most of the drug molecules have a
therapeutic window; in terms of drug concentration of above the it is toxic and below it is
ineffective. In a conventional way drug dosage results in frequent cycles between the toxic
and ineffective levels depending on the frequency with which the drug is administered.® To
achieve the proper effective drug levels clinicians increase the dosage frequency. The
alternative solution to resolve this issue is development of a controlled release system, where
the drug molecules can release slowly over a period of time hence the concentration
variations are insignificantly small and avoid the lessons the dosage frequency.® The
additional advantage of these controlled release system involves patient compliance. It has
now been realized that fast and burst release of drugs from the polymer nano-carrier is one of
the major limitation in achieving controlled drug delivery which is desirable under in vivo

conditions.>*°
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Figure 3.1.Schematic representations of photochromic polymersomes exhibiting
photoswitchable and Reversible Bilayer Permeability (adapted from Wang et al. J. Am.
Chem. Soc.2015, 137, 15262-15275).

This problem can be approached either by the incorporation of multiple stimuli in

single polymer nano-carrier or preciselyprogrammed polymer degradation or disassembly at
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the intracellular compartments. Multiple stimuli such as pH,** temperature,***®

light,**enzyme,™ redox process,'® and magnetic properties’’ have been widely explored for
drug delivery. Non-covalent forces such as hydrogen bonding, n-r stacking and electrostatic
interactions were introduced to bring scaffold cleavage tunability towards the drug release
process and at the same time provide additional stability to the drug molecules.'”*®wang et
al. fabricated of photochromic polymerosomes, which shows photo switchable and reversible
bilayer permeability from newly synthesised poly(ethylene oxide)-b-PSPA (PEO-b-PSPA)
diblock copolymers. These polymerosomes, SP (spiropyran) moieties within bilayers undergo
reversible photo triggered isomerization between hydrophobic to zwitterionic merocyanine
states. In this study that have demonstrated photo switchable spatiotemporal release of 4',6-

diamidino-2-phenylindole (DAPI, cell nuclei staining dye) within living HeLa cells (see
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figure 3.1)."

Figure 3.2.Schematic representations synthesis of pH sensitive micelles from PCL-A and
PEG-U polymers (adapted from Zhu and co-workers Biomacromolecules 2011, 12, 1370-
1379).

Hydrogen bonded nucleic acid base pairs such as uracil-adenine and adenine-thymine
were employed as reversible de-cross-linking agents to disassemble the block copolymer
nanoparticles for doxorubicin and luciferase delivery, respectively.”#Zhu and co-workers
prepared Novel stimuli-responsive supramolecular copolymer micelles from adenine-
terminated poly(caprolactone) (PCL-A) and uracil-terminated poly(ethylene glycol) (PEG-U)
copolymers. Where, it is shown the formation of the stimuli responsive micelles due to the H-
bonding between two polymer nucleobases (adenine and uracil). These micelles are loaded
with DOX and delivered to HeLa, cervical cells (see figure 3.2).
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Hydrophobic S
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Self-Assembling Drug Amphiphiles

Figure 3.3.Schematic representation of various CPT-Peptide amphiphiles and their aqueous
self-assembly FESEM images. (adapted from Cheetam et al. J. Am. Chem. Soc., 2013, 135,
2907-2910).

B-Sheet hydrogen bonding were explored in amphiphilic oligopeptides to self-
assemble them into micellar and vesicular nano-structures for drug delivery (see figure 3.3),%
biomineralization®* and tissue engineering,®® etc. Coassemblies of the anionic polypeptide
and cationic B-sheet peptide were reported for lonidamine delivery to the human
osteosarcoma cell lines (see figure 3.4).2° These recent reports emphasized the importance of
non-covalent stabilization forces in biomedical research; however, the potential of hydrogen
bonding interaction is still untapped to maximize the drug stability in polymer scaffold and
also to programme the stimuli-responsive delivery at the intracellular compartments in cancer

cells.

mPoP-NPs Delivering
to mitochondria

Cationic
B-sheet
peptide

Figure 3.4.Schematic representations of the NPs' Hypothesized Structure, Showing y-PGA,
PoP-NPs and mPoP-NPs (Left, Center, and Right, Respectively) (adapted from Rapaport and
co-workers Biomacromolecules2015, 16, 3827-3835.).
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In the present investigation, a new hydrogen-bond controlled drug delivery concept is
developed based on enzyme-cleavable biodegradable polymer scaffold and the doxorubicin
(DOX) delivery has been precisely programmed at the intracellular compartments of breast
and cervical cancer cells. For this purpose, biodegradable substituted polycaprolactone
(PCL) was chosen since it has excellent thermal and environmental stability, good enzymatic
degradability, and capable of loading and delivering drugs.?”*®Alkoxy and oligoethyleneoxy
substituted PCL copolymers,?’hydroxyl-functionalized®® and imine functionalized® PCL
block copolymers were employed as scaffolds for DOX, cucurbitacin, and siRNA delivery.
From our group, we have reported carboxylic substituted PCL diblock copolymers for oral
delivery of IBU and CPT.* Here, we propose a new hydrogen bonded block PCL copolymer
design to study the role of non-covalent stabilized forces on the drug releasing profiles in
cancer therapy. The new block copolymer design has following features: (i) hydrogen-bonded
hydrophobic PCL core was carefully designed to program the lysosomal enzymatic cleavage
of drug loaded nanoparticles at the intracellular compartments, (ii) the hydrophilic PEG shell
at the nanoparticle periphery enhanced their aqueous dispersibility, (iii) non-hydrogen
bonded block copolymer models were built to rationalize the “burst” versus “controlled”
release, and (iv) appropriate in vitro and in vivo mimicking cell line experiments were
designed to demonstrate the proof-of-concept of hydrogen-bond controlled drug release in
cancer therapy, for the first time in the literature. This concept is schematically shown in
figure 3.5.

The present investigation is emphasized to design and develop new classes of
hydrogen bonded PCL diblock copolymers that are stable at extracellular circularity and
degradable by lysosomal enzymes at the intracellular compartments to deliver cargoes to
cancer cells. For this purpose, new substituted e-caprolactone monomers were custom
designed with carboxylic ester and hydrogen bonded amide linkages (see figure 3.4) starting
from a commercially available 1,4-cyclohexane diol. The ring opening polymerization of
these monomers with PEG monomethyl ether produced amphiphilic PEG-block-substituted
PCL block copolymers. These diblock copolymers self-assembled into 90-160 nm sized
nanoparticles in water and anticancer drug doxorubicin (DOX) was loaded in their
hydrophobic pocket. The aliphatic polyester PCL backbone ruptured in the presence of a

lysosomal-esterase enzyme and released DOX at intracellular levels.
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Figure 3.5. Hydrogen-bond controlled drug delivery in cancer cells from enzyme-responsive
polycaprolactone diblock copolymer nano-assemblies.

The hydrogen bonded nanoparticle exhibited good drug stability and released the
drugs in a “controlled” manner whereas un-controlled burst release was observed for non-
hydrogen bonded nanoparticles. Cellular uptake and cytotoxicity were studied in cervical
(HeLa) and breast cancer (MCF 7) cell lines. Time-dependentin vitro and in vivo mimicking
cytotoxicity experiments were carefully designed to correlate the cell killing ability of
hydrogen bonded nanoparticles over non-hydrogen bonded analogues. Confocal microscope
analysis confirmed that the hydrogen bonded nanoparticles are very good drug carriers across
the cell membranes in both cervical and breast cancer cells and predominately accumulated
the drug in the cytoplasm and at peri-nuclear environment. The present investigation
successfully demonstrated the concept of “hydrogen-bond controlled” drug delivery in cancer

cells, more specifically based on biodegradable PCL diblock copolymer nano-assemblies.
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3.2 Experimental methods

3.2.1. Materials: Cis, trans-1,4-cyclohexane diol, tertiary butyl acrylate, potassium tertiary
butoxide, pyridinium chlorochromate (PCC), trifluoroaceticacid (TFA), 1-octanol,
norbornane methanol, 1-octyl amine, L-phenylalanine, meta chloro per benzoic acid
(mCPBA), doxorubicin hydrochloride (DOX.HCI), triethylamine (TEA), diethyl isopropyl
ethylamine (DIPEA)were purchased from Aldrich. Cervical (Hela) and breast (MCF 7)cancer
cells were maintained in DMEM (phenol red free medium: Gibco) containing 10% (v/v) fetal
bovine serum (FBS) and 1% (v/v) penicillin—streptomycin at 37°C under a 5% CO;
humidified atmosphere. Cells were washed with 40 % DPBS (Gibco), trypsinized using 0.05
% trypsin (Gibco) and seeded in 96 well or 6 well (as per experiment) flat bottomed plastic
plates (Costar) for all assays. Tetrazolium salt, 3-(4,5-dimethylthiazolyl)-2,5-
diphenyltetrazolium bromide (MTT), DMSO (dimethyl sulfoxide), Hoechst and 4%
paraformaldehyde was obtained from Sigma. Fluoromount was obtained from Southern
Biotech. Solvents like tetra hydro furan (THF), dichloromethane (DCM) and
dimethylformamide (DMF) were locally purchased and dried prior to use.

3.2.2. Methods: NMR was recorded using 400-MHz JEOL NMR spectrophotometer. All
NMR spectra were recorded in CDClIz containing TMS as an internal standard. The gel
permeation chromatographic (GPC) analysis was performed using Viscotek VE 1122 pump,
Viscotek VE 3580 RI detector, and Viscotek VE 3210 UV—Vis detector in tetrahydrofuran
(THF) using polystyrene as standards. The thermal stability of the polymers was determined
using Perkin-Elmer thermal analyser STA 6000 model at a heating rate of 10°C/min in a
nitrogen atmosphere. The absorption spectra were recorded using Perkin-Elmer Lambda 45
UV-Vis spectrophotometer. Dynamic light scattering (DLS) was done using a Nano ZS-90
apparatus utilizing 633nm red laser (at 90° angle) from Malvern Instruments. At 90°,
scattered fluctuations were detected to generate correlation function [g?(t)], from this function
diffusion coefficient (D) was calculated by using the cumulant method. By applying the
stock-Einstein equation, the particle diameter was calculated. The reproducibility of the data
was checked at least three times using independent polymer solutions. FE-SEM images were
recorded using a Zeiss Ultra Plus scanning electron microscope. For FE-SEM analysis, the
samples were prepared by drop casting on silicon wafers. Atomic force microscope images
were recorded for drop casted samples using Agilent instruments. The reproducibility of the

data was checked for at least three independent amphiphilic solutions. TEM images were
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recorded using a Technai-300 instrument by drop casting the sample on the Formvar-coated
copper grid. The fluorescent micrographs were collected using Carl Zeiss Axiovert 200

microscope. The confocal micrographs were collected using LSM710 microscope.

3.2.3. Synthesis of tert-butyl 3-((4-hydroxycyclohexyl) oxy)propionates (1): t-Butyl
acrylate (11.03 g, 86.09 mmol) in THF (50 mL) was added drop wise into a solution of 1,4-
cyclohexane diol (20.00 g, 172 mmol) and potassium tert butoxide (200 mg) in THF (200
mL) at 25 °C under nitrogen atmosphere. The reaction was refluxed under nitrogen
atmosphere for 24 h. The reaction mixture was neutralised with 1N HCI (20 mL) and the
product was extracted into ethyl acetate. The organic layer was dried over anhy.Na,SO, and
the solvent was evaporated to get the product as liquid. It was further purified by passing
through silica gel column using ethyl acetate and hexane as eluent (1:10 v/v). Yield= 16.5 g
(78 %). 'H-NMR (400MHz, CDCl3) & ppm: 3.64 (m, 3H, O-CH,- and O-CH ), 3.29-3.39(m,
1H, HO-CH), 2.40 (t, 2H, -CH,CO-), 1.96-1.81(m, 4H, OCH(CHy,),) 1.64 and 1.32 (m, 4H,
CO(CH,),), 1.45 (s, 9H, -C(CHs)s). C-NMR (100MHz, CDCls) & ppm: 171.08, 80.43,
69.50, 63.94, 63.53, 36.67, 32.54, 30.33, 29.17, 28.08, and 27.44. FT-IR (cm™): 3421, 2977,
2935, 2863, 1727, 1456, 1393, 1366, 1255, 1155, 1106 and 1034. HRMS (ESI+): m/z
[M+Na'] calcd. for C13H,404[M™] = 267.1572; Found = 267.1564.

3.2.4. Synthesis of tert-butyl 3-((4-oxocyclohexyl)oxy)propanoate (2): PCC (39.01 g,
184.01 mmol) was added into the solution of compound 1 (15.00 g, 61.40 mmol) in dry DCM
(200 mL). The reaction was allowed to stir at 37 °C for 5 h under nitrogen atmosphere. The
reaction mixture was filtered and the filtrate was evaporated to get yellow liquid as product. It
was further purified through silica gel column using hexane/ethyl acetate (15: 1 v/v) as eluent
to obtain product as colourless liquid. Yield= 13.5 g (91 %). *H-NMR (400MHz, CDCls) &
ppm : 2.96 (m, 3H, O-CH, and O-CH), 2.58 (t, 2H, -CH,-C0O), 2.64 (m, 2H, -CH-), 2.26 (m,
2H, -CH,- ), 2.09 (m, 2H, -CH,), 1.90(m, 2H, -CH,) and 1.45 (s, 9H,-C(CH3)3). *C-NMR
(100MHz, CDCI3) 6 ppm: 211.40, 170.99, 80.56, 72.74, 64.02, 37.02, 36.56, 30.40 and
20.04. FT-IR (cm™): 2974, 2874, 2360, 1716, 1456, 1419, 1393, 1366, 1306, 1249, 1210 and
1100. HRMS (ESI+): m/z [M+Na'] calcd. for C13H2,04[M*] = 265.1415 ; found = 265.1411.

3.2.5. Synthesis of 3-((4-oxocyclohexyl)oxy)propanoic acid (3): TFA (50 mL) was added
into the solution of compound 2 (12.00 g, 49.5 mmol) in DCM (50 mL) and the reaction
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mixture was stirred for 1 h at 25 °C. The TFA and DCM were evaporated under reduced
pressure. The residue was dissolved in 200 mL of chloroform and washed with 1 M HCI (100
mL). The organic layer was dried over anhy. Na,SO, and concentrated using rotavapor to
obtain yellow liquid as product. Yield = 8.0 g (86.7 %). *H-NMR (400MHz, CDCl5) & ppm:
3.78 (m, 3H, -CH, and —-O-CH), 2.67 (t, 2H, -CH,-CO-), 2.57 (m, 2H, -CH,), 2.27 (m, 2H, -
CH,), 2.11 (m, 2H, -CH,) and 1.99 (m, 2H, -CH,). *C-NMR (100MHz, CDCls) § ppm:
212.26, 177.11, 72.82, 63.29, 36.87, 36.05 and 30.21. FT-IR (cm™): 3446, 2929, 2360, 1700,
1418, 1346, 1306, 1245, 1187, 1105 and 1063. HRMS (ESI+): m/z [M+Na'] calcd. for
CoH1404[M™] = 209.0789; found = 209.0784.

3.2.6. Synthesis of Alkyl 3-((4-oxocyclohexyl) oxy) propionate (4a): Compound 3 (2.00 g,
10.7 mmol), 4-(dimethylamino) pyridine (DMAP, 131 mg, 1.07 mmol) and 1-octanol (1.54 g,
11.8 mmol) were taken in dry DCM (40 mL). The reaction vessel was cooled to 0 °C and 1-
ethyl-3-((dimethylamino)propyl)carbodiimide hydrochloride (EDC.HCI, 2.47 g, 12.9 mmol)
and diisopropylethylamine (DIPEA, 4.20 g, 32.3 mmol) were added. The reaction mixture
was stirred at 0 °C for 2 h and then it was continued at 25 °C for 12 h. The solvent was
evaporated under reduced pressure, and then crude product was extracted with ethyl acetate.
The organic layer was washed with a saturated NH,CI solution, dried over anhy. Na,SO,4 and
then concentrated under reduced pressure. The crude product was further purified by passing
through the silica gel column using hexane and ethyl acetate as eluent (1:10 V/V). Yield= 2.2
g (68.6 %). 'H-NMR (400 MHz, CDCls) § ppm: 4.08 (t, 2H, COOCHy), 3.77-3.71 (m, 3H,
OCHy,and OCH), 2.59-2.54 (m, 4H, -OCH-(CHy,),), 2.24 (m, 2H, -COCH,), 2.08( m, 2H, -
COCHy), 1.89 (m, 2H, -COCHy,), 1.61 (m, 2H, -OCH,-CH), 1.26 (m, 12H, octanol chain),
0.89 (t, 3H, -CH3).”*C-NMR (100MHz, CDCls) & ppm: 211.8, 172.1, 73.0, 64.9, 63.9, 37.2,
35.6, 31.9, 30.6, 29.4, 28.7, 26.0, 22.7, and 14.2.FT-IR (cm™): 2932, 2850, 1728, 1463, 1352,
1249, 1172, 1112, 1052, 950 and 727. HRMS (ESI+): m/z calculated. for C17H304 [M'] =
298.2144; found = 298.2163.

3.2.7. Synthesis of bicyclo [2.2.1](heptan-2-yl)methyl 3-((4-oxocyclohexyl)oxy)
propanoate (4b): Compound 3 (2.00 g, 10.7 mmol), 4-(dimethylamino) pyridine (DMAP,
131 mg, 1.07 mmol), norbornane methanol (1.41 g, 11.8 mmol), EDC.HCI (2.47 g, 12.9
mmol) and diisopropylethylamine (DIPEA, 4.20 g, 32.3 mmol) were used and the procedure
described for compound 4a was followed. Yield = 2.1 g (66 %). *H-NMR (400MHz, CDCl5)
d ppm : 4.1-3.82 (dd, 2H, -COOCHy) , 3.77 (t, 2H, OCH,), 3.73 (m, 3H, OCH and OCH,),

92



Chapter 3

2.59 (m, 3H, -CH,CO and COOCH,CH-), 2.2-1.9 (m, 8H, CO(CH,CH>),), 17-1.3 (m, 6H ,-
CHCH,CH-), 1.09 (dd, 1H, -CH,CHCH,-), 0.66 (dd, 1H, -CH,CHCH,-). “*C-NMR
(100MHz, CDCls) & ppm: 211.5, 171.7, 73.0, 65.0, 63.9, 37.2, 35.6, 31.8, 30.6, 29.8, 29.3,
28.7, 26.0, 22.7, and 14.3. FT-IR (cm™): 2944, 2859, 1719, 1455, 1403, 1352, 1257, 1163,
1104, 1052, 1019, 949 and 761. HRMS (ESI+): m/z calcd. for C17H2604 [M'] = 294.1831 ;
found = 294.1901.

3.2.8. Synthesis of octyl 3-((7-oxooxepan-4-yl)oxy)propanoate(5a): m-
Chloroperbenzoic acid (1.40 g, 8.1 mmol) was added slowly to a stirred solution of 4a
(2.00 g, 6.7 mmol) in dry DCM (60 mL) under nitrogen atmosphere. To above
reaction mixture, anhydrous NaHCO3 (1.70 g, 20.2 mmol) was added and the reaction
was continued at 25 °C for 12 h. The solvent was removed and the residue was
neutralized with saturated aqueous NaHCOj3; solution (10 mL) and saturated aqueous
Na,S,03 solution (10 mL). It was extracted with ethyl acetate and the organic layer
was dried over anhydrous Na,SO,, After solvent evaporation, the crude product was
purified by passing through silica gel column using ethyl acetate and petroleum ether
(4:6 vIv). Yield= 1.5 g (71 %). 'H-NMR (400MHz, CDCl3) & ppm : 4.45 (dd, 1H,
COOCH), 4.04-4.10 (dd, 1H, COOCH and COOCHy), 3.69 (m, 3H, OCH; and OCH),
2.95 (dd, 1H, COCH), 2.55 (t, 2H, COCHy), 2.40 (dd, 1H, COCH), 2.45-1.80 (m, 4H,
OCH-(CHy)), 1.61 (m, OCH,-CH,-) 1.26 (m, 10H of octanol chain) and 1.44 (s, 9H,
C(CHs)3). *C-NMR: (100MHz, CDCls) & ppm: 176.2, 171.8, 77.2, 74.0, 64.9, 63.8,
63.4, 37.2, 35.4, 34.0, 31.8, 29.3, 28.7, 27.9, 27.4, 26.0, 22.7, and 14.2. FT-IR (cm™):
2935, 2859, 1719, 1455, 1352, 1249, 1163, 1094, 1044, 975 and 660. HRMS (ESI+):
m/z [M+K"] calcd. For C17H3005 [M™] = 353.4220; found = 353.2103.

3.29. Synthesis of bicyclo [2.2.1] (heptan-2-yl)methyl 3-((7-oxooxepan-4-
yl)oxy)propanoate (5b): Compound 4b (2.00 g, 6.8 mmol), NaHCO3 (1.71 g, 20 mmol),
mCPBA (1.40 g, 8.1 mmol) were used and the procedure described for compound 5a was
followed. Yield= 1.60 g (76 %). *H-NMR (400MHz, CDCl3) & ppm: 4.48 (dd, 1H, COOCH),
4.14 (dd, 1H, COOCH), 4.05-3.82 (dd, 2H, -OCH,CH), 3.71 (m, 3H, OCH and OCH,), 2.97
(dd, 1H, COCH), 2.57 (m, 3H, COCH, and OCH,CH), 2.42(dd, 1H, COCH), 2.23-1.85 (m,
4H, OCH-(CH,),), 1.82-1.11 (m, 6H, -CHCH,CH-), 0.89 (dd, 1H, -CH,CHCH,-), 0.66 (dd,
1H,-CH,CHCHj,-). *C-NMR (100MHz, CDCls) & ppm: 176.2, 171.8, 74.1, 68.1, 66.7, 63.8,
63.4, 41.1, 39.8, 38.8, 38.5, 38.4, 36.7, 36.2, 35.4, 35.2, 34.1, 34.0, 33.9, 33.7, 29.9, 29.7,
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28.9, 27.9, 27.4, and 22.7. FT-IR (cm™): 2927, 2859, 1737, 1146, 1360, 1250, 1172, 1104,
1060, 957 and 718. HRMS (ESI+): m/z calcd. For Cy7H260s [M*] = 310.1780; found =
311.1810.

3.2.10. Synthesis of N-octyl-3-((4-oxocyclohexyl)oxy)propanamide (6a): Compound 3
(2.00 g, 10.7 mmol), 4-(dimethylamino) pyridine (DMAP, 131 mg, 1.07 mmol), 1-octylamine
(1.53 g, 11.8 mmol) EDC.HCI (2.47 g, 12.9 mmol) and diisopropylethylamine (DIPEA, 4.20
g, 32.3 mmol) in DCM (40 mL) were used and the procedure described for compound 4a
was followed. Yield = 2.40 g, (75 %).'"H-NMR (400MHz, CDCls) & ppm :8 3.78 (t, 2H, -
OCHy), 3.75 (m, 1H, -OCH), 3.70 (t, 2H, -NCH,), 2.60 (t, 2H, COCH,), 2.56 (t, 2H, -
COCH,), 2.26 — 2.07 (m, 4H, -CH(CH,),), 1.99 — 1.52 (m, 16H, octylamine chain). *CNMR
(100MHz, CDCI3) 6 ppm: 6 211.4, 171.9, 73.0, 64.9, 63.9, 37.2, 35.6, 31.9, 30.6, 29.8, 29.3,
28.7, 26.0, 22.7 and 14.2. FT-IR (cm™): 3295, 3089, 2918, 2841, 1711, 1634, 1566, 1455,
1446, 1352, 1241, 1197, 1112, 1069, 967 and 727. HRMS (ESI+): m/z [M+K] calcd. For
C17H31NO3[M™] = 336.4390; found = 336.2304.

3.2.11. Methyl 2-(3-((4-oxocyclohexyl)oxy)propanamido)-3-phenylpropanoate (6b):
Compound 4 (2.00 g, 10.7 mmol), 4-(dimethylamino) pyridine (DMAP, 131 mg, 1.07 mmol),
phenyl alanine hydrochloride (2.55 g, 11.8 mmol), EDC.HCI (2.47 g, 12.9 mmol) and
diisopropylethylamine (DIPEA, 6.90 g, 53.7 mmol) in DCM (40 mL) were used and the
procedure described for compound 4a was followed. Yield = 2.60 g (70%). ‘H-NMR
(400MHz, CDCI3) 6 ppm : 7.26 (m, 3H, =CH), 7.09 (m, 2H, =CH), 6.86 (d, 1H, NH), 4.93
(m, 1H, NHCH), 3.75 (s, 3H, OCHs), 3.73 (m, 2H, OCHy), 3.65 (m, 1H, OCH), 3.16 (m,
2H,-CH,-Ar), 2.53 (t, 2H, COCH,), 2.40 (m,1H,NHCH), 2.18-1.81 (O(CH,CH,),CO0). *C-
NMR (100MHz, CDCl3) & ppm: 210.80, 171.52, 171.32, 136.34, 128.43, 126.32, 125.92,
83.23, 65.43, 56.23, 51.92, 48.72, 37.23 and 35.32. FT-IR (cm™): 3309, 2955, 2922, 2853,
1742, 1651, 1539, 1496, 1456, 1436 and 1209. HRMS (ESI+): m/z [M+Na'] calcd. For
C19H2sNOs [M™] = 370.1733; found = 370.1003.

3.2.12. Synthesis of N-octyl-3-((7-oxooxepan-4-yl)oxy)propanamide (7a): Compound 6a
(2.00 g, 6.72 mmol), NaHCOg3 (1.70 g, 20.1 mmol), mCPBA (1.40 g, 8.0 mmol) were used
and the procedure described for compound 5a was followed. Yield = 1.60 g (77 %). *H-NMR
(400MHz, CDCIl3) 6 ppm: 5.94 (s, 1H, CONH), 4.43 (dd, 1H, COOCH), 4.04 (dd, 1H,
COOCH), 3.79 — 3.63 (m, 3H, CH-O- and O-CH,), 3.23 (m, 2H, NHCH), 2.90 (dd, 1H,

94



Chapter 3

COCH ), 2.48 — 2.31 (m, 3H, COCH and —CH,-CO), 2.07 — 1.91 (m, 4H, -CH(CHy>),), 1.55
(m, 2H, -NHCH,-CH,-), 1.37 — 1.16 (m, 10H, octylamine chain), 0.86 (t, 3H, CHs)."*C-NMR
(100MHz, CDCl3) & ppm: 176.1, 170.9, 74.6, 64.4, 63.6, 39.7, 37.3, 33.8, 31.5, 29.7, 29.3,
28.0, 27.5, 27.0, 22.7 and 14.1. FT-IR (cm™): 3312, 3107, 2927, 2849, 1728, 1634, 1548,
1455, 1352, 1266, 1189, 1094 and 718. HRMS (ESI+): m/z [M+Na'] calcd. for C17H33;NO;4
[M*] = 336.2253; found = 336.3710.

3.2.13. Methyl 2-(3-((7-oxooxepan-4-yl)oxy)propanamido)-3-phenylpropanoate (7b):
Compound 6b (2.00 g, 6.76 mmol), NaHCO3 (1.45 g, 7.3 mmol), mCPBA (1.20 g, 6.9 mmol)
were used and the procedure described for compound 5a was followed. Yield= 1.70 g (81
%). 'H-NMR (400MHz, CDCls) & ppm: 7.24-7.06 (m, 5H, aromatic protons), 6.74(s, 1H,
NH), 4.90(m, 1H, NCH), 4.26(dd, 1H, OCH), 3.89 (dd, 1H, OCH), 3.73 (s, 3H, OCHy),
3.65 (m, 3H, OCH, and OCH), 3.59 (m, 2H, CH,CON), 2.76 and 2.46 (dd, 2H, COCH)),
2.29 (s, CH, . ArCH,), 1.82 (m, 4H,0CH(CH>),)).*C-NMR (100MHz, CDCl3) & ppm:
172.36, 171.87, 129.21, 128.41, 127.07, 64.63, 64.07, 63.13, 59.07, 52.80, 52.32, 37.62,
37.50, 35.80, 33.47, 29.61, 28.51, 27.58, 26.92, and 26.80. FT-IR (cm™): 3355, 3081, 2952,
2859, 2593, 1719, 1660, 1523, 1429, 1343, 1189, 1089, 735, 705, 701 and 633. HRMS
(ESI+): m/z [M+Na'] calcd. for CsHgNO, [M*] = 386.1682; found = 386.3710.

3.2.14. Synthesis of PEG-b-SPCL diblock polymers: The typical synthetic procedure was
elucidated for PEG-b-PCLECg; where, [Mo]/[lo] is kept as 100. The initiator PEGypg0 (40.1
mg, 0.02 mmol), catalyst Sn(Oct), (4.0 mg, 0.01 mmol) and the monomer 4a (630 mg, 2.0
mmol) were taken in a flame-dried Schlenk tube under nitrogen atmosphere. The high
vacuum was applied to this reaction mixture for 30-40 min with stirring at room temperature.
The tube was immersed in preheated oil bath at 130 °C, after creating an inert environment
inside. The polymerization was continued for 6 h with constant stirring. The crude polymer
mixture was cooled to room temperature, dissolved in 1 mL dry THF and precipitated in cold
MeOH. Re-precipitation performed at least twice to achieve pure polymer. Yield: 337 mg
(53.5 %). *H-NMR (400 MHz, CDCl3) & 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), 1.26 (m, 10H) and 0.86 (m,
3H). *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™): 2935, 2867, 1328, 1463, 1343,
1257, 1172, 1094, 1064, 941 and 727. GPC molecular weights: M, = 12,300, M,, = 15,100
and M,/Mp= 1.23.
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A similar procedure was followed for the synthesis of other diblock copolymers and
their NMR and molecular weight details are provided in below.
3.2.15. Synthesis of PEG-b-PCLNB diblock polymer: Monomer 5b (1.28 g, 4.13 mmol),
initiator PEG2000 (82.6 mg, 0.041 mmol) and catalyst Sn(Oct), (8.36 mg, 0.02 mmol). Yield =
900 mg (70.3 %). *H-NMR (400 MHz, CDCl3) & ppm: 4.14 (m, 2.6 H), 3.91-3.81 (two t, 1.13
H), 3.69-3.63 (m, 4.50 H), 3.43 (m, 1 H), 2.52 (m, 2.12 H), 2.36 (m, 2.16 H), 2.22 (m, 2.83
H), 1.78 (m, 5.4 H), 1.49-1.09 (m, 7.4 H) and 0.68 (dd, 0.85 H)."*C-NMR (100 MHz,
CDCly): 173.6, 171.8, 75.7, 70.6, 67.8, 66.7, 64.7, 61.3, 40.6, 39.6, 38.6, 36.8, 36.1, 35.4,
33.6, 32.6, 29.7, 29.0 and 22.5. FT-IR (cm™): 3495, 2945, 2849, 1463, 1343, 1257, 1163,
1104, 1064, 975 and 795. GPC molecular weights: M, = 13,700, M,, = 16,600 and M,/M, =
1.21.
3.2.16. Synthesis of PEG-b-PCLAC; diblock polymer: Monomer 7a (760 mg, 2.43 mmol),
initiator PEG2000 (48.5 mg, 0.0242 mmol) and catalyst Sn(Oct), (4.9 mg, 0.0121 mmol).
Yield = 570 mg (75 %). *H NMR (400 MHz, CDCls) & ppm: 6.36 (br, -NH), 4.13 (m, 2 H),
3.68-3.63 (m, 5.32 H), 3.43 (m, 1 H), 3.21 (m, 2 H), 2.39 (m, 2 H), 1.9-1.71 (m, 4 H), 1.48
(m, 2 H), 1.26 (m, 10 H), 0.86 (t, 3 H). *C-NMR (100 MHz, CDCls): 173.7, 171.4, 76.1,
70.2, 65.5, 61.1, 59.2, 39.6, 37.2, 32.7, 31.6, 29.0, 26.8, 22.7 and 14.1. FT-IR (cm™): 3320,
3089, 3089, 2918, 2947, 1642, 1531, 1480, 1353, 1249, 1172, 1104, 957, 735, and 641. GPC
molecular weights: M, = 10,000, M,, = 14,100 and M,,/M,, = 1.41.
3.2.17. Synthesis of PEG-b-PCLPhA diblock polymer: Monomer 7b (440 g, 1.21 mmol),
initiator PEG000 (24.24 mg, 0.0121mmol) and catalyst Sn(Oct), (2.45 mg, 0.006 mmol).
Yield = 400 mg (90 %). *H NMR (400 MHz, CDCls) & ppm: 7.26-7.11 (m, 5 H), 6.78 (br, 1
H), 4.88 (br, 1 H), 4.08 (m, 2 H), 3.68-3.63 (m, 8.8 H), 3.40 (s, 1 H), 3.10 (m, 3 H), 2.41 (br,
3 H), 2.31 (br, 2 H), 1.71 (m, 5.5 H).*C-NMR (100 MHz, CDCls): 173.5, 172.2, 171.4,
129.4, 128.6, 127.2, 75.9, 70.4, 65.1, 61.5, 53.3, 52.4, 37.7, 37.1, 32.7, 29.8 and 28.7. FT-IR
(cm™): 3346, 3072, 2961, 2875, 1737, 1634, 1531, 1437, 1368, 1257, 1181, 1094, 907, 727,
693 and 624. GPC molecular weights: M, = 11,100, M,, = 15,100 and M,/M, = 1.36.

3.2.18. Drug Encapsulation in Diblock Copolymer Scaffolds: The detailed procedure is
given for DOX (obtained from DOX.HCI treating with triethylamine) encapsulation. In a
typical experiment, 10 mg of the polymer and 1 mg of DOX was dissolved in DMSO (2 mL).
Distilled water (8 mL) was added dropwiseto the polymer solution, and the mixture was
stirred at 25°C for 4 h. The solution was transferred to a dialysis bag (MWCO = 1000) and
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dialyzed against a large amount of distilled water for 48 h. Fresh distilled water replaced
periodically to ensure the removal of unencapsulated molecules from the dialysis tube.

The drug loading efficiency (DLE) and drug loading content (DLC) were determined by
absorption spectroscopy using the following equations:** >

DLE (%) = {weight of drug in vesicles/weight of drug in feed} x100%

DLC (%) = {weight of drug in vesicles/weight of drug-loaded nanoparticles} x 100%

3.2.19. In Vitro Drug Release Studies: Various drug loaded micellar self-assemblies were
taken in a dialysis bag (in 3 mL), and they were immersed in a 100 mL beaker and dialyzed at
37°C with constant stirring. These micelles were exposed to PBS and esterase to study the
stability and release kinetics. At specific time intervals, 3.0 mL of the dialysate was
withdrawn and replaced with an equal volume of fresh buffer (or FBS). The amount of
molecule (or drug) released in each aliquot was measured using absorption spectroscopy to
quantify their percentage of cumulative release. For esterase aided release studies 10 units of
enzyme were used, following the above-mentioned procedure.

Cumulative release (%) = C, x Vo/m x 100, where Cj, is the amount of loaded cargo in the n™

sample, V, is total volume, and m is the total amount loaded in nanoparticles.

3.2.20. Cell Viability Assay (MTT Assay): To observe the effect of polymers alone, free
drug and drug-loaded nanoparticles cell viability assay was performed in HeLa cell line using
the tetrazolium salt, 3-4, 5-dimethylthiazol-2,5-diphenyl tetrazolium bromide (MTT). 10°
cells were seeded per well in a 96-well plate (Corning, U.S.A.) in 100uL of DMEM with
10% FBS (fetal bovine serum) and allowed to adhere for 16 h. Prior to drug treatment, media
from cells was aspirated and various concentrations of drugs and drug-loaded nanoparticles
were fed. A blank control, DMEM with FBS in the absence of compound was used in each
experiment. All control and treated experiment wells were in triplicate. Cells were incubated
for various time intervals without a change in medium. After incubation drug containing
medium was aspirated. Freshly prepared stock of MTT in sterile PBS (5 mg/mL) was diluted
to 50ug/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 wells and
the purple formazan crystals formed as a result of the reduction of MTT by mitochondrial
dehydrogenase enzyme from cells were dissolved in 100puL of 100% DMSO (added per

well). The absorbance from formazan crystals was immediately measured using microplate
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reader at 570 nm (Varioskan Flash) and was representative of the number of viable cells per
well. Values from the triplicates for each control and treated set were noted and their mean
was used for calculations. The values thus obtained for the untreated control samples were
equated to 100 % and relative percentage values for the drug, scaffold alone and drug-loaded

nanoparticles were calculated accordingly.

3.2.21. In vivo mimicking assay: To mimic in vivo conditions short time-MTT assay was
studied. Wherein HeLa cells were seeded in 96 well plates with 1x10° cells per well for 16 h.
Later the media was removed and treated with various concentrations of drug and drug
loaded nanoparticles. The compounds were incubated with cells for, 3 h, after incubation, the
media was aspirated and fresh media was added. These cells were then incubated for various
time intervals like 3, 6, 12 and 24h. After termination of the experiment, cell viability was

determined using MTT assay.

3.2.22. Cellular Uptake of DOX-loaded diblock nanoparticles by Confocal
microscopy: HelLa cells were seeded at a density of 1x10° cells on flame-dried
coverslips placed in 6 well plates containing DMEM medium with 10 % FBS and
incubated at 37 °C for 16 h. The cells were then exposed to require concentrations of
DOX loaded nanoparticles for 4 h in a CO; incubator at 37°C. After incubation, the
drug-containing medium was aspirated from each well, and cells were washed twice
with PBS (2 x 1mL) and fixed with 4% paraformaldehyde solution in PBS for 10 min
at room temperature. The cells were washed twice with PBS (2 x 1mL) and stained
with Hoechst solution in PBS. After 2 min incubation, at room temperature, in the
dark, the excess dye was washed from the plate and cells were again gently rinsed with
PBS for 1 min. The coverslips were mounted on slides using the fluoromount
mounting medium (Southern Biotech) and dried overnight at room temperature in the
dark. The cells were imaged using a confocal microscope using the A 420 nm (blue
channel), A 440 nm (green channel) and A 560 nm (red channel) lasers. Images thus
obtained were opened in the Image J analysis software and the image for each channel

was separated.
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3.3. Results and Discussion
3.3.1. Synthesis and Characterization of Di-blocks

The amphiphilic diblock copolymers (PEG-b-SPCL) were synthesized by ring
opening polymerization (ROP) of substituted caprolactone monomers preparedfrom 1, 4-
cyclohexane diol through multi-step synthesis as shown in scheme 3.1. Michael addition
reaction of 1, 4-cyclohexanediol with t-butyl acrylate produced compound (1) which was
further oxidized to give the ketone derivative (2). The compound (2) was deprotected into its
carboxylic acid (3). The compound (3) was reacted with 1-octanol and norbornane methanol
to yield corresponding esters 4a and 4b, respectively. The Baeyer villager oxidation of 4a and
4b produced octyloxy and norbornane methyloxy substituted caprolactone monomers 5a and
5b, respectively. The compound (3) was reacted with 1-octylamine and L-phenylalanine
methyl ester to yield corresponding amides 6a and 6b, respectively. The Baeyer villager
oxidation of 6a and 6b produced octylamide and L-phenylalanine amide substituted
caprolactone monomers 7a and 7b, respectively. The structures of all these monomers and
intermediates were characterized by *H-NMR, *C-NMR, FT-IR, and HR-MS.
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Scheme 3.1. Synthesis of substituted caprolactone monomers and their di-block copolymers.

These newly synthesized monomers were subjected to ring opening polymerization
(ROP) to produce substituted PCL diblock copolymers. For this purpose, polyethylene glycol
monomethyl ether of molecular weight MW=2000 was used as an initiator and Sn(Oct), was

employed as catalyst (see scheme 3.1). The ratio between catalyst to initiator was maintained
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as 1:2 for the in-situ generation of one-mole equivalents of ROP initiator MeO-PEG-O-Sn-O-
PEG-OMe (bidentate catalyst).** The substituted caprolactone monomer to initiator
concentration was maintained as [M]/[1] = 100 and the polymerization was carried out for 6 h
at 130 °C in melt (or neat) conditions. The polymers were purified by dissolving in
tetrahydrofuran and precipitating in methanol. These diblocks were abbreviated as PEG-b-
PCLx where X represents 1l-octyloxy (PEG-b-PCLECg), norbornane methyloxy (PEG-b-
PCLNB), octylamide (PEG-b-PCLACs;) and phenylalanine amide (PEG-b-PCLPhA).

Chemical shift (ppm)

Figure 3.6. Stack plot of *H-NMRs of diblock copolymers.

The structures and molecular weight of these diblock copolymers were characterized
by *H-NMR and GPC. The stack plot of *H-NMRs of polymers are provided in figure 3.6.
The chemical structure of respective diblock copolymer is given and the different
protons are assigned by alphabets. The determination of the n (number of repeating
units) carried out as similar to described in chapter 2. In brief, explained for PEG-b-

PCLECg diblock copolymer and followed similar for rest. The protons ‘f* in the
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diblocks appeared a long with protons ‘d’ of PEG. The intensities of protons ‘e’ in the
ester OCH,- appeared at 4.13 ppm. Thus, the subtraction of peak intensities [(e+f) — a]
provided the actual number of protons ‘e’. The comparison of peak integrals of a
(protons at 3.63 ppm) with protons e (at 4.13 ppm) provided the number average
degree of polymerization (n) for the PCL backbone in the diblock structure. The
number average molecular weights (M,) were calculated (M, = n X repeating unit

mass) and showed in table 3.1.
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Figure 3.7. GPC chromatograms (a )and plot of molecular weights and polydispersity
index(b) of diblock copolymers.

Further these diblock copolymers subjected to GPC in order to determine molecular
weights and the polydispersity indexes. As seen figure 3.7a the GPC chromatograms of
diblock copolymers exhibited monomodal distribution, which confirms the formation of pure
and high molecular weights polymers (see table 3.1.). The molecular weights from NMR and
GPC and PDI from GPC have been plotted and shown in figure 3.7b. The GPC
underestimated the molecular weights over NMR, this might be attributed to the
hydrodynamic radius of diblocks in THF. The polydispersity (My/M;) of the diblocks
was obtained as 1.3 to 1.4 indicating the formation of narrow molecular weight

polymers irrespective of the nature of the substitution in the e-caprolactone monomers.

3.3.2. Self-assembly of Amphiphilic Di-blocks

The newly designed substituted PEG-b-PCLyx amphiphilic diblock copolymers have
hydrophilic PEG and hydrophobic substituted PCL segments to self-assemble in water. The
diblock copolymer (10.0 mg) was dissolved in DMSO and water mixture (2+8 mL) and
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transferred to semi-permeable dialysis bag having MWCO=1000. The samples were dialyzed
against a large amount of water for 48 h (fresh water was replenished at regular interval). At

the end of the dialysis, clear polymer solutions were obtained.

Table 3.1.Molecular weights (NMR and GPC) of substituted diblock copolymers

Polymer n M, M, M, M,/M,
(NMR) (g/mol, NMR) | (g/mol, GPC) | (g/mol, GPC) | (GPC)
PEG-5-PCLEC, 96 30,100 12,300 15,100 1.23
PEG.5PCLNE 98 30,400 13,700 16.600 121
PEG-5.PCLAC, 94 29,400 10,000 14,100 1.41
101 36,600 11,100 15,100 1.36

PEG-5-PCLPhA
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Figure 3.8. DLS histogram (a), FE-SEM image (b) and AFM image (c) of diblock copolymer
PEG-b-PCLECg DLS histogram (d), FE-SEM image (e¢) and AFM image (f) of diblock
copolymer PEG-b-PCLNBat concentration of 0.2 mg/mL.

The characterisation of these self-assembled of dialyzed solution was carried out

using dynamic light scattering (DLS) and microscopic techniques depicted in figure 3.8. The
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DLS histogram for PEG-b-PCLECS8 is shown in Figure 3.8a, exhibited mono-modal
distribution with respect to the formation of 135 homogeneous polymer aggregates. Further
to visualize the shape of the aggregates; the samples were subjected to field emission
scanning electron microscopy (FESEM) and atomic force microscope (AFM). Further
FESEM and AFM images of PEG-b-PCLACs diblock aggregate are shown in figure 3.8b and
c. The FESEM image exhibited the formation of spherical nanoparticles of 135 nm in size.
AFM image in figure 3.8c further confirmed the formation of spherical micellar aggregates.
The DLS histogram for PEG-b-PCLNB is shown in Figure 3.8d, exhibited mono-modal
distribution with respect to the formation of 140 nm homogeneous polymer aggregates.
FESEM and AFM images of PEG-b-PCLECg diblock aggregate are shown in figure 3.8e and
f. The FESEM image exhibited the formation of spherical nanoparticles of 155 nm in size.
AFM image in figure 3.8f further confirmed the formation of spherical micellar aggregates.
The nanoparticle size in FESEM and AFM images are in coherence with the sizes of their

self-assembled aggregates (DLS data) in water.

Water
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Figure 3.9. DLS histogram (a), FE-SEM image (b) and AFM image (c) of diblock copolymer
PEG-b-PCLACg, DLS histogram (d), FE-SEM image (e) and AFM image (f) of diblock
copolymer PEG-b-PCLPhAat concentration of 0.2 mg/mL.

Similar techniques and protocols were used to characterise other two amide diblock
copolymers (PEG-b-PCLACg and PEG-b-PCLPhA). DLS histograms, FESEM and AFM
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images of these diblock copolymers are provided in figure 3.9. These techniques confirm the
formation of 120 and 100 nm size nanoparticles for PEG-b-PCLACg and PEG-b-PCLPhA
diblocks respectively. Overall the sizes of aggregates were obtained in the range of 90 to 160
nm for all four block copolymers. Based on the above analysis, it can be concluded that the
newly designed substituted PCL block copolymers have good amphiphilic properties to self-

assemble as stable nanoparticles in water.

3.3.3. Variable temperature'H-NMR analysis

Variable temperature'H-NMR analysis was employed to study the hydrogen bonding
interactions between the -NH (donor) and -C=0 (acceptor) in the amide diblock polymer
scaffold. This experiment was performed for the PEG-b-PCLACg diblock copolymer in
DMSO-ds (see figures 3.10a and 3.10b). *H-NMR, spectra were recorded in the heating cycle
from 25 to 75 °C (see figure 3.10a). The chemical shift of the amide peak (NH-CO) plotted
against the temperature and shown in figure 3.10c. The N-H protons shifted from 7.76 ppm to
7.48 ppm with respect to the breakage of hydrogen bonding in the heating cycle. In the
cooling cycle, the N-H protons shifted towards downfield region as hydrogen bonding was
favoured at the low temperatures via inter-chain interactions. The plots in figure 3.10c
confirmed the complete reversibility of the hydrogen bonding interactions in the amide

diblock copolymers.
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Figure 3.10. Variable temperature *H-NMR of PEG-b-PCLACg in DMSO-ds at heating (a)
and cooling (b) cycles. The plot of the chemical shift of N-H bond Vs. temperature (c).
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3.3.4. DOX Encapsulation in Diblocks

To study the loading capabilities of the diblock amphiphilic nanoparticles; they were
subjected to doxorubicin (DOX) encapsulation in water. For this purpose, the block
copolymer (10 mg) and DOX (0.5 mg) were taken in DMSO + water mixture (2 mL + 8 mL)
in a dialysis bag and dialyzed for more than 48 h in water. The unencapsulated drug was
removed from the reservoir and continuously replenished with fresh water. The photograph
of the vials containing the DOX-loaded diblock copolymers is shown in figure 3.11 a. The
drug loading content (DLC) in the DOX-loaded diblock nanoparticles were determined by
absorbance spectroscopy. The DLC was plotted against the respective substituent in PCL
blocks and they are shown in figure 3.11b.

(3]

DLC (%)

Figure 3.11.Photographs of the vials containing the diblock copolymers encapsulated with
DOX (a). Drug loading content of the diblock copolymer nanoparticles determined by UV-
Vis absorbance spectroscopy (b).

The DLC of the amphiphilic diblock copolymers decreased in the following order in
PEG-b-PCLx where X = ECg> ACg> NB > PhA >> without substitution with the respective
DLC values of 3.3 % > 3.1 % > 1.9 % > 1.8 % >> 0.9 %. This trend suggests that the octyl
substituted (both with ester and amide linker) PCL segments are good candidates in the
amphiphilic diblocks for maximum encapsulation of anticancer drugs. The amphiphilic
unsubstituted PEG-b-PCL block showed low DLC indicating that the substitution in the PCL
block is essential for the enhanced DOX-encapsulation capabilities. Both octyl amide and
octyl ester substitution showed almost similar DLC whereas the bulkier substitutions such as
norbornane and phenylalanine relatively reduced their DLC.

DOX-loaded diblock nanoparticles characterization was carried out as similar as of
nascent polymers. The DLS histogram of DOX-loaded diblock (octyl ester) is shown in
figures 3.12 a. which shows the similar size as nascent diblock copolymer. FESEM image of
the DOX-loaded PEG-b-PCLECg sample showed spherical morphology (See figures 3.12b).
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AFM image of DOX-loaded PEG-b-PCLACs (see in figure 3.12c) confirmed the spherical

nanoparticles morphology.

(a)

160nm

10 100 1000
Size (nm)
Figure 3.12.DLS histogram (a), FE-SEM (e) and AFM (f) images of the DOX-loaded PEG-b-
PCLECs.

DLS histograms and FESEM images of other DOX loaded diblock nanoparticle are
represented in figure 3.13. The sizes of the nanoparticles ranging from 130 to 140 nm, which
has slight increase in the sizes compare to the nascent polymer aggregates. These results
suggested that the nanoparticles were stable with DOX encapsulation in water without

changing their size and geometry in the self-assembly.
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Figure 3.13. DLS histograms of PEG-b-PCLACg-DOX (a), PEG-b-PCLNB-DOX (b) and
PEG-b-PCLPhA-DOX(c). FESEM images of PEG-b-PCLACs-DOX (d), PEG-b-
PCLNB-DOX(e) and PEG-b-PCLPhA-DOX(f).

106



Chapter 3

3.3.5. In Vitro DOX Release Studies

In vitro drug release studies of DOX-loaded polymeric nanoparticles were
carried out in PBS (pH = 7.4 at 37 °C) and in the presence of esterase enzyme (in PBS
at 37 °C) to investigate the effect of the hydrogen-bond interaction on the drug
releasing capabilities. For this purpose, the DOX-loaded nanoparticles were taken in
dialysis bag (MWCO = 1000) and incubated at 37 °C in PBS. The amount of DOX
released was quantified by absorbance spectroscopy. The cumulative DOX release
from the hydrogen bonded (amide block) and non-hydrogen bonded (ester block)
nanoparticles were plotted and shown in figures 3.14a and 3.14b. All these
nanoparticles were found to be stable in PBS and only small amount of drug was
leached (< 15 %) at 37 °C under normal circular conditions. This indicates that the
diblock nanoparticles exhibited very good stability in PBS irrespective of the
difference in the types of the amide and ester substitution in the PCL backbone. The
drug release profiles of DOX-loaded nanoparticles treated with 10 units of esterase
enzyme in PBS at 37 °C are shown in figures 3.14a and 3.14b. This in vitro
experiment resembles the cleavage of the drug loaded nanoparticles at the intracellular

level by lysosomal enzymes (see Figure 3.1).
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Figure 3.14. Cumulative drug release profiles of DOX-loaded non-hydrogen bonded
(a) and hydrogen bonded (b) nanoparticles in PBS with and without esterase at 37 <C.
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The PCL backbone is constituted by aliphatic ester linkages; thus, the attack of
esterase enzyme abundant in the lysosomes is expected to rupture the nanoparticles to
release the loaded cargoes at the intracellular compartments. Interestingly, the non-
hydrogen bonded nanoparticles (octyloxy and narbornylmethyleneoxy) were found to
exhibit much faster drug release compared to that of the hydrogen bonded (octylamide
and phenylalanine amide) blocks. For example, the comparison of PEG-b-PCLECsg
and PEG-b-PCLAC; drug release profiles at 6 h data (see figures 3.14a and 3.14b)
clearly revealed that the non-hydrogen bonded ester block released ~ 90 % of drug
whereas the latter showed only < 45 % release. It is important to mention that both
these diblocks have almost identical DLC (see figure 3.11b); however, they largely
vary by the drug release mechanism. The slow cleavage of the amide diblocks was
attributed to the strong hydrogen bonding interactions among the amide linkage in the

PCL backbone at the hydrophobic pocket that renders slow enzymatic cleavage

(a) (b)
Initial ,.Ill I, __ Initial .-III |.|I.

ol ot e il

6h ,.||"||. ||‘ 1 6h |||. ||‘H|I
10 100 1000 10 100 1000
Size (nm) Size (nm)

Figure 3.15.Time-dependent DLS histograms of PEG-b-PCLECg (a) and PEG-b-
PCLAC; (b) in the presence of 10 U esterase enzyme in PBS at 37 <C.

To support this claim, time-dependent DLS experiments were carried out in the
presence of esterase enzyme (see figures 3.15a and 3.15b). DLS histograms of non-
hydrogen bonded ester diblock PEG-b-PCLECg (see figure 3.15a) signify the
transformation of mono to multi-modal distributions within 1h of esterase enzyme
addition. The formation of higher size aggregates is attributed to the cleavage of the
tightly self-assembled nanoparticles into disassembled polymer chains. On the other
hand, the amide diblock PEG-b-PCLAC; did not show a much abrupt change in the
size of the aggregates initially and large size aggregates seem to be occurring only

after 6h (see figure 3.15b). This clearly suggests that both the ester and amide diblock
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nanoparticles are susceptible to enzymatic cleavage; however, the enzyme action on
the PCL backbone at the hydrophobic chain was found to be slow down by hydrogen
bonded amide linkages. A similar trend was observed in other diblocks i,e., the
norbornyl diblock exhibited much faster enzymatic cleavage compared to
phenylalanine amide diblock. Based on the in vitro drug release studies; it may be
concluded that the amide side chain substitution in the PCL diblock enhances the
stability of the loaded drugs and releases the drugs in a much more “controlled”

manner compared to that of the ester diblocks which exhibited “burst” release

3.3.6. Cytotoxicity of DOX-loaded Nanoparticles The cytotoxicity of the
nascent and DOX-loaded diblock copolymer nanoparticles was investigated in cervical
cancer (HeLa) and breast cancer (MCF 7) cell lines. The cytotoxicity of the diblock
copolymers was studied in both cell lines by varying their concentration up to
40ug/mL (see figure 3.16a and 3.16b).
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Figure 3.16. Histograms depicting the cytotoxicity of nascent diblock nanoparticles in
Hela (a) and in MCF 7(b) cell lines at various concentrations. The cytotoxicity
histograms of DOX-loaded diblock nanoparticles in Hela (c) and MCF 7(d) cell lines
at various concentrations.
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All the diblock copolymers were found to be non-toxic to cells irrespective of
their structural variation in the PCL block up to 40pg/mL in both HelLa and MCF 7

cell line.
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Figure 3.17. Histograms depicting the cytotoxicity of DOX-loaded diblock
nanoparticles in Hela (a) and MCF 7(b) cell lines at various concentrations.

DOX and DOX-loaded diblocks were fed to HeLa and MCF 7 cells with
various concentrations in order to scrutinize their cytotoxicity. The concentration of
DOX varied from 0.2 ug/mL to 0.8 ug/mL in both cells and the resulted histograms
were depicted in figure 3.17a (HeLa) and in figure 3.17b (MCF 7) for PEG-b-PCLEC;
and PEG-b-PCLACg diblock copolymers. In HelLa, both free DOX and drug loaded
polymer scaffolds showed ICsy at 0.5ug/mL concentrations which are in accordance
with earlier studies.®® At a higher drug concentration (> 0.8 pug/mL), the DOX-loaded
diblock copolymer scaffolds were found to be killing more than 95 % of the cells. In
MCEF 7, both free DOX and drug loaded polymer scaffolds showed I1Cs at 0.4 pg/mL
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concentrations which are in agreement with earlier reports.®® At a higher drug
concentration (> 0.8 ug/mL), the DOX-loaded diblock copolymer scaffolds were

found to be killing more than 90 % of the cells.

These results explain that the DOX-loaded amide and ester diblocks showed
excellent cell killing in both HeLa and MCF 7 cell lines. The in vitro drug release
profiles in figure 3.14 clearly demonstrated that the non-hydrogen bonded ester
diblocks showed “burst” release compared to “controlled” drug release profiles of
hydrogen bonded amide blocks. This implies that at the initial stage of the drug
administration, the non-hydrogen bonded ester diblock nanoparticles would rupture at
much faster rate to release the drugs to accomplish faster cell death. In order to study
the effect of the hydrogen bonding driven drug releasing pattern in the cell killing; two
different in vitro experiments were designed in HelLa cell lines. In the
firstexperiment,time-dependentin vitro cytotoxicity assay was done for free DOX and
DOX-loaded nanoparticles at various incubation time of 6h, 12h, 24h, 48h and 72 h.
Based on the cytotoxicity data in figure 3.17, the DOX concentration of 0.8 ug/mL
was chosen for this experiment. The histograms of cytotoxicity for free DOX and

DOX-loaded amide and ester block nanoparticles are shown in figure 3.18.
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Figure 3.18. Cytotoxicity of DOX-loaded diblock nanoparticles at various time
intervals in Hela cells at 0.8ug/mL. The experiment is schematically shown in petri-
dish model.
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This data revealed that the non-hydrogen bonded DOX-loaded nanoparticles
showed similar cell killing as free drug from 6 to 72 h incubation (see figure 3.18).
This suggested that the DOX could be easily released by the esterase enzyme (as
evident from figure 3.12a) from non-hydrogen bonded nanoparticles for faster cell
killing as similar to that of free drug. On the other hand, the DOX-loaded hydrogen
bonded nanoparticles showed relatively slow killing (20% less cytotoxicity) for the
incubation of 6 to 24 hrs. At longer incubation time (48 and 72 h), complete cell death
was accomplished by the amide ester blocks; however, the rate at which they kill the
cancer cells significantly vary with respect to their chemical structures. The
comparison of the in vitro drug release profiles in figure 3.14 and the cytotoxicity data
in 3.18 suggested that the slow enzymatic cleavage and drug release from hydrogen

bonded nanoparticles from 6 h to 24 h (see figure 3.14b) directly reflected on the rate
of their cell killing.
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Figure 3.19. In vivo mimicking assayof DOX-loaded diblock nanoparticles at various

time intervals in Hela cells at 0.8ug/mL. The experiment is schematically shown in
petri-dish model.
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To further confirm this process, a second control cell experiment was carried
out in which the DOX-loaded nanoparticles (also free DOX) were administered
initially for 3h. Subsequently, the excess drug was removed and fresh media was added.
These cells were incubated for various time 3, 6, 12 and 24 h and then MTT was performed
to determine their cytotoxicity (see figure 3.19). In this process, the drugs that were initially
taken up by the cells actually inhibit the subsequent cell proliferation and mimic the in vivo
type cell killing under in vitro conditions. Similar experiments were recently reported by Peer
and co-workers in glycosaminoglycan particle nanoclusters. ¥ For this experiment, the
DOX concentration was chosen as 0.8 ug/mL and their cytotoxicity data are summarized in
figure 3.19. At 3h incubation, the cytotoxicity data were found to be similar in free as well as
drug loaded nanoparticles (3h is not sufficient). For 6 h to 24 h incubation, the hydrogen
bonded nanoparticles exhibited slower cell killing compared to the non-hydrogen bonded
ester diblocks (see figure 3.19). The trend in the in vivo mimicking cell data were identical to
that of the in vitro data in figure 3.18 suggesting that the hydrogen bonded nanopartciles are
less susceptible to esterase enzyme cleavage at the intracellular compartments. Hence, it can
be concluded that the nanoparticles based on amide diblocks are very useful for controlled
release of drugs and the non-hydrogen bonded nanoparticles are good for faster drug release.
Thus, these amide and ester block nanoparticles can be employed depending upon the need to

deliver the drugs in controlled or burst manner for cancer treatment.

3.3.7. Confocal Imaging and Cellular Uptake
To track down the fate of the free DOX and DOX-loaded nanoparticles in the

cytoplasm, their cellular uptake was scrutinized using confocal laser scanning
microscopy (CLSM) in HeLa and MCF 7 cell lines. DOX-loaded nanoparticles and
DAPI stained nuclei were visualized under CLSM at red (A= 560 nm) and blue (A=
461 nm) channels, respectively. The images corresponding to PEG-b-PCLEC3-DOX,
PEG-b-PCLAC3-DOX and DAPI stained nuclei in HeLa cells along with the merged
images are shown in figure 3.20. In HeLa cells, (see figure 3.20 first panel), strong red
fluorescence was observed predominantly at the nucleus for DOX-loaded non-

hydrogen bonded block nanoparticles (ester block).
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Figure 3.20. CLSM images of HeLa cells incubated with ester block (PEG-b-PCLECs-DOX)
and amide block (PEG-b-PCLACg-DOX) nanoparticles. The nucleus was counterstained with
DAPI (blue). The cells were observed through the red channel to locate DOX fluorescence
(red).

Cytoplasm

The expanded cell images (see the second-row panel) distinctly showed
magenta color with respect to the accumulation of DOX at the nucleus (dapi stained)
and only trace amount of free drugs visible in the cytoplasm. On the other hand, the
hydrogen bonded amide block copolymer nanoparticles predominately showed the
DOX accumulation in the cytoplasm rather than at nuclei (see figure 3.20, last two row
panels). In this case, the nuclei were visible as blue rather than magenta color as an
indication of lack of DOX accumulation at the nucleus. This trend was attributed to
the slow cleavage of the hydrogen bonded nanoparticles in the cytoplasm and the
reduction in the drug accumulation at the nucleus. In the case of non-hydrogen bonded
ester block nanoparticles, the fast degradation of the polymer chains by an enzyme in the
cytoplasm induced burst release of DOX and this, in turn, enhances the DOX accumulation at

the nuclei.

The cellular uptake images of DOX-loaded diblock copolymer nanoparticles in MCF
7 cell are shown in figure 3.21. The hydrogen bonded amide diblock nanoparticles
exhibited the drug accumulation in the cytoplasm rather than at nucleus. This trend
was again attributed to the slow cleavage of the amide hydrogen bonded blocks in the
MCF 7 cells compared to that of the ester diblock copolymers. The DOX
accumulation in the cytoplasm while released from hydrogen bonded nanoparticles
and nuclear site while delivered from non-hydrogen bonded diblock copolymer

nanoparticles seems to be identical for both cervical and breast cancer cells lines.
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Despite significant difference among the features in these two cells lines; the control
and burst release trends of the nanoparticles reflected on the degree of cell killing.

Red
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Figure 3.21. CLSM images of MCF 7 cells incubated with ester block (PEG-b-PCLECs-
DOX) and amide block (PEG-b-PCLACg-DOX) nanoparticles. The nucleus was

counterstained with DAPI (blue). The cells were observed through the red channel to locate
DOX fluorescence (red).

Nucleus

Hence, it can be concluded that the hydrogen bonding interaction
predominately regulates the enzymatic cleavage at the intracellular compartments for
control DOX release from the block copolymer nanoparticle scaffolds. This concept
was very well proven in the present investigation by carefully designing the
biodegradable diblock copolymers, studying their enzymatic in vitro drug release
kinetics, carrying out appropriate in vitro and in vivo mimicking cytotoxicity assays
and tracing the DOX accumulation in the cytoplasm and nuclear environment by
confocal microscopy. This present investigation established the proof-of-concept and
provides more insight into the role of the hydrogen-bond controlled drug release in
cancer therapy.

3.4. Conclusion

In summary, a new class of hydrogen bonded and enzyme-responsive (biodegradable)
PCL diblock copolymer nanoparticles were designed and developed for loading and
delivering anticancer drugs by “burst” and “controlled” release at the intracellular
compartments in cervical (HeLa) and breast (MCF 7) cancer cells. Commercially available
1,4-cyclohexanol was employed as starting materials and new amide and ester substituted -

caprolactone monomers were tailor-made through multi-step synthesis. These monomers
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were polymerized using PEG 2000 mono methyl ether as an initiator to make amide
hydrogen bonded and non-hydrogen bonded (ester) PEG-b-PCL diblock copolymers. Thes
new polymers were self-assembled in water as nanoparticles in which DOX was successfully
loaded. The drug loading content of the diblock copolymer nanoparticles was found to be
highly directed by the nature of the linear or bulky substituent. The hydrogen bonding
interaction in the amide diblock was investigated in detail by variable temperature *H-NMR
analysis. In vitro drug release studies revealed that the aliphatic polyester PCL chain was
readily degradable by lysosomal esterase enzyme in PBS at 37 °C to release the loaded drugs.
The hydrogen bonded copolymer nanoparticles were found to be very stable and underwent
slow enzymatic degradation to release drugs in a controlled manner for prolonged period. The
non-hydrogen bonded ester copolymers experienced burst release of drugs in un-controlled
manner. This difference in the enzymatic degradation among the amide diblock copolymers
(hydrogen bonded) and ester diblocks (non-hydrogen bonded) was tested for their cell killing
ability in HeLa and MCF 7 cell lines. In vitro cytotoxicity tests revealed that the nascent
polymer scaffolds were non-toxic to cells up to 40ug/mL. The DOX loaded nanoparticles
accomplished more than 90 % cell killing in both HeLa and MCF 7 cells. Time-dependent in
vitro cell studies further evident that the DOX loaded amide diblocks exhibited slower killing
(20 % less) compared to the non-hydrogen bonded ester blocks. Both in vitro drug release
profiles and in vitro cell line studies directly proved that the hydrogen-bond controlled drug
delivery in the diblock copolymer design. The hydrogen bonding interaction was proven to be
an important tool to control the drug release profiles of the anticancer drugs to cancer cells.
The cellular uptake of the DOX loaded polymer nanoparticles and their cleavage in the
cytoplasm was further supported by the confocal microscope imaging. The present
investigation studied the role of the hydrogen binding interaction in PCL based diblock
copolymers; however, this approach is not restricted only to the PCL design and in principle,
it may be applicable to wide range of other polymeric nano-scaffolds. The present
investigation clearly demonstrated that the introduction of secondary non-covalent forces
such as hydrogen bonding interaction is very good tool for programming the drug release

profiles from polymer scaffold for cancer therapy.
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Core-Shell Polymer Nanoparticles for Prevention of

GSH Drug Detoxification and Cisplatin Delivery

Platinum drug delivery against the detoxification of cytoplasmic thiols is urgently
required for achieving efficacy in breast cancer treatment that has over expression of
glutathione (GSH, thiol-oligopeptide). GSH resistant polymer-cisplatin core shell
nanoparticles were custom designed based on biodegradable carboxylic functional
polycaprolactone (PCL)-block- polyethylene glycol diblock copolymers. The core of
the nanoparticle was fixed as 100 carboxylic units and shell part was varied using
various molecular weight polyethylene glycol monomethyl ethers (MW of PEGs =100
to 5000 g/mol) as initiator in the ring opening polymerization. The complexation of
cisplatin aquo species with the diblocks produced core-shell nanoparticles of 75 nm
core with precise size control of the particles from 1 to 190 nm. The core-shell
nanoparticles were found to be stable in saline and PBS and they exhibited enhanced
stability with increase in the PEG shell at the periphery. The hydrophobic PCL layer
on the periphery of the cisplatin core has behaved as protecting layer against the
cytoplasmic thiol residues (GSH and cysteine) and exhibited < 5 % of drug
detoxification. In vitro drug release studies revealed that the core-shell nanoparticles
were ruptured upon exposure to lysosomal enzymes like esterase at the intracellular
compartments. Cytotoxicity studies were performed both in normal wild type mouse
embryonic fibroblasts (Wt-MEFs) cells, breast cancer (MCF 7) and cervical cancer
(HeLa) cell lines. Free cisplatin and polymer drug core-shell nanoparticles showed
similar cytotoxicity effect in the HeLa cells. In MCF 7 cells, the free cisplatin drug
exhibited 50 % cell death whereas complete cell death (100 %) was accomplished by
the polymer cisplatin core-shell nanoparticles. Confocal microscopic images
confirmed that the core-shell nanoparticles were taken up by the MCF 7 and HelLa
cells and they were accumulated both at the cytoplasm as well at peri-nuclear
environments. The present investigation lays a new foundation for polymer based
core-shell nanoparticles approach to overcome the detoxification in platinum drugs
for the treatment of GSH over-expressed breast cancer cells.
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4.1. Introduction

After the serendipitous discovery of cis-diamminedichloridoplatinum(ll) (CDDP, Cisplatin)
biological properties, cisplatin became one of the most widely employed anticancer drug as
the first level chemotherapeutic agent in breast, testicular, ovarian, head and neck and lung
cancers.”? This prodigious anti-tumour activity of cisplatin occurred as it becomes activated
intracellularly by the aquation of one of the two chloride ‘leaving’ groups, and subsequently
forming DNA adducts by covalently binding to N-7 position of the guanine (see figure 4.1).*
* This activates various signal-transduction pathways; for example, those involved in DNA-
damage recognition and repair, cell-cycle arrest, and programmed cell death/apoptosis.’
Unfortunately, the usage of cisplatin is hindered by its labile and non-specific activity, which
leads to the side effects such as nausea, vomiting, fatigue, neurotoxicity, ototoxicity and

nephrotoxicity.®
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Figure 4.1.Cisplatin and its mechanism of action (adapted from Kelland’s Nat. Rev. Cancer,
2007, 7, 573-584).

To overcome the patient compliance, several other platinum derivatives such as
oxaliplatin, picoplatin, carboplatin and satraplatin were also developed and approved by FDA
for clinical trials.”® One of the major obstacles in delivering the platinum drugs to cancer
tissues was identified as the detoxification by cytoplasmic thiol species such as glutathione
(GSH, an oligopeptide) at the intracellular compartments.”* Recent in vitro cell line studies
confirmed the over-expression of GSH in the breast cancer cells and their influence on the
cisplatin detoxification during the drug administration in cancers.** Further, platinum drugs
are also sensitive to ions (cations/anions) and proteins in blood plasma and they require
additional stability for intravenous administration.'®> Polymer based drug delivery approaches
are emerging as new trend to overcome the aforementioned limitation in the cisplatin drug

administration.
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Figure 4.2. Schematic representation of polymer based cisplatin conjugated nanoparticles.

The polymer-cisplatin drug conjugates have also additional advantages of the passive
selective accumulation at cancer tissues through enhanced permeability and retention (EPR)
effect (see figure 4.2).° PEGylated cisplatin liposomal formulation, lipoplatin is currently
tested for phase Il level trials (see figure 4.3).) PEGylated block copolymers of

poly(isobutylene-maleic acid)™® and polyacrylates'®**

are some of the important polymer
systems that were explored for cisplatin conjugation. In these cases, the aquo cisplatin
complex was conjugated with carboxylic acid functionality in the polymer backbone to

preserve the drug in the active form prior to drug delivery.
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Figure 4.3. Schematic representation of lipoplatin formation from phospholipid molecules in
water and clinically approved liposomal formulated lipoplatin (adapted from Boulikas and
co-workers J. of Drug Deliv.doi:10.1155/2012/581363).

Kataoka and co-workers used PEGylated-poly(L-glutamic acid) copolymers for
platinum conjugation and the resultant micellar drug conjugates were found to be effective in
suppressing the growth of solid tumours (see figure 4.4).>>%" As shown in figure 4.5 Ding et
al. prepared PEG based conjugated polyelectrolyte (CPE) cisplatin nanoparticles (CPE-PEG-
Pt) for simultaneous imaging and drug tracking in HepG2 cancer cells.?®
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Figure 4.4. Schematic representation of formation of metallosomes from PEG-b-PLGA block
copolymers and anti-tumor effect in mice model (adapted from Kataoka and co-workers. J.
Am. Chem. Soc. 2012, 134, 13172-13175).

Shell cross-linked Knedel-like nanoparticles were employed for cisplatin delivery and
these nanoparticles were found to exhibit significant antitumor activity.”® Folic acid-
conjugated platinum nanoparticles,®® PEGylated mesoporous silica nanoparticles,®
PEGylated PLGA with targeted peptides (see figure 4.5)** and graphenes,®*3* lipids®*® and
amphiphilic oligomer based micelles,®” cyclic tripeptides,®® and gold nanoparticles***° are
some of the other approaches developed for cisplatin delivery. Despite the above examples
investigated the importance of platinum drug delivery; the stability of the cisplatin drugs in
the polymer scaffolds against the detoxification by cytoplasmic thiol species such as GSH
was not addressed. Further, most of the above polymer scaffolds are non-biodegradable; thus,
the polymer-drug cleavage mechanism at the intracellular compartments is not clearly
understood. Hence, new efforts are required to develop polymer-cisplatin conjugates that are
resistant to detoxification against cytoplasmic thiols (like GSH) to accomplish efficient

treatment against breast cancers that are found to be overexpressed with GSH.

Enzyme cleavable polymer scaffolds are emerging as important approach for drug

administration exclusively at intracellular compartments.** We and other research

42-44 45-46

groups had earlier reported polysaccharide vesicles, amphiphilic dendrons and
block copolymer assemblies*” having enzyme-responsiveness for delivering anticancer
drug molecules such as doxorubicin and camptothecin.Polycaprolactone (PCL) is
important biodegradable aliphatic polyester that could be ruptured by lysosomal

enzymes like esterase at the intracellular compartments for drug delivery.*®
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Figure 4.5. Schematic illustration of the synthesis of Pt nanoparticles with polyfluorene (a)
(adapted from Nanoscale 2011, 3, 1997-2002), PLGA-COOH (b) (adapted from ACS NANO,
6, 2012, 4530-4539) and ibuprofen (adapted from Angew. Chem. Int. Ed. 2014, 53, 1963 —
1967).

Recently, was reported new PEG-b-carboxylic polycaprolactone as pH
responsive vesicular scaffolds for oral delivery of anticancer drugs under
gastrointestinal tract.*® Further, the preliminary attempts on this system revealed that
these copolymers were capable for cisplatin drug chemical conjugation.®® This has
provided new opportunity for us to develop biodegradable diblock copolymer
assemblies for cisplatin delivery to accomplish 100 % cell Kkilling in breast cancer
cells. The current design has three important components: (i) PEG chains for
hydrophilic shell size-control and also for enhancing solubility of the nanoparticles in
aqueous medium for drug administration, (ii) the carboxylic acid units anchored in the
PCL backbone for conjugating cisplatin aquo complex which constitutes the drug core,
and (iii) the hydrophobic PCL backbone act as protecting layer in between the shell
and core against the platinum drug detoxification by cytoplasmic thiols such as GSH.
Further, this design also has in-built enzyme-responsive PCL layer; thus, the drug-
polymer conjugate could be cleaved by lysosomalenzymes at the intracellular
compartments. This scaffold design for cisplatin delivery is shown in figure 4.6.

The present investigation is emphasised to develop new size-controllable and
biodegradable diblock copolymer nanoparticle assemblies that are capable of
achieving cisplatin complexation and also exhibited shielding towards the drug core
against detoxification by cytoplasmic thiols (GSH) in breast cancer cells (see figure
4.6).
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Figure 4.6. Core-shell polymer-cisplatin nanoparticle delivery to cancer cells (a). The
delivery of the drugs at the intracellular compartments and their resistance to detoxification
by cytoplasmic thiol species GSH (b). Diblock copolymer nano-drug design with variable
shell size and fixed drug core (c).

=15

ir Injectable - Biodegradable Cisplatin Nano-drug ‘

The PEG«-b-CPCL diblocks were designed in such as a way that the number of
carboxylic functional units are maintained same as ~ 100 units in all the blocks and the
PEG chains -(CH,CH,0)- were systematically varied from x = 3, 7, 17, 45 and 113 to
achieve size-controllable core-shell prodrug nanoparticles (see figure 4.6c). Cisplatin
drug was chemically conjugated at the central core through Pt-OOR-PCL linkages
which was protected at the periphery by the PEG-shells. This design enabled us to
retain the central core as 75.0 £ 5 nm and vary the size of the shell precisely up to 190
nm. The role of the PEG-shell on the drug stability [in saline, PBS and fetal bovine
serum (FBS)] and action against cytoplasmic thiol species like cysteine (amino acid
residue) and glutathione (GSH) were investigated in detail. At the intracellular
environment, the core-shell particle was cleaved by the esterase enzyme (present in the

lysosome) to release the active Pt-drug for cell death. Thus, the new core-shell
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polymer cisplatin nanoparticle design is both stable against detoxification for thiol-
residues as well as cleavable at the intracellular compartments by esterase to deliver
the cisplatin drugs. Cellular uptake and cytotoxicity of the core-shell nanoparticles
were studied in normal (Wt-MEFs) and cancer (HeLa and MCF 7) cell lines. It was
found that prodrugs showed selective and enhanced cytotoxicity exclusively in the
breast cancer cells compared to other cell lines.

4.2. EXPERIMENTAL METHODS

4.2.1 Materials: Triethylene glycol monomethyl ether (TEG), polyethylene glycol
monomethyl ether (here after referred as PEG) with molecular weight of 350, 750,
2000 and 5000, cisplatin, silver nitrate, ortho phenylene diammine (OPD), glutathione
(GSH) and esterase were purchased from Aldrich chemicals. TEG and PEGs were
dried under vacuum prior to use. Wild type mouse embryonic fibroblasts (Wt-MEFs),
Cervical cancer (Hela cells) and Human breast cancer cells (MCF7) were maintained
in DMEM (phenol red free medium: Gibco) containing 10% (v/v) fetal bovine 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 well or 6 well (as per experiment) flat bottomed
plastic plates (Costar) for all assays. Tetrazolium salt, 3-4, 5dimethylthiazol-
2,5diphenyltetrazolium bromide (MTT), DMSO, Hoechst and 4% paraformaldehyde
was obtained from Sigma. Fluoromount was obtained from Southern Biotech. All the
solvents like tetrahydrofuran (THF), dichloromethane (DCM), trifluoroacetic acid
(TFA) were purified and distilled prior to use. Monomer 3 was synthesised as

described in chapter 1.

4.2.2 Synthesis of PEG4-b-BPCL diblock polymers: The typical synthetic procedure
was elucidated for PEGsooo-b-BPCL; where, [Mo]/[lo] is kept as 100. The initiator
PEGs000 (193.8 mg, 0.0387 mmol), catalyst Sn(Oct), (7.8 mg, 0.0193 mmol) and the
substituted caprolactone monomer (1.0 g, 3.87 mmol) were taken in a flame-dried
Schlenk tube under nitrogen atmosphere. High vacuum was applied to this reaction
mixture for 45 min with stirring at room temperature. After achieving inert conditions
inside the tube, it was immersed in preheated oil bath at 130 °C. The polymerization
was continued for 6 h with constant stirring. The polymer mixture was cooled to room

temperature and precipitated in cold MeOH. The polymer was redissolved in THF and
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precipitated again in cold-methanol the process was repeated at least twice to obtain
pure polymer. Yield: 700 mg (70 %). "H-NMR (400 MHz, CDCI3) & ppm: 4.13 (s,
2H), 3.63 (s, 6.51 H), 3.43 (s, 1H), 3.38 (s, 1H), 2.44 (t, 2H), 2.35 (t, 2H), 1.93-1.81
(m, 2H), 1.81-1.67 (m, 4H), 1.44 (s, 9H, t-butyl). *C-NMR (100 MHz, CDCI3):
173.69,170.81, 80.77, 75.62, 70.66, 65.13, 61.47, 36.60, 33.04, 29.81, 28.86, and
28.22. FT-IR (cm™): 2973, 2931, 1727 (C=0 ester), 1457, 1364, 1251, 1156, 1156,
1100, 1062, 959, 900, 845, and 757. GPC molecular weights: M, = 18,400, M,, = 24
900, and M,,/M= 1.35.

A similar procedure was followed for the synthesis of other block copolymers
PEGx-b-BPCL where x = 3, 7, 17 and 45 which described below.
Synthesis of BPCL: CCL (1 g, 3.87 mmol), TEG (6.35 mg, 0.038 mmol) and Sn(Oct) , (7.7
mg, 0.019 mmol). Yield: 690 mg (69 %). *H NMR (400MHz, CDCls) & ppm: 4.15 (s, 2H),
3.64 (m, 2.1 H), 3.44 (m, 1H), 2.44 (t, 2H), 2.34 (t, 2H), 1.94 — 1.84 (m, 4H), 1.45 (s, 9H). :
FT-IR (cm™): 2974, 2931, 1726, 1457, 1364, 1256, 1156, 1100, 957, 846, 726 and 647. M,
(NMR) 23,400 g/mol; M, (GPC): 15,000 g/mol; M,, (GPC) =21,100 g/mol.PDI (GPC) = 1.40

Synthesis of PEGg3sp-b-BPCL: CCL (1 g, 3.87 mmol), mPEGgso (13.5 mg, 0.038 mmol) and
Sn(Oct) ; (7.7 mg, 0.019 mmol). Yield: 760 mg (76 %). *"H NMR (400MHz, CDCls) & ppm:
4.14 (s, 2H), 3.64 (m, 2.3H), 3.45 (m, 1H), 2.44 (t, 2H), 2.34 (t, 2H), 1.93 — 1.81 (m, 4H),
1.45 (s, 9H). : FT-IR (cm™): 2973, 2931, 1726, 1457, 1364, 1251, 1156, 1099, 957, 846, 720
and 647. M, (NMR) 23,800 g/mol; M, (GPC): 16,300 g/mol; M, (GPC) =20,000 g/mol. PDI
(GPC) =1.22.

Synthesis of PEG7sp-b-BPCL: CCL (1 g, 3.87 mmol), mMPEGs, (28.5 mg, 0.038 mmol) and
Sn(Oct) ; (7.7 mg, 0.019 mmol).Yield: 740 mg (74 %).*H NMR (400MHz, CDCls) &
ppm:4.14 (s, 2H), 3.64 (m, 2.7 H), 3.45 (m, 1H), 2.44 (t, 2H), 2.34 (t, 2H), 1.93 — 1.81 (m,
4H), 1.45 (s, 9H): FT-IR (cm™): 2973, 2931, 1726, 1457, 1364, 1251, 1156, 1099, 957, 846,
720 and 647. M, (NMR) = 25,300 g/mol; M, (GPC) = 16,700 g/mol; M,, (GPC) = 20,200
g/mol. PDI (GPC) = 1.20.

Synthesis of PEG2p0-b-BPCL: CCL (1 g, 3.87 mmol), PEGz0 (76 mg, 0.038 mmol) and
Sn(Oct) ; (7.7 mg, 0.019 mmol).Yield: 700 mg (70 %).*H NMR (400MHz, CDCls) &
ppm:4.14 (s, 2H), 3.64 (m, 3.8 H), 3.46 (m, 1H), 2.44 (t, 2H), 2.34 (t, 2H), 1.93 — 1.84 (m,
4H), 1.45 (s, 9H). : FT-IR (cm™): 2973, 2931, 1726, 1457, 1364, 1251, 1156, 1099, 957,
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846, 720 and 647. M, (NMR) 26,200 g/mol; M, (GPC): 22,400 g/mol; M, (GPC) =22,400
g/mol. PDI (GPC) = 1.31.

4.2.3 Synthesis of PEG«-b-CPCL diblock polymers: Trifluoroacetic acid (0.2 mL)
was added slowly into PEGsgp-b-BPCL (200 mg) in dry DCM (5.0 mL), and the
polymer solution was stirred at 25 °C for 30 min. The solvent was evaporated and the
polymer was redissolved in THF and precipitated in cold methanol. The purification
was repeated at least twice to get pure polymer. *H-NMR (400 MHz, CDCls) &: 4.14
(t, 2H, CH,0H), 3.84-3.64 (m, 3.7 H, PEG and OCHy), 3.57 (m, 1H, OCH), 2.56 (t,
2H, CH,COOH), 2.38 (t, 2H, COCH,), 1.99-1.67 (m, 4H, —OCH (CH,),). **C-NMR
(100 MHz, CDCI3):173.68, 170.86, 80.72, 75.58, 70.72, 65.13, 61.50, 36.60, 33.14,
29.81, and 28.22. FT-IR (cm_l): 3447, 2932, 2450, 1711 (C=0), 1365, 1257, 1175,
1099, 1063, and 960.

Synthesis of CPCL: Trifluoroacetic acid (0.2 mL), BPCL (200 mg) and DCM (5.0 mL). *H
NMR (400MHz, CDCl3) &: 4.14 (t, 2H), 3.84- 3.64 (m 2.1 H), 3.57 (m, 1H), 2.54 (t, 2H),
2.36 (t, 2H), 1.99 — 1.67 (m, 4H). FT-IR (cm™): 3450, 2880, 1720, 1352, 1252, 1180, 1092,
948, 917, 841 and 730. M, (NMR) 18,300 g/mol; M, (GPC): 9,000 g/mol; PDI (GPC) = 1.30.

Synthesis of PEG3s0-b-CPCL: Trifluoroacetic acid (0.2 mL), PEG3s0-b-BPCL (200 mg) and
DCM (5.0 mL). *H-NMR (400MHz, CDCls) &: 4.14 (t, 2H), 3.64 (m 2.28H), 3.57 (m, 1H),
2.56 (t, 2H), 2.38 (t, 2H), 1.99 — 1.67 (m, 4H). FT-IR (cm™): 3450, 2880, 1749, 1352, 1252,
1180, 1092, 948, 917, 841 and 730. M, (NMR) 18,700 g/mol; M, (GPC): 11,000 g/mol; PDI
(GPC) =1.24.

Synthesis of PEG750-b-CPCL: Trifluoroacetic acid (0.2 mL), PEGyso-b-BPCL (200 mg) and
DCM (5.0 mL). *H -NMR (400MHz, CDCl3) &: 4.14 (t, 2H), 3.74- 3.64 (m 2.7 H), 3.57 (m,
1H), 2.56 (t, 2H), 2.38 (t, 2H), 1.99 — 1.67 (m, 4H). FT-IR (cm™): 3450, 2880, 1749, 1352,
1252, 1180, 1092, 948, 917, 841 and 730. M, (NMR) 19,900 g/mol; M, (GPC): 12,200
g/mol; PDI (GPC) = 1.19.

Synthesis of PEG0-b-CPCL.: Trifluoroacetic acid (0.2 mL), PEGgp-b-BPCL (200 mg)
and DCM (5.0 mL). *HNMR (400MHz, CDCls) 8: 4.14 (t, 2H), 3.74- 3.64 (m 3.9 H), 3.57
(m, 1H), 2.56 (t, 2H), 2.38 (t, 2H), 1.99 — 1.67 (m, 4H). FT-IR (cm™): 3450, 2880, 1749,
1352, 1252, 1180, 1092, 948, 917, 841 and 730. M, (NMR) 21,000 g/mol; M, (GPC): 12,700
g/mol; PDI (GPC) = 1.18.
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4.2.4 Preparation of Aquated Cisplatin [Pt(NH3)2(OHy),]**: Cisplatin (50 mg, 166
mmol, 1 equiv.) was dispersed in H,O (50.0 mL) with constant stirring at 37°C. To
this mixture, silver nitrate (56.4 mg, 332 mmol, 2 equiv.) was added and the resulting
reaction mixture was stirred for 24 h in dark conditions. Formation of aquated cisplatin
complex was confirmed by milky white silver chloride precipitation. Silver chloride
was removed by centrifuging at 10,000 rpm for 1 h. Finally, the aquated cisplatin was
obtained by filtration through 0.2 um filter. The sample was lyophilized and stored at
4°C.

4.2.5 Synthesis of the Polymer-cisplatin Conjugate: A typical procedure for
preparation of PEGsppo-b-CPCL-CP explained in detail. PEGso-b-CPCL diblock
polymer (20.0 mg) was dissolved in NaOH (2 mL, 1 mg.mL™) and solution was
stirred at 37°C for 30 min. Aquated cisplatin (16.4 mg, 55 mmol, the lyophilized
sample) was added to the above polymer solution and the complex was stirred for 24 h
at 37°C. The solution was transferred to a dialysis bag of molecular weight cut-off
(MWCO = 1000) and dialyzed against large amount of distilled water for 2 days.
Distilled water was replaced periodically to ensure the removal of un-encapsulated
molecules from the dialysis tube. The solution recovered from dialysis tube was
filtered through 0.45 pm filter, lyophilised and stored at 4°C. FT-IR (cm™): 3300,
2920, 2880, 1660, 1560, 1395, 1360, 1090, 1050, 930, 830 and 548.

Similar procedure was used for making cisplatin complexes of copolymers and
the details are given below.
Synthesis of CPCL-CP: CPCL (20 mg), NaOH (2 mL, 1 mg.mL™) and aquated cisplatin
(16.4 mg, 55 mmol). FTIR (cm™): 3290, 2929, 2880, 1660, 1560, 1395, 1360, 1090, 1050,
930, 830 and 545.

Synthesis of PEG3sp-b-CPCL-CP: PEG3s0-b-CPCL (20 mg), NaOH (2 mL, 1 mg.mL™) and
aquated cisplatin (16.4 mg, 55 mmol). FTIR (cm™): 3300, 2920, 2880, 1660, 1560, 1395,
1360, 1090, 1050, 930, 830 and 549.

Synthesis of PEG750-b-CPCL-CP: PEGys0-b-CPCL (20 mg), NaOH (2 mL, 1 mg.mL ™) and
aquated cisplatin (16.4 mg, 55 mmol). FTIR (cm™): 3300, 2950, 2880, 1660, 1565, 1395,
1350, 1090, 1050, 940, 830 and 548
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Synthesis of PEG000-b-CPCL-CP: PEGag0-b-CPCL (20 mg), NaOH (2 mL, 1 mg.mL™)
and aquated cisplatin (16.4 mg, 55 mmol). FTIR (cm™): 3250, 2920, 2880, 1660, 1560, 1399,
1360, 1090, 1050, 935, 830 and 548.

4.2.6 In Vitro Drug Release Studies: Cisplatin loaded nanoparticles were taken in a
dialysis bag (in 3 mL), and they were immersed in a 100 mL beaker and dialyzed at 37
°C with constant stirring. Various dialysis conditions like saline, PBS and FBS were
employed for these studies. At specific time intervals, 3.0 mL of the dialysate was
withdrawn and replaced with an equal volume of fresh buffer (or FBS). The amount of
molecule (or drug) released in each aliquot was measured using absorption
spectroscopy using ortho phenylene diammine (OPD) assay to quantify their
percentage of cumulative release. For esterase aided release studies 10 units of enzyme

was used, following the above mentioned procedure.

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.

4.2.7 O-phenylenediamine (OPD) Colorimetric Assay: Samples with unknown
cisplatin (Pt) content were added to 0.5 mL of OPD solution in N,N-
dimethylformamide (DMF) (1.2 mg.mL™) and heated for 2 h at 100°C. The amount of
Pt present in the sample was determined by measuring the absorbance at 706 nm
(absorbance maxima of OPD-Pt complex). Molar extinction coefficient calculated for
OPD-Pt as 24,310 L.molt.cm™. The concentration of Pt released from the drug-
conjugate was expressed as a ratio of the amount of platinum in the releasing solution

from the polymer backbone.

The drug loading efficiency (DLE) and drug loading content (DLC) were
determined by absorption spectroscopy using OPD colorimetric assay from the

following equation:
DLE (%) = {weight of drug in NPs / weight of drug in feed} x 100%
DLC (%) = {weight of drug in NPs / weight of drug loaded NPs} x 100%.%*°

4.2.8 Preparation of Nile Red-encapsulated Pt-coordinated complex: Nile Red was
loaded (co-encapsulated) with cisplatin into diblock polymers, by adding an acetone
solution of Nile Red (20 puL., 1 mM) and aquo solution of cisplatin (13 mM) to the

polymer solution in water (5mL, 1 mg/mL), and then stirred for overnight. In order to
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completely remove acetone, free Nile Red and free cisplatin the solution was dialyzed
against water for 16 h at room temperature with a MWCO of 1000. After dialysis
solution was filtered through 0.4 um filter, lyophilised and stored at 4°C.

4.2.9 Cell Viability Assay (MTT Assay): To perceive the effect of Cisplatin (CP),
drug loaded scaffolds and polymers alone, a cell viability assay was performed in WT-
MEF cell line, HeLa cell line and MCF 7 using the tetrazolium salt, 3-4, 5
dimethylthiazol-2, 5-diphenyl tetrazolium bromide (MTT). 1000 cells were seeded per
well in a 96-well plate (Corning, U.S.A.) in 100 uL. of DMEM with 10% FBS (fetal
bovine serum) and allowed to adhere for 16 h. Prior to drug treatment, media from
cells was aspirated and various concentrations of CP and scaffolds with encapsulated
CP were feeded. A blank control, DMEM with FBS in the absence of cells was used in
each experiment. All control and treated experiment wells were in triplicate. Cells
were incubated for 72 h without a change in medium. After 72 h, drug containing
medium was aspirated. Freshly prepared stock 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 wells and the purple formazan crystals formed as a result of reduction of MTT by
mitochondrial dehydrogenase enzyme from cells were dissolved in 100 pL of 100 %
DMSO (added per well). The absorbance from formazan crystals was immediately
measured using micro plate reader at 570 nm (Varioskan Flash) and was representative
of the number of viable cells per well. VValues from the triplicates for each control and
treated set were noted and their mean was used for calculations. The values thus
obtained for the untreated control samples were equated to 100 % and relative
percentage values for CP, scaffold alone and CP loaded nanoparticles were calculated
accordingly. To mimic in vivo conditions short time MTT assay was studied. Wherein
MCEF 7 cells were seeded in 96 well plates with 1x10° cells per well for 16 h. Later the
media was removed and treated with various concentrations of cisplatin and polymer-
cisplatin conjugates. The compounds were incubated with cells for different time
intervals of 1, 2, 3 and 4 h separately. After incubation, the media was aspirated and
fresh media was added. These cells were then incubated for additional 72 h. After

termination of experiment, cell viability was determined using MTT assay.

4.2.10 Cellular Uptake of PEG-b-BPCL-CP-NR by Confocal microscopy: HelLa
cells were seeded at a density of 1x10° cells on flame-dried cover slips placed in 6
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well plates containing DMEM medium with 10 % FBS and incubated at 37 °C for 16
h. The cells were then exposed to required concentration of cisplatin alone, polymer
scaffold alone, and NR loaded cisplatin-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 (2 x 1mL) and fixed with 4%
paraformaldehyde solution in PBS for 10 min at room temperature. The cells were
washed twice with PBS (2 x 1mL) and stained with Hoechst solution in PBS. After 2
min incubation, at room temperature, in the dark, the excess dye was washed from the
plate and cells were again gently rinsed with PBS for 1 min. The cover slips were
mounted on slides using fluoromount mounting medium (SouthernBiotech) and dried
overnight at room temperature in the dark. The cells were imaged using a confocal
microscope using the A 420 nm (blue channel) and A 560 nm (red channel) lasers.
Images thus obtained were opened in the Image J analysis software and the image for
each channel was separated.
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4.3. Results and Discussion
4.3.1 Synthesis of Block Copolymer-Cisplatin Prodrug

The t-butyl carboxylic ester substituted caprolactone monomer (named CCL) was
prepared from 1, 4-cyclohexanediol through multi-step reactions (detail procedure
discussed in chapter 2). Diblock copolymers having variable polyethylene glycol chain
length with fixed carboxylic polycaprolactone units were synthesized as shown in
scheme 4.1. The PEG content in each block was varied using monomethyl ether end-
capped oligo ethylene glycol CH3(OCH,CH,)OH (x = 3, 8, 17, 45 and 113) as
initiator for the ring opening polymerization (ROP). For this purpose, monomethyl
ethers of triethyleneglycol, PEG-350, PEG-750, PEG-2000 and PEG-5000 were

employed as initiators along with Sn(Oct), as a catalyst.
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Scheme 4.1.Synthetic scheme for diblock polymers and their cisplatin aquo complex.

The monomer CCL to initiator ratio was maintained as [M]/[I] = 100 and a
solvent free bulk (or melt) ROP process was developed to produce these block
copolymers in high purity for biomedical applications. The resultant diblock
copolymers are named as PEGx-b-BPCL, where x represents PEG chains (MW = 350,
750, 2000 and 5000), B-represents t-butyl ester. The triethyleneglycol monomethyl
ether (TEG-OMe) initiated polymers referred as BPCL.
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Figure 4.7.*H-NMR spectra of PEGsggo-b-BPCL1go (2) and other block copolymers (b),

'H-NMR spectra of representative diblocks PEG-b-BPCL (B = Butyl
protected) are shown in figure 4.7. The chemical structure of PEGsgo-b-BPCL diblock
copolymer is given and the different proton are assigned by alphabets (see figure 4.7).
The protons ‘b’ in the carboxylic CCL unit merged with protons ‘a’ in the PEG. The
intensities of protons ‘c’ in the PCL backbone appeared at 4.15 ppm. Thus, the
subtraction of peak intensities [(a+b) — c] provided the actual number of protons ‘a’.
The comparison of peak integrals of a (protons at 3.65-3.68 ppm) with protons c (at
4.15 ppm) or t-butyl protons ‘g’ ( at 1.44 ppm) provided the number average degree of
polymerization (n) for the PCL backbone in the diblock structure. A similar approach
was adapted and the “n” values were determined for all the diblocks polymers. The
number average molecular weights (M;) were estimated (M, = n X repeating unit
mass) and these values are summarized in table 4.1. As seen in figure 4.7 with increase
in the PEG content in the diblocks, the peak at 3.64 ppm corresponding to
(OCH,CHy)y increased in the diblock copolymers.
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The molecular weights of the polymers were determined by gel permeation
chromatography in tetrahydrofuran. The GPC chromatograms of block copolymers
before (PEG-b-BPCL) deprotection are provided in figure 4.8a. The chromatograms
showed monomodal distribution and confirmed the formation of high molecular weight
polymers. The M,, M,, and polydispersity of polymers are given table 4.1. The
molecular weights of the polymers increased with the PEGy chain length in the feed.
The GPC technique underestimated the molecular weights of the diblocks compared to
'"H-NMR.

1.2 1.2
= ——BPCL —CPCL
B ——PEGy5)b-BRCL = —PEG,,-b-CPCL
= N =1} _ 5
D gol ——PEGyBRCL Z 094 PEG, -5-CPCL
g - 5 ——PEG,_-b-CPCL
= ——PEGn-b-BPCL 2 2000
-] PEG.- BBPCL = ——PEG,, -5-CPCL
3 500072 =
= 0.64 o 0.6+
= N
[=] =
Z 03 £ 03

z
0.0 y ] 0.0 4@ ‘
15 13 21 15 o8 . 21
Elution time (min) Elution time (min)

1.2 ——1h——2h —_ (d) )
o ——3h——4h = 251 14
= ——5h—6h = NMR
= 0o ——7h—sh £ 20 B
2 —0h en . 3 2
= “ 154 —
3 o GPC zs
N 0.6 — < )
= Increase = 10 rd
= In molecular weight /§/ = i
S 03 g = 54 1
z ;r'

0.0 2 0 100 200 300 400

21 Time (min)

18 . .
Elution time (min)

Figure 4.8.GPC chromatograms ofPEG,-b-BPCL (a), PEGx-b-CPCL (b) The GPC
chromatogram of polymerization kinetics of PEG2g0-b-BPCL where the aliquots were taken
at different time intervals (c) and the plots of M, and PDI against polymerization time (d).

This trend was attributed to the usage of polystyrene standards for GPC
calibration. To study the controlled (or livingness) ROP of CCL monomer; the kinetic
polymerization was performed for PEG2000-b-BPCL diblock copolymer and aliquots
were collected at regular interval. The molecular weights of these aliquots were
determined by GPC and *H-NMR. The GPC chromatograms of these aliquots were
plotted together and represented in figure 4.8c, which showed the gradual increase in
molecular weight with time. The plots of M, (from NMR and GPC) and polydispersity
(PDI, from GPC) versus the reaction time are shown in see figure 4.8d. The plots for
M, followed linear trend over reaction time confirming the occurrence of the
controlled process with respected to living ROP process. The polydispersity (My/M;)
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of the samples were obtained as ~ 1.4 indicating the formation of narrow molecular

weight diblock copolymers.

The t-butyl ester of carboxylic functional group was hydrolysed by
trifluoroacetic acid to yield their corresponding carboxylic acid diblock copolymer
PEGx-b-CPCL (see scheme 4.1, where C represents carboxylic acid). The hydrolysis
of the t-butyl units was confirmed by *H-NMR and their spectra are similar to the
figure 2.6 in chapter 2. The molecular weights of these de-protected diblocks were
determined by GPC and their details are given in figure 4.8b and table 4.1. This data
of PEGy«-b-CPCL diblocks revealed that the molecular weights were not affected by
the de-protection step. Based on the above analysis, we can conclude that the diblock
copolymers with variable PEG chain the solvent free ROP process of new CCL

monomer.

Table 4.1. Molecular weights and molecular weight distribution of PEG4-b-BPCL and PEGy-
b-CPCL diblock polymers.

Polymer n? M,’ M,* M,* M, /M, ¢
(NMR) (g/mol, NMR) | (g/mol, GPC) | (g/mol, GPC)| (GPC)
BPCL 90 23,400 15,000 21,100 1.40
PEG;5,-b-BPCL 91 23,800 16,300 20,000 122
PEG,5,-b-BPCL 95 25,300 16,700 20,200 1.20
PEG,,-b-BPCL 94 26,200 17,000 22,400 131
PEG;,-b-BPCL 100 35,800 19,100 23,700 1.24
CPCL 90 18,300 9,000 11,700 1.30
PEG;5,-b-CPCL 91 18,700 11,000 13,700 1.24
PEG5,-b-CPCL 95 19,900 12,200 14,600 1.19
PEG,,-b-CPCL 94 21,000 12,700 15,100 1.18
PEG;;,-b-CPCL 89 23,000 13,100 22,200 1.69

4 Number of repeating units are determined by *H-NMR. ® M, was calculated based on
M, = (repeating unit mass) x n. © Molecular weights and PDI determined by GPC using
polystyrene as standard in THF
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4.3.2. Cisplatin Chelation with Polymers

The cis-diamminediaquaplatinum (1) complex was made by cisplatin and
AgNO;zin milli Q water and the resultant AgCI precipitate was removed by filtration.?*
The cisplatin aguo complex was reacted with sodium salts of PEG,-b-CPCL diblocks
in deionised water for 24 h under dark (see scheme 4.2). The cisplatin aquo complex
to diblock copolymer ratio was maintained as 1.0:1.1 (in mole ratio) to achieve
complete chelation in the polymer. The resultant polymer-cisplatin complexes were
filtered through 0.45 um filters and dialyzed for 48 h to remove un-reacted cisplatin
aquo complex. The dialyzed solutions were lyophilized to yield dark brown coloured

polymer-cisplatin drug conjugates.

Diblock Copolymers
o )
O O
n - >
@] n =100 = {_\_M “.)Q\'
- o~
PEG,-b-CPCL O'Na’ {3—(\‘:
¥ v
x = 160, 350, 750, 2000 and 5000 O ﬁ\(?’_\"\_\ ol
* T AP
HaN_ NH3 Ll O RN
Pt | 2noy T D,
H,O" OH, ’ = ~
Cisplatin aqua complex Cisplatin-Polymer Core-Shell

Scheme 4.2.Cisplatin complexation with sodiated diblock copolyme;s.

The formation of polymer cisplatin conjugate was confirmed by FT-IR
technique (see figure 4.9). The carbonyl (—C=0) stretching frequency appeared as
distinct band at 1720 cm™ in nascent polymer which disappeared upon complexation.
A new band appeared at 1560 cm™* with respect to (Pt-O—C=0) stretching frequency
of the metal carboxylate functional group.>*? Additionally, a distinct peak at 550 cm
corresponding to Pt—O (metal alkoxide) bond stretching was clearly visible in the

drug-polymer conjugate. >*°?
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Figure 4.9. FT-IR spectra of PEG,g00-b-CPCL and PEG;gg0-b-CPCL-CP.

Thermal gravimetric analysis (TGA) was used to estimate drug loading content
of cisplatin in the polymer drug conjugates. The TGA plots for polymer-drug
conjugates, diblock polymers and free cisplatin are shown in figure 4.10a. Briefly,
these calculations were elucidated for PEGsggo-b-CPCL-CP. The decomposition of the
polymer started at 260 °C and it completely degraded at 500 °C. Cisplatin (alone)
underwent stepwise decomposition and showed 60 % weight loss below 400 °C and
platinum content remain unchanged up to 800°C. The diblock copolymers exhibited
single-step decomposition at 300 °C. In contrast, the cisplatin-polymer conjugate
showed different decomposition profiles: (i) below 380 °C with respect to the ligands
attached to cisplatin (ii) from 380 to 580 °C with respect to the degradation of PEG-b-
CPCL block and (iii) the residual platinum metal above at 600 °C.
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Figure 4.10. TGA plots of free cisplatin, diblock polymers and their cisplatin conjugates (a).
The plot of DLC against number of EG units (b).

The drug conjugation efficiency (DCE) was estimated by following the procedure

reported by Xu et al.>®

DCE = mPtexp/mPttheo X 100% = (WPt/MPt)/ (Wac|d/2Mac|d) X 100%

where, mPteo is the theoretical molar amount of Pt; mPte, is the experimental molar
amount of Pt; Wp, is the weight percent of Pt measured by TGA; Mg is the molecular
weight of Pt; W,ciq is the weight percent of acid repeating unit calculated by TGA data
and Mg is the molecular weight of acid repeating unit. Based on this equation, the
DCE was obtained and the drug loading content (DLC) of drug-conjugates was
calculated. The detailed calculations (see below) and DLC for all the polymer
scaffolds are tabled in table 4.2. The plot of drug loading content for polymer-cisplatin
conjugate for various PEG4-b-CPCL diblocks (see figure 4.10b) revealed that the DLC
was retained as 35 % in all the samples. This further confirmed that all the carboxylic
units in the diblock polymer were involved in complexation with cisplatin aquo
complex irrespective of the PEGylated chain length. The DLC values from TGA are in

good coherent with OPD assay UV values (explained later).
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Calculation of Drug Loading Content(DLC) for PEGsg-b-CPCL-CP was described
below following the report by Xu et al. (Chem. Commun. 2013, 49, 33-35):

Mpy-exg
f= ) 100% = Wy X 100%

Mpy-th

Waci
d/1\/Iacid X 2

= 20-2/14s X 100%

79.8 ~ {[(20.2x34.6)/65.4] x (20200/25200)} /
404

f= 757%
Calculation of Drug Loading Content (DLC):

initial feed X 75.7 %
DLC = . X 100 %

polymer amount + (initial feed x 75.7%)

15 X 75.7%

= 0t as <o < 100

DLC = 36%

For remaining polymer-drug conjugates DLC was calculated in similar way and tabled

below.

Table 4.2: DLC determination using TGA and table shows the determined DLC using TGA
and UV (using OPD assay) techniques.

S.No Polymer drug DLC DLC
conjugates (TGA) (UV)

1 CPCL-CP 28 % 25 %

2 PEG;5,-b-CPCL-CP 30 % 28 %
3 PEG5,-b-CPCL-CP 31 % 34 %
4 PEG4y-b-CPCL-CP 31 % 27 %
5 PEG s99p-b-CPCL-CP 36 % 39 %
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4.3.3 Size and Shape of Polymer-Cisplatin Prodrug

To study the self-assembled structures of polymer-drug conjugates, the samples
were dispersed in water and subjected to dynamic light scattering (DLS) analysis. The
DLS histograms of polymer-drug conjugates for various PEGx-b-CPCL diblocks are
shown in figures 4.11a to 4.11le. AIll histograms showed uniform monomodal
distribution and the sizes of self-assembled objects were found to increase with PEG
content in the diblocks. The smallest conjugate CPCL-CP (with triethylene glycol
hydrophilic unit) showed the formation of 70 = 5 nm size assemblies. With increase in
the EG unit, the size of the aggregates in DLS increased up to 190 = 5 nm (see figure
4.11k). Field emission scanning electron microscopy (FESEM) images of these
polymer-cisplatin conjugates are shown in figures 4.11f to 4.11j. FESEM images
exhibited the formation of the spherical nano-particular morphologies. The sizes of
nanoparticles in FE-SEM images are in very good agreement with the DLS size of the

samples in water (see figure 4.11k).
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Size (m)
Figure 4.11. DLS histograms of CPCL-CP (a), PEG3s50-b-CPCL-CP (b), PEG750-b-CPCL-
CP(c), PEG2000-b-CPCL-CP (d) and PEGsggo-b-CPCL-CP (e). FESEM images of CPCL-
CP(f), PEGg5o-b-CPCL-CP(g), PEG750-b-CPCL-CP(h), PEGzooo-b-CPCL-CP(i) and PEGsgg0-
b-CPCL-CP (j). Pictorial representation of core-shell nanoparticles (k).
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A core-shell nanoparticle model is proposed for the increase in the polymer-drug
conjugated nanoparticle size with number of ethylene glycol units in the diblocks as
represented in figure 4.12a. The core of the nanoparticles are retained same and the
hydrophilic shell varied by the increase in the PEG chains. This was accomplished since all
the diblocks in PEGx-b-CPCL have same number of carboxylic units (100 units and they have
identical DLC, see table 4.2 and figure 4.10b) for cisplatin conjugation. This model is further
validated by plotting the size of the nanoparticles obtained from DLS and FESEM against the
number of ethylene glycol units on the periphery (see figures 4.12b and 4.12c). These plots
showed a linear trend with an intercept of 70 nm and slops of 1.06 and 1.01, for DLS and FE-
SEM images respectively. The intercept value of 70 nm is corresponding to the core of the
nanoparticles in CPCL-CP.
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Figure 4.12. Schematic representation of nanoparticles (a). The plots of nanoparticle
size from DLS (b) and FESEM (c) against number of ethylene glycol units in the
diblocks.

Thus, 70 nm is assigned to the core of all the nanoparticles since they have
same number of COOH units and cisplatin content (evident from figure 4.10b). The
increase in the nanoparticle size more than 70 nm was attributed to the increase in the
ethylene glycol units on the periphery of the nanoparticles. The slopes of the plots in
figure 4.12b and 4.12c were obtained as ~ 1.0, which further supported the linear
increase in core shell nanoparticle with increase in the (OCH,CH;) units at the
periphery.
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The core shell nanoparticles were subjected to atomic force microscopy (AFM)
and high-resolution transmission electron microscope (HR-TEM) analysis. The HR-
TEM images of PEG-b-CPCL-CP are shown in figures 4.13a and 4.13b. The
nanoparticles appeared as spherical objects having a dark contrast at the hydrophobic
core filled with platinum metal. In fig 4.13b, the lattice fringes were observed and the
space between two subsequent fringes was obtained as 0.23 nm as reported in
literature.”® AFM analysis was carried out for two conjugates (CPCL-CP and PEG.go-
b-CPCL-CP) and their images are shown in figures 4.13c and d respectively. The
AFM image of CPCL-CP confirmed the existence of the nanoparticle of size 75 + 10
nm and PEGyg-b-CPCL-CP showed the formation of 150 + 10 nm nanoparticles.
Thus, both AFM and HR-TEM analysis support the observation of spherical core-shell
nanoparticle morphology by FESEM (also DLS).
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4.3.4 Core-shell Nanoparticle stability in Saline, PBS and FBS

To study the effect of the PEG shell on stability of nanoparticle and cisplatin
release from nanoparticle core; the release studies were carried out under various in
vitro conditions. The stability of the core-shell nanoparticles were investigated in
milli-Q water (pH=6.8), saline (pH = 7.2), PBS (pH = 7.4) and FBS (pH= 7.2) and the
results are shown in figure 4.15. Earlier it had been reported that the cisplatin prodrugs
were susceptible to cleave in the presence of chloride ions.To test the role of PEG-
shell on the de-chelation, two polymer-cisplatin drug conjugates CPCL-CP and
PEGs000-b-CPCL-CP were chosen and subjected to release studies in saline and water.
For this purpose, typically, the polymer-cisplatin conjugates were dialyzed at 37°C in
the respective media (saline or water) in a semi-permeable membrane having MWCO
= 1000.
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Figure 4.14. OPD assay for the determination of cisplatin content in dialysis method.

The amount of cisplatin released in the media was quantified using o-
phenylenediamine (OPD) colorimetric assay and the details are given in figure 4.14.

The cumulative release was calculated as follows:

Cumulative release (%) = C,*V, / m*100% where C, is the amount of loaded

cargo in the n™ sample, V, is the total volume and m is total amount loaded in prodrug.

The cumulative cisplatin release patterns of CPCL-CP and PEGsggo-b-CPCL-
CP in milli Q water are shown in figure 4.15a. The nanoparticles showed < 10 %

cisplatin release in milli Q water. This suggested that the polymer-cisplatin
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nanoparticles were stable and they could be stored in milli Q water. The drug release
in saline showed difference in the release profiles with respect to the size of the PEG
shell. The CPCL-CP nanoparticle did not have PEG shell protection; as a result, the
chloride ions present in the saline (0.9 %), cleaved the cisplatin core easily and
released the entire drug. Interestingly, the PEG shell protection in PEGsgg0-b-CPCL-
CP (see figure 4.15a) controlled the CI" attack on the cisplatin core; thus, only 50 % of
the drugs got released immediately. The remaining 50 % of the drugs were bound to

the polymer and retained against leaching for a prolonged period > 48 h.
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Figure 4.15.Cumulative release of cisplatin from nanoparticles in saline and water (a), in

PBS (b) and in FBS (c) at 37 <. The possible cleavage mechanism for the drug release from
CPCL-CP (d) and PEGsggo-b-CPCL-CP (e).

The stability of the polymer-cisplatin drug nanoparticle in phosphate saline
buffers (PBS) is shown in figure 4.15b. The phosphate ions PO,* in PBS was capable
of dechelating the polymer-cisplatin drug.>* In CPCL-CP nanoparticle (without any
PEG shell protection) showed > 85 % of cisplatin leaching. The PEG shell protection
in PEG«-b-CPCL-CP nanoparticles avoided the leaching in saline (figure 4.15a). The
drug release trend in PBS was found to almost similar to that of saline. Interestingly,
in FBS (Fetal bovine serum, pH= 7.2) the polymer-cisplatin nanoparticles showed
significant enhancement in stability compared to PBS (also in saline). The
nanoparticle without PEG shell (CPCL-CP) showed < 20 % leaching. Whereas, the
PEG shell protected nanoparticle (PEGso00b-CPCL-CP) was found to be very stable

(< 10 % leaching in FBS). The schematic representation of breakage of the polymer
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core-shell nanoparticle in saline, PBS and FBS with respect to PEG shell protection
are shown in figure 4.15d and 4.15e. The PEG shell protection was found to be very
crucial factor for stabilizing the cisplatin drug conjugates for intravenous
administration. The PEG shell enhanced the solubility of the core-shell nanoparticles
against anions such as CI” and PO,* etc. Further, the enhanced stability in FBS was an
added advantage for the intravenous delivery of these nanoparticle systems. This
results support that once the polymer-drug conjugate enter into the blood stream; they
could be very stable against proteins and other biological species present in the serum
(as shown in hand model figure 4.6a for intravenous administration). Thus, based on
above results the polymer-cisplatin nanoparticles can be stored in milli Q water and
can be used for direct administration into the blood stream for maximizing the

efficacies in cancer treatment.

4.3.5 GSH Resistance and Enzyme-responsive cleavage

Sulphur containing biological species such as cysteine (amino acid residues)
and oligopeptides like glutathione (GSH) were reported to be detoxifying for cisplatin
drugs in cancer therapy.'® Reactions of the GSH and cysteine with cisplatin were
known to produce S-Pt bond that could be monitored by absorption spectroscopy.®® To
study the stability of the core-shell nanoparticles against cytoplasmic thiol residues,
several model release studies were performed. The reactions were carried out in dark
at 37 °C in 0.1 mM Tris-HCI buffer containing 4.6 mM NaCl at pH 7.4. The UV-Vis
absorbance spectra for reaction product of free cisplatin with GSH are shown in figure
4.16a. Cisplatin reaction with GSH produced new absorbance peak at 260 nm which
was assigned to the formation of Pt-S bond (see figure 4.16a).”° Interestingly, the
reaction product of GSH with PEGx-b-CPCL-CP core-shell nanoparticles did not show
any new peak for Pt-S bond (see figure 4.16b). Similar results were also observed for
the reaction with cysteine, the S-containing amino acid. The absorbance was plotted
against time for GSH and cysteine action on free cisplatin and two polymer
nanoparticles CPCL-CP and PEGyg0-b-CPCL-CP. From figures 4.16c, it was very
clear that the free cisplatin reacted with these thiol species and produced Pt-S bond.
This provided direct evidence that cisplatin underwent detoxification in cytoplasm due
to S-rich biological species as pictorially represented in figure 4.16e. On the other
hand, the polymer-cisplatin core-shell nanoparticles were found to be resistant to these

cytoplasmic thiol species. There was no increase in the absorbance peak corresponding
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to Pt-S bond formation (see figure 4.16d). This observation supported that the newly
designed core-shell nanoparticles were able to stabilise the platinum drug against

cytoplasmic thiol species for efficient delivery to cancer cells as shown schematically

in figure 4.16f.
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Figure 4.16.Reaction of GSH and cisplatin;Absorbance spectra of free cisplatin drug (a) and
core shell nanoparticle (b) in reaction with GSH. The extent of the reaction (monitored at
absorbance maxima at 260 nm) against time of the reaction for free cisplatin (c) and core
shell cisplatin nanoparticles (d) upon exposure to Cysteine and GSH. Schematic
representation of free cisplatin () and cisplatin polymer nanoparticles (f) entry into the
cytoplasm and their possible interaction with GSH or cysteine in the Pt-S bond formation.

To track the intracellular fate of the nanoparticle in the presence of enzyme
rich lysosomes and cytoplasmic thiols two different types of experiments were
performed with PEGyg-b-CPCL-CP conjugate (see figure 4.17). In type 1
experiment, the samples were subjected to the lysosomal compartment conditions
wherein esterase leads to the cleavage of this polymer cisplatin conjugate made up of
biodegradable PCL units. To address this concept, the cumulative release profiles of
the polymer-drug conjugates were studied in the presence of 10 U of esterase.***°
Amount of cisplatin released were monitored using OPD assay. This esterase enzyme

was added in two ways: (i) at the initial stage at 37 °C and (ii) addition after the
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incubation of nanoparticles for 24 h at 37 °C. The cumulative release profiles for
addition of esterase at the initial stage (see figure 4.17a) revealed that the PCL
backbone was cleaved by the enzyme and the cisplatin release occurred at fast rate. In
the second experiment, the incubation of nanoparticle showed an initial 40 % leaching
(as observed in figure 4.15b). The administration of esterase after 24h facilitated the
instantaneous rupturing of the PCL core and release of the remaining drug (see figure
4.17a). Hence, it can be concluded that the core-shell nanoparticle preserved the drug

and only ruptured in the presence of lysosomal enzymes to release the loaded cargoes
at the intracellular compartments.
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Figure 4.17.Cumulative drug release of cisplatin from PEG;-b-CPCL-CP with respect to
the administration of esterase at initially or after incubating in PBS for 24 h (a).The extent of
GSH attack (monitored at 260 nm absorbance) on PEGup-b-CPCL-CP for initial 6 h and
after the administration of esterase enzyme in Tris-buffer (b). Schematic representation of
nanoparticle dissociation by esterase enzyme alone (type -1) and its resistance to GSH and
subsequent cleavage followed by the entry of esterase enzyme (type 2) (c).

The type 2 experiment was performed to understand the nature of interaction
between the GSH and polymer cisplatin conjugate. In type 2, the GSH was
administrated first to mimic entry of the cisplatin conjugate and immediate exposure to
GSH in the cytoplasm upon taken by cells. The data in figure 4.17b confirmed that the
cisplatin polymer conjugate was stable against GSH for the period of more than 6 h.
The subsequent administration of esterase (after 6 h of GSH exposure), the polymer

backbone immediately disassociated to release the cisplatin drug. At this stage, the
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drug has exposure to already present GSH in the medium to produce Pt-S bond. In the
actual in vitro cellular administration, the drug would have equal chance to reach the
nucleus to promote cell death. This control experiment attempts to mimic the
intracellular environment from which it is clearly evident that the polymer cisplatin
conjugate is stable against GSH and it could be cleaved by the esterase enzyme present
in the lysosomal compartments. The cleavage of the polymer cisplatin nanoparticles in
presence of esterase and GSHintype-1 and type-2 model experiments are
schematically shown in figure 8c. The results clearly demonstrated that drug
detoxification against the GSH and ensuring efficient cisplatin administration to

nucleus of the cell to enhance the cell death.
4.3.6 Cellular Uptake and Cytotoxicity

The cytotoxicity of the diblock copolymers and their Cisplatin conjugates were
investigated in wild type mouse embryonic fibroblasts (WT-MEFs), breast cancer
(MCF 7) and cervical cancer (HeLa) cell lines. Breast cancer cells (MCF 7) are
inherently 10 times over-expressed with cytoplasmic thiol residues such as GSH (in
mM) compared to other cancer cells (Hela).” The cytotoxicity of the nascent diblock
copolymers were first tested in HeLa cell lines by varying their concentration. The
data showed in figure 4.18a indicated more than 50 % cell viability for 10 pg/mL

concentration.?
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Figure 4.18.Histogram depicting cytotoxicity of diblock polymers in HeLa cells at various
concentrations.
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At higher concentration the cell viability gradually decreased with increase in
the polymer content. These results confirmed that the custom designed diblock
copolymers possessed high biocompatibility up to 10upg/mL which is typically
employed concentration for synthetic polymers in drug delivery.?*
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Figure 4.19. Histogram depicting Cytotoxicity of cisplatin and PEG,gp-b-CPCL in WT-MEF
(a) at various concentrations. Cytotoxicity of cisplatin, CPCL-CP and PEGzq00-b-CPCL in
HelLa (b) and MCF cells (c) at various concentrations.

Cytotoxicity of free cisplatin drug and polymer drug conjugates without
protection (CPCL-CP) and with PEG shell protection (PEGyg00-b-CPCL-CP) were
tested in normal (WT-MEFs) and cancer (MCF 7 and HelLa) cell lines. The free
cisplatin drug concentration was maintained as equivalent to drug conjugates in the
polymer (DLC = 33 %). The concentration of cisplatin drug was varied from 0.1
pg/mL to 8.0 ug/mL and their cytotoxicity data are summarized for WT-MEFs, HelLa
and MCF 7 cells in figures 4.19a, 4.19b and 4.19c, respectively. In figure 4.19a, the
data supported that the free cisplatin was toxic to normal cells; however, the cisplatin
polymer nanoparticles were non-toxic.In HelLa cell lines, both free cisplatin drug and

polymer-drug conjugates showed 50 % killing in cells at 1.0 ug/mL concentrations
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which is in accordance with earlier observations.>® At higher drug concentration > 4.0
pg/mL; less than 10 % cells were viable (see figure 4.19b). Interestingly, the breast
cancer cells showed a dramatic difference for free cisplatin and polymer-conjugated
drugs (see figure 4.19c). Free cisplatin drug showed 50 % Killing in cells at 1.0 — 2.0
ug/mL which is similar to that of earlier observation.”® The cell viability for free
cisplatin drug did not change much at higher concentrations and 40 % of cells were

viable even at larger drug concentrations of 10 ug/mL.

On the other hand, the polymer-cisplatin drug conjugate showed significant
improvement in the cell killing. The % cell death increased significantly with increase
in the concentration of polymer-cisplatin drug conjugates and only < 10 % of the cells
were viable at 4.0 ug/mL (see figure 4.19c¢). The free cisplatin drug was ineffective to
achieve complete cell killing in MCF 7 which was overcome upon conjugating the
drug in the diblock structures. The ineffective cell death for the free drug can be
attributed to the over expression of GSH in MCF 7 cells and the detoxification of free
cisplatin drugs. On the other hand, the cisplatin in the core of the polymer assembly
provided shielding against the detoxification (see figure 4.16) and enhanced the drug
stability for increasing cell death. Further, the polymer cisplatin conjugates could also
be cleaved in a controlled manner by the intracellular enzymes like esterase so that the
drug is released in a controlled manner for a longer period of time to achieve complete
cell killing (evident in figure 4.16a). Thus, the polymer drug conjugates carry these
additional advantages to accomplish complete cell death which is not possible in free
cisplatin drugs. The present in vitro studies provided direct evidence for the need to
conjugate cisplatin drugs in the polymer scaffold to achieve complete cell death in the

presence of GSH which is over expressed in breast cancer tissues.

Peer and co-workers developed in vitro cell line experiments that could mimic in vivo
type conditions for nanoparticle treatment in cancer cells.®” %® As per this experimental
protocol, free and polymer bound drugs were administrated and incubated for short period
(typically 1 to 4 hrs). The excess drug was washed and removed and they were further
allowed for cell proliferation for longer time (up to 72 h). In this process, the drugs were
initially taken up by the cells (prior to the washing) control the cell proliferation and their
growth similar to that of in vivo conditions (see the illustration in figure 4.20). In the present

investigation, a similar experiment was carried out for free drug and cisplatin polymer
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nanoparticle in MCF 7 cells and the details are given in figure 4.20. The cells were initially
administered and incubated for 1, 2, 3 and 4 hrs with free cisplatin and in the polymer

conjugated form.

In vivo mimicking cytotoxicity assay
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Figure 4.20.Illustration of in vivo mimicking assay.Histogram showing the in vivo mimicking
cytotoxicity experiment. Cisplatin and PEGgp0-b-CPCL-CP in MCF 7 cells at various drug
administration or incubation time period at different concentrations (1 and 4 pg/ mL). The
cells were washed after the said incubation time and allowed to proliferate for 72 h post
washing.

The drug concentrations in the above experiment were varied as 1.0 and 4.0 ng/mL
(based on the MCF 7 data in figure 4.19c) and the cells were incubated for 72 h. According to
figures 4.20a and 4.20b, it is clear that at lower drug concentration (1.0 ng/mL) both free and
cisplatin polymer nanoparticle did not exhibit significant cell killing. Thus at lower dug
concentration, the in vitro experiments in which the cells were allowed to proliferate
continuously (see figure 4.19c) behave similar to that of in vivo mimicking experiment.

Interestingly, at higher drug concentration (at 4.0 ug/mL), the free drug and cisplatin polymer
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nanoparticle exhibited significant difference in the cell killing. For example, the free drug
showed only 50 % cell death whereas the cisplatin polymer nanoparticle accomplished almost
90 % cell death. This in vivo mimicking experiment confirmed the efficient cell killing by the
cisplatin polymer nanoparticle as similar to that of observed in the in vitro data (see figure
4.19c). Hence, it may be concluded that the custom designed cisplatin polymer nanoparticles
are very efficient prodrugs for breast cancer treatment. Further, in vivo experiments in mice

model would provide more insight into the drug action which will be done in the future

studies.
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Figure 4.21.The illustration of the PEG;p0-b-CPCL-CP-NR core-shell nanoparticle and its

solution under UV light . DLS histogram (a) and FESEM image (b) of PEG2gpo-b-CPCL-CP-
NR.

The cellular uptake of the polymer cisplatin nanoparticles in the cytoplasm was
scrutinised in HeLa and MCF-7 cells using confocal laser scanning microscopy
(CLSM) and fluorescence microscopy. Since, cisplatin is non-luminescent in nature, it
needs to be co-encapsulated with a fluorescent molecule. Nile red (NR) was chosen as
a probe which was encapsulated in the hydrophobic PCL core. Further cisplatin aquo
complex and NR were stirred together with PEGg0p-b-CPCL100-CP at 37 °C for 24 h.
The unencapsulated dyes were removed by dialysis (MWCO=1000). Structural
characterization of this NR loaded polymer cisplatin nano-particle was done and the
details are shown in figure 4.21. DLS histograms and FESEM image of PEG;pgo-b-
CPCL100-CP-NR exhibited 150-170 nm size particles (see figure 4.21a and b). The
illustration and the image of the NR loaded nanoparticle solution under UV light depicted in
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figure 4.21, shows the NR loading. These NR loaded nanoparticles (PEGzpp0-b-CPCL-
CP-NR) were incubated to HeLa and MCF-7 cells for 4 h at 37 °C. The nanoparticle
concentration used for treatment was 10 pg/mL with 3.3 pg of cisplatin and 0.17 pg of
NR. The red fluorescence from NR at ~ 560 nm was monitored through the red
channel (A = 568 nm). The blue fluorescence produced by the cell nuclei after Hoechst

staining was observed through the blue channel (A =461 nm).

DIC Hoechst PEG 000-CPCL-CP-NR Merge

e T
E— ——

Figure 4.22.CLSM images of HeLa cells and MCF 7 cells incubated with PEG,q00-b-CPCL-
NR nanoparticles. The nucleus was counter stained with Hoechst (blue). The cells were
observed through red channel to locate NR fluorescence

Hela

MCF 7

The images corresponding to PEG2g0-b-CPCL-CP and Hoechst fluorescence in
HelLa and MCF-7 cell along with the merged image are shown in figure 4.22. As
shown in the images, strong NR fluorescence was observed at the intracellular
compartment in the cytoplasm and at the peri-nuclear region. At present, it is rather
difficult to make any conclusion on the difference in the uptake of the nanoparticles based on
the fluorescence intensityof the cell images.The cellular uptake of the nanoparticles was
also studied by using fluorescent microscopy technique in HeLa cells and images are
shown in figure 4.23. Fluorescence microscopy images also supported the peri-nuclear
localization of cisplatin loaded nanoparticle inside the cells. The images revealed that
the polymers were capable of delivering the cargoes both at the cytoplasm as well as

the peri-nuclear environment.
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DAPI MPEG,0,-CPCL-CP-NR Merge

Figure 4.23. Fluorescence microscopy images of PEG;g00-b-CPCL-CP-NR nanoparticles

Based on these studies, it may be concluded that these nanoparticles accumulate
in the cytoplasm and also in the peri-nuclear region. Further, in vivo studies are
required to check these nanoparticles administration in animal models. Nevertheless,
the present investigation provided proof for the need to conjugate cisplatin drugs to
achieve resistance to detoxification by GSH in breast cancer cells and for enhancing
their efficacy. Though, the approach has been demonstrated only for cisplatin, in
principle, it can be expanded to other platinum based drugs for resistance against
cytoplasmic thiol residues. Further, the core-shell strategy is also, in principle,
expanded to other metal nanoparticles for stabilizing them in aqueous medium.
Currently, efforts are taken to proceed in these directions to expand the diblock
polymer core-shell approach for various biomedical applications.

4.4. Conclusion

In summary, new classes of biodegradable diblock copolymer core-shell nanoparticle
assemblies were designed and developed for cisplatin delivery against detoxification
of cytoplasmic thiol residues in breast cancer cells. The complexation of cisplatin aquo
complex with the above said diblock copolymers produced core-shell nanoparticles. In
this process, the core of the particles was fixed as 75 nm and the hydrophilic PEG
shell was varied by varying the PEG chain length in the ROP process. The core-shell
nanoparticles were found to be very stable in FBS and water. In PBS and saline, the
drug stability increased with increase in the PEG shell protection layer. In vitro drug
release studies revealed that the PEG shell protected cisplatin drug against the attack
by the cytoplasmic thiol residues GSH and they were free from detoxification. Further,

the biodegradable aliphatic PCL ester backbone was found to be shielding the GSH
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action against cisplatin core and it ruptured only upon exposure to esterase enzyme at
conditions identical to that of intracellular compartments. Cytotoxicity of the polymer
and polymer-cisplatin conjugates was tested in MCF 7 and HeLa cell lines. The
nascent polymers were found to be biocompatible and non-toxic to cells. In HeLa cell
lines, both the free cisplatin drug and polymer-cisplatin core-shell nanoparticle
showed almost identical cytotoxicity. Free cisplatin drug failed to kill all the cells in
MCF 7 and the cells were viable more than 50 % even at very high drug concentration.
Over-expression of GSH in MCF 7 was attributed to poor killing by free cisplatin
drug. The polymer-cisplatin nanoparticles showed enhanced cell killing in MCF 7 and
the cell viability is found to be < 10 % at 4 ug/mL drug concentration. This selective
and enhanced cell killing in MCF 7 cells by the polymer nanoparticle was attributed to
their resistance to drug detoxification by GSH. Cellular uptake of the nanoparticles in
the cytoplasm and peri-nuclear environment assemblies were confirmed by confocal
and fluorescence microscopic analysis using Nile red as fluorophore. The present
polymer-cisplatin core-shell approach provides new platform for delivery of platinum
based drugs against cytoplasmic thiol detoxification which is very useful for achieving

100 % killing in breast cancer cells that have over expression of GSH.
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Triple Layer Nanoparticle Approach

for Cisplatin-Doxorubicin Combination Therapy

Combination chemotherapy is quintessential to combat the cisplatin resistance in
breast cancers by achieving synergistic cell killing. To accomplish this goal, drug
GSH-detoxification and DNA repair need to be retarded as these are some of the
reasons for resistance. In order to fix this new triple layer nanoparticles (TLNs) were
custom designed based on biodegradable polycaprolactone i.e. polyethylene glycol
(PEG)-block-(PCL)-block-carboxylic functional polycaprolactone (CPCL) triblock
copolymers (TBs). The complexation of cisplatin aquo species with the triblock
copolymers fabricated triple layer nanoparticles (TLNs) of 150#10 nm size. The
hydrophobic anticancer drug DOX was encapsulated in middle PCL layer of TLNs to
achieve synergistic cell killing in breast cancer cells. These dual loaded nanoparticles
were found to be stable in PBS; they exhibited ~ 90 % cisplatin stability due to
subsumed PCL layer between PEG shell and CPCL core. The hydrophobic PCL layer
also behaved as a protecting layer against the cytoplasmic GSH and completely
inhibited the drug detoxification. In vitro drug release studies revealed that the dual
loaded nanopartciles ruptured upon exposure to lysosomal enzymes and showed
controlled release up to 2 days. Cytotoxicity studies were performed both in normal
wild-type mouse embryonic fibroblasts (Wt-MEFs) cells, breast cancer (MCF 7) and
cervical cancer (HeLa) cell lines. In MCF 7 cells, the free cisplatin drug exhibited 50
% cell death whereas complete cell death (100 %) with synergistic killing was
accomplished by the TLNs. Confocal microscopic images confirmed that the core-shell
nanoparticles were taken up by the MCF 7 cells and accumulated in the nuclear
environment. The present investigation lays a new foundation for polymer based TLNs
approach to overcome the GSH detoxification and DNA-Pt adduct repair in case of
platinum drugs for the treatment of resistant breast cancer cells.
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5.1. Introduction

Cisplatin is one of the best first line chemotherapeutic agents for most of the cancers.
Today it is used to medicate 32 to 78 treatments regimes as listed by Martindale.* However,
it’s usage in several tumours is hindered because of the various side effects and drug
resistance.® Although cancer tissues could be intrinsically resistant to cisplatin or it could be
acquired after initial treatment.* The anti-tumour effect of cisplatin completely depends on
the formation of DNA-Pt adduct, because for cisplatin DNA is the final target in order to
achieve cell killing.>” The drug-resistance can occur in tumours because of reduction in the
level of DNA platination, through several mechanisms, such as (1) through reduced drug
uptake, (2) through drug detoxification by GSH in cells and (3) through DNA repair (see

figure 5.1).8
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Figure 5.1. Schematic illustration of obstacles in cisplatin delivery such as (1) reduced
cellulatr uptake, (2) GSH detoxification and (3) DNA-Pt adduct repair. (adapted from
Kelland et al. Nat. Rev. Cancer 2007, 7, 573-584).

In cisplatin resistant tumours such as breast and ovarian cancers combination
chemotherapy is employed as an important tool to combat against resistance.'? In contrast to
single anti-tumour agent, the combination chemotherapy may show additive or synergistic or

antagonistic effects.”*®

In combination chemotherapy, cisplatin is mostly used in
combination with doxorubicin, epirubicin and amrubicin, the anthracyclines identified as
active agents.® Along with these combinations, cisplatin is also collectively given with
mustards (cyclophosphamide and ifosfomide),?’ antimetabolites (gemcitabine, methotrexate
and 5-flourouracil)®* and taxols (paclitaxel).?? On the other hand, the anthracyclines are

comparatively cheaper and it is well known that these anthracyclines decrease the DNA-Pt
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adduct repair and increase the toxicity.”> Combining both agents with cisplatin has shown an
increased response rate in phase I clinical trials.*>*® The combination of epirubicin with
cisplatin is an effective treatment for ovarian cancer which is also in clinical trials.® The
clinicians came up with these magic drug combinations, but these cocktails also showed side
effects due to nonspecific accumulation and interaction with ions (cations/anions) and
proteins in blood plasma, which forced clinicians to use these drugs in lower doses.* To
avoid these side effects nano-aggregate (polymer or metal based) based drug delivery
approaches emerged as a new field to achieve efficient cisplatin + DOX co-administration.**
26 These systems provide additional advantages of the passive selective accumulation at
cancer tissues through enhanced permeability and retention (EPR) effect.”” Therefore, the
combined chemotherapy strongly demands an efficient delivery vehicle that can carry
multiple cargos to the target site as well as can escape non-specific interaction with ions,
protein and with GSH oligopeptide. The adoption of polymer based nano-carriers could
easily decrease the side effects of cisplatin and increase their therapeutic efficacy.
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Scheme 5.1. Preparation of cisplatin conjugated, DOX loaded polymer caged nanobins.
(adapted from Nguyen et al. J. Am. Chem. Soc. 2010, 132, 17130-17138)

The co-delivery of cisplatin with DOX carried out using nano-carriers, some of them
are described below. Shanmugam et al. synthesized oligonucleotide-Au nano-rods to deliver
cisplatin and DOX to cervical cancer cells (HeLa).?® The combination chemotherapy using
polymer based nano-carrier delivery systems has been reported rarely. Chen et al. prepared
nanoparticles from physical mixing of 10-hydroxy camptothecin (HCPT) and DOX without
any surfactant or solubilizing agent. Wherein, they have shown the synergistic killing of
breast cancer cells (MCF 7). Nguyen and co-workers used a polymer-lipid hybrid nano-
carrier to co-deliver cisplatin and DOX (see scheme 5.1).* Wherein, DOX was physically
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encapsulated into the liposome that was caged with cholesterol terminated poly acrylic acid
conjugated with cisplatin.
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Figure 5.2.Structures of monomers used (A). Schematic for synthesis of three-drug-loaded
brush arm star particles (BASP), (B). Drug release occurs in response to three distinct
triggers adapted from Jonson et al. J. Am. Chem. Soc. 2014, 136,5896—5899).

Jonson and co-workers prepared photo triggered poly(norbornene anhydride) based
nanoparticles for combined delivery of cisplatin with doxorubicin and camptothecin to
ovarian (OVCAR3) cells. They have prepared various monomers with drugs attached to it. In
this work they have shown the release of the drugs due to three different stimuli’s (see figure
5.2).%° Kang et. al synthesised cisplatin and doxorubicin encapsulated DNA polyplexes for
co-delivery to breast cancer cells (see scheme 5.2).3! Wherein, luciferase pDNA was used as
a delivery vehicle for DOX and cisplatin, and then these drug-loaded pDNA were complexed
with poly ethylene imine (PEI) polycations to provide nano-aggregates. Although
aforementioned polymeric combination therapy scaffolds discuss the significance of cisplatin
co-drug delivery, the role of GSH detoxification has not been examined and more importantly
most of these polymer scaffolds are non-biodegradable, so the fate of these scaffolds is not
clear.

Henceforth, there is an urgent need for new efforts to fabricate biodegradable
polymeric delivery vehicles which can chelate with cisplatin as well as encapsulate DOX,
that can inhibit the GSH-detoxification and DNA-Pt adduct repair to accomplish efficient
treatment against resistant breast cancer cells. Enzyme degradable polymer scaffolds are
evolving as an important approach for drug administration at intracellular compartments of
cancer cells. Polycaprolactone (PCL) is significant biodegradable aliphatic polyester that
could be cleaved by lysosomal enzymes like esterase at the intracellular compartments for

drug delivery.*
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Scheme 5.2. Schematic preparation of polymer/chemical drug—nucleic acid complexes and
the proposed concept of their intracellular delivery (adapted from Kang et al. Mol.
Pharmaceutics 2015, 12, 2845-2857)

Recently, we have published a report on pH responsive carboxylic substituted PCL
diblock copolymers based vesicles for oral delivery of camptothecin and ibuprofen under
gastro intestinal (GI) tract.**These diblock copolymers were further employed for cisplatin
delivery to the breast cancer cells against glutathione (GSH) detoxification.***® This offered
us a new opportunity to build novel triblocks which can chelate with cisplatin as well as load
DOX; these biodegradable block assemblies have been employed for combination therapy to
overcome the problem of resistance and achieve efficient cell death in resistant breast cancer
cells.

In the present investigation we have fabricated carboxylic functionalised triblock
copolymers (PEG-b-PCL-b-CPCL) which have three important components obtained from
each block individually: (i) PEG chain for hydrophilic shell for improving solubility and
stability of the nanoparticles in buffer medium for drug administration, (ii) the hydrophobic
PCL provides the opportunity to encapsulate hydrophobic anticancer drugs such as DOX,
and (iii) the carboxylic CPCL block for chelation with cisplatin aqguo complex to constitute
the drug-core. Also the PCL block acts as a protecting layer against the drug detoxification
by cytoplasmic thiols such as GSH and also decreases the drug leaching from CPCL core.
Further, this design has also provided us with an opportunity that it is made up of
biodegradable PCL and CPCL layers; hence, these multi-drug loaded polymer scaffolds could
be cleaved by lysosomal enzymes at the intracellular compartments. The scaffold design for

combination therapy of cisplatin and DOX delivery is shown in figure 5.3
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Figure 5.3. Combination therapy of dual drug loaded TLNSs; cisplatin and DOX co-
delivery to the intracellular compartments of cancer cells.

The present investigation aimed to build PEG-b-PCL-b-CPCL, new triblock
copolymers (TBs) that have the privilege of cisplatin conjugation and DOX encapsulation to
achieve reduced GSH-detoxification and DNA-Pt adduct repair in breast cancer cells (see
figure 5.3) to accomplish synergistic killing. These triblocks were designed in such a way that
the length of PEG and carboxylic PCL (CPCL) chains is kept constant in all the blocks and
the middle PCL block is varied as 25, 50 and 100 caprolactone repeating units. Cisplatin drug
was chemically conjugated at the central core CPCL block which was protected by the
middle PCL and periphery PEG-blocks. This strategy enabled the ~150 nm size triple layer
nano-particles (TLNs) with PEG shell, PCL middle block and inner CPCL-CP core; further
the middle PCL blocks were encapsulated with DOX, a hydrophobic drug to demonstrate
synergism. The effect of the PCL middle block on the drug stability, DOX encapsulation,
GSH-detoxification and nanoparticles biodegradability was investigated in detail. At the
intracellular compartment, cisplatin and DOX were co-delivered by TLNs which were
cleaved by the esterase enzyme (present in the lysosome) to release the drugs to achieve
synergistic cell killing. Thus, the multi-drug loaded new triple layer nanoparticles reduced the
GSH-detoxification as well as inhibited the DNA-Pt adduct repair; these scaffolds are also
cleavable at the intracellular compartments by esterase to deliver drugs. Cellular uptake and
cytotoxicity of the multi-drug loaded TLNs were studied in normal (WT-MEFs) and cancer
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(HeLa and MCF 7) cell lines. It can thus be accentuated that selective and enhanced
cytotoxicity was achieved exclusively in the breast cancer cells compared to other cell lines
for the tailor-made TLNs with highly efficient synergism.

5.2. EXPERIMENTAL METHODS

5.2.1. Materials: Tin(ll) 2-ethylhexanoate (Sn(Oct);), polyethylene glycol
monomethyl ether with molecular weight of 2000 (PEG20q0), e-caprolactone, cisplatin,
silver nitrate, orthophenylenediamine (OPD), glutathione (GSH), doxorubicin (DOX)
and esterase were purchased from Aldrich chemicals. Wild-type mouse embryonic
fibroblasts (Wt-MEFs), cervical cancer cells (HeLa) and human breast cancer cells
(MCF7) were maintained in DMEM (phenol red medium: Gibco) containing 10 %
(v/v) fetal bovine serum (FBS) and 1 % (v/v) penicillin—streptomycin at 37 °C under a
5 % CO; humidified atmosphere. Cells were washed with 40 % DPBS (Gibco),
trypsinized using 0.05 % trypsin (Gibco) and seeded in 96 well or 6 well (as per
experiment) flat bottomed plastic plates (Costar) for all assays. Tetrazolium salt, 3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT), DMSO, DAPI
and 4 % paraformaldehyde were obtained from Sigma. Fluoromount was obtained
from Southern Biotech. All the solvents like tetrahydrofuran (THF), dichloromethane
(DCM), trifluoroacetic acid (TFA) were purified and distilled prior to use. Synthesis of
tert-butyl  3-((4-oxocycloheptyl)oxy)propanoate, the substituted caprolactone
monomer has been explained in chapter 2.

5.2 2. Synthetic Procedure for Block Copolymers

5.2.3. Synthesis of PEG-b-PCL-b-BPCL triblock polymers The typical synthetic
procedure is elucidated for PEGgg0-b-PCLso-b-BPCL1gp, this triblock synthesized in
two steps. In first step, [Mo]/[lo] is kept as 50 i.e. monomer 1 (caprolactone, M) to
initiator PEG which provide diblock with 50 PCL units. To this block monomer 2
(substituted caprolactone, M) was added considering the formed diblock as a macro-
initiator [Mo]/[lo] is kept as 100. The initiator PEGypp (70.16 mg, 0.035 mmol),
catalyst Sn(Oct), (7.0 mg, 0.0175 mmol) and monomer 1 (200 mg, 1.75 mmol) were
taken in a flame-dried Schlenk tube under nitrogen atmosphere. High vacuum was
applied to this reaction mixture for 45 min with stirring at room temperature. After
achieving inert conditions inside the tube, it was immersed in preheated oil bath at 110

°C. The polymerization was continued for 6 h with constant stirring. Substituted
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caprolactone monomer 2 (900 mg, 3.508 mmol) was added to the schlenk tube under
high inert conditions and temperature of oil bath was raised to 130 °C. Reaction was
continued for additional 24 h to achieve triblock copolymer. The polymer mixture was
cooled to room temperature, dissolved in THF (2 mL) and precipitated in cold MeOH.
Yield = 800 mg (72 %). *H-NMR (400 MHz, CDCls) & ppm: 4.13 (m, 2 H), 4.04 (m, 1
H) 3.63 (m, 3.68 H), 3.43 (m, 1 H), 3.36 (s, 3 H), 2.44 (t, 2 H), 2.36 (t, 2 H), 2.29 (m,
1 H), 1.77 (m, 4 H), 1.67 (m, 2 H), 1.44 (s, 9 H, t-butyl), 1.36 (m, 1.5 H). **C-NMR
(100 MHz, CDClg): 173.5, 173.4, 170.8, 80.5, 75.5, 70.6, 64.8, 64.1, 61.2, 36.5, 34.1,
32.9, 29.7, 28.2, 25.8, 24.4. FT-IR (cm™): 2978, 2862, 1790, 1704 (C=0 ester), 1423,
1318, 1146, 1156, 1100, 949, 900, 845, and 721. GPC molecular weights: M, =
15,000, M,, = 27,100 and M,,/M, = 1.80. A similar procedure was followed for the
synthesis of other block copolymers.

5.2.4. Synthesis of PEG-b-PCLs-b-BPCL triblock polymer: Monomer 1 (200 mg, 1.75
mmol), monomer 2 (1.8 g, 7.01 mmol), initiator PEG2000 (140 mg, 0.07 mmol) and catalyst
Sn(Oct), (14 mg, 0.035 mmol). Yield = 1.4 g (70 %). *H-NMR (400 MHz, CDCl3) & ppm:
4.13 (m, 2 H), 4.04 (m, 0.5 H) 3.63 (m, 3.8 H), 3.43 (m, 1 H), 3.36 (s, 3 H), 2.44 (t, 2 H), 2.36
(t, 2 H), 2.29 (m, 0.5 H), 1.77 (m, 4 H), 1.67 (m, 1 H), 1.44 (s, 9 H, t-butyl), 1.36(m, 0.5 H).
B3C-.NMR (100 MHz, CDClg): 173.5, 173.5, 170.8, 80.5, 75.4, 64.8, 64.1, 61.2, 36.5, 34.1,
32.9, 29.7, 28.9, 28.3, 28.1, 25.4 and 24.6. FT-IR (cm™): 2979, 2862, 1790, 1704 (C=0O
ester), 1423, 1318, 1145, 1150, 1105, 940, 905, 846, and 720. GPC molecular weights: M, =
12,000, M, = 23,100 and M/M, = 1.92.

5.2.5. Synthesis of PEG-b-PCL 00-b-BPCL triblock polymer: Monomer 1 (300 mg, 2.63
mmol), monomer 2 (678 mg, 2.62 mmol), initiator PEG200 (52.6 mg, 0.026 mmol) and
catalyst Sn(Oct), (5.27 mg, 0.013 mmol). Yield = 700 mg (71 %). *H-NMR (400 MHz,
CDCls) 6 ppm: 4.13 (m, 2 H), 4.04 (m, 2 H) 3.63 (m, 3.78 H), 3.43 (m, 1 H), 3.36 (s, 3 H),
2.44 (t, 2 H), 2.36 (t, 2 H), 2.29 (m, 2 H), 1.77 (m, 4 H), 1.67 (m, 4 H), 1.44 (s, 9 H, t-butyl),
1.36 (m, 2 H). *C-NMR (100 MHz, CDCls): 173.5, 173.4, 170.8, 80.6, 75.5, 70.5, 64.8, 64.1,
61.2, 36.5, 34.1, 32.9, 29.7, 28.9, 28.3, 28.1, 25.5 and 24.6. FT-IR (cm%): 2979, 2864, 1791,
1705 (C=0 ester), 1424, 1319, 1144, 1154, 1104, 949, 906, 844, and 728. GPC molecular
weights: M, = 16,000, M, = 27,500 and M,/M, = 1.71.

5.2.6. Synthesis of PEG-b-PCL-b-CPCL triblock polymers (TBs): Trifluoroacetic
acid (0.5 mL) was added slowly into PEG-b-PCLso-b-BPCL (500 mg) in dry DCM
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(10.0 mL) and the polymer solution was stirred at 25 °C for 30 min. The solvents were
evaporated and the polymer was redissolved in THF and precipitated in cold methanol.
Yield = 350 mg (88 %). *H-NMR (400 MHz, CDCls) &: 4.15 (m, 2 H), 4.03 (m, 1 H)
3.70-3.63 (m, 3.65 H), 3.43 (m, 1 H), 3.36 (s, 3 H), 2.58 (t, 2 H), 2.36 (t, 2 H), 2.29
(m, 1 H), 1.77 (m, 4 H), 1.67 (m, 2 H), 1.33 (m, 1.4 H). FT-IR (cm™%): 3447, 2975,
2861, 1795, 1711 (C=0 ester and acid), 1423, 1312, 1144, 1156, 1140, 943, 902, 845,
and 720. GPC molecular weights: M, = 12,100, M,, = 22,700 and M,/M, = 1.87. A
similar procedure was followed for the synthesis of other block copolymers PEG-b-
PCL4-b-CPCL where x = 25 and 100

5.2.7. Synthesis of PEG-b-PCL5-b-CPCL.: Trifluoroacetic acid (0.5 mL), PEG-b-PCL 5-b-
BPCL (500 mg) and DCM (5.0 mL). Yield = 300 mg (75 %). *H-NMR (400 MHz, CDCls) &:
4.15 (m, 2 H), 4.03 (m, 0.5 H) 3.70-3.63 (m, 3.66 H), 3.43 (m, 1 H), 3.36 (s, 3 H), 2.58 (t, 2
H), 2.36 (t, 2 H), 2.29 (m, 0.5 H), 1.77 (m, 4 H), 1.67 (m, 1 H), 1.33 (m, 0.5 H). FT-IR
(cm™): 3440, 2976, 2862, 1791, 1719 (C=0 ester and acid), 1423, 1311, 1142, 1154, 1140,
943, 902, 842, and 725. GPC molecular weights: M, = 11,100, M,, = 19,700 and M,/M, =
1.77.

5.2.10. Synthesis of PEG-b-PCL19p-b-CPCL.: Trifluoroacetic acid (0.5 mL), PEG-b-PCLq0-
b-BPCL (500 mg) and DCM (5.0 mL). Yield = 290 mg (72 %). *H-NMR (400 MHz, CDCl5)
d: 4.15 (m, 2 H), 4.03 (m, 2 H), 3.70-3.63 (m, 3.66 H), 3.43 (m, 1 H), 3.36 (s, 3 H), 2.58 (t, 2
H), 2.36 (t, 2 H), 2.29 (m, 2 H), 1.77 (m, 4 H), 1.67 (m, 4 H), 1.33 (m, 2 H). FT-IR (cm™):
3440, 2976, 2862, 1791, 1719 (C=0 ester and acid), 1423, 1311, 1142, 1153, 1140, 943, 902,
842, and 721. GPC molecular weights: M, = 14,100, M, = 24,700 and M,,/M, = 1.75.

5.2.11. Preparation of Aquated Cisplatin [Pt(NH3)»(OH>),]*": Cisplatin (50 mg,
99.6 mmol, 1 equiv.) was dispersed in H,O (30.0 mL) with constant stirring at 37 °C.
To this mixture, silver nitrate (34 mg, 199 mmol, 2 equiv.) was added and the resulting
reaction mixture was stirred for 24 h in dark conditions. Formation of aquated cisplatin
complex was confirmed by milky white silver chloride precipitation. Silver chloride
was removed by centrifuging at 10,000 rpm for 1 h. Finally, the aquated cisplatin was
obtained by filtration through 0.22 um filter. The sample was lyophilized and stored at
4 °C.

5.2.12. Synthesis of the Polymer-cisplatin Conjugate (or Triple Layer
Nanoparticle, TLN): A typical procedure for preparation of PEG-b-PCLsp-b-CPCL-
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CP is explained in detail. PEG-b-PCLs5,-b-CPCL triblock polymer (20.0 mg) was
dissolved in NaOH (2 mL, 1 mg.mL ™) and the solution was stirred at 37 °C for 30
min. Aquated cisplatin (7.92 mg, 0.03 mmol, the lyophilized sample) was added to the
above polymer solution and the complex was stirred for 24 h at 37 °C. The solution
was transferred to a dialysis bag of molecular weight cut-off (MWCO = 1000) and
dialyzed against a large amount of distilled water for 2 days. Distilled water was
replaced periodically to ensure the removal of unencapsulated molecules from the
dialysis tube. The solution recovered from dialysis tube was filtered through 0.45 um
filter, lyophilised and stored at 4 °C. FT-IR (cm™): 3350, 2920, 2880, 1669, 1566,
1393, 1360, 1091, 1050, 930, 830 and 544. A similar procedure was used for making
cisplatin complexes of triblock copolymers.

5.2.13. Synthesis of the PEG-b-PCLs-b-CPCL-CP: PEG-b-PCLs-b-CPCL (20 mpg),
NaOH (2 mL, 1 mg.mL ™) and aquated cisplatin (8.7 mg, 0.033 mmol). FTIR (cm™): 3291,
2929, 2882, 1660, 1563, 1395, 1360, 1095, 1050, 931, 832 and 549.

5.2.14. Synthesis of the PEG-b-PCL1gg-b-CPCL-CP: PEG-b-PCLige-b-CPCL (20 mg),
NaOH (2 mL, 1 mg.mL™?) and aquated cisplatin (6.7 mg, 0.025 mmol). FTIR (cm™): 3291,
2929, 2882, 1660, 1563, 1395, 1360, 1095, 1050, 931, 832 and 549.

5.2.15. Preparation of DOX-encapsulated Pt-coordinated complex:The detailed
procedure is given for DOX (obtained from DOX.HCI treating with triethylamine)
encapsulation of PEG-b-PCLso-b-CPCL-CP. In a typical experiment, 5 mg of the
lyophilized drug conjugate and 0.5 mg of DOX was dissolved in DMSO (1 mL).
Distilled water (4 mL) was added dropwiseto the polymer solution, and the mixture
was stirred at 25 °C for 2 h. The solution was transferred to a dialysis bag (MWCO =
1000) and dialyzed against a large amount of distilled water for 24 h. Fresh distilled
water replaced periodically to ensure the removal of unencapsulated molecules from
the dialysis tube. After dialysis, solution was filtered through 0.4 pum filter, lyophilised
and stored at 4 °C.

Using similar protocol DOX was loaded into the drug conjugate and triblock
polymers, detailed information is provided in supporting information. The drug
loading efficiency (DLE) and drug loading content (DLC) were determined by
absorption spectroscopy using the following equations:

DLE (%) = {weight of drug in nanoparticle/weight of drug in feed} x100%
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DLC (%) = {weight of drug in nanoparticles/weight of drug-loaded nanoparticles} x 100%

5.2.16. In Vitro Drug Release Studies: Cisplatin conjugated nanoparticles (TLN),
DOX loaded (TB-DOX) and dual drug loaded nanoparticles (TLN-DOX) were taken
in a dialysis bag (3 mL), immersed in a 100 mL beaker and dialyzed against PBS and
In presence of esterase against PBS at 37 °C with constant stirring. At specific time
intervals, 3.0 mL of the dialysate was withdrawn and replaced with an equal volume of
fresh buffer. The amount of cisplatin released in each aliquot was measured using
absorption spectroscopy via the orthophenylenediamine (OPD) assay to quantify the
percentage of cumulative release. In a similar way, DOX release from nanoparticles
was observed by subjecting the aliquots directly to absorption spectroscopy to quantify
the percentage of cumulative release. For esterase aided release studies 10 units of

enzyme was used, following the above-mentioned procedure.

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.

5.2.17. O-phenylenediamine (OPD) Colorimetric Assay: Samples with unknown
cisplatin (Pt) content were added to 0.5 mL of OPD solution in N, N-
dimethylformamide (DMF) (1.2 mg.mL™) and heated for 2 h at 100 °C. The amount
of Pt present in the sample was determined by measuring the absorbance at 706 nm
(absorbance maxima of OPD-Pt complex). Molar extinction coefficient calculated for
OPD-Pt is 24,310 L.mol*.cm™. The concentration of Pt released from the drug-
conjugate was expressed as a ratio of the amount of platinum in the buffer solution

from the polymer nanoparticle.

The drug loading efficiency (DLE) and drug loading content (DLC) were
determined by absorption spectroscopy using OPD colorimetric assay from the

following equation:®*
DLE (%) = {weight of drug in NPs / weight of drug in feed} x 100%
DLC (%) = {weight of drug in NPs / weight of drug loaded NPs} x 100%.

5.2.18. Cell Viability Assay (MTT Assay): To study the toxicity of polymers alone,
cisplatin (CP), doxorubicin (DOX), CP-conjugates TLN, DOX loaded polymer
scaffolds (TB-DOX) and dual drug loaded scaffolds (TLN-DOX) a cell viability assay
was performed in WT-MEF, HeLa and MCF 7 cell lines using the tetrazolium salt, 3-
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(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT). 1000 cells were
seeded per well in a 96-well plate (Corning, U.S.A.) in 100 pL. of DMEM with 10 %
FBS (fetal bovine serum) and allowed to adhere for 16 h. Prior to drug treatment,
media from cells was aspirated and various concentrations of drugs and cargo loaded
scaffolds were feeded. A blank control, DMEM with FBS in the absence of cells was
used in each experiment. All control and treated experiment wells were in triplicate.
Cells were incubated for 72 h without a change in media. After 72 h, drug containing
media was aspirated. Freshly prepared stock of MTT in sterile PBS (5 mg/mL) was
diluted to 50 pg/mL in DMEM. 100 uL of this solution was added to each well. Cells
were then incubated with MTT for 4 h at 37 °C. Media with MTT was then aspirated
from wells and the purple formazan crystals formed as a result of the reduction of
MTT by mitochondrial dehydrogenase enzyme from cells were dissolved in 100 puL of
100 % DMSO (added per well). The absorbance from formazan crystals was
immediately measured using microplate reader at 570 nm (Varioskan Flash) and was
representative of the number of viable cells per well. Values from the triplicates for
each control and treated set were noted and their mean was used for calculations. The
values thus obtained for the untreated control samples were equated to 100 % and
relative percentage values for drugs, scaffold alone and drugs loaded nanoparticles

were calculated accordingly.

5.2.19. Cellular Uptake of PEG-b-PCL-b-CPCL-CP-DOX by Confocal
microscopy: Cells were seeded at a density of 1x10° cells on flame-dried coverslips
placed in 6 well plates containing DMEM media with 10 % FBS and incubated at 37
°C for 16 h. The cells were then exposed to required concentration of DOX alone, TB-
DOX, and TLN-DOX for 4 h in a CO; incubator at 37 °C. After incubation, the drug-
containing media was aspirated from each well, and cells were washed twice with PBS
(2 x ImL) and fixed with 4 % paraformaldehyde solution in PBS for 10 min at room
temperature. The cells were washed twice with PBS (2 x 1mL) and stained with DAPI
solution in PBS. After 2 min incubation, at room temperature, in the dark, the excess
dye was washed from the plate and cells were again gently rinsed with PBS for 1 min.
The coverslips were mounted on slides using the fluoromount mounting medium
(SouthernBiotech) and dried overnight at room temperature in the dark. The cells were

imaged using a confocal microscope using the A 420 nm (blue channel) and A 560 nm
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(red channel) lasers. Images thus obtained were opened in the Image J analysis

software and the image for each channel was separated.

5.3. Results and Discussion
5.3.1. Synthesis and Characterization of Triblocks

The TLNs were synthesized from carboxylic functionalized triblock
copolymers, PEG-b-PCL-b-CPCLs as shown in scheme 5.3 and figure 5.7. These
block copolymers consist of three dissimilar blocks wherein each block has a different
purpose to accomplish. Here CPCL (carboxylic polycaprolactone) helps in conjugating
cisplatin, PCL (polycaprolactone) block helps in physical encapsulation of
hydrophobic drugs and PEG block protects the loaded drugs and stabilizes (or
increases the half-life) in blood plasma. These triblocks were prepared by ring opening
polymerization of caprolactone (monomer 1, M;) and t-butyl carboxylic ester
substituted caprolactone (monomer 2, M) in the presence of PEG as initiator along
with Sn(Oct), as the catalyst. M; is commercially available and M, was synthesized as
shown in our earlier work. In these triblock copolymers, PEG and CPCL block length
were fixed and PCL unit was varied from 25, 50 and 100 (PCLx where x = 25, 50 and
100). For this the M, to initiator ratio was maintained as [M]/[I] = 100 and M; to

initiator ratio was varied from 25, 50 and 100.
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Scheme 5.3.Synthesis of triblock copolymers.
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The ROP process was carried out via the solvent free bulk (or melt) route to
produce these block copolymers with high purity for biomedical applications. The ROP
of caprolactone monomer was carried out for 6 h at 110 °C in melt (or neat) conditions and
after 6 h M, was added to the reaction under highly inert conditions and stirred for additional
24 h at 130 °C in order to achieve triblock copolymer. The resultant triblock copolymers
are named as PEG-b-PCLy-b-BPCL, where x represents 25, 50 and 100 and B
represents t-butyl ester. In order to confirm the in situ formed diblock (PEG-b-PCL)
before addition of the second monomer parallel reactions were performed with similar
conditions at the same time. One of the reactions was stopped without addition of M,

and characterized using similar techniques as was used for triblocks.
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Figure 5.4.*H-NMR of PEG-b-PCL (a) and PEG-b-PCL-b-BPCL (b) block copolymers.

'H-NMR spectra of diblock PEG-b-PCLs and triblock PEG-b-PCLso-b-BPCL
(B = Butyl protected) is shown in figure 5.4. The chemical structure of these block
copolymers is provided and the different protons are assigned by alphabets (see figure
5.4). The spectrum in figure 5.4a represents the PEG-b-PCLs, diblock, where the -
OCH,CH,0- protons of the PEG chain appeared at 3.63 ppm (proton-b) and a new ester peak
corresponding to the CL part appeared at 4.03 ppm (proton a) and all other CL repeating unit
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protons appeared as expected. The comparison of the peak intensities of the PEG part
(proton-b at 3.63 ppm) and the CL protons (proton-a at 4.03 ppm) gave the degree of
polymerization, n = 50 in the present case.
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Figure 5.5. GPC chromatograms of PEG-b-PCL,5s and PEG-b-PCL,s-b-BPCL (a), PEG-b-
PCLsp and PEG-b-PCLs-b-BPCL (b) andPEG-b-PCL 1o and PEG-b-PCL00-b-BPCL block
copolymers.

The spectra in figure 5.4b represent the PEG-b-PCLso-b-BPCL triblock that clearly
shows the presence of BPCL protons in addition to PEG-b-PCL diblock protons. Wherein,
the protons ‘g’ in the carboxylic BPCL unit merged with protons ‘b’ belonging to the
PEG part. The intensities of protons ‘f” in the BPCL backbone appeared at 4.13 ppm.
Thus, the subtraction of peak intensities [(g+b) — f] provides the actual number of
protons ‘g’. The comparison of peak integrals of b (protons at 3.65-3.68 ppm) with
protons f (at 4.13 ppm) or t-butyl protons ‘m’ ( at 1.45 ppm) provides the degree of
polymerization (n) for the BPCL backbone in the triblock structure. This confirms the
formation of perfect triblock copolymers. A similar approach was adapted and the “n”
values for PCL and BPCL blocks were determined for all the triblocks polymers. The

number average molecular weights (M) were estimated, as can be seen in table 1.

In addition to NMR, gel permeation chromatography (GPC) was carried out in
tetrahydrofuran for further confirmation of triblock formation and molecular weight
determination of the blocks. The GPC chromatograms of PEG-b-PCL,s with PEG-b-
PCL2s-b-BPCL, PEG-b-PCLsy with PEG-b-PCLso-b-BPCL and PEG-b-PCL;o and
PEG-b-PCL90-b-BPCL triblocks are plotted together and shown in figure 5.5a, b and
c respectively. In all three cases the triblock copolymer chromatogram shifts to lower
retention time after addition of another block. The molecular weights of the polymers
increased after incorporation of the third block; this suggests the formation of higher

molecular weight triblocks. The number average (M,) and weight average (M)
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molecular weights and polydispersity (PDI) of polymers are given in supporting
information (see table 1). The GPC technique underestimated the molecular weights of
the blocks compared to *"H-NMR. This trend was attributed to the usage of polystyrene

standards for GPC calibration.
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Figure 5.6. 'H-NMR of PEG-b-PCLsy-b-CPCL triblock copolymer.

Table 1: Molecular weights of triblock copolymers determined by *H-NMR and GPC.

Polymer M, M, M,, M,/M,

(g/mol, NMR) (g/mol, GPC) | (g/mol, GPC) (GPC)

PEG-b-PCL,s-b-BPCL 30,100 12,000 23,100 1.92
PEG-5-PCL5,-b-BPCL 33,200 15,000 27,100 1.81
PEG-b-PCL,,-b-BPCL 39,200 16,000 27,500 1.71
PEG-5-PCL,5-b-CPCL 24,500 11,100 19,700 1.77
PEG-b-PCLsy-b-CPCL 27,600 12,100 22,700 1.87
PEG-b-PCL,,-b-CPCL 33,500 14,100 24,700 1.75

GPC chromatograms for other blocks also show the clear difference between di
and triblocks, which also clearly support the formation of triblocks. The t-butyl ester
of the carboxylic functional group in triblock polymers was hydrolysed by
trifluoroacetic acid to yield their corresponding carboxylic acid triblock copolymer
PEG-b-PCL-b-CPCL (where C represents carboxylic acid). The hydrolysis of the t-
butyl units was confirmed by *H-NMR and their spectra are given in figure 5.6 for
PEG-b-PCLso-b-CPCL-CP. Deprotection of the t-butyl group was confirmed by the
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disappearance of the peak corresponding to t-butyl protons at 1.43 ppm as shown with
red circle in figure 5.6. The molecular weights of these de-protected blocks were
determined by *"H-NMR and GPC and are provided in table 1. The GPC chromatogram
of PEG-b-PCL-b-CPCL triblocks revealed that the molecular weights were not altered
by the de-protection step. Based on the above analysis, it can be concluded that the
triblock copolymers with variable PCL middle block were synthesized with good yield

using the solvent free ROP process.

5.3.2. Cisplatin chelation with Triblock Copolymer
After successful formation of carboxylic group bearing PEG-b-PCL-b-CPCL

triblocks (TBs), they were chelated with cisplatin aquo complex (see figure 5.7). As
depicted in figure 5.7, it formed spherical aggregates those were purified using dialysis
method (detail explained in chapter 4). These nanoparticles used for physical
encapsulation of DOX and these two single-loaded drug scaffolds were used as control

for the dual drug loaded nanoparticles.
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Figure 5.7.Chelation of cisplatin agua complex with triblock copolymers.

The formation of triblock cisplatin conjugate was confirmed by FT-IR
technique and spectra before and after cisplatin is shown in figure 5.8a and b. The shift
in the nascent polymer carbonyl peak to 1558 cm ™ and appearance of a new peak at
545 cm* (Pt-O—C=0) confirms the chelation.®**’ Thermal gravimetric analysis (TGA)
was used to estimate drug loading content of cisplatin in the polymer-drug conjugates.
The TGA plots for TBsy (PEG-b-PCLsp-b-CPCL), free cisplatin and TLN5o (PEG-b-
PCLso-b-CPCL-CP) are shown in figure 5.8c. Briefly, the calculations are elucidated
here for the same polymer and for rest of the polymers it is shown in chapter 4. The

decomposition of the polymer started at 260 °C and it completely degraded at 500 °C.
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Free cisplatin underwent stepwise decomposition and showed 60 % weight loss below
400 °C and the platinum content did not change up to 800 °C. On the other hand, drug-
conjugated polymer exhibited single-step decomposition at 330 °C giving 28 % weight
loss and remained unchanged up to 600 °C. These weight % values were feeded in
below mentioned empirical formula to estimate the drug conjugation efficiency (DCE)

as reported by Xu et al.*®
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Figure 5.8..FT-IR spectra of triblock copolymer (a) and its cisplatin conjugate (b). TGA plots
(c) of free cisplatin, TB and TLN.

DCE = mMPteyp/MPtineo X 100% = (Wpt/Mpt)/(Wacid/2Macig) X 100% where, mPtieo
is the theoretical molar amount of Pt; mPte,, is the experimental molar amount of Pt;
W is the weight percent of Pt measured by TGA; Mg is the molecular weight of Pt;
Wacig is the weight percent of acid repeating unit calculated by TGA data and Mgciq is
the molecular weight of acid repeating unit. Based on this equation, the DCE was
obtained and the drug loading content (DLC) of drug-conjugates was calculated. The
detailed calculations and DLC for all the polymer scaffolds are provided in table 2.

Table 2: Drug loading content determined using TGA and absorbance

S.No Polymer drug conjugates DLC DLC
(TGA) (UV)

1 PEG-b-PCL,5-b-CPCL-CP 29 %, 26 %

2 PEG-b-PCLgy-b-CPCL-CP 32 % 29 %

3 PEG-b-PCLygg-b-CPCL-CP 31 % 33%
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spectroscopy.5.3.3. Size and Shape of Polymer-Cisplatin Prodrug

The self-assembled nano-structures of triblock-drug conjugates were dispersed in
water and subjected to dynamic light scattering (DLS), field emission scanning electronic
microscopy (FESEM) and high resolution transmission electronic microscopic (HR-TEM)
analysis. The detailed characterization of TLNsois depicted in figure 5.9.The DLS histogram
of polymer-drug conjugate, TLNsg in figure 5.9 a shows uniform monomodal distribution
and the sizes of self-assembled nanoparticles is found to be 150 = 5 nm. FESEM image of
this polymer-cisplatin conjugate, shown in figure 5.9 b, exhibits the creation of globular
nano-particular morphologies. In the HR-TEM image of TLNsp, nanoparticles appeared as
spherical objects having a dark contrast at the CPCL core filled with platinum metal, as

shown in figure 5.9c.
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Figure 5.9. DLS histogram (a), FESEM (b), and HR-TEM (c) images of TLNsg in milli Q
water at 0.2 mg/mL concentration. DLS histogram and FESEM image of TLNys (d and e )

and TLN1g0.

The sizes of nanoparticles in FESEM and HR-TEM images are in good coherence
with the DLS size of the samples in water. The DLS histograms and FESEM images of other
TLNSs, i.e. PEG-b-PCLs5-b-CPCL-CP (TLN3s) and PEG-b-PCL10o-b-CPCL-CP (TLN1qo) are
depicted in figure 5.7. TLNys (figure 5.9d) showed monomodal histogram of 135 nm and in
FESEM image (see figure 5.9e) showed formation of 125 nm spherical aggregates. TLN1qo
(figure 5.9f) nanoparticles showed monomodal histogram of 165 nm size aggregates. Further
these nanoparticles were subjected to FESEM and the image is shown in figure 5.9 g,

wherein it showed the formation of spherical particles. The FESEM sizes were found to be in
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good coherence with DLS sizes. After successful construction of TLNs with cisplatin-CPCL
chelation, further, we aimed at loading doxorubicin (DOX) in PCL layer in order to attain

synergistic killing from dual drug loaded TLNs.
5.3.4. Stability of TLNs in PBS

The release studies were carried out to scrutinize the effect of the PEG shell and
PCL middle layer on the stability of nanoparticle and cisplatin release from
nanoparticle core, under various in vitro conditions. The stability of the core-shell
nanoparticles (CPCL-CP, A; PEG-b-CPCL-CP, B) and TLNs (TLNys, C; TLNso,
D) was investigated in milli-Q water (pH = 6.8), PBS (pH = 7.4) and in presence of
esterase, the results of which are shown in figure 5.10. Earlier it had been reported that
the cisplatin prodrugs are susceptible to cleave in the presence of chloride ions.*® As it
is already proven from chapter 3 that is the PEG shell could stabilize 50 % of the drug
in PBS. In the presentstudy, to investigate the role PCL layer in stabilizing cisplatin
further in the core. In all the release studies the amount of cisplatin released was
quantified using o-phenylenediamine (OPD) colorimetric assay and the details are
given in the chapter 2. The cumulative release was calculated as follows: Cumulative
release (%) = C,*V, / m*100% where C, is the amount of loaded cargo in the n

sample, V, is the total volume and m is total amount loaded in prodrug.

The release studies were carried out for all the nanoparticles in milli-Q water
and the data is shown in figure 5.10, where core-shell and TLNs exhibited < 10 %
cisplatin release in milli-Q water. This suggests that polymer-cisplatin nanoparticles
were stable and they could be stored in milli-Q water. To test the role of PCL-layer on
the de-chelation of cisplatin from CPCL core, TLNs were subjected to release studies
in PBS and data is presented in figure 5.10. In figure 5.10b to 5.10c the release plots in
milli Q water and in PBS are shown for TLNs along with core-shell nanoparticles
(same as our chapter 2) in order to study the role of additional PCL layer on the
stability of the drug in PBS. The CPCL-CP nanoparticle (A) did not have PEG shell
protection against Cl ions; as a result, the cisplatin core easily released the entire drug
(see figure 5.10 b). However, in PEGygo-b-CPCL-CP nanoparticle (B) as shown in
figure 5.10 ¢ PEG shell protects the cisplatin against Cl™ attack and only 52 % of the
drug got released in 12 h. The remaining 48 % of the drug was bound to the polymer
and retained without leaching for a prolonged period of > 48 h. This data clearly
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indicated that PEG-shell containing nanoparticles fail to prevent 52% cisplatin
leaching in blood plasma conditions.
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Figure 5.10. Schematic representation of nanoparticles (a). Cumulative release of cisplatin
in in milli Q water and in PBS for core shell nanoparticles CPCL-CP(b), PEG-b-CPCL-CP
(), TLN2s(d)and TLNse(e) at 37 °C.

On the other hand, the added PCL layer between PEG shell and CPCL-CP core
renders increased cisplatin protection in the core of the TLN. In the case of TLNys 45
% drug leaching (see figure 5.10 d) was observed, i.e. 55 % cisplatin protection was
achieved. But in the case of TLNsy, we were able to accomplish greater than 85 %
cisplatin protection respectively (see figure 5.8e). For TLNjqo data is not shown here
which also showed similar (90 %) results as TLNso. These release profiles in PBS
clearly show that embedding the hydrophobic PCL layer in between PEG-shell and
CPCL-CP core helps in enhancing the stability of cisplatin multi-fold compared to the
core shell nanoparticles (CPCL-CP and PEG-b-CPCL-CP) in blood plasma conditions.
This phenomenon can be attributed to the hydrophobic PCL units inhibiting the
penetration of ions (CI" and POy’) that leads to decreased de-chelation and release of
cisplatin from the CPCL core. Hence, it can be concluded that highly stable TLNs
were tailor-made to protect ~ 90 % cisplatin, which can increase the drug half-life in

blood plasma.
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5.3.5. Stability of TLNs in presence of Esterase in PBS

To investigate the cisplatin release from TLNSs in the presence of enzyme rich
lysosomes, they were subjected to the esterase enzyme which cleaves the polymer
cisplatin conjugate made up of biodegradable PCL and CPCL units. This was
scrutinized by the cumulative release of the TLNs in the presence of 10 U of

esterase.*The amount of cisplatin released was monitored using OPD assay.
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Figure 5.11. Cumulative release of cisplatin from nanoparticles in in presence of esterase in
PBS at 37°C (a). Schematic representation of nanoparticles and their cleavage in the
presence of esterase enzyme (b).

The cumulative release profiles for the addition of esterase to core-shell
nanoparticles and TLNs are shown in figure 5.11a. The cumulative release profiles
revealed that the CPCL backbone was cleaved by the esterase enzyme and cisplatin
release occurred at a fast rate in the CPCL-CP and PEG-b-CPCL-CP core-shell
nanoparticles (as seen in chapter 3). On the other hand, TLNs showed controlled
cisplatin release in 48 h for TLNys, TLNso nanoparticles, i.e. 80 % and 72 %
respectively. Schematic representation for esterase cleavage of TLNsy to release
cisplatin is shown in figure 5.11b. This might be due to the inclusion of hydrophobic
PCL layer in between PEG shell and CPCL-CP core which was able to slowdown the
penetrating capability of the enzyme to the CPCL core. The increase of the PCL layer
led to more sluggish polymer degradation and subsequently decreased cisplatin
release. Hence, it can be concluded that the novel TLNs have the potential to preserve
the drug under blood plasma conditions and release the loaded cargoes in a controlled
manner in the presence of lysosomal enzymes for a longer time at the intracellular

compartments.

183



Chapter 5

(a) HJN.P.NHW
J:Yr \)J\O M i S Ca s
3 NH: Tns Buffer H
)H/\/U\ CI C‘ )H/\/U\NJ:WN\)J\OH
Dark 37°C NH. H o)
Glutathione (GSH) Cisplatin 2 GSH-Cisplatin
=L (
0.44 (b) (c)
=S E.; —1h
o =1 g
& 5 2h
8 2 3h
g 2 ——4h
- 5 sh
) w0
2 2 —6h
<
T T T T 0 T T T T
240 270 300 330 240 270 300 330
Wavelength (nm) Wavelength (nm)
<1004 (d) (e) % Extracellular,
S ;i ) o
= : Cisplatin 00000009
2 754 TLN G HEDDD OV
g
= 0 S
4 £ 000 GSH
% 50 OQO N
8 QO e
3 P
a . Intracellular
& 25 (A) to (D)
8 " GSH
0 : : : NO Pt-S bond
100 200 300 400
Time (min)

Figure 5.12. Reaction of cisplatin with GSH in Tris buffer at 37 °C (a). Absorbance spectra
of free cisplatin drug (b) and TLNs (c) in reaction with GSH. Monitoring of the extent of
reaction (at the absorbance maximum of 260 nm) against time of the reaction for free
cisplatin and TLNs upon exposure to GSH (d). Schematic representation of TLNs (e) entry
into the cytoplasm and their possible interaction with GSH in Pt-S bond formation.

5.3.6. GSH detoxification

As mentioned earlier glutathione (GSH), a sulfur containing oligopeptide present
in cytoplasm, causes cisplatin detoxification which is one of the major reasons of drug
resistance. To study the cisplatin detoxification caused by GSH, model reactions were
performed (see figure 5.12a). The formation of S-Pt bond in the reaction of GSH and
cisplatin was monitored using UV-Visible spectroscopy (peak at 260 nm).** The
absorbance plots depicted in figure 5.12b and 5.12c correspond to GSH reaction with
cisplatin and TLNs, respectively. These absorbance values were plotted against time
for GSH action on free cisplatin and TLNs. The increase in the absorbance clearly
shows that the free cisplatin reacted with this thiol species and produced Pt-S bond as
seen in figure 5.12d. On the other hand TLNsy did not show any new peak for Pt-S
bond (see figure 5.12d) as was observed for CPCL-CP and PEGppo-b-CPCL-CP in our

earlier work (in chapter 3). These observations clarify that TLNs were found to be
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stable against cytoplasmic thiol species and may transport the drug to the nucleus as
illustrated in figure 5.12 e.

5.3.7. Cytotoxicity TLNs

The cytotoxicity of the polymers alone, free cisplatin and TLN were
investigated in wild-type mouse embryonic fibroblasts (WT-MEFs), breast cancer
(MCF 7) and cervical cancer (HeLa) cell lines. Breast cancer cells (MCF 7) have 10
times over-expression of cytoplasmic thiol residues such as GSH (in mM) compared to
other cancer cells (HeLa and MEF cells). The cytotoxicity of the nascent triblock
copolymers was first tested in WT-MEF, HeLLa and MCF 7 cell lines by varying their
concentrations up to 40 pg/mL. The data shown in figure 5.13a, b and ¢ corresponds to

block copolymers in WT-MEF, HeLa and MCF 7 cell lines respectively.
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Figure 5.13. Histogram depicting cytotoxicity of triblock copolymers in WT-MEF (a), HeLa
(b) and MCF 7 (c) cells at various concentrations.

This data indicates that more than 90 % cell viability was observed up to 30
Hg/mL concentration in all the cell lines.These results confirmed that the triblock
copolymers possessed high biocompatibility at concentrations which is usually
employed for synthetic polymers in drug delivery.
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Figure 5.14. Histogram depicting cytotoxicity of free cisplatin and TLN (Poly-CP) in WT-
MEF (a), in HeLa cells (b) and in MCF 7 cells (c) at various concentrations.

Cytotoxicity of free cisplatin and nano-carrier (TLNsp) were tested in normal
(WT-MEFs) and cancer (HeLa and MCF 7) cell lines. TLNsy was chosen for
cytotoxicity and rest of the studies as this scaffold showed prominent release and GSH
detoxification studies. In this experiment concentration of cisplatin drug was varied
from 0.1 pug/mL to 10.0 ug/mL and their cytotoxicity data is summarized for WT-
MEFs, HeLa and MCF7 in figure 5.14. Histograms of TLN with respect to free drug
are shown in figure 5.14a for WT-MEF cell line. This data shows that cisplatin is toxic
to normal cells and the ICsy value is 1.5 pug/mL. However, the polymer TLNsp, was
comparatively non-toxic. The cytotoxicity of free cisplatin and TLNs in Hela cells
shown in figure 5.14b, free cisplatin and TLN showed 50 % Kkilling in cells at 1.3
pg/mL concentration which is in accordance with earlier observations.*? At higher
concentrations nanoparticle and free drugs showed > 90 % cell killing. On the other

hand,in breast cancer cell lines, as shown in figure 5.14c, cytotoxicity of free cisplatin
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and TLN showed a vivid difference in MCF 7 cells. The free cisplatin drug showed 50
% killing in cells at > 4.0 ug/mL concentration which is similar to that of earlier
observations.*® The cytotoxicity of free cisplatin becomes stagnant after 4.0 ug/mL
concentration up to 10.0 ug/mL. On the other hand, the TLN showed great
enhancement in the cell killing. Cytotoxicity improved two fold in the case of TLN,
wherein > 90% cell Killing was observed at 8.0 ung/mL. The decreased cytotoxicity for
free cisplatin can be attributed to the over expression of GSH in MCF 7 cells which
leads to the detoxification of free cisplatin drugs. However, TLN provides shielding
against GSH which increases the probability of DNA chelation and thus enhances the
cell death. As was outlined in the Introduction, two major problems related to
resistance in cancer cells are GSH detoxification and DNA-repair. Till here it has been
able to tackle the first problem that is GSH detoxification; TLN was able to shield
cisplatin against GSH and deliver it to the DNA to achieve toxicity. The present in
vitro studies provide direct evidence for the need to conjugate cisplatin drugs in the
polymer scaffold to achieve complete cell death in the presence of GSH which is over
expressed in breast cancer tissues. Thus, the polymer drug conjugates carry these
additional advantages to accomplish complete cell death which is not possible in free

cisplatin drugs.
5.3.8. DOX encapsulation

As pointed out earlier, DNA repair is one of the major problems associated with
cisplatin chemotherapy and is also a reason for cisplatin resistance. To overcome this
problem, cisplatin has to be used in combination with other anticancer drugs such as
DOX. As it is known that the anti-cancer drugs such as anthracyclines (mainly DOX) are
known to inhibit the DNA repair mechanism after cisplatin chelation. This increases
cytotoxicity by stabilizing the DNA-Pt adduct which may culminate into synergistic
killing of cancer cells. This combination of drugs (or therapy) may help to combat
cisplatin resistance in various types of cancers such as breast cancer. To accomplish
this TLNsp was chosen to encapsulate DOX along with TBsy as a control in this
experiment. DOX encapsulation was also carried out for CPCL-CP and PEG-b-CPCL-
CP core-shell nanoparticles in order to understand the importance of PCL layer. These
nanoparticles were subjected to DOX encapsulation in milli-Q water (pH = 6.8). In this

investigation, the nanoparticles (5 mg) and DOX (0.5 mg) were taken in DMSO + water
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mixture (1 mL + 4 mL) in a dialysis bag and dialyzed for more than 24 h against water. The
unencapsulated drug was removed from the reservoir by continuously replacing with fresh

water.
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Figure 5.15. Schematic representation of DOX loaded nanoparticles (a) and its solution
containing vials photograph (b) and drug loading content (c) of the block copolymer
nanoparticles determined by UV-Vis absorbance spectroscopy. DLS histogram (d), FESEM
image (e) of TLNso-DOX; DLS histogram (f), FESEM image (g) of TBsp-DOX in milli-Q
water at 0.2 mg/mL concentration.

The illustration of these DOX loaded nanoparticles and the photograph of the vials
containing the solution is depicted in figure 5.15a and 5.15b, respectively. The color intensity
of nanoparticle solution clearly suggested that CPCL-CP and PEG-b-CPCL-CP core-shell
nanoparticles showed minimum loading, whereas TLNsq and TBsp showed a huge amount of
DOX loading. These nanoparticle solutions were subjected to absorbance spectroscopy in
order to determine drug loading content (DLC) in the DOX-loaded nanoparticles. The DLC
was plotted against the respective nanoparticles and they are presented in figure 5.15c. The
DLC of the core-shell nanoparticles was negligible (0.1-0.8 %) as they lack the PCL layer,
whereas in the case of TLNs and triblocks DLC was observed as 3.8 and 3.9 % respectively,
which can be attributed to the fact that they have a hydrophobic PCL layer which helps
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encapsulate the hydrophobic drug DOX (see figure 5.15a). The nano-assemblies of DOX
loaded nanoparticles were characterized using DLS, sizes of these DOX-loaded nanoparticles
were found to be very similar to that of their nascent nanoparticles. The DLS histogram and
FESEM images of TLNso-DOX and TBso-DOX are shown in figure 5.15d to 5.159. TLNso-
DOX (figure 5.15d) and TBso-DOX (figure 5.15f) nanoparticles showed monomodal
histogram of 155 and 135 nm size aggregates respectively. Further these nanoparticles were
subjected to FESEM and the images are shown in figure 5.15e and 5.15g for TLNs,-DOX
and TBso-DOX respectively; both showed the formation of spherical nano-particles. The
FESEM sizes were found to be in correlation with DLS sizes. This observation indicates that
the PCL block is very essential for enhanced DOX-encapsulation capabilities. This PCL layer
subsumed between PEG shell and cisplatin anchored CPCL core opens up new opportunities

where various hydrophobic anticancer drugs can be loaded to achieve combination therapy.

ﬂ) 38% DA

release

12 % cisplatin
38 % DOX
4 release

)2
Poly-CP+DOX 3 Poly-DOX
oly- )
v Lkt 75 % cisplatin Ny 100 % DOX
L 100 % DOX bh release
A release Peoe
'o .)»(.x° . ‘e °3

- = S
£ 11 (b)PBS <1004 (€) Esterase DOX S.100{ (d)

] o
2 z £l Esterase
5 = o 754
= Dox 2 ®
5 o Cisplatin 5
5 s0q 2 s > 504
E Cisplatin é =
£ £ g -

. . - 0F i . O 0k ‘ .
0 10_[1]_0_ 2000 3000 0 1000 2000 3000 0 1000 2000 3000
ime (min) Time (min) Time (min)

Figure 5.16. Schematic representation of drug release from nanoparticles (a), cumulative
drug release profiles of dual drug loaded nanoparticles in PBS without (b) and with
10 U esterase(c) at 37 <C. Cumulative drug release profiles of DOX loaded triblock
copolymer in PBS without and with 10 U esterase (d) at 37 <C.

These DOX-loaded polymeric nanoparticles (dual drug loaded TLN-DOX, and
TB-DOX) were subjected to in vitro drug release studies in PBS (pH = 7.4 at 37 °C)
and in the presence of esterase enzyme (in PBS at 37 °C). For this purpose, the DOX-

loaded nanoparticles were taken in dialysis tube (MWCO = 1000) and immersed in
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PBS at 37 °C. In this experiment absorbance spectroscopy was used to determine the
released cisplatin (using OPD assay) and DOX amount in the reservoir. The
cumulative release from nanoparticles was plotted and is shown in figures 5.16b and
5.16¢. The dual drug loaded TLN-DOX nanoparticles release < 12 % of cisplatin and
38 % of DOX at 37 °C under blood plasma conditions as seen in figure 5.16b, also
schematically illustrated in figure 5.16a. This indicates that the dual drug loaded
nanoparticles TLN-DOX exhibit similar cisplatin stability as TLN (see figure 5.10e) at
blood plasma conditions. However, DOX releases faster than cisplatin; this might be
attributed to the fact that DOX is physically encapsulated and non-covalently bound to
the outer PCL hydrophobic layer compared to the covalent interactions of cisplatin
with CPCL core. Further, dual drug loaded TLN-DOX was treated with 10 units of
esterase enzyme in PBS at 37 °C and their cisplatin and DOX release profiles are
shown in figure 5.16b. As can be seen from the release profile, DOX undergoes burst
release (100 %) in presence of esterase whereas cisplatin exhibited more controlled
release of up to 75 % in 48 h (see figure 5.11a). The DOX release observed from TB-
DOX in PBS with and without esterase was similar to what was observed in TLN-
DOX (see figure 5.11 d); this is diagrammatically shown in figure 5.11a. This in vitro
experiment models the cleavage of the drug loaded nanoparticles at the intracellular
level under lysosomal conditions. These particles are made with biodegradable PCL
middle layer and CPCL-CP core aliphatic ester linkages; thus, the esterase enzyme
that is abundant in the lysosomes is expected to rupture the nanoparticles to release the
loaded cargoes at the intracellular compartments. Interestingly, these particles showed
slow and controlled release of cisplatin, while much faster release of DOX was
observed. The slow release might be attributed to the hydrophobic PCL layer that
retards the penetration of enzyme to the inner core and slows down the cleavage and

release of cisplatin from TLN-DOX.

5.3.9. Cytotoxicity of TB-DOX nanoparticles

The cytotoxicity of the free DOX, and TB-DOX, and their combinations were
investigated in wild-type mouse embryonic fibroblasts (WT-MEFs), breast cancer
(MCF 7) and cervical cancer (HeLa) cell lines. In this experiment concentration of
DOX concentration varied from 0.1 ug/mL to 1.0 ug/mL and their cytotoxicity data is
summarized for WT-MEFs, HelLa and MCF7 in figure 5.17. Histograms of TB-DOX
and free DOX are shown in figure 5.17a for WT-MEF cell line. This data demonstrates
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that free DOX is toxic to normal cells and its 1Csq value is 0.5 ug/mL; however, the DOX

loaded polymer nanoparticle (TB-DOX) was comparatively non-toxic to the cells.
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Figure 5.17. Histogram depicting cytotoxicity of free DOX and TB-DOX (Poly-DOX) in WT-
MEF (a), in HeLa cells (b) and in MCF 7 cells (c) at various concentrations.

In figure 5.17Db, the histograms are shown for free DOX and TB-DOX in HeLa cell
line. Wherein, both free DOX and TB-DOX showed 50 % Kkilling at 0.6 pg/mL

concentration which is similar to the earlier observations. On the other hand,in breast

cancer cell line, as shown in figure 5.17c, free DOX and TB-DOX showed 50 % killing

in cells at 0.6 pg/mL concentration which is similar to the earlier observations.** The

cytotoxicity data of free DOX in HeLa and MCF 7 cell line showed similar results as
TB-DOX nanoparticles. But in non-cancerous cell line (Wt-MEF) TB-DOX proved as
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comparatively non-toxic over free drugs. Thus, it can be concluded that selective
targeting to the cancer cells over normal cell can be achieved using this triblock

copolymer approach.
5.3.10. Cytotoxicity of Dual Loaded Nanoparticle (TLN-DOX)

The TLN accomplished anti-tumour effect by shielding against GSH which
increases the cell death. However, there is still probability of cellular resistance as CP-
DNA adduct can be repaired by proteins which may inhibit the toxicity of the drug. To
deal with this obstacle we used combination therapy where cisplatin is combined with
DOX, an anthracycline which inhibits the DNA repair.'® The cisplatin chelated DOX
encapsulated TLN-DOX was tested in cisplatin resistant MCF 7 cell line. In TLN-
DOX, cisplatin and DOX ratio was maintained as 7.6, in accordance to their I1Csg
values. The anti-tumor effect of DOX, CP, TB-DOX, TLN and TLN-DOX in combination
and separately was initially evaluated in MCF 7 breast cancer cell line (see figure 5.14 and
5.17). In the case of free DOX and TB-DOX cytotoxicity was observed with 1Cs value of 0.5
ug/mL, as shown in figure 5.14c. However, cisplatin and TLN exhibited very different
toxicity profiles, where cisplatin showed 1Cs, of 8-9 ug/mL in accordance to the literature
and TLN showed significant increase in cell killing at 10 ug/mL concentrations, that is >
90% cytoxicity with 1Cs of 1.5 pug/mL, as can be seen in figure 5.17c. The physical mixture
of both free drugs showed similar toxicity as free DOX (see figure 5.18a). When these two
anticancer drugs were assimilated together in TLN-DOX, it exhibited robust enhancement of
combination potency, with dose-effect profiles shifted towards lower drug concentration and

the 1Cso value dropped to 0.4 ug/mL (see figure 5.18a).

This clearly shows that the cisplatin cytotoxicity increased 3 fold in presence of DOX; these
data suggest synergistic cytotoxicity of TLN-DOX against MCF 7 cells. To confirm drug
synergism in these nanoparticles, combination index (CI) analyses was carried out using

below mentioned formula. **

Where, Dy and Dp, are the concentrations of the individual drugs and D1 and D2 are the

concentrations of the drugs in dual loaded nanoparticles. 1= Cisplatin and 2 =DOX.
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Figure 5.18. Histogram depicting cytotoxicity of cisplatin+DOX cocktail and dual drug
loaded nanoparticles TLN-DOX (Poly-CP+DOX) (a) in MCF 7 at various concentrations.
Combination index plots of cisplatin+DOX cocktail and dual drug loaded nanoparticles (b).

The ClI plots, where combination index was derived from the dose-effect profiles of a
given drug combination, was plotted against drug effect level. This plot can give quantitative
information about the extent of drug interactions. Since, it is known that if CI values are
lower than, equal to, or higher than 1, then they denote synergism, additivity, or antagonism,
respectively. In this experiment dose level (cell death in %) plotted against Cl values
determined from above mentioned formula. As shown in figure 5.18b, CI plots for TLN-
DOX clearly demonstrated efficient synergism against MCF 7 cells over the free drug
combinations, which led to only additive effect. The enhanced potency of combination of
drugs in TLN-DOX in MCF 7 human breast cancer cells might be attributed to the inhibition
of DNA repair due to the presence of DOX. The reason for additivity or antagonistic effect
in free drugs is due to differential availability of these drugs at the nuclear DNA whereas
TLN-DOX is able to deliver both the drugs simultaneously to the site of action. The co-
packaging of DOX and cisplatin in these nanoparticles rendered the drug combination
synergistic: a highly attenuated CI value of 0.38 to 0.41 for various cytotoxicity levels was
observed as compared to the 1.0 to 1.5 CI value of [CP + DOX] free drug combination at the
same concentrations. The problems of drug resistance in MCF 7 cell were efficiently
combated owing to the synergistic effect by combination therapy via co-delivery of cisplatin
with DOX. Hence it can be concluded that the cisplatin chelated DOX encapsulated TLN-
DOX provides proof for the need to conjugate cisplatin drugs with physical
encapsulation of anthracyclines to slow-down the GSH detoxification and DNA repair

in resistant breast cancer cells and for enhancing their efficacy. Though, the approach
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has been demonstrated only for cisplatin and DOX, in principle, it can be extended to
other platinum and anthracycline combinations. Currently, efforts are being taken to
proceed in these directions to expand the triple layer nanoparticle strategy for various

biomedical applications.
5.3.11. Cellular Uptake of Dual Loaded Nanoparticle (TLN-DOX)

The cellular internalization and intracellular drug release behaviour of dual loaded
nanoparticles towards the MCF 7 cells was monitored using confocal laser scanning
microscopy (CLSM). MCF 7 cells were incubated with free DOX, TB-DOX and TLN-DOX
(for 8 h) at 37 °C. The red DOX fluorescence observed at ~ 590 nm, was monitored through
the red channel (A = 568 nm). As DOX has a propensity to gather at the nuclei, the diffusion
and accumulation of DOX in the nucleus was probed by staining with DAPI. Blue
fluorescence produced by the cell nuclei after DAPI staining was observed through the blue
channel (A = 405 nm). In order to visualize the cell skeleton actin fibrils were stained with

phalloidin, which was visualised through green channel (A = 488 nm).

DIC DAPI Phalloidin DOX

Poly-DOX Free DOX

Poly-CP+DOX

Figure 5.19. CLSM images of MCF-7 cells incubated with DOX, DOX loaded triblock (Poly-
DOX) and DOX loaded TLN (TLN-DOX or Poly-CP+DOX) at 37 °C. For each panel, the
images from the left to right show differential interference contrast (DIC), staining of cell
nuclei by DAPI, phalloidin stained actin fibrils, DOX fluorescence in the cells, and an
overlay of the three images.
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The images corresponding to DIC (differential interference contrast), DAPI,
phalloidin and DOX fluorescence in MCF 7 cells along with the merged image are shown in
figure 5.15. In the case of free DOX the images were captured at 8h shown in first panel,
where the nuclei were visible as blue rather than magenta color and very small red
emission was found at the nuclei as an indication of lack of DOX accumulation at the
nucleus. For TB-DOX and TLN-DOX images were captured after 8 h of incubation at 37
°C and are shown in second and third panels respectively, wherein strong DOX fluorescence
was observed at the nuclei. This could, in principle, mean that the dual loaded nanoparticles
efficiently internalize the drugs over the free drugs in MCF 7 cells. This enhanced
intracellular accumulation of DOX enumerates the fact that degradation of nanoparticles
occurs upon exposure to the lysosomal conditions inside the cells. Hence, it can be
concluded that the biodegradable dual loaded nanoparticles undergo enzymatic
cleavage at the intracellular compartments and release the drugs subsequently (only
DOX was visualised as it is fluorescent in nature). This proves that nanoparticles
travels towards the nucleus against cisplatin GSH detoxification in combination with
DOX reaching to the nuclei and helping prevent the DNA-Pt adduct repair. This
concept successfully demonstrated the co-delivery of cisplatin and DOX in order to
achieve synergistic killing. This present investigation established the proof-of-concept
of co-delivery of cisplatin with DOX to achieve highly efficient “synergism” in
cisplatin resistant breast cancer cells, which could be extended to the other

hydrophobic drugs too.

5.4. Conclusion

In summary, the present work demonstrates co-delivery of cisplatin and DOX
using biodegradable triple layer nanoparticles in order to achieve synergistic killing in
resistant breast cancer cells. TLNs were designed using biocompatible PEG shell and
biodegradable PCL and CPCL for multi-drug delivery. In fabrication of TLNSs,
cisplatin was chelated to COOH groups of CPCL block and DOX was physically
encapsulated in to PCL layer. The TLNs were found to be very stable in water. In PBS
> 90% of cisplatin and < 60 % of DOX was stabilised by the TLNs that is evidently
attributed to the protection rendered by the middle PCL layer. In vitro drug release
studies revealed that the PEG shell and PCL layer protected cisplatin drug against
detoxification by the cytoplasmic thiol residues, i.e. GSH. Further, the biodegradable
aliphatic PCL ester backbone was found to be ruptured upon exposure to esterase
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enzyme at conditions identical to that of intracellular compartments, where cisplatin
showed controlled release up to 48 h. Cytotoxicity of the polymer and dual drug
loaded nanoparticles was tested in WT-MEF, HeLa and MCF 7 cell lines. The nascent
polymers were found to be biocompatible and non-toxic to cells. In HeLa cell lines,
both the free cisplatin drug and polymer-cisplatin core-shell nanoparticle showed
almost identical cytotoxicity. Free cisplatin drug failed to kill all the cells in MCF 7
and more than 50 % of the cells were viable even at very high drug concentration.
Over-expression of GSH in MCF 7 is responsible for poor killing by free cisplatin
drug. This selective and enhanced cell killing in MCF 7 cells by the polymer
nanoparticle was due to their resistance against drug detoxification by GSH. The dual
drug loaded nanoparticles emanated in 3 fold excess cell killing over polymer-cisplatin
conjugates, which can be attributed to the fact that DOX increased the stability of the
DNA-Pt adduct and quenched the DNA repair mechanism efficiency. The dual loaded
TLNs containing cisplatin and DOX act synergistically to promote killing of breast cancer
cells. The CI values showed that the dual loaded nanopartciles exhibited synergistic Killing,
however when cisplatin and DOX were administered as a cocktail they showed antagonistic
effect.Further the cellular uptake and nuclear localization of dual drug loaded nanoparticles
(TLN-DOX) in MCF 7 cells was scrutinized using confocal microscopy. Thus, the novel
custom designed dual loaded triple layer nanoparticles manifested as potent candidate

to accomplish synergistic killing in cisplatin resistant breast cancer cells.
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The thesis entitled “Polycaprolactone Block Copolymer Nano-scaffolds for Drug
Delivery to Cancer Cells” deals with design and development of amphiphilic carboxylic
polycaprolactone (CPCL) block copolymer nano-aggregates for drug delivery applications.
The thesis is focused on the synthesis of PCL block copolymers with narrow molecular
weights in order to further render precise control over the size and shape of the self-
assembled nano-carriers such as micelles and vesicles. These biodegradable block copolymer
nano-assemblies were demonstrated for delivering a wide range of anticancer drugs such as
doxorubicin (DOX), cisplatin, camptothecin, and Ibuprofen, etc. The new polymer scaffolds
were employed as oral delivery vehicles under gastrointestinal (Gl) tract and also for the

intracellular administration of drugs in cancer cells.

In chapter 2, a new carboxylic-functionalized caprolactone monomer was designed
and synthesized from commercial starting materials and further subjected to ring opening
polymerization. The carboxylic substituted PCL block copolymers PEG-b-CPCLXx resulted in
the production of water soluble 80-250 nm sized vesicles. The characterization of these PCL
vesicles was carried out by various techniques such as DLS, SLS, FESEM, HR-TEM, WCA
and so on. The pH responsiveness of these PCL vesicles was studied using zeta potential and
DLS, which showed that the vesicles were stable upto pH < 6.0, however at neutral or basic
pH > 7.4 the carriers were ruptured causing the release of drug molecules. The loading and
delivery of both water-soluble molecules such as Rh-B and hydrophobic drugs like 1BU or
CPT were investigated. In vitro drug release revealed that the drugs released exclusively
under simulated intestinal fluid conditions that is similar to the physiological environment of
the small intestine.

In chapter 3, new class of hydrogen bonded and enzyme-responsive (biodegradable)
PCL diblock copolymer nanoparticles were designed and developed for loading and
delivering anticancer drugs by tuning the biodegradability and hence the release mechanism
as “burst” and “controlled” at the intracellular compartments in cervical (HeLa) and breast
(MCF 7) cancer cells. New amide and ester substituted «- caprolactone monomers were
tailor-made through multi-step synthesis starting from commercially available 1,4-
cyclohexanol as the starting material. Their ring opening polymerization was carried out
employing PEG 2000 mono methyl ether as an initiator in order to synthesize hydrogen
bonded amide and non-hydrogen bonded ester PEG-b-PCL diblock copolymers. These
polymers self-assembled as nanoparticles in water upon DOX loading. The nature of the

linear or bulky substituent had great impact on the drug loading content of the diblock
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copolymer nanoparticles. In order to study the hydrogen bonding interaction in the amide
diblock in detail, variable temperature "H-NMR analysis was performed. The in vitro drug
release studies revealed that the aliphatic polyester PCL chain was readily degradable by
lysosomal esterase enzyme in PBS at 37 °C to release the loaded drugs. The hydrogen
bonded amide copolymer nanoparticles were very stable and as a result, they degraded slowly
in the presence of enzyme to release drugs in a much more controlled manner over a
prolonged period. On the other hand, the non-hydrogen bonded ester copolymers underwent
burst uncontrolled release of drugs. This difference in the enzymatic degradation among the
amide diblock copolymers (hydrogen bonded) and ester diblocks (non-hydrogen bonded) was
further verified by determining their cell killing ability in HeLa and MCF 7 cell lines. The
nascent polymer scaffolds were non-toxic to cells up to 40 pg/mL as per the in vitro
cytotoxicity tests. The DOX loaded nanoparticles accomplished more than 90 % cell killing
in both HeLa and MCF 7 cells. Time-dependent in vitro cell studies further confirmed that
the DOX loaded amide diblocks exhibited slower killing (20 % less) compared to the non-
hydrogen bonded ester blocks. Both in vitro drug release profiles and in vitro cell line studies
clearly stated that the hydrogen-bonding led to controlled drug delivery in the diblock
copolymer design. The hydrogen bonding interaction was proven to play an important tool in
controlling the drug release profiles of the anticancer drugs at the cancer cells. The cellular
uptake of the DOX loaded polymer nanoparticles and their cleavage in the cytoplasm was

further supported by the confocal microscope imaging.

In chapter 4, the concept of biodegradable diblock copolymer core-shell
nanoparticle assemblies for cisplatin delivery against detoxification by cytoplasmic
thiol residues was successfully demonstrated in breast cancer cells. The complexation
of cisplatin aquo complex with the above said diblock copolymers produced core-shell
nanoparticles. In this process, the core of the particles was fixed as 75 nm and the
hydrophilic PEG shell was varied by varying the PEG chain length in the ROP
process. The core-shell nanoparticles were found to be very stable in FBS and water.
In vitro drug release studies in PBS and saline revealed that the drug stability
increased with increase in the PEG shell protection layer, which could be attributed to
the PEG shell protection rendered to the cisplatin drug against attack by the
cytoplasmic thiol residues GSH and they were free from detoxification. Also the
biodegradable aliphatic PCL ester backbone was found to provide additional shielding

against GSH action on the cisplatin core and it ruptured only upon exposure to esterase
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enzyme at conditions identical to that of intracellular compartments. Cytotoxicity of
the polymer and polymer-cisplatin conjugates was tested in MCF 7 and HeLa cell
lines. The nascent polymers were found to be biocompatible and non-toxic to cells. In
HelLa cell lines, both the free cisplatin drug and polymer-cisplatin core-shell
nanoparticle showed almost identical cytotoxicity. Free cisplatin drug failed to kill all
the cells in MCF 7 and the cells were viable more than 50 % even at very high drug
concentration. The poor killing by free cisplatin drug was attributed to over-expression
of GSH in MCF 7. The polymer-cisplatin nanoparticles showed enhanced cell killing
in MCF 7 and the cell viability was found to be < 10 % at 4 ug/mL drug concentration.
This selective and enhanced cell Killing in MCF 7 cells by the polymer nanoparticle
was attributed to their resistance to drug detoxification by GSH. Cellular uptake of the
nanoparticles in the cytoplasm and perinuclear environment assemblies was confirmed

by confocal and fluorescence microscopic analysis using Nile red as a fluorophore.

In chapter 5, the combination delivery of cisplatin and DOX using triblock
copolymer nanoparticles was carried out in order to achieve synergistic killing in
resistant breast cancer cells. TLNs were designed using biocompatible PEG shell and
biodegradable PCL and CPCL middle and inner core for multi-drug delivery. In the
fabrication of TLNs, cisplatin was chelated to COOH groups of CPCL block and DOX
was physically encapsulated into the PCL layer. The TLNs were found to be very
stable in water. TLNs stabilized> 90% of cisplatin and < 60 % of DOX in PBS, which
is evidently attributed to the protection rendered by the middle PCL layer. In vitro
drug release studies revealed that the PEG shell and PCL layer protected cisplatin drug
against detoxification by the cytoplasmic thiol residues, i.e. GSH. Further, the
biodegradable aliphatic PCL ester backbone ruptured upon exposure to esterase
enzyme at conditions identical to that of intracellular compartments, where cisplatin
showed controlled release up to 48 h. Cytotoxicity of the polymer and dual drug
loaded nanoparticles was tested in WT-MEF, HelLa, and MCF 7 cell lines. The nascent
polymers were found to be biocompatible and non-toxic to cells. In HeLa cell lines,
both the free cisplatin drug and polymer-cisplatin core-shell nanoparticle showed
almost identical cytotoxicity. However, in MCF 7 cell lines, free cisplatin drug failed
to kill all the cells and more than 50 % of the cells were viable even at very high drug
concentration. Over-expression of GSH in MCF 7 is responsible for poor killing by

free cisplatin drug. Polymer nanoparticles showed selective and enhanced cell Killing
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in MCF 7 cells, which was due to their resistance against drug detoxification by GSH.
The dual drug loaded nanoparticles emanated in 3 fold excess cell killing over
polymer-cisplatin conjugates, which can be attributed to the increased stability of the
DNA-Pt adduct rendered by DOX that retards the DNA repair mechanism efficiency.
The dual loaded TLNs containing cisplatin and DOX act synergistically to enhance the
killing of breast cancer cells. The CI values showed that the dual loaded nanoparticles
exhibited synergistic killing, however when cisplatin and DOX were administered as a

cocktail they showed antagonistic effect.
Future Directions

This thesis discusses in detail the synthesis of homopolymers, diblock copolymers and
triblock copolymers of the novel carboxylic substituted caprolactone monomer. These
polymers were completely characterized using standard techniques. These polymers self-
assembled into vesicles and micelles that were found to be pH responsive and enzymatically
degradable at conditions similar to the intracellular compartments. The polymeric scaffolds
efficiently loaded drugs like lbuprofen, CPT, DOX and cisplatin that could be orally and
intravenously delivered at the tumor specific site respectively.

The pH responsive vesicles showed great potential in delivering drugs like IBU and
CPT to the colon whilst protecting them against the harsh pH conditions of stomach. This
approach could be extended to the delivery of multiple drugs for oral delivery applications.
Around 20 different drugs (NSAIDS) face the problems of rapid systemic elimination causing
shorter half-life and these are also known to interfere with the stomach’s defence
mechanisms. Proteins like insulin still lack efficient oral delivery carriers and hence, these
polymeric scaffolds can be useful in protecting these drugs in the stomach and deliver only at

the target specific site.
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Figure 6.1. Future directions of thesis work: Schematic representation of new dual loaded
triple layer nanoparticle attached with an imaging agent, cell penetrating peptide and
targeting antibody
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The carboxylic substituted polymers were able to chelate the anticancer drug cisplatin
as well as bring about apoptosis in the breast cancer cells with the over expression of GSH.
However, there is an urgent need to bring about target specificity in these scaffolds in order
to overcome the various side effects associated with cisplatin delivery. The carboxylic side
chain could be used to tag antibodies like Alemtuzumab for lymphocytic lymphoma,
Rituximab for Hodgkin lymphoma, Trastuzumab for breast cancer, Cetuximab for colorectal
tumor, Panitumumab for Metastatic colorectal tumor in order to enhance intracellular
delivery and at the same time overcome side effects associated with non-specific delivery
(see figure 6.1). This functional moiety could even be conjugated with drugs to generate
prodrugs that deliver the active chemotherapeutic agent only at the specific tumor site.

The triblock cisplatin stitched nanoparticles brought about high levels of cytotoxicity
in specifically the breast cancer cells. But the next level could be to tag these nanoparticles
with fluorescent imaging dyes through which these particles could be monitored in vivo. All

these  aforementioned scaffolds need to be tested in mice models.
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