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Chapter 1. Introduction and Literature Review

1. Introduction

This chapter provides an introduction to the scope and application of biodegradable
polymers in the area of drug delivery. It includes a literature survey on drug delivery
systems (DDS), various polymers/biopolymers used to prepare nano DDS (NDDS), and
their characterization techniques. It also accentuates the potential of polymer-based

NDDS in anti-cancer therapy.

1.1 Drug delivery systems (DDS)

DDS plays a vital role in regulating the pharmacokinetics (PK) of the drug. The rate of
release of the drug depends on the composition of the delivery system. Conventional
drug delivery systems are in the form of tablets, injections, suspensions, capsules, etc.
Though these modes of delivery have been used in the treatment of various diseases
they face limitations like poor biodistribution, low bioavailability, toxicity, burst
release, low half-life, etc. DDS is different from the conventional method, where after
administration they reside as designed at a particular location and deliver the drug for
an extended period'?. DDS deals with introducing foreign therapeutic agents into the
body through different routes of administration like oral, buccal, transdermal, ocular,
nasal, pulmonary, and parenteral®. It has several advantages like an ideal drug delivery
system will give a high pharmacological effect in a controlled manner without any
immune response®. It protects the drug or bioactive molecule from degradation and
rapid clearance out of the body. At the beginning of the 19" century, to improve the
pharmacological properties of DDS, studies on the development of micro and
nanoformulations came into existence. Accordingly, several micro formulations were
developed as DDS and are successfully being practiced®. The following Table 1.1

displays how DDS has overcome the barriers presented by conventional drugs.
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Chapter 1. Introduction and Literature Review

Table 1.1 Effect of DDS over non-ideal drugs®

Problem Implication Advantage of DDS

Poor solubility A convenient pharmaceutical format is difficult to [ DDS such as lipid micelles or liposomes provides
achieve, as hydrophobic drugs may precipitate in | both hydrophilic and hydrophobic environments,
aqueous media. Toxicities are associated with the | enhancing drug solubility.
use of excipients such as Cremphor (the
solubilizer for paclitaxel in Taxol).

Tissue damage on | Inadvertent extravasation of cytotoxic drugs leads | Regulated drug release from the DDS can reduce

extravasation to tissue damage, eg, tissue necrosis with free [or eliminate tissue damage on accidental
doxorubicin. extravasation.

Rapid breakdown of the|Loss of activity of the dmg follows|DDS protects the dmug from premature

pharmacokinetics (PK)

example, requiring high doses or continuous

infusion.

drug in vivo admimnistration, for example, loss of activity of | degradation and functions as a sustained-release
camptothecins at physiological pH. system. Lower doses of the drug are required.
Unfavorable The drug is cleared too rapidly, by the kidney, for | DDS can substantially alter the PK of the drug

and reduce clearance. Rapid renal clearance of

small molecules is avoided.

Poor biodistribution

Drugs that have a widespread distribution in the
body can affect normal tissues, resulting in dose-
limiting side effects, such as the cardiotoxicity of

doxorubicin.

The particulate nature of DDS lowers the volume
of distribution and helps to reduce side effects in

sensitive and non-targeted tissues.

Lack of selectivity for

targeted tissues

Distribution of the drug to normal tissues leads to

side effects that restrict the amount of

administered drug. Low concentrations of drugs
in targeted tissues will result in suboptimal

therapeutic effects.

DDS can mcrease drug concentrations in
diseased tissues such as tumors by the EPR
effect. In addition, ligand-mediated targeting of

the DDS can improve drug specificity.

Nanotechnology is a cutting-edge science where materials are manipulated at an atomic

and molecular level. With the advent of nanotechnology, nanoparticle-based DDS has

gained a lot of interest and is being studied extensively because of its unique physical

and chemical properties. NDDS are being used to deliver bioactive polypeptides,

proteins, vaccines, nucleic acids, genes, etc®. Among the various nanomaterials, such

as nanotubes, nanofibers, nanoemulsions, etc the nanoparticles (NPs) in their solid form

are being studied extensively as DDS. Generally, NPs are defined as particulate

distribution or solid particles with a size in the range of 10-100 nm. Nano is submicron-
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sized material that has a larger surface-to-volume ratio, with advantages over bulk or
macro materials’. As a result, it provides several advantages like increased
bioavailability, dose proportionality, less toxicity, smaller and stable dosage forms
hence, less expensive and more effective in therapy. As per the literature®, in 1976 Jorg
Kreuter was first to use the term “nanoparticle” in the context of drug delivery, and
later to this, tremendous progress has been made in this domain with the progress of
time, which is shown in Figure 1.1 Nanoparticulate drug delivery vehicles are
advantages over the conventional forms methods. In addition, reduction in fed or fasted
variability, improved half-life, ability to cross the blood-brain barrier (BBB), better
interaction with cells, combinational therapy, transcytosis across tight gaps, etc.
Therefore, NDDS is explored widely to develop a suitable nano system®. Nanocarriers
for drug delivery can be formulated using inorganic materials (metals, semiconductors),
lipids, polymers, and hybrid materials®. Among these liposomal and polymeric
systems are being exploited, accordingly, many related systems are now in the market
and are being lined up for clinical trials. The first reported nano-based drug delivery
system was lipid-based vesicles known as liposomes reported in the 1960s. From there
onwards tremendous progress has been achieved in the area of drug delivery, right from
targeted delivery to stimuli response delivery with an increase in circulation time and
biodegradability’. Currently, per year several articles related to nanosystems designed
using polymers are being reported in the biomedical areal!.
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Figure 1.1 Timeline of nanotechnology-based drug delivery*?.
1.2 Polymers for NDDS

Polymers are large macromolecules made of repeating units of small chemical
components called monomers. They can be classified as natural (DNA, cellulose) and
synthetic (nylon, polyethylene) based on their source of origin. Since the acclaimed
article of Folkman and Long in 1964 entitled “The use of silicone rubber as a carrier
for prolonged drug therapy” the role of polymers in drug delivery has grown
significantly!!. Polymers are the most widely investigated materials for nano-based
drug delivery because they can form various nano architectures like micelles,
liposomes, solid lipid nanoparticles, dendrimers, core-shell particles, etc. The desired
properties of a polymer to be used as DDS should be non-toxic, biocompatible,
biodegradable with low immunogenicity. To sustain the ecological balance, the main
focus over the past few decades is on biodegradable DDS. Because these polymers
degrade safely in the body either by getting adsorbed or expelled so that the need for
surgical extraction can be avoided and improve the biocompatibility of the DDS by
resisting immune response®. Further, the process of polymer biodegradation is a slow

process, the normal cellular functions are not disturbed®®. Hence, these classes of
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polymers have wide application from sutures in wound management to coatings on
medical devices like stents. Dexon™ was the first biodegradable suture developed from
synthetic polymer, polyglycolide in 1969%. Similarly, in 1989 Lupron® Depot
microsphere was the first approved DDS fabricated from PLGA for delivery of
leuprolide in the treatment of prostate cancer'*. Currently, DDS are being tailored by
modifying molecular weight, crystallinity, composition, backbone stability,
hydrophobicity, and polydispersity of biodegradable polymers. Based on the source of
origin the biodegradable polymers can be classified as natural and synthetic polymers
(Figure 1.2)

Biodegradable

Polymers

Synthetic

-~

Polyethers Poloxamers Polyesters Polysaccharides Proteins

Figure 1.2 Classification of biodegradable polymers®®.
1.2.1 Biodegradable polymers
1.2.1.1 Synthetic polymers

As the name suggests these polymers are synthesized from monomers in a lab. Various
biodegradable synthetic polymers are being studied and used for NDDS. Some of the
common examples are polyethylene glycol, polylactic acid (PLA), polylactide-co-

glycolide (PLGA), polyecaprolactone (PCL), polyhydroxyalkanoates, etc. Drug
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carriers designed by synthetic polymers provide passive function so they can be used
for delivering charged bioactive peptides and proteins®®. Synthetic polymers can be
further classified as polyethers, polyesters, poloxamers, and recombinant protein-based
polymers depending on the functional group present on the polymeric backbone.
Polyethers, like PEG or PEO (polyethylene oxide), are used in the NDDS system, PEG
has been the go-to polymer for all pharmaceutical experts. PEG is being used in
combination with a variety of polymers to develop biodegradable NDDS. For instance,
A Singam et al developed PEGylated ethyl cellulose nano-micelles as NDDS to deliver
an anti-cancer drug like doxorubicin (DOX)*®. PLA, PCL, and PLGA are a few well-
known polyesters utilized in NDDS!" 8 In their reported work, Fessi et al
demonstrated the application of PLA nanocapsules for the delivery of indomethacin®®.
PCL is a hydrophobic semicrystalline polymer that is usually used in combination with
other hydrophilic polymers to form copolymers or block copolymers for drug delivery
application. Accordingly, MPEG-PCL copolymeric NPs have been explored in drug
delivery systems?’. For example, hydroxy camptothecin an anti-cancer drug was
reported to show efficacy in treating tumor-bearing mice when encapsulated in co-
polymeric micelles developed from MPEG-PCL. PLGA NPs as DDS were evaluated
in vivo and these were found to be non-toxic and well biodistributed indicating their
biocompatibility. Poloxamers are a combination of polymers (tri-block copolymers)
that have hydrophobic and hydrophilic blocks. They are also called thermosensitive
polymers owing to their temperature-responsive behavior. Commonly used poloxamer
is pluronic which is inert and has good encapsulation property?’. Pluronics and block
copolymers of pluronics improve the pharmacokinetics of the drug by increasing the
solubility of crystalline and polycyclic drugs. Likewise, Venne et al reported the
advantages of drug encapsulates of pluronics. The DOX encapsulated pluronic was
internalized in multi drug resistant cancer cells when compared with delivery of DOX
alone??. Recombinant polymers are genetically engineered with amino acid sequences
in the polymeric backbone. They have specific sequences to aid in absorption to the
cellular receptors in the intestinal epithelium. The regularly used protein-based

recombinant polymers are lectins, transferrin, silk-elastin-like proteins, and cell-
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penetrating peptides (CPP). DDS of the conjugated HPMA (N-(2-Hydroxy-propyl)

methacrylamide) with lectin aided in adhesion of DDS to the colon tissue and delivered

aminocamptothecin specifically in the colon region?. In another report, CPP like

penetratin was conjugated to elastin polypeptide and cyclin dependent kinase inhibitor

p21 and was found to inhibit HeLa cancer cells®.

Table 1.2 A list of the pros and cons of synthetic versus natural polymers®

feature, such as a copolymer

Easy to add functional groups to
allow crosslinking and surface
modification of chemical moieties
to improve the functionality of
polymer

Precise controlled release profile
No immunogenicity
Control of mechanical and

physical properties of polymer
such as branching

Classification of | Pros Cons
polymer
Natural Hydrophilic Possible immunogenicity
Biocompatible Require purification
Cell/tissue-specific binding Lot-to-lot variation
affinity
Less controlled raw material
Safe specifications
Readily available Less controlled degradation
Short release profile
Synthetic Design desired physicochemical | Require ligands attached to

achieve cell/tissue-specific
binding affinity

Require synthesis
Scale-up challenges

Hydrophobic
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1.2.1.2 Natural polymers

Though biocompatible synthetic polymers are in practice for drug delivery, they suffer
from drawbacks like depletion of resources, use of organic solvents, harsh and
expensive formulation conditions®. Therefore, natural polymers are being preferred as
they are renewable, biodegradable, biocompatible, non-toxic, economical, and are
easily available. For example; monosaccharides and amino acids units of
polysaccharides and proteins respectively have garnered attention to design as NDDS
because they pose low immunogenicity and their units are well tolerated by the human
body?®. Some of the polymers extracted from plants, animals, microorganisms, insects,
and fungi exhibit antibacterial activity due to their inherent nature. Likewise, Zhao R
et al fabricated a nanocomposite fiber from natural biopolymers like chitosan and
sericin which exhibited antibacterial properties against both Gram positive and negative
bacteria?®. Examples of plant polysaccharides are cellulose, starch, pectin, guar gum,
inulin, gum acacia, agar, carrageenans, alginate, etc. Xanthan gum and dextran are
isolated from microbes like fungi and bacteria respectively. Chitin a polysaccharide is
extracted from the exoskeleton of crustaceans like crabs and insects. The
polysaccharides are further classified as non-polyelectrolytes/neutral (cellulose, starch,
etc) and polyelectrolytes/charged, where most of them are negatively charged owing to
carboxylic or sulfate groups (alginate, hyaluronan, xanthan, pectin, etc), and some are
positively charged (chitosan, dextran)®. Polysaccharides are used to coat drugs, in
emulsions, as tablet coating matrix, and as gelling agents in NDDS®. Polysaccharides
constitute a large number of materials as DDS because of their good bioadhesive
property and the availability of the functional groups for modification as smart DDS.
For instance, chitosan, starch, alginate, etc can form non-covalent bonds with mucous
membrane and epithelium thus prolonging the residence time of the DDS thereby
improving drug absorption?’. Sarmento et al developed alginate/chitosan NPs for
effective delivery of insulin®®. A. K. Jain et al in their work, fabricated starch-based
mucoadhesive NPs for transnasal delivery of insulin?®. Further, hyaluronic acid was

modified with PLGA to form a nanosystem to deliver doxorubicin (DOX)¥. In another

Amarnath Singam Chapter 1 Page | 8



Chapter 1. Introduction and Literature Review

study, pullulan was derivatized with acetyl moieties and coated on FesO4 magnetic NPs
to develop an anticancer DDS3L. Similarly, chitosan was covalently grafted with stearic

acid to fabricate a pH-sensitive DDS for paclitaxel delivery*?.

A large number of proteins such as collagen, gelatin, aloumen (HSA, BSA, and EA)
are also under practice for pharmaceutical applications®. Protein-based polymers are
non-toxic, biodegradable, biocompatible, and generally water-soluble which makes
them feasible to create NDDS without the use of any organic solvents®* %, Some of the
widely used protein polymers in NDDS are albumins (bovine serum albumin
(BSA)/human serum albumin (HSA), keratin, soy, collagen, silk, zein, elastin, etc.
Protein-based DDS have a high drug-binding capacity, low toxicity, and significant
cellular internalization property?®. The electrostatic charge, release behavior,
mucoadhesive property, and degradation profile make protein-based materials
attractive systems in drug delivery®. Proteins possess various functional groups on their
backbone, hence chemical modifications can be done as desired. For example, BSA
was conjugated with polycaprolactone (PCL) to assemble nano-micelles for targeted
delivery of DOX using the thiol functional group of BSA%®. Oleic acid was covalently
bonded to the amine group of gelatin by EDC/NHS coupling to develop DDS for

delivery of irinotecan HCI, as result, the drug loading was increased significantly®’.

Although polysaccharides and proteins are inherently capable of forming a good DDS
they face certain limitations, like low drug binding, uncontrolled rate of hydration,
larger size distribution, and microbial contamination if not stored properly. They also
exhibit batch-to-batch variations in terms of molecular weight and composition.
Further, they can undergo enzymatic degradation in vivo and have low reproducibility
in terms of drug release and fabrication as NDDS?®. Hence, research on improving the

properties is under progress.
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1.3 Preparation of nano drug delivery systems (NDDS)

Polymers can be fabricated in various nanosize architectures such as micelles,
dendrimers, liposomes, nanoparticles, nanogels, nanofibers, etc for DDS. This chapter
mainly focuses on NPs and micelles as DDS because of their beneficial properties to

treat chronic diseases.
1.3.1 Polymeric nanoparticles and their preparation

Polymeric NPs (PNPs) can act as carrier vehicles for the targeted delivery of drugs for
cancer treatment, vaccines, proteins, oligonucleotides, or nucleic acids for molecular
medicine and gene therapy>®. For intravenous and oral administration routes PNPs show
good efficacy, stability, and bioavailability of volatile active molecules. They also
enhance the bioavailability of water-insoluble drugs and carry large payloads by
protecting the bioactive macromolecules (eg., DNA and siRNA) from physiological
barriers®®. In addition, they can easily get integrated into the other domains such as
tissue engineering, regenerative medicine, implants, etc*®', PNPs can be divided into
nanocapsules and nanostructures (nanospheres/nanorods/nanodiscs). Nanocapsules are
characterized by a polymer acting as an outer shell enclosing pharmaceutical active
ingredients in the inner vesicle. Nanostructures are basically a solid matrix of polymer
with a drug entrapped or adsorbed on the surface. Apart from size, the shape of the
particle also plays a significant role in the entry of polymer-drug conjugates into the
cells and helps in increasing circulation time in blood. Reports have established that
non-spherical NPs such as rods, discs, and dendrimers have been proven better for
improving circulation time in the blood thereby escaping phagocytosis paving to better
organ distribution*2. Gurny et al, (1985) were the pioneer in reporting nanoparticulate
systems for ocular drug delivery. In their work, they prepared 300 nm-sized NPs of
cellulose acetate hydrogen phthalate (CAP) latex, poly (methyl methacrylate)
(PMMA), and lipophilic, butyl cyanoacrylate (PBCA), or hexylcyanoacrylate (PHCA)
to entrap pilocarpine drug for eye care®®. Further, bio-active agents loaded in NPs were

administered intravenously, which passed through the bloodstream breaching small

Amarnath Singam Chapter 1 Page | 10



Chapter 1. Introduction and Literature Review

gaps and tight junctions, and were safely delivered to the tumors, brain, etc. These
studies indicated that the drug delivery depends on dimensions of the NDDS to deliver
the bioactive agent, where no targeting moiety is immobilized. In most of the studies,
it was observed that the application of NPs faced rejection by the immune system and
enzymatic degradation and was cleared from the body, which was a serious concern.
Accordingly, in the late 1960s, the concept of PEGylation was brought up by Frank
Davis for recombinant protein drugs. This idea was utilized by many researchers
worldwide to prepare PEGylated nanoparticulate systems*. Further, Gref et al
examined the efficacy of covalently attached PEG to alter the bio-distribution of NPs
composed of poly lactide-co-glycolic acid (PLGA). Bio-distribution studies performed
in mice resulted in increased blood circulation time of NPs as the molecular weight of
PEG increased (from 5000 to 20000 Da). After 2 h of administration of with and
without PEG-coated NPs, it was observed that 30% of coated NPs accumulated in the
liver as compared to 66% accumulation of uncoated NPs*. Likewise, Perrachia et al
reported PEGylation of polycyanoacrylates NPs for intravenous administration and
splenic targeting. In his study, he proved that PEGylated NPs displayed extended blood
circulation properties with minimal accumulation in the liver*®. Other than PEG,
poloxamer and poloxamines are also being studied to shield the NPs and to increase
their blood circulation time. Illum et al reported polystyrene NPs coated with
poloxamer-338 displayed prolonged circulation time in rabbits*’. Likewise, Leu D et al
studied the distribution and elimination of poloxamer coated polymethyl methacrylate
NPs after injection in rats*. Troster et al studied the effect of the different classes of
poloxamines coated on the polymethyl methacrylate NPs to understand the bio-
distribution, where the in vivo studies on rats showed less content of coated nanosystem
in the liver*. In the case of cancer and other diseases, passive targeting can have
deleterious effects when the drug enters healthy cells leading to apoptosis. Passive
targeting exploits the gaps in weak vasculature in certain diseases like cancer. The
nanosized DDS enter these gaps owing to their size and release drug. To achieve
specific targeted delivery of the drug, researchers have developed active targeting of

NPs by attaching ligands to it like biotin, folic acid, transferrin, lectins, monoclonal
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antibody, peptides, etc, so that healthy cells can be unaffected. Active targeting moiety
is very specific towards the type of tissue or cell chosen for delivery. For example; In
cancer, the receptors like biotin, transferrin, lectins, etc (ligands) are over expressed on
the cell surface. So, treating these cancer cells with NPs decorated with these ligands
will direct towards the over-expressed receptors of cancerous cells®®. Chen et al
reported PLGA NPs coated with biotinylated chitosan to deliver epirubicin, an anti-
cancer drug. They observed that biotinylated PLGA particles showed better cellular
uptake with sustained release of the drug and enhanced destruction of cancer cells as
compared to unmodified PLGA particles®. In another study, Bu et al®? investigated the
use of biotin to deliver an anti-cancer drug, trans-resveratrol to specifically target
hepatic carcinoma cells via chitosan NPs. The biotin-conjugated NDDS assisted in
better uptake in the liver than plain chitosan NPs. To encounter cancer cells and to
improve the efficacy, more advanced NDDS are being investigated, like gene therapy.
Nucleic acids can be used as therapeutics to inhibit excessive expression of particular
genes which lead to various abnormalities and diseases or they can replace defective
genes to substitute them. They act by a phenomenon called gene silencing, where genes
are prevented from translating into proteins in the case of overexpressed genes. Gene
therapy is being studied for treating various diseases like cancer, AIDS, cardiovascular
diseases, and other genetic diseases. SIRNA, miRNA, shRNA, and plasmid DNA are
some of the nucleic acids used in gene therapy. To protect these nucleic acids from
enzymatic degradation, they are being encapsulated by polymers. Synthetic polymers
such as polyethyleneimine (PEI) and dimethylaminoethyl methacrylate (DMAEMA)
and natural polymers like chitosan, atelocollagen, and cyclodextrin were investigated
by varying architecture, molecular weight (Mw), and charge density for siRNA
delivery. Polyplexes (polymer immobilized nucleic acid) were frequently used as NPs
to deliver genes briefly, they are formed by assembly of siRNA with cationic
polymers®. There are several reports on nucleic acid delivery by encapsulated NPs. For
example; H. Ragelle et al reported chitosan-based NPs for delivery of siRNA via
intravenous route>*. Likewise, Shinde RR et al reported PEG-PLA/PLGA NPs for in

vivo RNAI delivery®. In recent studies, other than polymers, the cell-derived vesicles
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like exosomes, erythrocytes, and stem cells, etc are being explored for drug delivery as

they are of bio-origin and are in the micro to nano range with minimum toxicity®®. For

instance, Dong et al reported nano erythrocytes (RBCs) were used to deliver sodium

tanshinone I1A sulfonate by intravenous route in rats to treat oxidative stress in

endothelial cells®’. Though there are extensive studies on development of advanced
NDDS, very few systems are approved for application by the FDA. ABRAXANE® is

one such commercial product fabricated from albumin NPs to transport paclitaxel for

the treatment of breast, lung, and pancreatic cancers. PEGASYE® is PEGylated version

of interferon approved for delivery of interferon alpha protein to treat hepatitis C and

B. There are several other NPs developed for cancer drug delivery, which are approved
by the FDA as shown in Table 1.3

Table 1.3 NPs approved for cancer therapy>®>°

paclitaxel

reduced cytotoxicity of free
drug

mcluding: solid
malignancies, breast,
Iymphomas, bladder,

lung, pancreatic, head and
neck, prostate, melanoma,
or liver

Name Material Nanoparticle Advantage Indication(s) Year approved
Description
Abraxane (Celgene) Albumin particle bound|Improved  dosage and | Various cancers 2005

(Enzon Pharmaceuticals)

asparaginase)

Eligard® (Tolmar) Leuprolide acetate and|Controlled delivery  of | Prostate Cancer 2002
polymer (PLGH (poly | payload with longer
(DL-Lactide-co- circulation time
glycolide))
Neulasta®/pegfilgrastim | PEGylated GCSF protein |Improved  stability of | Neutropenia, 2002
protein through PEGylation | Chemotherapy induced
(Amgen)
Oncaspar®/pegaspargase | Polymer-protein Improved  stability  of | Acute lymphoblastic | ;g9
conjugate (PEGylated L- | protein through PEGylation |leukemia

1.3.1.1 Methods of polymeric nanoparticle preparation

Polymeric nanoparticles (PNP) can be prepared from preformed polymers or the

polymerization of monomers depending on the polymer and the end application (Figure

Amarnath Singam

Chapter 1

Page | 13




Chapter 1. Introduction and Literature Review

1.3). PNP can be prepared from preformed polymers by using different methods namely
solvent evaporation, salting-out, and dialysis. Another way of fabricating PNPs is by
the polymerization of monomers using various techniques such as micro-emulsion,

mini-emulsion, surfactant-free emulsion, and interfacial polymerization®,

Solvent
evaporation

Nanoprecipitation

Drying process

Polymer

lonotropic
gelation

Interfacial

Figure 1.3 Methods of NP preparation®®.

1.3.1.1.1 From preformed polymers

i) Desolvation: This method is used for preparing nanosystems from preformed
polymers. In this method, the polymer is precipitated in the presence of drugs. Polymers
in the solution are precipitated by the addition of desolvating agents like ethanol,

e —
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inorganic salt solution, or by changing the pH of the solution. Generally, bio-polymeric
NPs from proteins and polysaccharides are made by this method. Duclairoir C. et al
reported gliadin NPs for all-trans-retinoic acid entrapment and release, by using this
method. Weber C. et al reported HSA NPs by this desolvation method. Li F-Q et al
accounted preparation and characterization of sodium ferulate entrapped bovine serum
albumin NPs for liver targeting. After precipitation, the polymer was cross-linked to

maintain its structural integrity and subsequently purified®!©2,

i) Emulsification: Preformed polymers are emulsified and after emulsification, the
resultant NPs were harvested using either of these methods, solvent evaporation,
solvent diffusion, and or salting out procedures. This method can be employed to a

broader range of synthetic and natural polymers.

a) Solvent evaporation: It involves emulsification of polymer in an aqueous phase and
dispersion in any of the volatile solvents like dichloromethane, chloroform, ethyl
acetate. Then the solvent is evaporated using high temperature, vacuum, or by
continuous stirring. The size of the particles can be controlled by adjusting parameters
like manipulating evaporation temperature, controlling the rate of evaporation,
manipulating stirring rate, etc. This method is being practiced for the development of
NPs using respective polymers such as PLA, PLGA, PCL, polyhydroxybutyrate, etc,
loaded with various drugs like tetanus toxoid, testosterone, loperamide, cyclosporin A,
and indomethacin®. Song C. X. et al and Quellec P. et al reported a similar method to

prepare various polymeric PLGA NPs for various drug loading®3,

b) Solvent diffusion: Solvent diffusion is also known as the solvent displacement
method. It constitutes a polymer dissolved in the organic phase, which is partially
soluble in water. This organic phase diffuses into the aqueous phase and the polymer
precipitates in the presence or absence of a surfactant. Briefly, the dissolved polymer
in an intermediate polar organic solvent is injected into a stirred aqueous phase
containing a surfactant as a stabilizer. As a result of quick diffusion of the solvent, the

polymer gets deposited near the interface leading to the formation of colloidal
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suspension. The poorly soluble antifungal drugs like, bifonazole and clotrimazole are
reported to be encapsulated in cyclodextrins following this method®. Kwon H Y et al
followed a similar method to prepare PLGA NPs containing estrogen. Also, Yan C. et
al reported tumor-targeting 5-fluorouracil loaded N-succinyl-chitosan NPs using a

similar method®2.

c) Salting out: The salting out phenomenon is similar to the emulsification/solvent
diffusion method. In this method, polymer and drug dissolved in an aqueous medium
are desolvated in acetone (preferably water-miscible solvent with low boiling point) in
the presence of salting out agents like magnesium chloride, calcium chloride,
magnesium acetate, or non-electrolytes such as sucrose. Then this emulsion is diluted
with enough amount of water to facilitate diffusion of acetone into an aqueous phase
rendering polymers in nano form®?. De Jaeghere et al reported the preparation of PLA-
PEO copolymer NPs deploying salting out procedure. Perugini et al investigated the
formation of (ethyl cellulose) EC-PLGA NPs embedded with sunscreen agent by using
this method®.

iii) Drying processes: In the last few years, mechanical methods using nano spray dryer
and electrospraying are being used to produce dry NPs from colloidal suspensions for
pharmaceutical application. Briefly, the polymeric solution is sprayed into fine droplets
and subsequently dried on contact with a hot surface to evaporate moisture to form solid
particles. Lee et al reported bovine serum albumin NPs employing this method®:. Li et
al reported the preparation of various types of NPs from arabic gum, whey protein,

polyvinyl alcohol, maltodextrin using nano spray dryer’ developed by Buchi®.

iv) lonotropic gelation: This method is generally used for producing NPs from charged
polymers especially polysaccharides. Dilute solutions of polymers were stabilized
using oppositely charged salts or polymers to form polyelectrolyte clusters or
complexes. The charged polymer solution is stabilized by the addition of salts and then
mixed with the oppositely charged polymer or mixed without the use of stabilizing salts.

For example, in cationic polymer chitosan solution, anionic alginate solution is added
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and stirred to achieve polyelectrolyte particles. Polysaccharides, such as chitosan,
alginate, gelatin, agarose, etc are some of the charged polymeric NPs reported by this
method®®. M. L. Tsai et al reported the development of chitosan-sodium
tripolyphosphate NPs by this method®’.

1.3.1.1.2 From monomers

i) Emulsion polymerization: An emulsion formed by a mixture of two or more totally
or partially immiscible liquids containing monomers in the presence or absence of a
surfactant, which may be polymerized. Depending on the type of dispersed phase and
continuous phase, an emulsion can be a direct emulsion (oil in water) or inverse
emulsion (water in oil). Emulsions can be further classified depending on their droplet
sizes such as nanoemulsion (<100nm), microemulsion (100<1000nm), and
macroemulsion (> 1p). Emulsion polymerization is faster and readily scalable but there
are concerns regarding the use of surfactants, toxic organic solvents, and initiators.
There are several reports on the preparation of nano-emulsions. For instance; Chang Y-
H et al reported particle nucleation mechanism by emulsion polymerization of styrene
with a novel polyester emulsifier. Lu S. et al reported the preparation of magnetic
polymeric composite NPs by emulsion polymerization. Likewise, Liu G. et al reported
the synthesis of monodispersed crosslinked polystyrene NPs, which were decorated
with carboxyl groups via emulsion polymerization. In another study, polyacrylamide
and polymethyl methacrylate NPs prepared by emulsion polymerization were reported

for drug delivery®8%?,

ii) Interfacial polymerization (condensation polymerization): In this method, the
monomers are dispersed in the aqueous phase and organic phase and are polymerized
at the droplet interface. For the first time Al Khouri et al, (1986) reported the procedure
for the preparation of nanocapsules of polyalkylcyanoacrylates by interfacial
polymerization. Following a similar method, Lambert G. et al reported the preparation
of polyisobutylcyanoacrylate nanocapsules containing an aqueous core as a novel

colloidal carrier for the delivery of oligonucleotides. Jang J. et al accounted for selective
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fabrication of poly(3,4-ethylenedioxythiophene) nanocapsules and mesocellular foams
using surfactant mediated interfacial polymerization. This method generates
nanocapsules that have good encapsulation efficiency. For instance; a similar procedure
was carried for developing poly alkyl cyanoacrylates and polyurethane nanocapsules as

drug delivery systems®:62,
1.3.2 Polymeric micelles and their preparation

Polymers can be assembled as three-dimensional micelles for the delivery of drugs and
bioactive molecules. Polymers form micelles if the polymeric chain consists of
hydrophilic and hydrophobic chains in the backbone. Such types of polymers are called
amphiphilic block copolymers, which arrange themselves as core-shell architectures
(micelles) depending on the nature of solvent media. In polar solvents, the hydrophobic
chains of micelles arrange themselves on the inner side while the hydrophilic chains
expose to the outside of the media and vice versa in the case of non-polar solvent®®.
Micelles are formed due to attractive and repulsive forces. Attractive force leads to the
association of molecules while repulsive forces prevent unlimited growth of the
micelles to a distinct macroscopic phase. Association occurs when the surfactants reach
a threshold concentration in solution known as the critical micellization concentration
(CMC). Below the CMC the molecules exist as a single chain in a molecular dispersion.
The CMC is therefore defined as the concentration of surfactant/copolymer at a given
temperature where the first micelle begins to form™. The small size, stability, and
unique architecture of micelles make it a promising candidate as a good DDS.
Polymeric micelles (PMs) are generally in the range of 10-100 nm and provide a very
good platform for delivering hydrophobic drugs. In micelles, the hydrophobic core aids
in encapsulating hydrophobic drugs which are otherwise difficult to inject as a free
drug. Micelles improve the bioavailability, PKs, and biopharmaceutical properties of
hydrophobic/lipophilic drugs. Micelles can be fabricated with large amounts of drug
loading and can be targeted to specific sites by attaching ligands as targeting moieties’*.
PMs were first studied as DDS by the H. Ringsdorf group in 1984 and later in the 1990s,
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Kataoka reported DOX conjugated micelles developed from copolymers’. The most
widely studied hydrophobic block copolymer for micelles formation are
poly(propylene oxide), poly(L-amino acid)s, and poly(ester)s’™. Likewise, K. Kataoka
et al”® demonstrated the formation of polyion micellar complex using cationic
poly(ethylene glycol)-poly(Lysine) and anionic oligonucleotides in an aqueous medium
with narrow distribution (60 nm). In other studies, G. Kwon et al reported micelles
encapsulating adriamycin, and in the year 1996 studied micelles encapsulating DOX,
which remained in the blood for a longer duration and entered tumors compared to free
DOX. The prepared micelles were composed of the block copolymer of poly(ethylene
oxide-poly(aspartate), PEO-PAsp®. Similarly, H K Nguyen et al reported the synthesis
and characterization of a series of cationic copolymers derived by grafting
polyethyleneimine (PEI) with non-ionic polyethers, poly (ethylene oxide) PEO, or
pluronic 123 (P123) respectively. The micelles sized between 70-200 nm were
complexed with DNA and administered in mice intravenously for gene therapy™. In
another study, Kawano et al’®, reported a new system in combination of synthetic and
modified amino acid-based block-co-polymer, [poly(ethylene glycol)-poly(benzyl
aspartate)]. These micelles showed enhanced bio-distribution and blood circulation of
water-insoluble drug camptothecin. The in vivo studies showed significant inhibition of
tumor growth. Further, a novel biodegradable conjugate system, (deoxycholic acid-O-
carboxymethylated chitosan-folic acid) DOMC-FA was designed and developed as
micelles by Wang et al and evaluated its tissue distribution and PKs to understand the
delivery of paclitaxel intravenously. The micelles of 152 nm showed better bio-
distribution and prolonged blood circulation time compared to taxol injection in bulk
form?®. Further, micelles are also being studied for gene delivery, for example; Hu et al
designed and developed low mol wt. polyethyleneimine-conjugated stearic acid-g-
chitosan oligosaccharide micelles which were complexed with plasmid DNA and these
micelles showed improved localization in cancer tumour’’. Likewise, Qian et al
reported gene delivery in the brain via PEGylated poly(2-(dimethylamino)ethyl
methacrylate) micelles attached with TGN phage peptide. The developed micelles were

complexed with DNA to form polyplexes which yielded better gene expression after
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injection in mice brain, these targeting micelles showed better cellular uptake and
efficiency’®. Advanced studies on micelles for delivery of nucleic acids in the
combination of a pharmaceutically active agent were reported by Shi et al’®, where they
developed cationic methoxy poly(ethylene glycol)-poly(e caprolactone)-g-
poly(ethyleneimine) a triblock copolymer which could self assemble into micelles. To
these micelles, they attached Msurvivin T3A gene and DOX for effective treatment of
cancer since these micelles have a good ability to translocate into tumor tissues.
Similarly, Pittella et al, reported a hybrid kind of micellar system using poly(ethylene
glycol)-block-charge-conversional-calcium phosphate to deliver siRNA in cancer
treatment. The siRNA once injected, down-regulated the cancerous gene in pancreatic
tumor of mice®. In another study Long et al®!, synthesized advanced polymer, star
branched polylactic acid-poly(2-methacryloylethyl phosphorylcholine) copolymer
which was self-assembled into micelles and used as vectors for delivery of paclitaxel
drug. The mean diameter of these micelles was 65 nm with an ultra-hydrophilic surface
to suppress the adhesion of serum proteins which in turn increased the blood circulation
duration. These star branched micelles showed better tumor accumulation compared to
PLA-PEG micelles after injection in mice, thus opening new paths for intravenous drug

delivery.
1.3.2.1 Methods of micelles preparation

PMs are prepared mainly by three different methods viz, direct dissolution, solvent

evaporation, and dialysis.

i) Direct dissolution: This method is commonly used for copolymers with hydrophobic
segments like poloxamers or block copolymers. The drug and copolymer are dissolved
separately in an aqueous solvent and then mixed. Later, the mixture is heated to cause
dehydration, which allows hydrophobic interactions of polymer to assemble as
micelles. Z. Tuzar et al, reported micelles assemblies using PDMAEMA-PMMA,
[poly(2-(dimethylamino)ethyl methacrylate) Poly (methyl methacrylate)] block
copolymers following the direct dissolution method®2. X. Wu et al and L. Yang et al
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reported the formation of micelles using PLA-PEG block copolymer using the direct

dissolution method® for immobilization of drug and their delivery 84,

il) Solvent evaporation: This method is suitable to prepare micelles when both the drug
and copolymer are soluble in a common volatile organic solvent. After the proper
dissolution of drug and copolymer in the solvent, the solvent is evaporated which leads
to the formation of a thin film of the drug-copolymer complex. To this complex water
is added slowly to obtain drug-loaded PMs. For example, A. Lavasanifar et al®
developed micelles of PEO-b-PHSA [poly(ethylene oxide)-block-poly(N-hexyl
stearate-L-aspartamide)] by solvent evaporation method for encapsulation of antifungal
drug amphotericin B. Likewise, M. Su et al studied the effect of the rate of solvent
evaporation on the shape of PEO-b-PS [poly(ethylene oxide)-block-polystyrene]
copolymer micelles®. In another report, Y. Liu et al prepared resveratrol-loaded F127-
SS-TOC (pluronic F127-SS-a-tocopherol) micelles via solvent evaporation method for

breast cancer therapy®’.

iii) Dialysis: This is a simple and efficient method to prepare micelles loaded with
poorly soluble drugs. Briefly, drug and copolymer are mixed in an organic solvent and
then enclosed in a dialysis bag, which is later placed in a beaker containing water. The
attractive and repulsive forces between the polymer chains during the movement of
water and solvent lead to the formation of micelles. For example, S. B. La et al (1996)
developed indomethacin-loaded PEO-PBLA [poly(ethylene oxide)-poly(beta-benzyl
L -aspartate)] nano micelles by dialyzing against water®®, Similarly, W. Lin et al®
documented a detailed study related to the formation of micelles using various
PEGylated copolymers like PCL, PLA, and PVL [poly & -valero lactone (3-VL)].
Likewise, Z. Song et al fabricated curcumin-loaded PLGA-PEG-PLGA nano micelles
by dialysis method and studied the PKs and tissue distribution of curcumin in vivo®.
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1.4 DDS for cancer

Cancer is a deadly disease affecting millions of people worldwide. It is characterized
by the uncontrolled division of cells leading to tumor formation, which metastasizes to
different parts of the body. The conventional method for the treatment of this disease is
chemotherapy and radiotherapy both have lots of side effects like nausea, weight loss,
loss of appetite, hair loss, body pains, etc. These side effects are due to high doses of
potent drugs which affect even normal cells. To avoid all these ill-effects and improve
patient’s life conditions NDDS are studied and applied in present times. NDDS can be
targeted to the tumors by passive and active targeting. The size and shape of NDDS
have a huge role in passing vascular junctions and tight cell junctions to deliver the
drug/bioactive compound into the desired cells. Maeda et al explained in their concept
the movement of NDDS into the tumor by enhanced permeation and retention effect
(EPR)®. Owing to the poor vasculature of tumor tissues the NDDS enters the site of
the tumor, retains at the site, and slowly releases the drug. This is known as passive
targeting as the dimensions of the particle control the entry into the tissue. In the active
targeting, the NDDS is conjugated with a targeting moiety that is specific to cancerous
cells present in tumor tissue, thus bypassing the healthy cells. The active targeting
moieties are biotin, folic acid, transferring, lectins, monoclonal antibody, peptides, etc.
Active targeting is preferred over passive targeting due to its advantages’.
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The different NDDS that are reported for cancer treatment are liposomal, micellar, and

polymer conjugate assemblies. The following Table 1.4 enumerates the status of all

such formulations in terms of approval by the FDA.

Table 1.4 NDDS for cancer that are in clinical trials or have been approved®®

Brand name Composition Indication Status
Doxil/Caelyx PEGylated liposomal Ovarian cancer, Approved
doxorubicin Kaposi’s sarcoma
DaunoXome Liposomal daunorubicin Kaposi’s sarcoma Approved
(Galen)
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Myocet Non-PEGylated liposomal | Breast cancer Approved

(Sopherion) doxorubicin

Genexol-PM Paclitaxel-loaded PEG- Breast cancer, lung Approved
PLA micelle cancer

NK911 Doxorubicin-loaded PEG- | Various cancers Phase 2
pAsp micelle

NKO012 SN-38-loaded PEG- Breast cancer Phase 2
PGIu(SN-38) micelle

NC-6004 Cisplatin-loaded PEG- Various cancers Phase 1
PGlu micelle

SP1049C Doxorubicin-loaded Gastric cancer Phase 3
pluronic micelle

NK105 Paclitaxel-loaded PEG- Breast cancer Phase 3
PAA micelle

OPAXIO (Cell Paclitaxel combined with a | Ovarian cancer Phase 3

Therapeutics) polyglutamate polymer
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IT-101 Camptothecin conjugated | Various cancers Phase 1/2
to cyclodextrin-based
polymer

HPMA-DOX Doxorubicin bound to Lung cancer, breast Phase 2

(PK1) HPMA cancer

HPMA-DOX- Doxorubicin linked to Hepatocellular Phase 1/2

galactosamine HPMA bearing carcinoma

(PK2) galactosamine

CT-2106 Camptothecin poly-L- Various cancers Phase 1/2
glutamate conjugate

Abraxane Albumin-bound paclitaxel | Metastatic breast Approved
nanoparticles cancer

1.5 Routes of administration

There are various routes to administer the DDS like oral, buccal, transdermal, ocular,

nasal, pulmonary, and parenteral®>. The NDDS developed in this thesis are mainly

designed for intravenous and oral administration, hence the illustrations are limited to

those routes.

1.5.1 Intravenous administration

In this mode, the drug bypasses the gastrointestinal tract and enters the blood. It is the

preferred route for drug delivery as it has rapid action, higher bioavailability, and lower

drug metabolism. Injections can be intramuscular, intravascular, or subcutaneous. This
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route is advantageous because it is precise, accurate, the quantities can be regulated and
it is easy to administer to unconscious patients, further the unpleasant taste of the drug

can be avoided 2.

Oral '\f'—_’,_,,—

Advantages:

- Avoid pain

- Easy to swallow and convenient
- Various dosage forms

Intravenous injection

e jos 3 Advantages:
- Self-administration - 100% bioavailability

- High patient compliance - Plasma level can be achieved quickly

- Avoid hepatic metbolism
- Used in emergency condition
- Accurate dose

Disadvantages:

- Enzymatic degradation

- Acidic environment in GIT

- Longer absorption process

- Plasma level slowly achieved
- First pass metabolism

Disadvantages:

- Invasive

- Painful

- Expert personnel needed

- No self-administration

- Needles waste disposal problems

Figure 1.5 Routes of drug administration®.

Most DDS get opsonized by phagocytic cells after being detected as foreign particles;
they get cleared from the blood within minutes and end up in the liver and spleen. To
overcome this problem, various types of chemical modifications with PEG,
poloxamers, albumins, etc. Further, to increase the circulation time and evade the
immune system, the DDS are being PEGylated. For example, biodegradable polymer,

poly ethylene glycol is coated onto the surface of NPs%,

For NDDS to be effective after intravenous injection it has to avoid the immune
systems’ macrophages and reticular endothelial system (RES)%. In intravenous DDS
the shape, size, and surface charge of the particles determine their fate. To pass through
tight gaps and small capillaries the particles need to be less than Spm and a dimension
of less than 200 nm is required to avoid RES. The hydrophobic and negatively charged
surface is not desired when it comes to NPs since they are readily taken up by immune
systems macrophages. A completely hydrophilic surface attracts adsorption of albumin
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proteins present in the blood hence making the NPs unsuitable for targeted cellular
uptake. It is important to strike a proper balance of hydrophobicity and hydrophilicity
for an increased blood circulation time of the NPs®. Hence polymers of those properties
were chosen for the development of NPs for intravenous administration. For instance;
the anticancer drug, paclitaxel is a highly hydrophobic and potent molecule that can
cause severe hypersensitive reactions, neuro and nephron toxicities when administered
in the free bulk form. To avoid these effects, C. Liang et al developed a NP formulation,
where paclitaxel was coated with folate receptor conjugated with PEG-PLA copolymer.
This drug when administered in mice via intravenous route, minimum damage to the
liver and kidneys was observed. In another study, doxorubicin-loaded folate-conjugated
methyl-B-cyclodextrin (FA-M-b-CyD) NPs were prepared by R. Onodera et al to
demonstrate as antitumor NDDS. These NDDS were administered via intravenous
route into tumor-bearing mice and these mice survived for more than 140 days in
comparison to the untreated mice®. DDS are also stimuli-responsive which release
payload with the change in pH, temperature, pressure or presence of enzymes,
ultrasound, magnetic field, etc. In their work, Y. Bae et al displayed pH-triggered
release of anti-tumor drug adriamycin from PEG-Asp polypeptide (aspartic acid) NPs.
In the acidic microenvironment of the tumor, these nanocarriers degraded and released
the drug without any hypertoxicity. These studies were confirmed from in-vivo studies
of tumor-bearing mice®’. Abraxane is one such famous DDS approved by the US FDA,
it is an albumin-based NPs of size 130 nm loaded with paclitaxel for anticancer
therapy®®. Nevertheless, there is a need for advanced NDDS for effective cancer

therapy. Hence, research in this direction is progressing.
1.5.2 Oral administration

Administration of the drug through the mouth is known as the oral route. It is an easy
method for the delivery of drugs as it is convenient for patients to self-administer
without any pain®2. In this method, the absorption of the drug takes place along the

entire gastrointestinal (Gl) tract. The villi present on the epithelial cells of the intestine
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make the human Gl tract highly absorptive®®. There are limitations associated with the
oral route as the gastric pH influences the properties of the drug. Therapeutic bioactive
molecules like peptides and nucleic acids are unstable in gastric juices of the gut, drugs
with low solubility and bioavailability are not absorbed and mucus acts as a barrier for
penetration of drugs. The majority of anti-cancer drugs are of the class IV category in
the biopharmaceutical classification system (BCS), which have low permeability and
solubility in aqueous fluids®®. To overcome these limitations, bio-adhesive polymeric
nanomaterials were developed that can adhere to mucous and release the drugs without
being metabolized. The phenomenon of adhesion between mucus and synthetic or
biomacromolecule via interfacial forces is known as mucoadhesion. The mucoadhesive
polymers are chitosan, carboxymethyl cellulose, poly acrylic acid (PAA), polyvinyl
alcohol (PVA), polyvinyl pyrrolidone (PVP), methyl cellulose, hyaluronic acid, gellan
gum, alginates, lectins, etc. These polymers provide mucoadhesive property and

confers the DDS with prolonged residence and enhances absorption of the drug®.

H. Hosseinzadeh et al prepared chitosan-pluronic NPs as oral delivery vehicles of anti-
cancer drug gemcitabine. They showed that these 80-170 nm particles were
mucoadhesive in nature and had better cytotoxicity to cancer compared to the free
drug!®. Y.M. Tsai et al demonstrated increased bioavailability of hydrophobic
curcumin when encapsulated in PLGA as NDDS. As a result, the bioavailability of
curcumin is enhanced due to an increase in solubility, which is otherwise insoluble®’.
Polymers are modified to improve their properties to hold drugs and interact with the
M-cells present in the intestinal epithelium and evade the efflux of the drug. Common
methods of modifications are PEGylation, thiolation, polyelectrolyte coating, and
ligand anchoring. PEGylation is the most favored modification as they improve bio-
adhesion and impart stealth characteristics to NPs. V. Zabaleta et al studied the potential
of PEGylated poly(anhydride) NPs for the delivery of paclitaxel orally. The intestinal
permeability of this anti-cancer drug increased 3-7 times because of PEGylation. Also,
PEG groups conferred polyanhydride with bio-adhesiveness and inhibitory activity to

protect the drug from efflux by the glycoprotein P-gp on the mucus layer'®?, S. Saremi
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et al in their study used thiolated chitosan NPs for the delivery of anti-cancer drug
docetaxel. The modified polymer enhanced bioavailability and absorption of docetaxel
in vitro and ex vivo'%1%, |qgbal et al prepared and studied NDDS of poly(acrylic acid)-
cysteine at different molecular weights for oral administration of paclitaxel. The
polymeric particles could successfully inhibit the P-gp efflux pumps and cytochrome
P450 metabolism thus, increasing the plasma concentration and bioavailability of the

drug!®.

The pH throughout the GI tract is not the same, it varies from highly acidic in the gut
to neutral and slight alkaline in the colon region. This has been of particular interest for
researchers to develop DDS from polymers that are pH-responsive. Acrylic-based
polymers such as poly(methacrylic acid) (PMAA) along with its blends with poly(ethyl
acrylate) (PEA) and poly(methacrylate) (PMA) are stable in a collapsed state in the low
pH of the stomach and start swelling along the Gl tract as pH increases®®. R. Khatik et
al reported delivery of curcumin to the colon region by using eudragit coated chitosan
NPs in vitro and in vivo. The eudragit (PMAA-PMA) coating on NPs protected the drug
curcumin from metabolizing in the acidic gut pH and released in higher pH of the
colonic region®. Alginate salts are another such natural biopolymers that are pH-
responsive, which are used for coating drugs to deliver those in the colon region. P.
Sinha et al encapsulated capecitabine an anti-cancer drug with chitosan succinate-
sodium alginate for targeted delivery to colon cancer. Sodium alginate protects the drug
from the acidic pH of the gut, as it doesn’t swell at low pH'%’. T. Agarwal et al reported
calcium alginate-carboxymethyl cellulose beads for colon-targeted drug delivery of
anti-cancer drug 5-fluorouracil. They elaborated on pH-responsive swelling,
mucoadhesivity, and biodegradability of beads due to the colonic microflora for colon-

specific drug delivery,
1.6 Characterizations

Nanomaterials need to be characterized to understand the physical or chemical changes

before and after the fabrication of nanomaterials. This is important in order to
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manipulate and make them useable for biomedical applications. The properties of the
nanomaterial are influenced by its size, shape, surface modification, composition,
purity, and stability. Some of the instruments used for the nanomaterial characterization
and analysis are optical spectroscopy, electron microscopy, light scattering, circular
dichroism, mass spectroscopy, magnetic resonance, X-ray scattering, thermal

techniques, and zeta potential measurements.
1.6.1 Size and shape

Size plays a crucial role in deciding the fate of DDS, if too small they are cleared by
the kidney, if too big RES clears it. In addition to size, shape also determines the
potency of DDS for cellular internalization'®. For example, Ispas et al established
higher toxicity of dendrimer-shaped nickel NPs compared to that of the spherical ones
towards zebrafish embryos!'®. For determining the size and shape of nanomaterials
several standard instruments are used such as scanning electron microscope (SEM),
transmission electron microscope (TEM), scanning tunneling microscope (STM),
atomic force microscope (AFM), dynamic light scattering (DLS), fluorescence

correlation spectroscopy (FCS), small-angle X-ray scattering (SAXS), etc*?.
1.6.2 Stability

Chemical composition of nanomaterials decides their stability and biocompatibility.
Zeta potential measurements provide the charge density on NPs in suspension form?*!t,
Infrared spectroscopy (IR), X-ray diffraction (XRD), Raman spectroscopy are utilized
to determine the chemical composition and crystalline properties of materials. In the
case of protein-based systems, circular dichroism (CD) technique is used for
determining their structural integrity and stability. The thermal properties of
nanosystems are characterized by thermal gravimetric analysis (TGA) and differential

scanning calorimetry (DSC)*?,
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1.7 Conclusions

NDDS have shown a lot of promise and potential over the last few years in overcoming
challenges present in therapeutics. NDDS come to the rescue when most of the
chemotherapeutics fail due to their toxic side effects and non-specific targeting. The
dimensions of NPs and PMs make them wonderful vehicles to deliver different kinds
of soluble/insoluble drugs, peptides, and nucleic acids. Polymers in general have a lot
of advantages in developing DDS as they can be modified and tailored according to the
drug and the target organs. Natural and synthetic polymers have been explored for their
biocompatibility and biodegradability. Many polymers have been tuned and
manipulated to make them more compatible for drug delivery in vivo. Encapsulating
drugs in polymers improves physicochemical properties such as their bioavailability,
blood circulation duration, and absorption. The drug dumping shall be reduced, if
NDDS are used, especially in the case of potent anti-cancer drugs which can be highly
toxic at higher concentrations. The half-life and plasma concentration are also elevated
for certain drugs when introduced into the blood by NDDS. Certain drugs have an
unpleasant bitter taste which can be surpassed by using polymeric coating for oral
administration. The first pass effect wherein, the drug is metabolized in the liver after

being absorbed through the gut is also avoided by NDDS.

Many new methods are explored to increase the efficiency of these NDDS using a
combination of polymers. The suitable NDDS can be designed using different
combinations of hydrophobic and hydrophilic polymers which can carry
drugs/peptides/nucleic acids across the tumors. The major focus is now given to the
specificity of NDDS by attaching ligands and antibodies which release the drug in
targeted cells and conditions (stimuli) thus eliminating the risk of side effects. The
synergistic effect is the phenomenon exploited wherein a combination of drugs,
drug/peptide, drug/nucleic acid is used. This is being more investigated due to its

potential in treating chronic diseases. The future of polymer therapeutics will result in
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the development of various NDDS using hybrid systems, following clinical trials,
through the combined efforts of medicinal chemists, researchers, pharmaceutical
scientists, and clinicians. Synergistic collaborations will certainly favor the
development of novel carrier technologies with increased pharmacological effects.
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Chapter 2. Objectives and Scope of Work

2.1 Objectives and scope of work

Cancer, a sequential process of genetic alterations, is counted as the most menacing
health-related problem worldwide. According to the GLOBOCAN, cancer-related
mortality surged to 10 million deaths, with 19.3 million new incidences reported in
2020, There are different treatment modalities like surgery, radiotherapy, and
chemotherapy to treat cancer. among those chemotherapy was preferred because
highly potent drugs were used for faster therapy. Nevertheless, the drugs are
nonspecific to cancer cells, hence this therapy is related to debilitating side effects,
remission, with lower patient survival®>. To overcome these shortcomings, controlled
drug delivery systems (DDS) are being explored for cancer therapy, so that
administering low doses of potent drugs in carriers will reduce the off-target toxicity.
The delivery of the potent drugs in the bulk form is less effective when compared
with drugs in the nanoform. Because the surface-to-volume ratio of the bulk drugs is
less and therefore less available to the cancer cells, which are in the micron size.
Further, the solubility of the drug in the nanoform is more when compared to its bulk
counterparts. Hence, the nano DDS systems have become more popular and are being
extensively explored. The studies on NDDS also reported that the healthy cells are
also being affected leading to significant side effects, so as to avoid this the targeted
NDDS are being investigated. Generally, polymers are being used as drug carriers
because of their inertness, high molecular weight to regulate the pharmacokinetics,
pharmacodynamics, and half-life of the drugs. To sustain the ecological balance,
biodegradable DDS gained importance. Because these polymers degrade safely in the
body either by getting adsorbed or expelled so that the need for surgical extraction can
be avoided and as well improve the biocompatibility of the DDS by resisting immune
response®. Further, the process of polymer biodegradation being a slow process, the
normal cellular functions are not disturbed*. Accordingly, in this thesis, we have
designed and developed NDDS from various biocompatible and biodegradable
polymers. We fabricated those polymers as micelles or nanoparticles to deliver anti-

cancer bioactive molecules to enhance bioavailability and efficacy.
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Cancer tumor tissue and its extracellular matrix are characterized by loosely formed
blood vessels and sluggish blood flow thus generating the enhanced permeability and
retention (EPR) effect®. This unique architecture of tumors can be exploited by NDDS
by the virtue of their size and surface chemistry. The NDDS can accumulate and
deliver the bioactive molecules at a controlled rate once they enter the tumor
environment thereby decreasing drug resistance of cancer cells®. NDDS also influence
the toxicity of the cyclic cytotoxic drugs due to their controlled drug release ability. In
general, the drugs which are killing the healthy cells of the body during chemotherapy
due to their high volume of doses can be released in a controlled and sustained
manner once entrapped in polymeric NDDS’® Natural plant extracts or
phytochemicals are reported to possess anti-cancer properties and are being
investigated extensively®. But they suffer from drawbacks like sensitivity to light,
air, different pH, and insolubility in agueous media leading to low bioavailability. For
example, curcumin and eugenol having therapeutic properties (anti-cancer, anti-
inflammatory, anti-oxidant, anti-bacterial, etc) show more bioavailability when
encapsulated in polymers'''? Likewise, we have developed polymeric micelles
(PMs) and nanoparticles (NPs) from biocompatible polymers to entrap cytotoxic
chemotherapeutic drug doxorubicin or phytochemicals like curcumin and eugenol.
Biocompatible charged polymers like chitosan, Eudragit S100, carboxymethyl
cellulose, ethyl cellulose, and PEG were chosen to functionalize as these polymers are

non-immunogenic and non-toxic at an optimum concentration to formulate NDDS.

Apart from the nanosize feature of NDDS, the cancer cell’s surface chemistry is also
being utilized for therapy. Cancer cells overexpress particular antigens or proteins like
folic acid, biotin, transferrin, epithelial growth factor (EGF), etc. making them a target
for NDDS equipped with molecules that identify these antigens!®!4. With this
strategy, we have developed NPs decorated with EGFR monoclonal antibodies. This
novel system will be specific to EGFR overexpressing neck and colorectal cancer
cells!™>®, In addition to these factors, the next generation of cancer therapy involves

the use of nanohybrids a combination of synthetic drugs or herbal bioactive
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molecules, and the utilization of a phenomenon called gene silencing by RNA
interference (RNAI). RNAI is gaining immense clinical attention regarding its use as a
potential weapon against solid tumors. RNAI could target multiple genes in different
pathways that account for tumor progression leading to cancer suppression without
any side effects. Nucleic acids used in RNAI need to be delivered to the site of cancer
for therapy, but they are susceptible to enzymes in the biosystem. Hence, polymer-
based NDDS became forefront in resolving this problem by protecting the nucleic
acid cargo till their release. Charged biodegradable polymers are one of the preferred
choices to deliver these therapeutic nucleic acids. The studies of this thesis work
revealed the design, development of in vitro and in vivo studies of targeted NDDS

using biodegradable polymers.
The objectives and scope of the research work have been summarized below:

1. To develop nano DDS from preformed or functionalized biodegradable

polymers using various techniques.

2. To develop polymeric encapsulates/complexes as NDDS to deliver anti-cancer

drugs like doxorubicin, curcumin, or bioactive gene silencing plasmid DNA.

3. To develop EGFR conjugated carboxymethyl NPs loaded with eugenol for

active targeting.

4. To evaluate the physicochemical properties of the developed NDDS by

different physicochemical characterization techniques.

5. To understand the drug delivery and cell cytotoxicity potential of developed

NDDS by conducting in vitro drug release and cellular studies.
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Chapter 3. PEGylated Ethyl Cellulose Micelles as a Nanocarrier for Drug Delivery

3.1 Introduction

Amphiphilic polymers are being explored as micelles for several decades and are
extensively studied for various applications!. In pharmaceutics, polymeric micelles
(PMs) gained attention as DDS because of their nano size, ability to solubilize the
hydrophobic molecules, and shield until the molecules are being used. The in vivo
studies documented that these micelles have higher drug loading capacity with
enhanced stability in comparison to the other nanosystems like liposomes,
nanoparticles, and dendrimers? 3. They demonstrate prolonged circulation time in the
bloodstream by avoiding rapid clearance by the renal and reticuloendothelial systems
(RES)*. Micelles in an aqueous medium expose the hydrophilic corona, which is
responsible for the protection of the system from the RES, enhances the permeability
of PMs, and regulates the pharmacokinetic behavior, whereas, the inner hydrophobic
domain supports and stabilizes the hydrophobic drugs for slow and sustained release?.
It is well documented that the nanosized PMs can extravasate and penetrate tumors
and its extracellular matrix due to the loosely formed blood vessels and sluggish
blood flow, thus making way for the enhanced permeability and retention (EPR)
effect>®. As a result, PMs get accumulated and deliver the drug at a controlled rate for
a sustainable period thereby decreasing the drug resistance and increasing the
effectiveness of therapy. Accordingly, anti-cancer formulations like Genexol-PM®
and Nanoxel® were developed and approved by FDA for human treatment. In line
with these studies the advanced PM formulations (NK105, NK911, NC-6004) are
being studied, which are in clinical trial for anti-cancer therapy’.

Generally, the PMs are being designed using synthetic block co-polymers and triblock
copolymers and are extensively being studied for drug delivery application®.
However, synthetic PMs are less compatible with high immunogenicity, as their cell
interactions with the anatomy of humans are less favorable. Further, to produce these
PMs, complex protocols are involved, and the cost to manufacture is exorbitant,
therefore the application of those would limit for the wide range of the population.
Currently, PM formulations designed from natural and renewable polymers are
attracting much attention because they are highly biocompatible with low

immunogenicity. The proteins and polysaccharides being an integral part of humans,
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they are well tolerated, and further to develop these as a nano assembly may not be
expensive as the protocols to design would be less expensive, easily available from a
renewable resource, and are safe to use. Accordingly, micelles are being investigated
using, proteins (albumin, gelatin, zein, etc) and polysaccharides (hyaluronic acid,
chitosan, pullulan, dextran, alginate, xyloglucan, inulin, etc) by functional

modification to attain self-assembled nanocarriers®.

Polysaccharide-based DDS are reported to form nano-micelles at very low
concentrations in an aqueous medium, which demonstrated the ability to enter cells
and improved the pharmacokinetics of the drug, and provided a platform for sustained
and controlled release of the drug®. Ethyl cellulose (EC), a derivative of
polysaccharide cellulose, is being explored in the fields of cosmetics, food additives,
adhesives, and medicine owing to its chemically inert nature, stability, sustained drug
release ability, and good biocompatibility®'°. In a report by Balzus et al, EC displayed
extended-release behavior in comparison to polymers like Eudragit RS 100 and other
lipids''. However, there are very few reports about the application of EC in drug
delivery systems other than oral or topical administration. Nevertheless, S. Leitner et
al reported the development of EC nanoparticles as a new transfection tool for
antisense oligonucleotide delivery'?. The hydrophobic nature of EC, has benefits in
terms of sustained release for oral administration however, its hydrophobicity proves
to be a hurdle for it to be used in parenteral administration as the hydrophobicity
activates the macrophages of the immune system. To overcome this, the structure of
EC needs to be modified without sacrificing its desirable properties. Therefore, the
synthesis of EC-grafted polymers has attracted significant attention in recent years.
For instance, Yuan et al reported synthesis, characterization, and in vitro degradation
of EC-graft-polye(-caprolactone)-block-poly(l-lactide) copolymers by sequential ring-
opening polymerization®. One of the best choices in pharmaceutics of drug delivery
is the FDA-approved PEG, because of its tuneable properties and well-established
safety profile in terms of biocompatibility and non-immunogenicity. Several polymers
of different properties are PEGylated to prolong their duration in blood circulation to
shield them from the immune system and to complete their targeted function®*. For

example; PEGylation of cellulose or its derivatives is explored to improve its
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dispersibility and colloidal stability. For instance, Lasseuguette grafted PEG to micro-
fibrillated cellulose by EDC-coupling’®. T. Kaldeus et al reported PEGylation of
TEMPO-oxidized cellulose and studied its colloidal stability®. EC is well established
for oral delivery however, there are seldom reports on EC for systemic application
due to its drawbacks as explained above. The properties of EC being favorable for
drug delivery, its potential application for invasive delivery is being explored by
addressing the incompatibility and immunogenicity by grafting it with PEG. For
example, Huang et al synthesized thermosensitive micelles from the amphiphilic graft
copolymer of EC-poly(PEG methyl methacrylate), EC-PMMA for systemic drug
delivery applications'’. In their studies, they have designed and developed EC-PMMA
as nano self-assemblies and characterized their thermosensitive behavior. However, a
detailed study of EC-PMMA nano-assembly for drug delivery, cytotoxicity, and
hemocompatibility studies were not reported to support their utility for systemic
application. In accordance with these studies, we aimed to develop EC-PEG nano-
micelles by simple methods and evaluate their physicochemical properties and in vitro
studies such as cytotoxicity, drug delivery, cell interaction, and hemolysis so as to
understand their potential for systemic application. We have chosen doxorubicin
(DOX) as a model drug to load in EC-PEG micelles for anti-cancer therapy in the
form of CDDS (controlled drug delivery system). DOX is a potent anti-cancer drug
used in chemotherapy to treat solid tumors, lymphoma, soft tissue sarcoma, etc.
However, its application at higher doses is limited because of its off-target effects like
cardiotoxicity and its role in the development of tumor cells’ resistance®. To mitigate

these limitations, our amphiphilic copolymer based micelles are designed.

In this chapter, EC was converted to carboxylated EC (CEC) by TEMPO mediated
oxidation and subsequently grafted with mMPEGpooy by N, N'-
dicyclohexylcarbodiimide (DCC) coupling. This mPEG grafted EC (EC-PEG) was
developed as micelles in an aqueous medium and loaded with hydrophobic DOX. The
release pattern of the drug showed a sustained release profile. The in vitro effectivity
of the system was also investigated in breast cancer cell lines MDA-MB-231 and
MCF-7. Herein, the use of EC in the form of micelles as a DDS to deliver DOX is
reported for the first time.
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3.2 Experimental
3.2.1 Materials

Ethyl cellulose (Ethoxy content 44-51%, 18-24 mPas) was procured from S.D. Fine
Chemicals, India. Doxorubicin HCI (hydrochloride) and 4-dimethylaminopyridine
(DMAP) were obtained from Himedia Laboratories, India. Poly (ethylene glycol)
methyl ether, Mw 2000 (mPEG) and (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl
(TEMPO) were procured from Aldrich, USA. N, N'-dicyclohexylcarbodiimide (DCC)
was procured from Spectrochem Pvt. Ltd, India. DMEM (Dulbecco's modified Eagle's
medium), MEM (Minimal essential medium), MTT (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide) were purchased from Invitrogen, India. All the
solvents and salts were of analytical grade and used without any further purification.

Cell lines were procured from National Centre for Cell Science (NCCS) Pune.
3.2.2 Synthesis and characterization of EC-PEG graft polymer
3.2.2.1 TEMPO mediated oxidation of EC

Oxidation of hydroxy groups of EC (-CH2.OH) was done according to the reported
literature by J Araki et al'®, as shown in Figure 1. Briefly, to 400 mL aqueous
suspension of EC (10 mg/mL, 4 g), TEMPO (0.4 g), sodium bromide (4 g) were
added and stirred at room temperature (RT) for 15 min. The oxidation was initiated
with the addition of 60 mL of NaClO (sodium hypochlorite) solution, where the
concentration of NaClO was maintained at 25 wt% with respect to EC (1.25 g NaCIO
for 5 g EC). The solution pH was maintained between 10-11 while stirring at RT for 4
h. After 4 h, NaCl (30 g) was added to the reaction mixture and the EC suspension
was precipitated. The product was filtered through a pore fritted glass filter and
washed with 0.5-1.0 M NaCl. The product was dispersed in NaCl of the same
concentration and centrifuged at 12000 rpm for 30 min at 25 °C. This washing
procedure was repeated 3 times to remove the unused NaClO. The sodium salt of EC
was converted to free acid form by washing it twice with 0.1 N HCI. The obtained

product was dialyzed against deionized water for 3 days with frequent change of
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water. The colloidal carboxylic EC obtained was dried, quantified, and characterized
to confirm the product (yield 2.32 g, 58%).

3.2.2.2 Determination of carboxylate charge density of EC

The carboxylate charge density on EC after oxidation reaction was estimated via the
conductometric titration method. Briefly, TEMPO-oxidized EC (240 mg) was
dispersed in 30 mL of de-ionized (DI) water. This dispersion was stirred and
sonicated for 30 min in a bath sonicator (Bio-technics, India) and left standing
overnight. Later, 10 mL of the dispersion was added to 80 mL of DI water.
Subsequently, 50 pL of concentrated HCI was added to carboxylated EC (CEC)
dispersion and titrated against 0.5 M NaOH. The conductivity of the solution was
measured (Orion Star, Thermo Scientific Conductometer, India) with every addition
of 20 pL of 0.5M NaOH to the CEC-HCI dispersion. The degree of carboxylated EC
was estimated using the graph plotted for the conductivity of CEC-HCI dispersion
against the volume of NaOH.

3.2.2.3 PEGylation of carboxylated EC (CEC)

mPEG (Mw 2000) was grafted to CEC using DCC reagent and a catalyst DMAP. For
example; In a two necked RB, CEC [400 mg, (0.33 mmol (calculated from the
titration equation S1))] was dispersed in 10 mL of dry tetrahydrofuran (THF) and
stirred for 45 min under N2 atmosphere at R.T. To the CEC solution, a solution of
DCC (0.99 mmol) and DMAP (0.165 mmol) prepared in dry THF was added and
stirred for 2 h at RT. Later, to the solution mixture, mPEG (0.33 mmol) dissolved in 5
mL of dry THF was added dropwise using a syringe. Following this, this reaction
mixture was stirred under nitrogen atmosphere at 40 °C for 48 h. After 48 h, the
reaction was stopped and filtered through Whatman's filter paper to collect the filtrate.
This filtrate was concentrated using a rota evaporator at 50 °C and then precipitated in
diethyl ether. The diethyl ether was evaporated and the precipitate was dispersed in DI
water and dialyzed (10 kDa cut off) against DI water for 48 h to remove the unreacted
MPEG and reagents to obtain EC-PEG of 1:1. Similarly, in another set of reaction,

mPEG (0.66 mmol) was reacted with EC following the same procedure and reaction
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conditions to obtain EC-PEG of 1:2. The final compound EC-PEG (1:1 and 1:2)
labeled as EC-PEG1 and EC-PEG?2 respectively were characterized by *H NMR, 3C
NMR, and FTIR. The yield of this reaction was 320 mg, 80%.

C-H TEMPO,
2 ’ NaBr, C,Hs
Naclo Q/éﬁ_
—-
65% yield
Ethyl cellulose Carboxylated ethyl cellulose
so°c, | bCc,
80% | DMAP,
yield ;{!EG in
C2Hs
0%0/&'&’:
O -
- Cq °© OH
[e)
¢
Gy
G
OCH,

Ethyl cellulose-mPEG (ECPEG)

Figure 3.1 Scheme of oxidation of ethyl cellulose (EC) followed by reaction with
mPEG by DCC/DMAP coupling.

3.2.2.4 Critical micellar concentration (CMC) of EC-PEG

Following a reported protocol by J. Chen et al?°, the CMC of the EC-PEG1 and EC-
PEG2 was determined. Hydrophobic probe pyrene was used for estimating the CMC
of the respective EC-PEG in water by fluorescence spectroscopy. To individual 5 mL
vials, a total of 25 pL of pyrene in acetone solvent (20 pg/mL) was added and allowed
the acetone to evaporate to obtain dry pyrene. To these respective vials, 5 mL of the
aqueous solution of EC-PEG copolymers were added with varying series of
concentrations from 0.00025 to 0.09 mg/mL. The final concentration of pyrene in
each sample solution was 0.1 pg/mL. The excitation spectra (300-360 nm) of the
solutions were recorded at an emission wavelength of 395 nm. The ratio of the peak
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intensities at 338 nm over 334 nm (lsss/l334) Of the excitation spectra were recorded

and plotted as a function of polymer concentration, Log C (mg/mL).
3.2.3 Preparation and characterization of micelles
3.2.3.1 Preparation of EC-PEG micelles

The dialysis method was used for fabricating micelles of EC-PEG (1:1 and 1:2).
Briefly, EC-PEG1 (20 mg) was dissolved in 2 mL DMF, and 10 mL PBS buffer (pH
7.4) was added drop-wise to it while sonicating at 20% amplitude (Vibracell, VCX
500, USA). Later this solution was dialyzed against DI water for 24 h using a dialysis
membrane of 10 kDa cut-off to obtain micelles. These micelles were lyophilized to
obtain the dry powder, which was used for characterization. Similarly, EC-PEG2

micelles were also prepared and characterized.
3.2.3.2 Preparation of DOX loaded EC-PEG micelles

The EC-PEG micelles loaded with DOX were prepared at 0.1 % (w/v), following the
procedure as described: briefly, DOX (1 mg) was dissolved in 1 mL DMF, to this
added 1.5 eq of triethylamine and stirred at RT. Later, 20 mg of EC-PEG1 was added
to this DOX solution and stirred for 1 h while maintaining the conditions at RT. To
this, PBS buffer (10 mL) was added dropwise under sonication at 20% amplitude.
Further, this solution was dialyzed against DI water for 24 h using a 10 kDa cut-off
membrane. After dialysis, the obtained DOX-loaded micelles were lyophilized to give
DOX-EC-PEGL1 powder, which was red in color. The same protocol was followed to
obtain DOX-loaded micelles of EC-PEG2. The developed formulations are shown in
Table 1. The micelles with and without DOX were characterized by various

physicochemical characterization methods.
3.2.4 Characterizations
3.2.4.1 NMR spectroscopy

'H NMR spectra for characterization of mPEG and EC-PEG were recorded on Bruker

AV-200 NMR spectrometers operating at a *H frequency of 200 MHz. H spectra of
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all the compounds were recorded in DMSO-d6 (polymer concentration: 50 mg/mL).
The samples were homogenized before recording the NMR spectra. Similarly, 3C
NMR spectra of mMPEG and EC-PEG were also recorded on Bruker AV-500 NMR

spectrometers operating at a 3C frequency of 125 MHz.
3.2.4.2 Physicochemical characterization of micelles

The size distribution, hydrodynamic diameter and charge density for the blank and
DOX loaded micelles were determined by DLS (90 Plus Brookhaven Instruments
Corp, PALS zeta potential analyzer, USA). The morphology of the micelles was
investigated by TEM (FEI Tecnai TF20, 200kV FEG high-resolution Transmission
Electron Microscope, USA). For TEM analysis, the samples were diluted (5X) in
Millipore water, stained with 1% (w/v) uranyl acetate dye, and drop casted on copper

grid mesh.

The percent of drug loading efficiency and content was determined using a UV-Vis
spectrophotometer (UV 1601PC UV spectrophotometer, Shimadzu, Japan). For
instance, 1.5 mg of DOX loaded micelles were dissolved in 1 mL DMF, filtered, and
estimated the content of DOX using the standard DOX calibration curve recorded at
480 nm. The percent of drug loading efficiency and loading content were calculated

using the following equations:

wt of loaded DOX

Drug loading ef ficiency (DLE) (%) = wiof feeding DOX

wt of loaded DOX

Drug loading content (DLC)(%) = e oF DOX loaded polymer
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Table 3.1 Formulations of EC-PEG with DOX

Batch | EC-PEG1 DOX | Hydrodynamic PDI DLE DLC
No. % (W/v) % diameter (nm) (%) (%)
(wiv)
B1. 2 - 153.5 0.293 - -
B2. 2 0.1 204.9 0.122 36.73 1.73
B3. 2 0.15 257.7 0.297 52.73 4.11
Batch | EC-PEG2 DOX | Hydrodynamic PDI DLE DLC
No. % (W/v) % diameter (nm) (%) (%)
(wiv)
B4. 2 - 249.9 0.191 - -
B5. 2 0.1 338.6 0.18 32.93 1.55
B6. 2 0.15 350.5 0.357 52.51 3.66

FTIR spectroscopy analysis was conducted for DOX, bare polymers (EC and mPEG),
grafted copolymers (EC-PEG1 and EC-PEG2), and DOX loaded micelles (Batch 3
and 6) to confirm the grafting of mPEG with EC and their functional interactions with
DOX. For FTIR, the samples (2-3 mg) were ground with anhydrous potassium
bromide KBr (97 mg) to form a pellet, which was used for analyzing (PerkinElmer
spectrometer I, FT-IR diffused reflectance (DRIFT) mode, USA). The scans were
recorded at 400 cm™ to 4000 cm™ with an average of 10 scans per sample.

Thermal analysis was carried out using DSC (Model Q100 DSC, TA instrument,
Newcastle, DE, USA) to investigate the thermal properties of EC in its pristine form,
after grafting, and after DOX loading (Batch 3 and 6). The samples were crimped in
aluminum pans and the thermal properties were analyzed in cycles. In the first heating

cycles, the ramp was subjected to temperature from -70 °C to 250 °C at a rate of 10
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°C/min. The sample was cooled up to -70 °C in 2" cycle at a rate of 10 °C/min and in
the third heating cycle, the ramp temperature was set from -70 °C to 250 °C at a rate
of 10 °C/min. The entire experiment was done under nitrogen gas (50 mL/min). An

empty cubicle of the aluminum pan was used as a reference pan.
3.2.4.3 In vitro DOX release

The release of DOX from the micelles was studied by dispersing 5 mg DOX loaded
micelles (B3, B6) in 10 mL buffer and enclosing them in a dialysis membrane tube
(Mw cut off 12 kDa). This dialysis bag was kept in 20 mL phosphate buffer (100 mM,
pH 7.4), and incubated at 37 °C in a shaker bath (Julabo SW23) with 100 rpm. At
regular intervals of time, 1 mL was withdrawn from the buffer and 1 mL fresh buffer
was added to maintain the sink conditions. The withdrawn buffer was estimated for
the amount of DOX released using a UV-Vis spectrophotometer recorded at 480 nm.
Similarly, the release studies were performed in a phosphate buffer of pH 5.5. The
cumulative release of DOX was calculated using the following equation:

wt of DOX released
wt of DOX in PMs

Cumulative drug release (%) =

3.2.4.4 Hemolysis assay

To study the biocompatibility of the developed graft polymer on RBCs (red blood
cells), hemolysis assay was conducted. Briefly, blood was collected in tubes
containing EDTA from healthy volunteers at National Chemical Laboratory, Pune,
India. The RBCs were separated from the whole blood by density gradient
centrifugation. For instance, 5 mL whole blood was added slowly in 5 mL of PBS and
centrifuged at 2000 rpm for 30 min. The supernatant devoid of RBCs was discarded
and the pellet was washed thrice with PBS and centrifuged again for 30 min at 2000
rpm. Later, the cells were dispersed in PBS to prepare a stock dispersion of 2% (v/v).
Further, 2 mL of this stock dispersion was dispensed in 2 mL vials in duplicates, to
the respective vials, test samples such as EC, CEC, Bl, B3, B4, and B6 at a
concentration of 0.5 mg/mL and 1 mg/mL were added. The respective controls like

RBC suspension in PBS (negative) and RBC suspension in DI water (positive) were
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prepared. All the respective test samples and controls were incubated at 37 °C for 2 h
with gentle shaking for every 30 min to re-suspend the precipitated RBCs. After the
incubation period, the suspensions were centrifuged at 1500 g for 10 min at RT. The
supernatant obtained was dispensed in a 96 well plate and the hemoglobin (Hb)
release was read in a microtiter plate reader spectrophotometrically at 540 nm
(Multiskan Ex, (51118170(200—240 V) Thermo Scientific, Finland)). Considering
100% lysis of cells in DI water and 0% lysis in PBS, the percentage of hemolysis for
test samples was calculated using the following equation.

Abs.test—Abs.negative control

Hemolysis (%) = X100 ...... (4

Abs.positive control—Abs.negative control

3.2.4.5 Cell studies

Fibroblast cell line L929 and breast cancer cell line MDA-MB-231 were maintained
in DMEM supplemented with 10% FBS under standard conditions at 37 °C, in a
humidified CO> incubator. Under similar incubation conditions, breast cancer cell line
MCF-7 was also cultured in MEM supplemented with 10% FBS. The cells were
routinely grown as monolayer cultures in a 25cm? flask and passaged once a week

using trypsin/EDTA at 80% confluence.

Cytotoxicity assay: Blank micelles, B1 and B4 were investigated for their cellular
toxicity in L929 fibroblast cells by MTT assay. A confluent flask of L929 cells was
trypsinized to harvest cells which were further seeded in a 96 well plate at 10,000
cells/well. The plate was incubated at 37°C, in a 5% CO; humidified atmosphere for
16 h to allow cells to attach and form a monolayer. Later, the media from the wells
was flicked off, and added B1 and B4 micelles respectively. The stock concentration
of micelles at 1 mg/mL was prepared in serum-free media. From these, a series of
concentrations ranging from 0 to 400 pg/mL was added to the respective wells and
incubated for 48 h. Post incubation, the media was tipped off from the wells and the
MTT solution prepared in DMEM-FBS media was added to the wells. Following, the
plate was incubated in dark at 37 °C, in a humidified CO: incubator for 4 h. Finally,
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the MTT media in the wells was replaced with 100 pL DMSO and the plate was read
at 550 nm in a plate reader (Multiskan Ex, (51118170(200—240 V) Thermo Scientific,
Finland)). Cells grown in the wells devoid of any test sample were considered as
positive control and the cells incubated in the media with 30% DMSO (v/v) were the
negative control. The relative cell viability was calculated by comparing the
absorbance read in test samples to positive control [(Abs.sample/Abs.positive control)
x 100]. Data are presented as average £ SD (n=3). The cytotoxicity of B1 and B4
micelles was also evaluated in MDA-MB-231 cells by this assay under the same
parameters. Similarly, the MTT assay was also carried out for DOX-loaded micelles
(B3, B6), in MDA-MB-231 and MCF-7 cells for 72 h.

In vitro cellular uptake: The uptake of the B3 and B6 micelles was studied in MDA-
MB-231 cells. A count of 5x10* cells was seeded on sterile 12 mm round coverslips
placed in a 24 well plate and incubated for 24 h at 37 °C in a 5% CO2 atmosphere.
After incubation, the media were aspirated from the wells and washed thrice with
PBS. Free DOX at a concentration of 4 pg/mL and DOX loaded micelles (B3 and B6)
of 100 pg/mL containing an equivalent amount of DOX (calculated by loading
efficiency) were dispersed in the serum-free media and incubated for 4 and 8 h
separately. Later, the cells were washed thrice with PBS and fixed by adding 300 pL
of 4% paraformaldehyde and incubating for 15 min at RT. Post fixing step, the cells
were washed extensively with PBS and incubated with Alexa fluor 488 phalloidin (60
nM) for 30 min in dark to colorize the actin filaments, to identify the cytoplasm and
cell boundary. The nucleus was stained with DAPI (300 nM) for 15 min in dark and
washed off with PBS. Finally, the coverslips were mounted on a clean slide with the
application of mounting media (fluoroshield). Excess mounting media was dabbed
with tissue and the cells were visualized using an epifluorescence microscope by Carl
Zeiss (Model: Axio Observer.Z1, Oil emersion objective, 63X). The nucleus stained
with DAPI was observed under the blue channel, the cytoskeleton stained with Alexa

fluor 488 under the green channel, and DOX under the red channel.
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3.3 Results and discussion

EC, a natural polymer derivative was grafted covalently with mPEG to develop an
amphiphilic copolymer that assembles into a micellar structure in an aqueous
medium. The EC core of the micellar architecture was used for loading anti-cancer
drug DOX. The purpose of mPEG grafts on the outer layer is to protect the drug
carrier from being recognized by the immune system as well facilitate the duration of
micelles to circulate in the blood for effective therapy.

3.3.1 TEMPO mediated oxidation and determination of carboxylate charge
density on EC

Mechanism of oxidation: TEMPO-mediated oxidation has been explored over the last
few decades in the conversion of alcoholic hydroxyls of polysaccharides to carboxyls
under aqueous alkaline conditions®!. In the TEMPO ((2,2,6,6-tetramethylpiperidin-1-
ylhoxidanyl) oxidation system, NaClO (sodium hypochlorite) and NaBr (sodium
bromide) act as a primary and secondary oxidant respectively. The mechanism
proceeds in two steps as shown in Figure 3.2. In the first step TEMPO selectively
attacks the primary C6 hydroxyl group and converts it into an aldehyde group. In the
second step, the aldehyde group converts to a carboxylic acid group by NaCIlO. The
reaction is performed in alkaline conditions since TEMPO decomposes in acidic
media to hydrogenated derivative TEMPO-H, rather than its nitronium ion form. At
higher pH > 10.5, the secondary oxidant used in the reaction starts consumption of
OH ion to generate NaOH and OCl radical, which retards the reaction. In some cases,

the use of buffer solutions was reported to maintain the pH of reaction media?.
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Figure 3.2 Scheme of TEMPO mediated oxidation of EC.

It is a highly selective reaction and oxidizes only the primary hydroxyl group at
carbon (C-6) on the EC backbone. TEMPO in combination with NaBr and NaCIlO
efficiently converts the hydroxyl groups to carboxylates via aldehydes. At alkaline
conditions, the selectivity of TEMPO is further enhanced, hence the oxidation of EC
was performed at the pH 10-112%. The degree of substitution of primary hydroxyl
groups of EC with carboxylate groups after TEMPO oxidation was calculated by

conductometric titration.

Conductometric titration and charge density estimation: Briefly, carboxylated EC
(CEC) was dispersed in 10 mL DI water at a concentration of 8 mg/mL by bath
sonication and diluted to 80 mL DI water. The dispersion was properly stirred and a

calibrated conductivity probe was dipped into the dispersion. 50 uL of 12N HCI was
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added to this CEC dispersion which precipitated the CEC whiskers. To neutralize the
acid groups, 20 pL (0.5M) NaOH solution was added to this dispersion in a stepwise
manner and the conductivity of the solution was noted till the endpoint reached and
the conductivity raised again. From the values of conductivity measured after the
subsequent addition of NaOH in a stepwise fashion, a titration graph was plotted.
From the titration graph, as represented in Figure 3.3, it is noted that there are two
equivalence points (EP). The first EP is observed when the anions of the HCL are
neutralized by the addition of NaOH. The next EP denotes the point where the
carboxyl groups present on the oxidized EC were neutralized by the NaOH. The curve
begins to rise again because of the conductivity of the excess OH™ ions of NaOH. The
difference between the two EP’s corresponds to the volume of NaOH needed to
neutralize the accessible carboxylate groups on EC. This volume can be used to

determine the charge density on EC as shown in the following equations.
From the graph we calculated the carboxylate charge density on EC
Volume of NaOH (pL) = Ax-x

For x: -1.564x + 2152 = 0.1185x + 534.24

For Ax: 0.1185x + 534.24 = 1.385x-810.01

Solving the above equations, we got 100 uL

Charge density (mmol/kg)

= (Vol. of NaOH (mL)*0.5) / (1000*mg of whiskers*10®) ....... (5)

= (0.100*0.5)/ (1000*80*10°) = ~625 mmol/kg.
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Conductometric Titration
2500
2000
g
= 1500
g v = 1.385x-810.01
Z 1000 y=-1.5641x+2152 R"=0-9916
Z R? = 0.9999
=
=
= 500
1S y =0.1185x+534.24
“ R = 0.9353
0
0 200 400 600 800 1000 1200 1400
Vol. of NaOH in uL

Figure 3.3 Graph of conductometric titration of CEC-HCI dispersion with NaOH.

From the graph in Figure 3.3 and equation 5, the density of carboxylate groups of EC
was calculated to be 625 mmol/kg. It was observed that with the increase in the
volume of NaClO, the degree of carboxylation was increased, which is similar to the
reported literature'®. The concentration of NaClO was optimized at 25% to the dry
weight of EC to obtain ~600 mmol/kg of carboxylate content on EC. The reproducible
yield of this reaction was 58%. The carboxylate groups will be available for further
modification with mPEG so as to increase the hydrophilicity of the EC.

3.3.2 PEGylation of carboxylated EC (CEC)

After the confirmation of oxidation of EC by conductometric titration, the product,
CEC was used for synthesizing graft copolymer of EC-PEG by esterification. The
reaction was carried out in THF, carboxylic acid of CEC was deprotonated by DMAP
which nucleophilically added to DCC to give an intermediate O-acylisourea, a good
leaving group. The hydroxyl groups of mPEG were nucleophilically reacted to this
intermediate to form the desired ester bond between the carboxyl group of CEC and
the hydroxyl group of mPEG?. Along with the grafted copolymer a side product

dicyclohexyl urea (DCU) was obtained which was removed by the filtration steps.
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The grafting of mPEG onto CEC was performed at 1 and 2 equivalents and the
product was labelled as EC-PEG1 and EC-PEG2 respectively. The final product was
dialyzed against DI water to remove unreacted mPEG, reagents and finally confirmed
by *H NMR, C NMR in DMSO-d6. The yield of this reaction was optimized up to
80%. Figure 3.5 shows the *H NMR (DMSO-d6) of EC-PEG1 copolymer: & 3.92 (-
OCH2CH20-), 6 3.65 (CH3OCH2CH20H), 6 1.51 (-CH2CHs of ethyl group), 6 2.92
(CH3CH20CH-, CH3CH2OCH2CH). The integration of the peaks corresponding to
the terminal methyl (-CH3) of mPEG at 3.65 ppm and methylene (-CH2CH>-) group of
ethylene glycol at 3.92 ppm, suggest 46 repeating units corresponding to mMPEG2000.
From, the reported literature®® 2, in the *H NMR spectra of ethyl cellulose (EC), the
protons of the EC backbone appear between 3.4 to 4.5 ppm. The peaks of mPEG also
appeared at a similar region, which resulted in the merging of the peaks of protons of
EC with the protons of mPEG.

b
WY
HaC 5 2OH

DMSO-dé

95 90 85 80 25 70 65 60 55 50 45 4 35
Chemical Shift (ppm)

Figure 3.4 'H NMR spectrum of mPEGgzo0 in DMSO-d6, recorded on Bruker AV-
200 NMR. § 3.92 (-OCH2CH20-) (m, 4 H), 5 3.65 (CHsOCH,CH,OH) (m, 3 H).
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Figure 3.5 'H NMR spectrum of EC-PEG1 recorded on Bruker AV-200 NMR
spectrometer operating at a frequency of 200 MHz with DMSO-d6 as the solvent.
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Figure 3.6 Solid state *C NMR spectrum of CEC recorded on Bruker NMR
spectrometer. & 15.75 (CH3CH.O-), 6 68.69 (CH3CH20-), 6103.84 (-OCHO-),
0174.14 (OHCOCH-), 0 75.43 and 82.93 (C of the backbone of EC from C2 to C5).
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Figure 3.7 1*C NMR (125 MHz) of mPEGzo00 in DMSO-d6, recorded on Bruker AV-
500 NMR. 6 58.34 (CH30CH2-), 6 60.49 (-OCH2CH20H), 6 69.96 (-OCH2CH,0H),
§70.16 (-OCH2CH20CHy-), & 71.66 (-OCH2CH20CH>-), & 72.67 (CH3OCH2CH-0).
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Figure 3.8 3C NMR (125 MHz) spectrum of EC-PEG1 in DMSO-d6, recorded on
Bruker AV-500 NMR. & 15.75 (CH3CH20-), & 58.45 (CH3OCHz-), & 69.98
(CH3CH20-), from 60 ppm to 73 ppm all peaks observed in the spectrum of mPEG
merged into the peaks of CEC backbone with an intense peak at o6 70.18
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(CH30CH2CH20-) due to the repeating unit of mPEG2o00. [Note: The unassigned
peaks are due to the traces of DCU (Dicyclohexylurea) formed during the DCC (N,N’-
Dicyclohexylcarbodiimide) coupling].
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Figure 3.9 A) Critical micelle concentration (CMC) of EC-PEGL, derived from the
plot of Is3s/l334 ratio vs copolymer concentration. B) CMC of EC-PEG2, derived from

the plot of I3ss/l334 ratio vs copolymer concentration.

CMC is an important factor in deciding the micelle formation capacity of any
amphiphilic polymer. To determine the CMC of the developed graft copolymer of
EC-PEG, a well-documented method of fluorometry using a hydrophobic probe
pyrene was used. The excitation spectrum of the probe with increasing concentration
of polymer was monitored at an emission wavelength of 395 nm. Figure 3.9, shows
the intensity ratio of lssg/lzs4 plotted against the log of concentration, varying from
0.00025 mg/mL to 0.09 mg/mL. The CMC value was taken from the intersection
points of the tangent to the curve at the high concentrations with a horizontal line
passing through the point at the low concentrations. From the graph, the CMC of EC-
PEG1 (Figure 3.9A) and EC-PEG2 (Figure 3.9B) was observed at 0.03 mg/mL and
0.00193 mg/mL respectively. So, with the increase in grafting of mPEG to EC, the
CMC value dropped. This suggested that in an aqueous medium, EC-PEG2 formed
micelles at a much lower concentration as compared to EC-PEGL1. The grafting of 2
equivalent mPEG to EC made the molecule more amphiphilic compared to 1
equivalent mPEG. This observation was similar to the reported literature by Chen et
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al, where polymer modified with 5000 Mw PEG had a lower CMC value than 2000
Mw PEG?. A lower CMC value signifies the ability of the polymer to maintain a

stable micellar structure at diluted conditions like the bloodstream?®.
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Figure 3.10 Graphical representation of preparation of DOX loaded micelles from
PEGylated EC.

3.3.3 Preparation and physicochemical characterization of micelles

Table 3.1 shows the various formulations of EC-PEG with and without DOX at
various concentrations, which were abbreviated as B1, B2, B3, B4, B5, and B6. The
micelles of EC-PEG (B1, B4) were prepared by dissolving the polymer in DMF and
dialyzing against DI water. Similarly, DOX-loaded micelles were also fabricated by
dissolving copolymer along with DOX in DMF and dialyzed against DI water (Figure
3.10). Figure 3.11, shows the morphology, and size distribution of the prepared
micelles, which were analyzed by DLS and TEM. From the DLS measurement, as
shown in Table 1, the size (B1=153.5 and B4=249.9 nm) of the micelles increased
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with the addition of DOX, this validated the interaction and entrapment of DOX
within the hydrophobic core of the micelles. The TEM images of blank and DOX
loaded micelles shown in Figure 3.11 presents the average size of micelles below 150
nm, which is lower than the mean diameter measured by the DLS method. It should
be noted that the mean diameter of the micelles determined by the DLS method is
dependent on the size of the biggest micelle. Further, DLS measures the
hydrodynamic diameter of the solvated micelles whereas, TEM measures dried
micelles?. The PEG chains on the outer domain of the micelles are hydrophilic and
hold water molecules which is reflected in the DLS measurements hence,
formulations with more content of mPEG grafted (B4, B5, and B6) are larger in size.
All these formulations possessed a net negative charge on their surface (-15 mV to -42
mV) which was due to the OH™ groups on PEG chains of the micelles. The
formulations prepared from EC-PEG2 had slightly more negative charge than
formulations prepared from EC-PEG1 which could be explained by the additional
mPEG grafting. The drug loading efficiency was determined by UV-Vis
spectrophotometric analysis and the values obtained are shown in Table 3.1 The
formulations with higher drug loading efficiency (52.73% and 52.51%) namely B3

and B6 were chosen for further studies.
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Figure 3.11 A) i) TEM image of B1 micelles (Scale bar 50 nm), ii) TEM image of B3
micelles (Scale bar 100 nm). B) i) TEM image of B4 micelles (Scale bar 50 nm), ii)
TEM image of B6 micelles (Scale bar 100 nm).

The functional group interaction between polymers and their formulations in the form
of micelles was characterized by FTIR spectroscopy. FTIR spectrum of EC (Figure
3.12A) showed characteristic peaks at 3485 cm™ due to O—H stretching, 2974 cm™,
2872 cm?, and 1376 cm™ due to the C—H stretching and bending respectively. The
peak noticed at 1060 cm™ corresponds to the C—-O—C group while the one at 1120 cm™
Lis peculiar to the C—C stretching®’. The bare mPEG recorded a broad absorption peak
of the terminal O—H that appeared around 3421 cm™. Characteristic bands of the C—H
bend were observed at 2880 cm™, 1475 cm?, 948 cm™ and 842 cm™. The peaks
were visible at 1150 cm™ and 1060 cm~ were due to the ether linkage of the C-O—C
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group (Figure 3.12A)%2°3° The spectrum of EC-PEG1 as shown in Figure 3.12B,
showed peaks at 3465 cm™, 2972 cm, 2879 cm™ which is represented by both EC
and mPEG, in the fingerprint region characteristic peaks of mPEG at 1112 cm™, 948
cm and 842 cm™ are evident®. A peak at 1745 cm was observed due to the
formation of ester C=0O between CEC and mPEG. Further, similar peaks were
observed in the EC-PEG2 (Figure 3.12B) at 3465 cm, 2972 cm™, 2879 cm?, 1745
cm?, 1112 cm™?, 948 cm™ and 842 cm™. The FTIR spectrum of DOX (Figure
3.12A), possessed characteristic peaks: N—H stretching at 3527 cm™?, carbonyl C=0
peaks at 1730 cm™, aromatic C=C stretching at 1620 cm™, aromatic C—H stretching at
2930 cm™ and O—H stretching at 3334 cm™ 3L, The FTIR spectra of DOX-EC-PEG
micelles, B3 and B6 are shown in Figure 3.12C. The spectra displayed a broad peak at
3464 cm™ due to the N-H and O-H functional groups present in the compositions
(B3 and B6). The C-H stretching present in EC and mPEG was observed in the
spectra at 2880 cm* and 2974 cm™. A broad peak at 1740 cm™* was attributed to the
characteristic C=0O group of DOX and CEC. The sharp peak of C—C stretching at
1120 cm which is characteristic of EC was also observed, the C-O—C peak at 1060
cm of MPEG merged in this sharp broad peak. The characteristic C—H bend of
mMPEG at 948 cm™* and 842 cm™* was also observed in B3 and B6. The observations
from the FTIR spectra of B3 and B6 suggested the prepared micelles were a
combination of the copolymer, EC-PEG with DOX. Moreover, the peaks of DOX
were merged with the copolymer of EC-PEG due to its interaction and well

distribution in the micelle.
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Figure 3.12 FTIR spectrum of A) EC, mPEG, DOX, B) EC-PEG1 and EC-PEG2, C)
B3 and B6 micelles.

Thermal properties of the pure polymers (EC, mPEG, CEC) and formulations with
(B3, B6) and without DOX (B1, B4) are shown in Table 3.2, Figure 3.13. Glass
transition temperature (Tg) of the pure EC was recorded at 115 °C and melting
temperature (Tm) at 233 °C. Similarly, the CEC recorded Tq and Tm at 116 °C and 233
°C respectively. Further, Ty, crystallization temperature (T¢), and Tm of mMPEG were
obtained at -66 °C, 29 °C, and 56 °C respectively. The thermogram of B4 recorded Ty,
Te, and Tm at -29 °C, 21 °C, and 53/176 °C respectively, which indicated the semi-
crystalline nature of EC-PEG. Further, the Ty of EC disappeared after grafting mPEG
to the CEC. These results suggested that the grafting of the PEG to the CEC was done
successfully. The thermal properties of the B6 micelles were recorded, where the Ty,
Te, and Tm appeared at -26 °C, 24 °C, and 53/175 °C respectively. The changes in Tg,
T indicated the loading of DOX in the micelles. According to the reported

Amarnath Singam Chapter 3 Page | 72



Chapter 3. PEGylated Ethyl Cellulose Micelles as a Nanocarrier for Drug Delivery

literature®2, DOX has a Tm at 218 °C. The Tm of DOX disappeared in the thermogram
of DOX-loaded micelles B3 and B6, which indicated that the drug was molecularly
dispersed and bound to the polymer®. This also suggests an improved solubility of

crystalline DOX in an agueous medium when entrapped in a polymeric system.

Table 3.2 Thermal properties of pure polymers and micelles with DOX

Chemical Glass transition Crystallization Melting
composition temperature (Tyg) temperature (Tc) temperature (Tm)

name (°C) (°C) (°C)
EC 115 - 233
mPEG -66 29 56
CEC 116 - 233

Bl -24 24 53.17

B4 -29 21 53.17

B3 -29 25 53.17

B6 -26 24 53.17
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Figure 3.13 DSC thermograms of A) EC, B) mPEG, C) CEC, D) B1 micelles, E) B4

micelles, F) B3 micelles, G) B6 micelles.
3.3.4 In vitro DOX release

The release of DOX from EC-PEG micelles (B3 and B6) was studied for 72 h by
dialysis method at 37 °C using phosphate buffer of pH 5.5 and 7.4 respectively. The
release of DOX was faster in pH 5.5 as compared to the release of DOX in pH 7.4
because the ester bond formed between CEC and mPEG was susceptible to the acidic
pH33. Figure 3.14A shows the release profile of DOX at various pH. In pH 5.5, B3
micelles recorded 100% of release of DOX within 35 h and in pH 7.4, 96% of DOX
was released within 72 h. Whereas, the release of DOX from B6 micelles was slow in
both the pH as compared to B3 micelles. For instance, 99% of DOX was released in
pH 5.5 within 48 h and 72% of DOX was released in pH 7.4 within 72 h. This trend of
slow-release from B6 micelles compared to B3 micelles suggested that increased

grafting of mPEG increased the molecular weight of the copolymer thus the rate of
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release was slow*. Overall, the sustained release of DOX can be attributed to the
encapsulating property of EC and hydrophobic interactions between DOX and EC%
%, The pH-dependent release from the micelles can be utilized to deliver DOX at the
tumor pH because the tumor extracellular environment is slightly acidic (pH 6.8) and
after endocytosis by cancer cells, the pH of lysosomes/endosomes is also acidic (pH

5.5), thus minimizing the release of DOX in the normal tissue pH (pH 7.4)%: %

100

120 .
A) i) DOX in B3 —=—55 ii) DOX in B6 —=—55
——74 —o—74

%)

80

@
o
I

60 —

@
S

40

Cumulative release (%)
&
S
1

Cumulative release (%

20 4

o
o
I

o
1

0 10 20 30 40 5 60 70 80 0 10 20 30 40 50 60 70 80
Time (h) Time (h)

I 0.5mg/mL
EmEm 1mg/mlL

% of Hemolysis
(-] - N W A t O N ® O

© & PN P o <©

Test Samples

Figure 3.14 A) i) DOX release from B3 micelles in PBS at 5.5 and 7.4 pH for 72 h,
i) DOX release from B6 micelles in PBS at 5.5 and 7.4 pH for 72 h. B) % of
Hemolysis on exposure to test samples, EC, CEC, B1, B3, B4, and B6 micelles.

3.3.5 Hemolysis assay

Hemolysis assay is demonstrated to validate the biocompatibility of biomaterial or
polymer. According to the ASTM standards (E2524-08), hemolysis for the test
samples above 5% indicates toxicity to the RBCs®. Likewise, the test samples EC,
CEC, B1, B3, B4, and B6 were assessed for their biocompatibility in human blood at

a concentration of 0.5 and 1 mg/mL. The % of hemolysis was calculated from
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equation 3, considering 100% lysis in DI water and 0% lysis in PBS. In Figure 3.14B
histogram, EC displayed less than 5% hemolysis hence, it can be termed as non-
hemolytic material, and after modification and formation of micelles (B1, B3, B4, and
B6), the material maintained its hemocompatibility. As observed, CEC had slightly
better hemocompatibility than EC which could be due to the addition of negatively
charged carboxylic groups. In the case of B1 and B4, even at a higher concentration
of 1 mg/mL, the observed hemolysis % was 1.47+0.2 and 1.17+0.2 respectively. The
improved hemocompatibility in micelles in comparison to EC and CEC can be
attributed to the mPEG grafting®. These results consolidate the advantages of
PEGylation of polymers, with the grafting of mPEG the ability of test materials to
induce RBC lysis decreased significantly. In B3 and B6, at 0.5 mg/mL the observed
hemolysis % was 3.68+0.1 and 3.82+0.2 respectively, which is within the permissible
limit of 5%, whereas at 1 mg/mL the hemolysis is close to 5%. The toxicity to RBCs
in presence of B3 and B6 samples at higher concentrations was due to DOX. DOX is
known to enter the RBCs and cause their swelling and lysis by building up the
osmotic pressure®®. As per the report of Shuai et al*!, free DOX induces 11%
hemolysis at 200 pug/mL, but when loaded in micelles its toxicity largely diminished.
The reason for the lower hemotoxicity of DOX in EC-PEG micelles in comparison to
that of reported free DOX is the entrapment of DOX in the hydrophobic core thus,
reducing the amount of DOX available on the surface for interaction with RBCs. As
mentioned earlier the hydrophilic mPEG chains formed a protective cover and
therefore, the RBCs were inhibited from being lysed. In line with these findings, we
consider that the developed copolymer EC-PEG is biocompatible and can be used as a
potential nanocarrier for DD.

3.3.6 Cell studies

Cytotoxicity assay: The cytotoxicity of blank and DOX loaded EC-PEG micelles was
determined by the MTT assay. The cytotoxic effects of B1 and B4 micelles were
investigated in fibroblast L929 and breast cancer MDA-MB-231 cell lines. DMSO
solubilized the formazan crystals formed after the addition of the MTT reagent which
indicated cellular respiratory activity. As shown in Figure 3.15, B1 (Figure 3.15A i)
and B4 (Figure 3.15A ii) micelles exhibited no cellular cytotoxicity for up to 48 h of
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incubation with varying concentrations. The relative cell viability was above 80%
even at the higher concentration of micelles at 400 pug/mL. Thus, demonstrating the
non-cytotoxic nature of the mPEG grafted EC micelles and establishing them as
promising drug delivery vehicle. The cytotoxic ability of B3 and B6 micelles was
investigated in breast cancer cell lines, MDA-MB-231 and MCF-7 for 72 h. From the
histogram, as shown in Figure 3.14B, the DOX loaded micelles, B3 (Figure 3.15B i),
and B6 (Figure 3.15B ii) recorded a decrease in cell viability as a function of DOX
dose concentration. The concentration of the micelles was varied from 0 pg/mL to
500 pg/mL, and the ICso (the dose inducing 50% cell inhibition) value noted for B3
and B6 in both the cell lines was ~100 pg/mL. These results proved the competence
of EC-PEG micelles as biocompatible and non-toxic DDS to deliver DOX at a
controlled rate over an extended period.
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Figure 3.15 A) i) Cytotoxicity of MDA-MB-231 and L929 cells treated by Bl
micelles for 48 h, ii) Cytotoxicity of MDA-MB-231 and L929 cells treated by B4
micelles for 48 h. B) i) Cytotoxicity of MDA-MB-231 and MCF-7 cells treated by B3
micelles for 72 h, ii) Cytotoxicity of MDA-MB-231 and MCF-7 cells treated by B3
micelles for 72 h.
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In vitro cellular uptake: The cellular uptake of free DOX and DOX-EC-PEG (B3,
B6) micelles was studied in breast cancer cells MDA-MB-231 by incubating them
with the samples in the media at 37 °C for 4 h and 8 h respectively, and later analyzed
using epifluorescence microscopy. The nuclei of cells were stained with DAPI, the
actin filaments of cytoskeleton were stained by Alexa Fluor 488 phalloidin, and DOX
emitted red fluorescence. In the cells treated with free DOX, as shown in Figure 3.16,
it was observed that the DOX was exclusively present in the nucleus. This can be
explained by the fact that DOX can be readily transported into the cells by the
mechanism of passive diffusion which is energy independent and binds to the DNA in
the nucleus by intercalation*>“3, In the cells treated with B3 and B6 micelles at 100
pg/mL, it was observed that the red fluorescence of DOX was located in the
cytoplasm and nuclear region (Figure 3.16, row B3 and B6). This observation leads to
an inference that the DOX-loaded micelles were taken up by the cells via the
endocytosis pathway and were located in the intracellular compartment (endosomes

and lysosomes), which is supported by the reported literature3644,
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DAPI Alexa DOX Merged

Free DOX
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B3 Free DOX B3

Figure 3.16 Fluorescent images of MDA-MB-231 cells treated with free DOX, B3
micelles, and B6 micelles for 4 h and 8 h. The right panels show the merged image of
the nucleus stained with DAPI (blue), F-actin stained with Alexa fluor 488 phalloidin
(green), and DOX fluorescence (red). Scale bar corresponds to 5 pum.
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3.4 Conclusions

In this study, we synthesized a new amphiphilic copolymer by grafting PEG to EC.
The developed copolymer was self-assembled into micelles in the aqueous system by
dialysis method and were confirmed by DLS, TEM, and fluorescence spectroscopy,
and the CMC of the copolymers, EC-PEG1 and EC-PEG2 were recorded at 0.03
mg/mL and 0.00193 g/mL respectively. The size of the DOX encapsulated EC-PEG
nano-micelles was greater than the size of the blank micelles which was confirmed by
DLS. The DOX-loaded micelles demonstrated faster release in acidic pH, 5.5
whereas, slow release of DOX was observed at physiological pH, 7.4. The hemolysis
assay and MTT assay studies confirmed the micelles were biocompatible and non-
toxic to the normal cells. Further, the DOX-loaded micelles showed toxicity to the
cancerous cells, MDA-MB-231 and MCF-7 and the fluorescence microscopy images
exhibited internalization of the DOX-loaded micelles in MDA-MB-231 cells.
According to the above observations, we concluded that the developed micelles can
be used as potential DDS for cancer therapy. In the future scope of this work, the
micelles can be tailored with various targeting moieties to achieve site-specific

targeted delivery.
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shRNA as a Combinatorial Therapy for Colon Cancer

4.1 Introduction

Globally, cancer disease is affecting millions due to the mutations leading to
uncontrolled cell division and its metastasis. Among various cancers, colorectal
cancer is the second leading cause of death and the third most cancer diagnosed
globally®. Therefore, to improve the therapeutic strategy new combinations of drugs
and natural bioactive agents are explored. In the advent of natural compounds to treat
cancer due to their least side effects, natural herbal medicines are given preference.
Curcumin (CU) is a natural polyphenol compound extracted from turmeric (Curcuma
longa) and has been reported to possess anti-inflammatory, antioxidant,
anticarcinogenic properties. Furthermore, it is reported to be antidiabetic and anti-
HIVZ3 CU is reported to be an antiproliferative agent in cancer treatment, it
downregulates the COX-2 enzyme which thereby decreases the levels of DNA
adducts responsible for cancer. Chin-Cheng et al, in their study, reported that CU was
able to inhibit colon cancer cell division and induce apoptosis of cancer cells via
caspase 3 activity*. In another report by Aggarwal et al, CU is established as a chemo-
preventive agent for colorectal cancer by inhibiting carcinogens that initiate cancer®.
Though CU is bioactive, it has limitations to be used as a therapeutic agent because it
is hydrophobic and less bioavailable for efficient therapeutic action. To overcome
these limitations, various strategies are being deployed like using nano-curcumin or
encapsulating it in drug delivery systems made of polymers or other inorganic
materials®’. There is remarkable research done with bulk materials like films,
scaffolds, hydrogels as carriers®. For example, CU was loaded in PVA/chitosan blend
films for developing a transdermal drug delivery system with controlled release of CU
as reported by K. Vidyalakshmi et al®. Apart from films, CU has also been entrapped
in microcapsules, liposomes, and micelles according to literature. Shahani et al
reported PLGA based CU microparticles for breast cancer treatment'®. A. Altunbas et
al had conducted successful entrapment of CU in peptide-based hydrogels as
injectable drug delivery systems!!. However, the current advanced research is
focusing on the development of nanomaterials systems for the delivery of CU for

improved therapy.
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With the advent of next-generation technologies and high-throughput analysis, the
innovative and personalized biological anticancer treatment is expected to find its way
from bench to bedside'>. RNA interference (RNAI), a post-transcriptional gene
silencing, is gaining immense clinical attention regarding its usage as a potential
weapon against solid tumors!®, RNAi could target multiple genes in different
pathways that account for tumor progression, making them more effective and
without any side effects!. Most of the existing chemotherapeutic agents are directed
towards tyrosine kinases to suppress cancer®. One of the significant tyrosine kinase
receptors overexpressed in various cancers is Ephb4 receptors which are associated
with tumor angiogenesis, growth, and metastasis'®. In the present study, we aimed to
silence this Ephb4 receptor using the RNAI approach in different cancer models. The
lack of safe and effective delivery methods for RNAI molecules remains the primary
challenge that prevents full utilization of the potential of RNAi-based therapy in
biological systems!’. A plethora of literature demystifies the promising potential of
nanoparticles in delivering RNA-based therapeutics because of their surface
modifications, site targeted delivery, enhanced permeability and retention effect, and

accumulation at pharmacological levels?®,

Polymers are being used for delivering bioactive agents and therapeutic molecules to
the colon region. Polycationic polymers are promising candidates for gene delivery as
they constitute amine groups for interactions with nucleic acids. They also possess a
high degree of molecular diversity thus, available for modifications and tailoring to
overcome the extracellular and intracellular obstacles®. CS is one such polycationic
biodegradable polymer that can be readily prepared, non-toxic without any biological
threat, and is non-immunogenic. It is a mucoadhesive polymer, obtained from natural
sources like shells of insects and crustaceans (crabs, shrimps, etc). Its mucoadhesive
property helps in adhering to the mucosal wall of the gastrointestinal tract so it is
explored as a drug delivery system. It forms a polyelectrolyte complex with nucleic
acids and protects them from DNases, RNases, and other enzymes?. Katas et al were
one of the pioneering groups to develop and characterize chitosan nanoparticles for
siRNA delivery in vitro?™. L. Chuah et al demonstrated this mucoadhesive property of

chitosan nanoparticles loaded with CU, in colorectal cancer cells ex vivo and in
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vitro?2. K. Mladenovska et al also reported colon-specific delivery of 5-aminosalicylic

acid from chitosan-Ca-alginate microparticles®.

Furthermore, targeting the Nano-RNAIi complexes in the colon through the oral route
requires bypassing the formulation from the harsh conditions of the stomach?+25:
Eudragit S-100, an anionic pH-sensitive polymer, has been used as a protective
coating to protect the drugs from degradation in the stomach and release the
therapeutic molecules targeting the colon region where the pH is 7.5, low alkaline to
neutral® 2 28, Khan et al, utilized this pH-sensitive property of ES to release model
drug mesalazine in the colonic region of the gastrointestinal tract?®. In another study,
Mehta et al reported formulation and in vitro evaluation of ES coated naproxen matrix
tablets for colon-targeted drug delivery system®. So, ES is one of the tried and tested
polymers used to deliver the drug or bioactive payload in the colon because of its pH

sensitivity and biocompatibility.

Since cancer is a complex disease an individual drug or gene may not be sufficient to
arrest its growth, so a combination of drug and therapeutic genes is being explored.
As reported in the literature by Babu et al, chitosan-coated polylactic acid
nanoparticle-mediated combinatorial delivery of cisplatin and siRNA/plasmid DNA
chemosensitized cisplatin-resistant human ovarian cancer cells®l. R.Khatik et al have
explored and reported colon-specific delivery of curcumin coated with eudragit-
chitosan nanoparticles in vitro and in vivo®. To this end, we designed a combinatorial
approach of using nano-curcumin to encapsulate Ephb4 shRNA along with other
bioactive agents for its increased uptake and targeting to the tumor site. Therefore, the
objectives of this work include, preparation of CU loaded polymeric NPs decorated
with Ephb4 shRNA, its morphological, and physicochemical characterization. After
characterization, study their biocompatibility and toxicity both in vitro and in vivo.

4.2 Experimental
4.2.1 Materials

Curcumin crystalline was purchased from S. D. Fine, India. Chitosan (medium mol.

wt.) was procured from Aldrich (medium mol. wt), eudragit S-100 was a gift sample
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from Evonik, calcium chloride from Spectrochem, India. Cyanine 7.5 NHS dye was
procured from Lumiprobe, USA. FBS (fetal bovine serum), DMEM (Dulbecco's
modified Eagle's medium), MTT (3-(4, 5-dimethylthiazol-2-yl)-2,  5-
diphenyltetrazolium bromide) were obtained from Invitrogen, India. L929, HCT116,
and MCF-7 cell lines were acquired from the cell repository of the National Centre for
Cell Science (NCCS), Pune. All analytical reagents used were of laboratory grade

obtained from local vendors.

4.2.2 Preparation of fluorescent nano-encapsulate of curcumin-chitosan (CU-CS)

Curcumin (CU) (1 g/100 mL) was dispersed in 60% ethanol, and it was subjected to
sonication by an ultra-probe sonicator (VCX 500, Vibra-Cell, Sonics, USA) at 40%
amplitude for 1 h with a sonication time of 5 seconds in an ice bath. After sonication,
cyanine 7.5 NHS dye (10 pg/mL) was dissolved in DMSO and was added to the
dispersed CU solution. The solution mixture was stirred for 30 min at ambient
temperature. Further, the respective 1 and 2 wt% of chitosan (CS) solutions of pH 5.0
were prepared in 2% (v/v) acetic acid solution by stirring for 6 h. Equal volume of CS
and CU-cyanine-7.5 NHS dye dispersion was added slowly drop wise under high-
speed stirring to make CU-CS suspension. The CU nanoparticles concentration was
fixed at 1 wt%, and the CS concentration was varied to attain various formulations.
To crosslink, the individual formulations were electrosprayed vertically in 100 mL
calcium chloride (5 wt%) solution using an electrospinning unit (ESPIN Nano, PECO,
India). Parameters for electrospraying were optimized at a voltage of 24 kV, with a
flow rate of 0.5 mL/h, and the distance between the tip of the needle and the collector
was maintained at a distance of 15 cm. The electrosprayed dispersion was centrifuged
at 16,000 rpm for 24 min at 12 °C to pelletize the NPs. The obtained pellet was
dispersed in 20 mL of deionized water (DI) and washed twice, followed with repeated
centrifugations. Further, the pellet of the NPs was dried by lyophilization and
characterized to analyze the Ephb4-shRNA (plasmid DNA) complexation and
Eudragit S-100 (ES) coating.
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Table 4.1 Formulations of CU with CS coating

Sr. No. Formulation Batch name Zeta Potential Hydrodynamic PDI
(mV) diameter (nm)
CU% CS%
(wiv) (wiv)
L. 1 ICU -31.66 129.8 0.247
2. 1 1 1CU-1CS +51.52 348.5 0.216
3. 1 1CS +29.77 36l.6 0.288
4. 1 2 1CU-2CS +55.51 402.4 0.169
5. 2 2CS +33.54 2953 0.282

4.2.2.1 Entrapment and loading efficiency

The entrapment and loading efficiency of NPs were calculated according to the

reported literature® 32, Briefly, 2 mg of 1:1 ratio of CU-CS NPs was dispersed in 2

mL of methanol by sonication for 2 min. The resulting dispersion was centrifuged at

16,500 rpm for 35 min at 12°C and collected from the supernatant. The unentrapped

CU concentration present in the supernatant was calculated using a standard

calibration curve of CU at Amax Of 423 nm, which was analyzed using a UV-Vis

spectrophotometer (UV 1601PC UV spectrophotometer, Shimadzu, Japan). The

percent of entrapment efficiency (EE) was estimated using Equation 1. The percent of

loading efficiency was estimated using Equation 2. Similarly, the percent of

entrapment and loading efficiency were calculated for other formulations.

Encapsulation Efficiency (%) =

Loading Efficiency (%) =

(wt.of CU used—wt.of unentrapped CU)

entrapped CU in NP

wt.of CU used

wt.of NP

4.2.2.2 Complexation of sShRNA to CU-CS NPs

X100 ... (2)

X100 ...(1)

Complexes of Ephb4-shRNA with the respective ratios of CU-CS NPs were carried
out at two different weight ratios, 25:0.8 and 25:1.0 [(CU-CS) and shRNA]. The
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respective NPs with different ratios of Ephb4-shRNA were heated separately for 12
min at 55 °C and later mixed and vortexed the solutions for 30 seconds to obtain the
respective complexes of CU-CS-shRNA NPs. The respective complexed NPs were
loaded in the wells of an agarose gel (1 wt%) and confirmed complexation by agarose

gel retardation assay.
4.2.2.3 Eudragit S-100 coated NPs

CU-CS-shRNA NPs were coated with eudragit (ES) using 1 wt% of ES solution of
pH 5, which was prepared using a solvent mixture of ethanol and acetone at a 2:1
ratio. From this solution, 200 uL was added dropwise to the dispersion of 800 pL of
CU-CS-shRNA NPs to form ES coated CU-CS- shRNA (CU-CS-shRNA-ES) NPs
(Figure 4.1).
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Figure 4.1 Graphical representation of preparation of CU nanoencapsulates.

4.2.2.4 In vitro CU release studies

The drug release studies for the developed formulations were performed by direct

dispersion method in different buffers, HCI-KCI (hydrochloric acid-potassium
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chloride 0.1 M, pH 1.2), and PBS (phosphate buffer solution, 0.1 M, pH 6.8), and
(phosphate buffer solution, 0.1 M, pH 7.4)%. The release of CU from CU-CS NPs and
CU-CS-ES NPs was determined according to the reported protocol?®. For example, 5
mg of the respective lyophilized NPs were dispersed separately in 20 mL of different
buffers as mentioned above. A duplicate set of 1 mL each were aliquoted from the
above respective dispersions. Release kinetics was monitored at 37 °C in a water bath
shaker (50 rpm) for a period of 4 h in the buffer of pH 1.2. Similarly, the release
studies were done in the respective buffers of pH 6.8 and 7.4 for up to 72 h. After the
designated time intervals, the sample tubes were taken out and centrifuged at 1200
rpm for 3 min to collect the pellet of released CU. Later, the collected CU pellet was
dissolved in 1 mL of methanol and the amount of CU was quantified by a UV-Vis
spectrophotometer (UV 1601PC UV spectrophotometer, Shimadzu, Japan) at a
wavelength of 423 nm. The cumulative % of CU released was calculated using the

following equation:

wt of CU released
wt of CU in NPs

Cumulative drug release (%) =

4.2.3 Characterizations of NPs

The zeta potential and particle size distribution of CU NP, CU-CS NPs, CU-CS-
SshRNA NPs, and CU-CS-shRNA-ES NPs were analyzed using 90 Plus Brookhaven
Instruments Corp, PALS zeta potential analyzer, USA. Morphological
characterizations of CU-CS-shRNA-ES NPs were done using SEM (Quanta 200 3D,
FEI, USA). The lyophilized NPs were dispersed and diluted (10X) in millipore water
to form a suspension which was later casted on a silicon wafer and sputter-coated with
gold for ESEM analysis. Similarly, the NP dispersions were prepared, drop casted on
a copper grid, and stained with 1 wt% uranyl acetate dye for Transmission Electron
Microscope (TEM) analysis (FEI Tecnai TF20 200kV FEG high-resolution
Transmission Electron Microscope, USA). Pure polymers, curcumin encapsulates and
polymeric interactions with CU were analyzed by FTIR (PerkinElmer spectrometer I,
FT-IR diffused reflectance (DRIFT) mode, USA). The spectra recorded were in the
range of 400 to 4000 cm™ with an average of 10 scans per sample. The thermal
behavior of pure polymers (CS, ES), CU, and NPs (CU-CS, CU-CS-ES) was recorded
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using differential scanning calorimetry (DSC) instrument (Model Q10 DSC, TA
instrument, USA). The respective sample of ~5 mg was used for recording the
thermogram. Each sample was crimped in an aluminum pan and was placed in the
sample chamber of DSC which was equilibrated to —80 °C for 2 min and exposed to
the heating and cooling cycles. In the first cycle, the sample was heated to 200 °C at a
rate of 10 °C min~2. In the second cycle, the sample was quenched to —80 °C at a rate
of 100 °C min™?. In the third cycle, the sample was heated from 0 to 200 °C at a rate
of 10 °C/min. The DSC studies were done under dry nitrogen atmosphere at a purging

rate of 50 mL/min.
4.2 .4 Cell studies

Mouse fibroblast L929 cell line as control was grown as monolayer cultures under
standard cell culture conditions in DMEM media supplemented with 10% FBS and
incubated at 37 °C, humified with 5% CO2 atmosphere. Similarly, human colorectal
carcinoma HCT116 and breast adenocarcinoma cell line MCF-7 were cultured in
DMEM and MEM media respectively. The respective media were supplemented with

10% FBS, and incubated while maintaining similar conditions.

Cytotoxicity assay: The cytotoxicity assay, MTT for CU-CS-Ephb4 shRNA-ES NPs
was done in HCT116 and MCF-7 cell lines for 48 hrs. Briefly, a confluent flask of
cells was harvested by trypsinization and to each well of a 96 well plate, 100 pL cell
suspension (~10,000 cells) was introduced. The plate was incubated at 37°C, in a 5%
CO2 humidified atmosphere for 16 h to allow cells to attach and form a monolayer.
Thereafter, the media from the wells was flicked off and NPs were added. The NPs
dispersed in serum-free media at 1 mg/mL stock concentration were sterilized for 30
min under UV light and different concentrations ranging from 2 pg/mL to 500 pug/mL
were added. These cells were incubated at 37 °C in 5% CO2 conditions for 48 h and
then the media from the wells was replaced with MTT reagent. After 4 h of the
incubation period, the media was siphoned off and added 100 pL of DMSO in the
wells to solubilize formazan crystals to develop color and the readings were recorded
at 550 nm using a UV plate reader (Multiskan, Thermo Scientific, Finland).
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In vitro cellular uptake: Cellular uptake behavior of the NPs was evaluated in L929
fibroblast cells using fluorescence microscopy. For instance, L929 fibroblast cells
were seeded on the top of glass coverslips in a 24 well plate and incubated for 24 h at
37 °C in a 5% CO. atmosphere. After incubation, the media was aspirated from the
wells and washed thrice with phosphate buffer (PBS). CU alone, CU-CS NPs, and
CU-CS-ES NPs were added to the individual wells at different concentrations and
incubated for 3 h at 37 °C. Later the media was aspirated off, washed the cells with
PBS, and 300 pL of 4% paraformaldehyde was added to the respective wells and
incubated for 15 min at ambient temperature to fix the cells. Later to this,
paraformaldehyde was washed off using PBS and given 0.1% (v/v) Triton X-100
wash for 8 min. Then stained with DAPI-PBS (1 pg/mL) solution for 05 min.
Subsequently, coverslips were washed with PBS solution and placed on a clean glass
slide with mounting media (Fluoroshield). Excess media was wiped off with tissue
and the cells were observed using an epi-fluorescence microscope (Carl Zeiss, Model:
Axio Observer.Z1, Oil immersion objective, 60X). The nucleus of the cells was
observed using the blue filter of DAPI and CU being fluorescent was visualized using
the green filter of FITC (535-600 nm).

Hemolysis assay: To examine the hemolytic capacity of developed nanocarrier i.e.,
CU-CS-shRNA, the Hemolytic assay was performed on fresh rodent red blood cells
(RBCs). 2% v/v suspension of RBCs was prepared. Then dispersion of CU-CS-Ephb4
shRNA-ES NPs at concentrations from 0, 2, 4, 6, 8, 20, 40, 60, 80, 100, 150, 200,
300, 400, and 500 pg/mL were incubated with suspension of RBCs at 37°C for 1 h.
The positive and negative controls were Milli-Q water (100% hemolysis) and normal
saline (0% hemolysis), respectively. After 1 h of incubation at room temperature,
nanoparticles treated RBCs were spun at 4000 rpm at 4°C for 10 min and the
supernatant was separated. The absorbance was measured at 540 nm using a
Microplate Reader (Thermo Scientific, USA). The percent hemolysis was calculated

as follows:

Abs.test—Abs.negative control

Hemolysis (%) = x 100 ..... (4)

Abs.positive control—Abs.negative control
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4.3 Results and discussion

A nano-system was developed from pH-sensitive biodegradable polymers chitosan
and Eudragit to encapsulate CU and complex Ephb4 shRNA. The polymers will
protect the cargo and release the bioactive molecules at the site of the tumor in the
colon region. The in vitro studies were carried out to evaluate the toxicity of the
developed nanoencapsulates, the work was translated to in vivo study in knockout
mouse models at CSIR-CCMB, Hyderabad.

4.3.1 Synthesis and characterization of curcumin-chitosan NPs

The hydrophobic curcumin (CU) was sized down to nano-CU by sonication. CU
nanoparticles being negatively charged interacts with positively charged polymers®.
The desolvation approach is usually used for encapsulation of CU with polymers.
However, following this method, the yield of the NPs was low. Therefore, several
alternative methods were tried for the fabrication of the nanoparticles. Electro
spraying is one of the simple and powerful methods that is being used for the
production of NPs at high yield and reproducibility®®. Accordingly, electro spraying
method was successfully employed for fabricating the nanoparticulate system and the

nanoparticles were obtained in sufficient quantities.

The morphology of fabricated NPs was examined by SEM and TEM. The size, shape,
and distribution of the formulated CU, CU-CS NPs and CU-CS-shRNA-ES NPs were
in the range of 100-200 and 110-230 nm diameter respectively with spherical
morphology as shown in Figure 4.2. Coatings of polymers on CU NPs were observed
in TEM images where coating with ES changed the surface morphology of CU with a
thickness of the polymer coating between 20-30 nm. Nanoencapsulation of negatively
charged CU was carried out using the individual polymer, chitosan (CS), followed by
Eudragit S-100 (ES). The charge of the CU particles before and after coating with
polymers was confirmed by zeta ({) potential measurements. CU possessed a net
negative charge of -24.78 mV, which on interaction with a cationic polymer, CS
(+29.1 mV) yielded positively charged particles of +51.52 mV.
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100 nm

Figure 4.2 A) TEM image of CU NPs, B) SEM image of 1CU-2CS-Ephb4-ES, C)
and D) TEM image of 1CU-2CS-Ephb4-ES.

The increase in positive charge was attributed due to the crosslinking of NPs with
Ca*™ ions. With an increase in the ratio of CS, the positive charge of the NPs
increased in a concentration-dependent manner. Table 4.1 shows the different
formulations and their PDI with varying concentrations of CS. With the progress of
Ephb4, shRNA plasmid conjugation, the net positive charge on NPs decreased to
24.83 mV. This complex formation of CU-CS-shRNA NPs was aided due to the
positively charged amine groups of CS. Further, the complexed NPs recorded a
decrease in net positive charge when coated with anionic ES (Figure 4.3A). Different
ratios of CU-CS NPs were formulated and checked for their charge and shRNA

plasmid retention, based on the suitability, 1:2 ratio of CU-CS NPs was taken for pre-
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clinical evaluation. Further, the gel retardation assay was used to validate the
conjugation of Ephb4 shRNA plasmid to the CU-CS NP system. Two different ratios
of NPs to Ephb4 shRNA plasmid were prepared (25:0.8 and 25:1.0), loaded in 1 % of
agarose gel. It was observed that the control lane containing free nucleic acids
migrated down the gel without hindrance, while the lane with the Ephb4 conjugated
NPs did not show the migration of Ephb4 (Figure 4.3B). Moreover, the 25:0.8 ratio

exhibited better conjugation efficiency than the 25:1.0 ratio.

AT

40

20

Charge (mV)

-20 4

Sample

A= CU, B= CU-CS, C=CU-CS-Ephb4, D= CU-CS-Ephb4-ES

Figure 4.3 A) Zeta potential measurements of CU formulations, B) Gel retardation
assay of NPs bound with Ephb4 shRNA.

4.3.2 FTIR spectra and thermal analysis

The nanoparticulate system consisted of the respective components CU, CS, and ES
possessing the characteristic functional groups, and their sequential additions were
confirmed by FTIR. Individual peaks of the respective components were first
observed to understand the functional changes before and after the fabrication of NPs.

In the CU spectrum, the characteristic peaks such as phenolic O—H peak was observed
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at 3500 cm™, carboxylic C=0 stretching at 1628 cm™, C=C stretching at 1512 cm™
and C—H stretching at 1430 cm™ (Figure 4.4A)%. For the CS spectrum (Figure 4.4B),
a characteristic broad peak at 3400 cm™* was observed due to the merging of N-H and
O-H functional groups. Other characteristics peak included C—H stretching at 2961
cm™* and 2921 cm™, carboxylic C=0 peak at 1655 cm™ and bending peak for N—H
peak at 1590 cm™¥. In the ES spectrum (Figure 4.4C), the characteristic broad O—H
absorption band at 3100-3500 cm ™t was noticed along with C—H stretching vibrations
at 2998 and 2954 cm !, C=0 stretching at 1730 cm™?, and C-O-C stretching vibration
at 1150 cm™*?8, In Figure 4.4D, the IR spectrum of CU-CS exhibited C=C peaks of
curcumin at 1512 cm* and 1430 cm™, downshift of C=0 peak from 1655 cm™ to
1635 cm™ and N-H peak of CS merged into this C=0 peak, which suggested strong
interaction of CU with CS. In the same figure, the IR spectrum of CU-CS-ES reported
the changed peak at 1640 cm™ that could be attributed to the formation of a
carboxylate bond between the -NH* groups of CS and COO™ groups of ES which are
as per the earlier literature®. These findings confirmed the encapsulation of CU- CS
NPs with ES.
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Figure 4.4 FTIR spectrum of A) bare CU, B) chitosan, C) Eudragit S100, D) CU
coated with CS and ES (CU-CS-ES).

To understand the coating strength of ES on the CU-CS NP system, thermal analysis
by DSC was performed for CU, CS and ES, and CU-CS-ES NPs as shown in Figure
4.5. Glass transition temperature (Tg) was observed at 95 °C for CS and 71 °C for ES,
which was in accordance with reported literature?® *°. Likewise, a sharp endothermic
peak due to the melting temperature (Tm) for CU was observed at 177 °C. In CU-CS-
ES NPs, two broad endothermic peaks were observed at 110 °C and 150 °C. The Tm
of CU decreased because of the interactions between the CS and CU. The crosslinking
of CU-CS with CaCl; resulted in a shift of endothermic peak (Tgy), from 95°C to
110°C which could be attributed due to an increase in the rigidity of the nanoparticle
system. As reported in the earlier studies, the shift in the peak of CU to a lower

temperature indicated the disordered crystalline phase in the final preparation.
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Finally, we could conclude that the shifting and broadening of CU peak supported and
validated the encapsulation of CU by CS and ES polymers.

Cu

CU-CS-ES

Heat Flow (W/g)

177
110

T T T T T T
0 50 100 150 200

Temperature (°C)

Figure 4.5 Differential scanning calorimetric (DSC) analysis of bare CU, CS, and ES
with CU-CS-ES NPs.

4.3.3 Entrapment efficiency and drug release studies

The entrapment and loading efficiency of CU was determined using equations 1 and 2
as given in the experimental section. The CU-CS-NPs were sonicated, centrifuged and
the unentrapped CU was extracted into methanol and quantified using a calibration
curve recorded at Amax 423. Later the percent of CU concentration was estimated
using equation 1. The entrapment efficiency for different compositions of CU-CS (1:1
and 1:2) was 76.67 and 68.21% respectively. The loading efficiency was calculated
using equation 2, which was 38.3 and 22.85% for the respective compositions, 1CU-
1CS, and 1CU-2CS. We observed that with the increase in chitosan concentration, the
entrapment and loading efficiency of CU was reduced, which could be attributed to
the hindrance of CU entrapment as a result of an increase in the viscosity of CS

solution.
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Figure 4.6 A) Cumulative CU release at 1.2 pH from CU-CS and CU-CS-ES, and B)
cumulative CU release at 6.8 and 7.4 pH from CU-CS and CU-CS-ES.

CU-CS NPs coated with and without ES were studied for their release of CU at three
different pH values. The physiological pH of the stomach is 1.2 (acidic) whereas the
pH of the gut ranges from 6.8 to 7.5. Different pH like 1.2, 6.8, and 7.4 were taken
into consideration for mimicking the pH in gastrointestinal track to understand the
reaching and release of biodrug at the targeted site in a non-degradable form. It was
observed (Figure 4.6A) that at 1.2 pH after 4 h of release studies, the amount of CU
released from the nanoparticle system without ES coating was 39%, which is
considered as burst release, whereas the NPs of CU-CS-ES recorded ~ 5% of CU
release. The decrease in the quantity of CU release is due to the ES coating as a result
of the protonation of COO- groups of ES that enabled the protection of chitosan from
degradation in the acidic pH of 1.2. CU release at pH 7.4 for NPs of CU-CS and CU-
CS-ES after 8 h, was 32 and 26% respectively (Figure 4.6B), which followed a
sustained release mechanism. Further, a continuation of CU release for 72 h at the
same pH, recorded, 70 and 59% from CU-CS and CU-CS-ES respectively. At this pH,
the carboxyl groups of ES were ionized leading to the dissolution of ES thereby
exposing CS coated CU NPs35, 47. At 6.8 pH (Figure 4.6B), the entire CU was
released from CU-CS alone within 48 h, whereas only 7% was released from CU-CS-
ES, though the release studies were extended up to 72 h. The diffusion of CU and
swelling of chitosan at 6.8 pH, resulted in high CU release from CU-CS, while the
stability of ES at 6.8 pH did not lead to any CU release from CU-CS-ES NPs.

—_ ]
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4.3.4 Cell studies

Cytotoxicity assay: To demonstrate the cytotoxic effects of the biodrug (CU-CS-
Ephb4 shRNA-ES), MTT assay was performed in normal L929, colon cancer
HCT116 and breast cancer MCF-7 cell lines for 48 h. MTT reagent solubilized the
formazan crystals which indicated cellular respiratory activity in live cells. Figure 4.7
displays the viability of L929, HCT116 and MCF-7 cells after incubation with
varying concentrations of NPs. The CU-based NPs were observed to inhibit the
proliferation of both cancer cell lines in a concentration dependent manner as
compared with the controls. We observed the highest toxicity in cancer cell lines
(HCT116 and MCF-7) where the cell viability was reduced to more than 50%.
Furthermore, there was no toxicity observed in normal L929 cell lines exhibiting its
activity against only cancer cell lines. So, the results clearly indicated that the
developed CU-CS-Ephb4 shRNA-ES biodrug is potent in reducing colon and breast

cancer cell proliferation in vitro.
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Figure 4.7 Cell viability assay results of HCT116 and MCF-7 (cancer cell lines) with
L929 cells (control) after 48 h of CU-CS-Ephb4 shRNA-ES treatment.

Amarnath Singam Chapter 4 Page | 103



Chapter 4. Curcumin Loaded Polymeric Nano-encapsulates Complexed with Ephb4

shRNA as a Combinatorial Therapy for Colon Cancer

In vitro cellular uptake: The cellular uptake and intracellular trafficking of CU NP
and CU based NP (CU-CS and CUCS-ES NPs) formulations were investigated in
L929 fibroblast cells at a concentration of 50 pg/mL for CU loaded NPs and 11
pg/mL for CU NPs (calculated from the loading %). The NPs were incubated for 3 h
with the cells for assessing their internalization. Nuclei were visualized by DAPI and
intrinsic green fluorescence from CU was detected using FITC filter. Control cells
that were not exposed to CU did not display any green fluorescence. As seen in Figure
4.8, after 3 h incubation, CU appeared to enter the cells and green fluorescence was
observed in the cytoplasmic region of the cells. Moreover, the positive charge on CS
is reported to be beneficial in interacting with the cells having an intrinsic negative
charge and able to loosen the tight junction of cells to facilitate uptake of the
particles*. This also suggested that after the pH-responsive release of ES, the CU-CS-
Ephb4 shRNA had a better cellular uptake, thus increasing the efficacy of the biodrug.
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Figure 4.8 Cellular uptake assay representing the L929 cells after 3 h involving CU
(11 pg/mL), CU-CS (50 pg/mL), and CU-CS-ES (50 pug/mL), Scale bar: 5 pum.

Hemolysis assay: The hemolysis brought about by altered concentrations of
polymeric nanocomposites was measured after incubating the drug with 2% v/v
suspension of red blood cells. A concentration of 100 pg/mL induced the maximum

hemolysis among all the concentrations of NPs.

In vivo studies: The NPs were tested at CSIR-CCMB and were found to be safe and

effective in the in vivo mouse models. The oral administration of NPs increased the
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survivability of tumor-bearing mice. For further details, kindly refer to our paper
accepted in RSC Nanoscale (https://doi.org/10.1039/D1NR04411G)

4.4 Conclusions

The emergence of gene-based therapies in the clinical realm has enabled the use of
nucleic acids in therapeutic approaches, opening infinite possibilities for the treatment
of a wide range of genetic, innate, and acquired diseases, including cancers. Nano-
formulations, with their unique characteristics, have been positively established as
competent carriers for delivering RNAI molecules. In addition, it has been suggested
that the shRNA-based approach could be better than siRNA-based RNAI approach as
shRNAs is known to be more stable compared to siRNAs which are degraded rapidly
under in vivo conditions. Also, it has been opined that natural therapeutic compounds
as carrier molecules enable biocompatible, nontoxic, targeted delivery with prolonged
survival. To this end, we have demonstrated the development and applicability of a
combinatorial approach involving the nano-RNAI biodrug formulation for successful
site-specific delivery in both breast and colon cancer knockout mice models. In the
current study, we have used nanoformulations of curcumin (CU), a well-known
anticancer nutraceutical agent, with chitosan (CS) for an enhanced permeation effect.
The CU-CS NPs were conjugated with Ephb4 shRNA and then coated with Eudragit
S100 for specific delivery to the site of action. Our study showed that the nano-RNAI
biodrug was stable, biocompatible and non-toxic, and possessed pH-specific
attributes. Moreover, the uptake in the colon models was found to be efficient, with
the distribution of NPs localized mostly to the intestinal tract. The efficient and site-
specific knockdown of Ephb4 resulted in attenuated tumor growth leading to
increased survival in mice models. Oral delivery of this bio-formulation permitted the
drug to be precisely delivered to the tumor micro-environment, therein, guarding it
against degradation under harsh conditions of the stomach. Though the NPs alone
cohorts showed the animals survived up to 37 days, the Apc-deficient mice treated
with the combination (NPs and EphB4 shRNA) showed a remarkable survival of
more than 6 months as compared to controls where the median survival was 10 days,
thus affirming the synergistic effect and potential of this bio-formulation for efficient

colon cancer treatment. To the best of our knowledge, we are the first to demonstrate
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the combination of CU NPs with RNA interference in a pre-clinical setting for cancer
therapeutics. Our bio-drug formulation, a combination of RNAI and nanotechnology,
illustrated the high therapeutic efficacy with biocompatibility and no toxicity of our
novel nano-based formulation in a solid tumor model of the colon. Thus, this
demonstration of a proof of concept has paved the way for a promising alliance of

RNA interference and nanotechnology as next-generation cancer therapeutics.

4.5 References

(1) Xi, Y.; Xu, P. Global colorectal cancer burden in 2020 and projections to 2040.
Translational Oncology 2021, 14 (10), 101174.

(2) Tong, W.; Wang, Q.; Sun, D.; Suo, J. Curcumin suppresses colon cancer cell
invasion via AMPK-induced inhibition of NF-xB, uPA activator and MMP9.
Oncology letters 2016, 12 (5), 4139-4146.

(3) Khatik, R.; Mishra, R.; Verma, A.; Dwivedi, P.; Kumar, V.; Gupta, V.; Paliwal, S.
K.; Mishra, P. R.; Dwivedi, A. K. Colon-specific delivery of curcumin by exploiting
Eudragit-decorated chitosan nanoparticles in vitro and in vivo. Journal of
nanoparticle research 2013, 15 (9), 1-15.

(4) Su, C.-C.; Lin, J.-G.; Li, T.-M.; Chung, J.-G.; Yang, J.-S.; Ip, S.-W.; Lin, W.-C.;
Chen, G.-W. Curcumin-induced apoptosis of human colon cancer colo 205 cells
through the production of ROS, Ca2+ and the activation of caspase-3. Anticancer
research 2006, 26 (6B), 4379-4389.

(5) Aggarwal, B. B.; Kumar, A.; Bharti, A. C. Anticancer potential of curcumin:
preclinical and clinical studies. Anticancer research 2003, 23 (1/A), 363-398.

(6) Gou, M.; Men, K.; Shi, H.; Xiang, M.; Zhang, J.; Song, J.; Long, J.; Wan, Y.; Luo,
F.; Zhao, X. Curcumin-loaded biodegradable polymeric micelles for colon cancer
therapy in vitro and in vivo. Nanoscale 2011, 3 (4), 1558-1567.

(7) Sindhu, K.; Rajaram, A.; Sreeram, K. J.; Rajaram, R. Curcumin conjugated gold
nanoparticle synthesis and its biocompatibility. Rsc Advances 2014, 4 (4), 1808-1818.

(8) Gundloori, R. V. N.; Singam, A.; Killi, N. Nanobased intravenous and transdermal
drug delivery systems. In Applications of Targeted Nano Drugs and Delivery Systems,
Elsevier, 2019; pp 551-594.

(9) Vidyalakshmi, K.; Rashmi, K. N.; Pramod Kumar, T. M.; Siddaramaiah. Studies
on formulation and in vitro evaluation of PVVA/chitosan blend films for drug delivery.
Journal of Macromolecular Science, Part A 2004, 41 (10), 1115-1122.

Amarnath Singam Chapter 4 Page | 107



Chapter 4. Curcumin Loaded Polymeric Nano-encapsulates Complexed with Ephb4

shRNA as a Combinatorial Therapy for Colon Cancer

(10) Shahani, K.; Panyam, J. Highly loaded, sustained-release microparticles of
curcumin for chemoprevention. Journal of pharmaceutical sciences 2011, 100 (7),
2599-26009.

(11) Altunbas, A.; Lee, S. J.; Rajasekaran, S. A.; Schneider, J. P.; Pochan, D. J.
Encapsulation of curcumin in self-assembling peptide hydrogels as injectable drug
delivery vehicles. Biomaterials 2011, 32 (25), 5906-5914.

(12) Rawoof, A.; Swaminathan, G.; Tiwari, S.; Nair, R. A.; Dinesh Kumar, L.
LeukmiR: a database for miRNAs and their targets in acute lymphoblastic leukemia.
Database (Oxford) 2020, 2020. DOI. 10.1093/database/baz151. Rishabh, K.
Khadilkar, S.; Kumar, A.; Kalra, I.; Kumar, A. P.; Kunnumakkara, A. B. MicroRNAS
as Modulators of Oral Tumorigenesis-A Focused Review. Int J Mol Sci 2021, 22 (5).
DOI: 10.3390/ijms22052561. Kumar, M. D.; Dravid, A.; Kumar, A.; Sen, D. Gene
therapy as a potential tool for treating neuroblastoma-a focused review. Cancer Gene
Ther 2016, 23 (5), 115-124. DOI: 10.1038/cgt.2016.16. Swaminathan, G.; Shigna, A.;
Kumar, A.; Byroju, V. V.; Durgempudi, V. R.; Dinesh Kumar, L. RNA interference
and Nanotechnology: A promising alliance for next generation cancer therapeutics.
Frontiers in Nanotechnology 2021, 3, 42.

(13) Wang, P.; Zhou, Y.; Richards, A. M. Effective tools for RNA-derived
therapeutics: SiRNA interference or miRNA mimicry. Theranostics 2021, 11 (18),
8771-8796. DOI: 10.7150/thno.62642.

(14) Tangudu, N. K.; Verma, V. K.; Clemons, T. D.; Beevi, S. S.; Hay, T,
Mahidhara, G.; Raja, M.; Nair, R. A.; Alexander, L. E.; Patel, A. B.; et al. RNA
Interference Using c-Myc-Conjugated Nanoparticles Suppresses Breast and
Colorectal Cancer Models. Mol Cancer Ther 2015, 14 (5), 1259-1269. DOI:
10.1158/1535-7163.MCT-14-0970.

(15) Chen, J. Regulation of tumor initiation and metastatic progression by Eph
receptor tyrosine kinases. Adv Cancer Res 2012, 114, 1-20. DOI: 10.1016/B978-0-12-
386503-8.00001-6.

(16) Huang, X.; Yamada, Y.; Kidoya, H.; Naito, H.; Nagahama, Y.; Kong, L.; Katoh,
S. Y.; Li, W. L.; Ueno, M.; Takakura, N. EphB4 overexpression in B16 melanoma
cells affects arterial-venous patterning in tumor angiogenesis. Cancer Res 2007, 67
(20), 9800-9808. DOI: 10.1158/0008-5472.CAN-07-0531. Stephenson, S. A
Slomka, S.; Douglas, E. L.; Hewett, P. J.; Hardingham, J. E. Receptor protein tyrosine
kinase EphB4 is up-regulated in colon cancer. BMC Mol Biol 2001, 2, 15. DOI:
10.1186/1471-2199-2-15. Xia, G.; Kumar, S. R.; Masood, R.; Zhu, S.; Reddy, R.;
Krasnoperov, V.; Quinn, D. I.; Henshall, S. M.; Sutherland, R. L.; Pinski, J. K.; et al.
EphB4 expression and biological significance in prostate cancer. Cancer Res 2005, 65
(11), 4623-4632. DOI: 10.1158/0008-5472.CAN-04-2667. Yang, N. Y.; Lopez-
Bergami, P.; Goydos, J. S.; Yip, D.; Walker, A. M.; Pasquale, E. B.; Ethell, I. M. The
EphB4 receptor promotes the growth of melanoma cells expressing the ephrin-B2
ligand. Pigment Cell Melanoma Res 2010, 23 (5), 684-687. DOI: 10.1111/j.1755-
148X.2010.00745.x.

Amarnath Singam Chapter 4 Page | 108



Chapter 4. Curcumin Loaded Polymeric Nano-encapsulates Complexed with Ephb4

shRNA as a Combinatorial Therapy for Colon Cancer

(17) Hattab, D.; Gazzali, A. M.; Bakhtiar, A. Clinical Advances of siRNA-Based
Nanotherapeutics for Cancer Treatment. Pharmaceutics 2021, 13 (7). DOI:
10.3390/pharmaceutics13071009. Li, D.; Gao, C.; Kuang, M.; Xu, M.; Wang, B.;
Luo, Y.; Teng, L.; Xie, J. Nanoparticles as Drug Delivery Systems of RNAIi in Cancer
Therapy. Molecules 2021, 26 (8). DOI: 10.3390/molecules26082380.

(18) Conde, J.; Bao, C.; Tan, Y.; Cui, D.; Edelman, E. R.; Azevedo, H. S.; Byrne, H.
J.; Artzi, N.; Tian, F. Dual targeted immunotherapy via in vivo delivery of biohybrid
RNAI-peptide nanoparticles to tumour-associated macrophages and cancer cells. Adv
Funct Mater 2015, 25 (27), 4183-4194. DOI: 10.1002/adfm.201501283. Conde, J.;
Tian, F.; Hernandez, Y.; Bao, C.; Baptista, P. V.; Cui, D.; Stoeger, T.; de la Fuente, J.
M. RNAi-based glyconanoparticles trigger apoptotic pathways for in vitro and in vivo
enhanced cancer-cell killing. Nanoscale 2015, 7 (19), 9083-9091. DOI:
10.1039/c4nr05742b. Cui, D.; Zhang, C.; Liu, B.; Shu, Y.; Du, T.; Shu, D.; Wang, K.;
Dai, F.; Liu, Y.; Li, C.; et al. Regression of Gastric Cancer by Systemic Injection of
RNA Nanoparticles Carrying both Ligand and siRNA. Sci Rep 2015, 5, 10726. DOI:
10.1038/srep10726. Liu, B.; Cao, W.; Qiao, G.; Yao, S.; Pan, S.; Wang, L.; Yue, C,;
Ma, L.; Liu, Y.; Cui, D. Effects of gold nanoprism-assisted human PD-L1 siRNA on
both gene down-regulation and photothermal therapy on lung cancer. Acta Biomater
2019, 99, 307-319. DOI: 10.1016/j.actbio.2019.08.046. Sun, X.; Chen, Y.; Zhao, H.;
Qiao, G.; Liu, M.; Zhang, C.; Cui, D.; Ma, L. Dual-modified cationic liposomes
loaded with paclitaxel and survivin siRNA for targeted imaging and therapy of cancer
stem cells in brain glioma. Drug Deliv 2018, 25 (1), 1718-1727. DOI:
10.1080/10717544.2018.1494225.

(19) Mansouri, S.; Lavigne, P.; Corsi, K.; Benderdour, M.; Beaumont, E.; Fernandes,
J. C. Chitosan-DNA nanoparticles as non-viral vectors in gene therapy: strategies to
improve transfection efficacy. European journal of pharmaceutics and
biopharmaceutics 2004, 57 (1), 1-8.

(20) Hejazi, R.; Amiji, M. Chitosan-based gastrointestinal delivery systems. Journal
of controlled release 2003, 89 (2), 151-165.

(21) Mao, S.; Sun, W.; Kissel, T. Chitosan-based formulations for delivery of DNA
and siRNA. Advanced drug delivery reviews 2010, 62 (1), 12-27.

(22) Chuah, L. H.; Roberts, C. J.; Billa, N.; Abdullah, S.; Rosli, R. Cellular uptake
and anticancer effects of mucoadhesive curcumin-containing chitosan nanoparticles.
Colloids and Surfaces B: Biointerfaces 2014, 116, 228-236.

(23) Mladenovska, K.; Raicki, R. S.; Janevik, E. I.; Ristoski, T.; Pavlova, M. J.;
Kavrakovski, Z.; Dodov, M. G.; Goracinova, K. Colon-specific delivery of 5-
aminosalicylic acid from chitosan-Ca-alginate microparticles. International Journal of
Pharmaceutics 2007, 342 (1-2), 124-136.

(24) Wathoni, N.; Nguyen, A. N.; Rusdin, A.; Umar, A. K.; Mohammed, A. F. A,
Motoyama, K.; Joni, I. M.; Muchtaridi, M. Enteric-Coated Strategies in Colorectal

Amarnath Singam Chapter 4 Page | 109



Chapter 4. Curcumin Loaded Polymeric Nano-encapsulates Complexed with Ephb4

shRNA as a Combinatorial Therapy for Colon Cancer

Cancer Nanoparticle Drug Delivery System. Drug Des Devel Ther 2020, 14, 4387-
4405. DOI: 10.2147/DDDT.S273612.

(25) Chishti, N.; Jagwani, S.; Dhamecha, D.; Jalalpure, S.; Dehghan, M. H.
Preparation, Optimization, and In Vivo Evaluation of Nanoparticle-Based
Formulation for Pulmonary Delivery of Anticancer Drug. Medicina (Kaunas) 2019,
55 (6). DOI: 10.3390/medicina55060294.

(26) Hales, D.; Tefas, L. R.; Tomuta, I.; Moldovan, C.; Gulei, D.; Munteanu, R.;
Porfire, A. Development of a Curcumin-Loaded Polymeric Microparticulate Oral
Drug Delivery System for Colon Targeting by Quality-by-Design Approach.
Pharmaceutics 2020, 12 (11). DOI: 10.3390/pharmaceutics12111027.

(27) Philip, A. K.; Philip, B. Colon targeted drug delivery systems: a review on
primary and novel approaches. Oman Med J 2010, 25 (2), 79-87. DOI:
10.5001/0mj.2010.24. Yoshida, T.; Lai, T. C.; Kwon, G. S.; Sako, K. pH- and ion-
sensitive polymers for drug delivery. Expert Opin Drug Deliv 2013, 10 (11), 1497-
1513. DOI: 10.1517/17425247.2013.821978.

(28) Vlachou, M.; Kikionis, S.; Siamidi, A.; Kyriakou, S.; Tsotinis, A.; loannou, E.;
Roussis, V. Development and Characterization of Eudragit((R))-Based Electrospun
Nanofibrous Mats and Their Formulation into Nanofiber Tablets for the Modified
Release of Furosemide. Pharmaceutics 2019, 11 (9). DOI:
10.3390/pharmaceutics11090480.

(29) Khan, M. Z. 1.; Prebeg, Z.; Kurjakovi¢, N. A pH-dependent colon targeted oral
drug delivery system using methacrylic acid copolymers: I. Manipulation of drug
release using Eudragit® L100-55 and Eudragit® S100 combinations. Journal of
Controlled Release 1999, 58 (2), 215-222.

(30) Mehta, R.; Chawla, A.; Sharma, P.; Pawar, P. Formulation and in vitro
evaluation of Eudragit S-100 coated naproxen matrix tablets for colon-targeted drug
delivery system. Journal of advanced pharmaceutical technology & research 2013, 4
(1), 31.

(31) Babu, A.; Wang, Q.; Muralidharan, R.; Shanker, M.; Munshi, A.; Ramesh, R.
Chitosan coated polylactic acid nanoparticle-mediated combinatorial delivery of
cisplatin and siRNA/plasmid DNA chemosensitizes cisplatin-resistant human ovarian
cancer cells. Molecular pharmaceutics 2014, 11 (8), 2720-2733.

(32) Sun, S. B.; Liu, P.; Shao, F. M.; Miao, Q. L. Formulation and evaluation of
PLGA nanoparticles loaded capecitabine for prostate cancer. Int J Clin Exp Med
2015, 8 (10), 19670-19681.

(33) D’Souza, S. A review of in vitro drug release test methods for nano-sized dosage
forms. Advances in Pharmaceutics 2014, 2014.

Amarnath Singam Chapter 4 Page | 110



Chapter 4. Curcumin Loaded Polymeric Nano-encapsulates Complexed with Ephb4

shRNA as a Combinatorial Therapy for Colon Cancer

(34) Fu, D.; Okimoto, H.; Lee, C. W.; Takenobu, T.; lwasa, Y.; Kataura, H.; Li, L. J.
Ultrasensitive Detection of DNA Molecules with High On/Off Single-Walled Carbon
Nanotube Network. Advanced Materials 2010, 22 (43), 4867-4871.

(35) Sridhar, R.; Ramakrishna, S. Electrosprayed nanoparticles for drug delivery and
pharmaceutical applications. Biomatter 2013, 3 (3). DOI: 10.4161/biom.24281.

(36) Pan Ch, J.; Tang, J. J.; Weng, Y. J.; Wang, J.; Huang, N. Preparation,
characterization and anticoagulation of curcumin-eluting controlled biodegradable
coating stents. J Control Release 2006, 116 (1), 42-49. DOI:
10.1016/j.jconrel.2006.08.023.

(37) Fernandes Queiroz, M.; Melo, K. R.; Sabry, D. A.; Sassaki, G. L.; Rocha, H. A.
Does the use of chitosan contribute to oxalate kidney stone formation? Mar Drugs
2014, 13 (1), 141-158. DOI: 10.3390/md13010141.

(38) Lorenzo-Lamosa, M. L.; Remunan-Lopez, C.; Vila-Jato, J. L.; Alonso, M. J.
Design of microencapsulated chitosan microspheres for colonic drug delivery. J
Control Release 1998, 52 (1-2), 109-118. DOI: 10.1016/s0168-3659(97)00203-4.

(39) Nair, R. S.; Morris, A.; Billa, N.; Leong, C. O. An Evaluation of Curcumin-
Encapsulated Chitosan Nanoparticles for Transdermal Delivery. AAPS PharmSciTech
2019, 20 (2), 69. DOI: 10.1208/s12249-018-1279-6.

(40) Sabra, R.; Billa, N.; Roberts, C. J. An augmented delivery of the anticancer
agent, curcumin, to the colon. Reactive and Functional Polymers 2018, 123, 54-60.

(41) Vllasaliu, D.; Exposito-Harris, R.; Heras, A.; Casettari, L.; Garnett, M.; lllum, L.;
Stolnik, S. Tight junction modulation by chitosan nanoparticles: comparison with
chitosan  solution. Int J Pharm 2010, 400 (1-2), 183-193. DOI:
10.1016/j.ijpharm.2010.08.020.

Amarnath Singam Chapter 4 Page | 111



i

CHAPTER 5

Cetuximab Conjugated Eugenol Loaded Carboxymethyl
Cellulose Nanoparticles for Active Targeting Anti-cancer
Therapy

-«



Chapter 5. Cetuximab Conjugated Eugenol Loaded Carboxymethyl Cellulose
Nanoparticles for Active Targeting Anti-cancer Therapy

5.1 Introduction

Current cancer therapies are focusing on the specific delivery of the drugs or bioactive
molecules to the tumor site. Application of NDDS can provide two alternates for drug
targeting viz, passive and active. In our thesis work, we have investigated the passive
targeting ability of polymeric NDDS as an anti-cancer system. However, in the current
chapter, we have researched the potential of active targeting of NDDS using a
monoclonal antibody, for cancer therapy. Active targeting or tumor-activated prodrug
therapy is based on the activation of the NDDS upon reaching the tumor site!. They
depend on the interactions with the molecules present on the surface of cancerous cells
and not the healthy cells. Tumor cells upregulate certain kinds of receptors that promote
tumor growth, proliferation, angiogenesis, survival in low oxygen levels, and pH
conditions?. Among them, epidermal growth factor receptor (EGFR) is one such moiety
that is overexpressed in glioma, colorectal, head, neck, non-small cell lung, ovarian,
breast, and prostate cancers®4. Therefore, EGFR has become a strategy for active
targeting by attaching anti-EGFR molecules like peptides, oligonucleotides, and
antibodies to NDDS®. Recent research is inclined towards antibody immunotherapy for
the treatment of cancer. For this purpose, FDA-approved antibodies like cetuximab and
trastuzumab are being suggested®. Herein, we have selected cetuximab (Cet) a
monoclonal antibody (mAb) approved for colorectal carcinoma, head and neck cancers,
gastric adenocarcinoma treatment in combination with chemotherapeutic agents®’.
Accordingly, Cet has been utilized to conjugate to polymeric nanoparticles (NPs) as
anti-cancer NDDS®. For example; Liu et al conjugated Cet to poly (lactic acid-co-I-
lysine) NPs for effective uptake of (PLA-PLL-EGFRmMADb) NPs in hepatocellular
carcinoma®. Likewise, Maya et al, reported Cet conjugated O-carboxymethy! chitosan
(O-CMC) NPS, for targeted delivery of paclitaxel (PTXL) to EGFR over-expressing
cancer cells'. Similarly, Deepagan et al investigated Cet conjugated PLGA-ZnS NPs
for targeted imaging and delivery of camptothecin, their studies demonstrated higher

uptake and cytotoxicity of camptothecin in cell lines that overexpress the EGFR™?,

Eugenol (Eu) is phytochemical known to have anti-inflammatory, antiviral,

antibacterial, antioxidant, anticancer properties*2*314, It has been reported to arrest the
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cells in S-phase and induce apoptosis in cancer cells like melanoma, leukemia, and
colon cancer®®. Like other active phytochemicals, it is highly volatile, unstable, and
sensitive to oxygen, light, and heat during processing, utilization, and storage®!’. One
of the preferred mechanisms to overcome the shortcomings of such phytochemicals is
nanoencapsulation in biodegradable polymers. Likewise, Eu has been reported to be
encapsulated in lipids and polymers'®*°. In our investigations, we are focusing on the
use of natural polysaccharides and their derivatives. Accordingly, sodium
carboxymethyl cellulose (CMC) was chosen to investigate its potential as a nanocarrier.
It is a water-soluble versatile polymer and is being used extensively in the food industry
and pharmaceutics for encapsulation and delivery of bioactive molecules as its
functional groups make it attractive for modifications®?22, Further, CMC being
biocompatible, biodegradable, and bio-eliminable, has been approved by the FDA for
parenteral application in pharmaceutical formulations such as Sandostatin, Sandolog,
and Vivitrol®. CMC and its conjugates have been reported to increase the
bioavailability and pharmacokinetics of hydrophobic anti-cancer agents like docetaxel
and doxorubicin?>?*, Therefore, we have hypothesized the entrapment of eugenol in the
matrix of CMC using a non-ionic surfactant like pluronic F127 (PF127). PF127 is a
biocompatible triblock copolymer of poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) with a PEO-PPO-PEO structure?. In an agqueous medium above the
critical concentration PF127 forms micelles with the PPO segment forming the inner
core accumulating the hydrophobic drugs. While the PEO segments form outer
hydrated corona which is non-toxic and improves the PKs of the drug. Hence, the
bioavailability and solubility of hydrophobic drugs are enhanced on encapsulation
within PF127%27, For example; Nguyen et al improved the loading efficiency and
bioavailability of curcumin on entrapment in PF127-gelatin which led to better
cytotoxicity against cancer cells in comparison to free curcumin?. Similarly, Manaspon
et al, reported high drug loading and sustained release of DOX in a folate conjugated
PF127/chitosan nanosystem leading to better efficiency than free DOX%. Nevertheless,
the PF127 and CMC nanosystem for encapsulation of Eu with targeting moiety is yet
to be studied.
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Accordingly, in this study, we have attempted to develop NDDS by encapsulating Eu
by PF127 and CMC, which is conjugated with Cet for targeted delivery to improve
cancer therapy. The augmentation of NDDS was attained by conjugating Cet and
increasing the bioavailability of hydrophobic, Eu by encapsulating with PF127 and
CMC. The design and development of the targeted CMC NPs to deliver Eu and their
physicochemical characterization, uptake, pharmacological efficacy in cultured cells

are detailed in this chapter.
5.2 Experimental
5.2.1 Materials

Eugenol (Eu), pluronic F127 (PF127), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), and rhodamine B were purchased from Sigma Aldrich, USA. Na-
carboxymethyl cellulose (CMC) (2.5 lakhs mol wt) was procured from Fluka,
Switzerland. Sulfo-NHS sodium salt was purchased BLDPharmatech, India.
Cetuximab (5mg/mL) was procured from Merck, Germany. All salts and solvents were
of analytical grade. Cell lines were obtained from the cell repository at National Centre
for Cell Science (NCCS), Pune.

5.2.2 Preparation of Eu loaded CMC NPs

Five weight percent of PF127 was dissolved in 50% aqueous ethanol solvent and stirred
at room temperature for 2 h. In 20 mL of the above PF127 solution, 100 pL of Eu was
slowly added while sonicating in an ultra-probe sonicator (VCX 500, Vibra-Cell,
Sonics, USA) at 40% amplitude with a sonication time of 5 seconds on and 5 seconds
off to obtain 0.5% (v/v) Eu-PF127 emulsion. Similarly, 200 and 400 pL Eu was also
added to another 20 mL batches of PF127 solutions to achieve 1 and 2% (v/v) Eu-PF127
emulsions respectively. CMC solution were prepared by dissolving NaCMC in DI
water at 0.5 and 1.0 wt% at RT. To this CMC solution, the respective Eu-PF127
emulsion was slowly added dropwise while stirring on a magnetic stirrer at a constant
rate. The prepared mixture was left open in a hood to evaporate the ethanol from the

solution. Thereafter, while stirring vigorously, 1 wt% CaCl, solution was added
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dropwise slowly until the solution turned opalescent. Likewise, the various
formulations of CMC NP with and without Eu were prepared. The respective opalescent
formulations were centrifuged at 17,000 rpm for 30 min at 16 °C and the pellet was
freeze-dried for further characterization, while the supernatant was used for estimation
of encapsulation efficiency. The different formulations that were prepared are shown
in Table 5.1

Table 5.1 Formulations of CMC NPs

Batch Eu% (v/v) PF127% (w/v) CMC% (w/v) Hydrodynamic PDI Drug
No. diameter (nm) encapsulation
efficiency (%)
Al 0.5 5 0.5 243.7 0.369 70.12
A2 1 5 0.5 402.4 0.470 7343
A3. 2 5 0.5 4455 0.418 79.12
Ad, - 5 05 496.2 0.404
BI. 2 5 1 302.8 0.350 71.33
B2. 2 3 1 260.7 0.434 75.46
B3. 2 3 1 342.7 0.407 8333
B4. 5 1 4722 0.309

5.2.3 Physicochemical characterization of NPs

Among the various formulations that were prepared (Table 1), B3 and B4 were selected
for further studies as they were more suitable (more groups available for Cet
conjugation). These NPs were characterized by various techniques like DLS, FE-SEM,
HRTEM, FTIR, DSC, etc to determine their morphology and evaluate their chemical
components. The drug encapsulation efficiency and in vitro drug release were also
performed to study the drug delivery ability of the developed NPs. The NPs were
dispersed in DI water (0.22 um syringe filtered) and their hydrodynamic diameter was
measured using the DLS instrument (90 Plus Brookhaven Instruments Corp, PALS zeta
potential analyzer, USA). The morphology and size of the prepared NPs were evaluated
by electron microscopy like FE-SEM (FEI NOVA NANOSEM 450, 30kV field
emission scanning electron microscope, USA) and HRTEM (JEOL JEM F200, 200kV
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FEG high-resolution transmission electron microscope, Japan). Briefly, NPs diluted
(5X) in Millipore water were drop-cast on a silicon wafer and allowed to dry followed
by gold coating for FE-SEM analysis. For HRTEM analysis, diluted NPs were stained
with 1% (wi/v) uranyl acetate dye and drop-cast on copper grid mesh before imaging.
FTIR spectroscopy analysis was conducted on Eu, bare polymers (CMC and PF127),
and Eu-loaded NPs (B1 to B4) to confirm the functional interactions with Eu. For FTIR,
samples (2-3 mg) were ground with anhydrous potassium bromide, KBr, (97 mg) to
form a pellet, which was used for analysis (PerkinElmer spectrometer I, FT-IR diffuse
reflectance (DRIFT) mode, USA). The scans were recorded from 400 cm™ to 4000 cm~
1 with an average of 32 scans per sample. Thermal analysis was carried out using DSC
(Model Q100 DSC, TA instruments, Newcastle, DE, USA) to investigate the thermal
properties of CMC and PF127 in their pristine form, and their NPs before (B4) and after
Eu loading (B3). The samples were crimped in aluminum pans and the thermal
properties were analyzed in cycles. In the first heating cycle, the temperature was
ramped from -60 °C to 300 °C at a rate of 10 °C min-1. The sample was then cooled to
-60 °C in the 2nd cycle at a rate of 10 °C min?, and in the third heating cycle, the
temperature was ramped from -60 °C to 300 °C at a rate of 10 °C min™t. The entire
experiment was done under nitrogen gas (50 mL min-t). An empty aluminum pan was

used as a reference pan.
5.2.4 Drug encapsulation efficiency and in vitro release

The drug encapsulation efficiency percentage was determined using a UV-vis
spectrophotometer (UV 1601 PC UV spectrophotometer, Shimadzu, Japan). Briefly,
after the formation of opalescent solution on addition of CaCl,, the resultant solution
was centrifuged at 17,000 rpm for 30 min at 16 °C. The supernatant obtained after the
centrifugation was analyzed using a UV-Vis spectrophotometer at Amax 0f 282 nm the
concentration was determined by a standard curve of known concentrations of the drug.
The drug encapsulation efficiency percentage was calculated using the following

equation:

wt of loaded Eu
wt of feeding Eu

Drug encapsulation ef ficiency (%) = x 100 ......(1)
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For in vitro drug release, Eu loaded A3 and B3 NPs were weighed at 20 mg and
dispersed in 10 mL of 5.5 and 7.4 pH buffer each (in duplicates). This dispersion was
then packed in an activated dialysis bag (12 KDa) and later immersed in a container
containing 40 mL of dissolution media (5.5 or 7.4 pH). The container was thereafter
placed in a water bath shaker maintained at 37£5 °C at 100 rpm. After regular set
intervals, 2 mL was withdrawn from the dissolution media and 2 mL of fresh buffer
was replaced to maintain sink conditions. The withdrawn solution was analyzed in a
UV-Vis spectrophotometer like the method used for the encapsulation study to calculate

cumulative Eu release.

wt of Eureleased
wt of Euin NPs

Cumulative drug release (%) = X100 ... 2

5.2.5 Preparation of Cet-CMC NPs

To conjugate Cet to the surface of Eu loaded B3 and blank B4 NPs, EDC/sulfo-NHS
cross-linking chemistry was implemented?®%, Briefly, 20 mg of B3 NPs were dispersed
in 10 mL MES buffer (0.1 M, 0.5 M NacCl, pH 6.5) and treated with 10 mg (2 mM)
EDC.HCI by stirring at RT for 15 min to activate the carboxyl groups of CMC NPs.
Later, 6 mg (5 mM) of sulfo NHS was added to the reaction mixture and stirred for 15
min at RT to stabilize the activated carboxyl groups of the NPs. Later, the stirring was
stopped and the reaction mixture was stored at 4 °C for 2.5 h, followed by centrifugation
at 18,000 rpm for 25 min at 14 °C. The obtained pellet was dispersed in MES buffer
(pH 6.5) and repeated centrifugation to wash off the unreacted EDC and sulfo NHS.
Further, the pellet was resuspended in buffer and added 200 pL of Cet (5 mg/mL stock
in PBS) to the dispersion and stirred for 2.5 h at RT. Later this dispersed mixture was
stored overnight at 4 °C. The subsequent day, the reaction mixture was centrifuged at
18,000 rpm for 32 min, the obtained pellet was dispersed in buffer, and collected the
supernatant to determine the unreacted Cet concentration. A similar reaction procedure

was followed for the formulation of B4 NPs.

The conjugation of Cet on the surface of the compositions B3 and B4 NPs was
confirmed by BCA (Bicinchoninic acid) colorimetric assay. Briefly, a known amount

of NPs reacted with Cet was mixed with the reaction mixture (BCA:CuSOs in 49:1
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ratio) in the ratio of 1:10. This mixture was mixed homogenously and incubated in dark
for 30 min at 37 °C. The supernatant obtained after centrifugation of the Cet conjugated
dispersion was mixed with the BCA reaction mixture and incubated at similar
conditions to determine the unreacted Cet. After incubation, the OD was recorded at
550 nm in a microplate reader (Multiskan Ex, (51118170(200—240 V) Thermo
Scientific, Finland)) and the unknown concentration of Cet was estimated from a
standard curve of Cet (concentrations ranged 50 pg/mL to 250 pg/mL).

5.2.6 Hemolysis assay

To study the biocompatibility of the B3 and B4 NPs on RBCs (red blood cells),
hemolysis assay was conducted. Briefly, blood was collected in tubes containing EDTA
from healthy volunteers at National Chemical Laboratory, Pune, India. The RBCs were
separated from the whole blood by density gradient centrifugation. For instance, 5 mL
whole blood was added slowly in 5 mL of PBS and centrifuged at 2000 rpm for 30 min.
The supernatant devoid of RBCs was discarded and the pellet was washed thrice with
PBS and centrifuged again for 30 min at 2000 rpm. Later, the cells were dispersed in
PBS to prepare a stock dispersion of 2% (v/v). Further, 2 mL of this stock dispersion
was dispensed in 2 mL vials in duplicates, to the respective vials, test samples such as
CMC, PF127, B3, and B4 at a concentration of 0.5 mg/mL and 1 mg/mL were added.
The respective controls like RBC suspension in PBS (negative) and RBC suspension in
DI water (positive) were prepared. All the respective test samples and controls were
incubated at 37 °C for 2 h with gentle shaking for every 30 min to re-suspend the
precipitated RBCs. After the incubation period, the suspensions were centrifuged at
1500 g for 10 min at RT. The supernatant obtained was dispensed in a 96 well plate and
the hemoglobin (Hb) release was read in a microtiter plate reader
spectrophotometrically at 550 nm (Multiskan Ex, (51118170(200—240 V) Thermo
Scientific, Finland)). Considering 100% lysis of cells in DI water and 0% lysis in PBS,
the percentage of hemolysis for test samples was calculated using the following

equation.

Abs.test—Abs.negative control

Hemolysis (%) =

Abs.positive control—Abs.negative control
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5.2.7 Cell studies

Fibroblast cell line L929 and lung cancer cell line A549 were maintained in DMEM
supplemented with 10% FBS under standard conditions at 37 °C, in a humidified CO>
incubator. The cells were routinely grown as monolayer cultures in a 25cm? flask and

passaged once a week using trypsin/EDTA at 80% confluence.

Cytotoxicity assay: Eu loaded NPs were investigated for their cellular toxicity in L929
fibroblast cells by MTT assay. A confluent flask of L929 cells was trypsinized to
harvest cells which were further seeded in a 96 well plate at 10,000 cells/well. The plate
was incubated at 37°C, in a 5% CO; humidified atmosphere for 16 h to allow cells to
attach and form a monolayer. Later, the media from the wells was flicked off and added
B3 NPs. The stock concentration of NPs at 1 mg/mL was prepared in serum-free media.
From these, a series of concentrations ranging from 0 to 500 pg/mL was added to the
respective wells and incubated for 48 h. Post incubation, the media was tipped off from
the wells and the MTT solution prepared in DMEM-FBS media was added to the wells.
Following, the plate was incubated in dark at 37 °C, in a humidified CO; incubator for
4 h. Finally, the MTT media in the wells was replaced with 100 uL DMSO and the
plate was read at 550 nm in a plate reader (Multiskan Ex, (51118170(200—240 V)
Thermo Scientific, Finland)). Cells grown in the wells devoid of any test sample were
considered as positive control and the cells incubated in the media with 30% DMSO
(v/v) were the negative control. The relative cell viability was calculated by comparing
the absorbance read in test samples to positive control [(Abs.sample/Abs.positive
control) x 100]. The data were presented as average + SD (n=3). Similarly, the MTT
assay was also carried out for B3 and B4 NPs with and without Cet conjugation, in
A549 cells for 24 h.

In vitro cellular uptake: The uptake of the B3 and B4 NPs with and without Cet was
studied in A549 cells. The NPs were stained with rhodamine B (5 mg/mL) overnight in
dark and washed with PBS. A count of 5x10* cells was seeded on sterile 12 mm round
coverslips placed in a 24 well plate and incubated for 24 h at 37 °C in a 5% CO:
atmosphere. After incubation, the media were aspirated from the wells and washed
thrice with PBS. Rhodamine-stained B3 and B4 NPs with and without Cet at a
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concentration of 200 pg/mL were dispersed in the serum-free media and incubated for
2.5 h. Later, the cells were washed thrice with PBS and fixed by adding 300 pL of 4%
paraformaldehyde and incubating for 15 min at RT. Post fixing step, the cells were
washed extensively with PBS and stained with DAPI (300 nM) for 05 min in dark and
washed off with PBS. Finally, the coverslips were mounted on a clean slide with the
application of Fluoroshield mounting media. Excess mounting media was dabbed with
tissue and the cells were visualized using an epifluorescence microscope by Carl Zeiss
(Model: Axio Observer.Z1, Oil emersion objective, 63X). The nucleus stained with

DAPI was observed under the blue channel and rhodamine B under the red channel.
5.3 Results and discussion

A biodegradable nanosystem was prepared using biopolymer cellulose derivative,
CMC to load an anti-cancer phytochemical, Eu. This entrapment of Eu in hydrophilic
polymer CMC was facilitated by a non-ionic biocompatible surfactant PF127. To this
nanoparticulate system, an active targeting monoclonal antibody Cet was conjugated
via EDC/sulfoNHS coupling. The conjugation of Cet imparted specific targeting to the
Eu-CMC NPs by directing those to cancer cells that have overexpressed EGFR
receptors (like the A549 cell line).
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Figure 5.1 Preparation of Eu loaded CMC NPs by emulsion-ionic gelation.

5.3.1 Preparation and physicochemical characterization of NPs

Eu loaded NPs were prepared by the formation of Eu-PF127 nanoemulsion followed
by the coating with CMC via ionic gelation on the addition of CaClzas shown in Figure
5.1. This process of emulsion-ionic crosslinking is non-toxic and an easy technique to
encapsulate hydrophobic bioactive molecules as the crosslinker used is non-toxic.
Similar studies are reported based on this technique to develop NPs**3. Figure 5.2
shows the morphology, size of the prepared NPs, which were analyzed by FE-SEM,
and HRTEM. The FE-SEM and HRTEM images of Eu loaded (B3) and blank (B4) NPs
showed spherical NPs with an average size below 100 nm, which is lower than the mean
diameter measured by the DLS method. It should be noted that the mean diameter of
the NPs determined by the DLS method is dependent on the size of the biggest NP.
Further, DLS measures the hydrodynamic diameter of the solvated NPs whereas, TEM
measures dried NPs3>®, The CMC chains on the outer domain of the NPs are

hydrophilic and hold water molecules which is reflected in the DLS measurements. The
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net charge on all the formulations was between -10 to -20 mV, due to the carboxyl
groups of CMC34,

Ut
LR

bR

Figure 5.2 A) FE-SEM image of B3 NPs, B) HRTEM image of B3 NPs, C) FE-SEM
image of B4 NPs, D) HRTEM image of B4 NPs. (Scale bar = 50 nm).

The functional group interaction between polymers and their formulations of NPs was
characterized by FTIR spectroscopy. FTIR spectrum of CMC (Figure 5.3A) showed
characteristic peaks at 3400 cm™ due to O-H stretching, 2920 cm™ due to the
asymmetric C—H stretching. The peak noticed at 1060 cm™ corresponds to the C-O-C
group while the peaks at 1602 cm™ and 1418 cm™ were peculiar to asymmetric and
stretching vibrations of the -COO group®>%. The bare PF127 (Figure 5.3B) recorded a
broad absorption peak of the terminal O—H that appeared around 3500 cm™. The
characteristic band of the C—H bend was observed at 2882 cm and O—H bend at 1343

cm. The peak visible at 1112 cm™ was due to the C—O stretching®"®, The spectrum
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of Eu as shown in Figure 5.3C, indicated a strong peak at 3522 cm™ corresponding to
the O—H stretching. Multiple peaks are observed between 2841 to 3076 cm™ due to the
C—H stretching. The peaks visible at 1515 cm™, 1611 cm™, and 1638 cm were due to
the aromatic C=C stretching. In addition, signature peaks in the 720-1270 cm™ region
corresponding to the C=C region were evident in the spectrum of Eu*>*°, The FTIR
spectrum of blank NPs (B4) (Figure 5.3D), possessed characteristic peaks: O—H
stretching at 3400 cm™, C—H stretching at 1468 cm™ and 2882 cm!, asymmetric
vibrations of -COO at 1620 cm™, C-O stretching at 1112 cm™. The FTIR spectrum of
B3 NPs is shown in Figure 5.3E, the spectrum displayed the signature peak of 1515
cm~* belonging to aromatic C=C stretching of Eu along with the peaks that were present
in the blank NPs spectrum. In the spectrum of Cet conjugated B3 NPs (Figure 5.3F), a
peak at 1635 cm was recorded, which was attributed to the amide bond formed
between the amino group of Cet and the acid group of CMC!'“°, The observations from
the FTIR spectra suggested encapsulation of Eu in the CMC-PF127 matrix and
conjugation of Cet to the NPs.
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Figure 5.3 FTIR spectrum of A) CMC, B) PF127, C) Eu, D) B4 NP with components,
E) B3 NP with components, F) B3 NP with and without Cet.

Thermal properties of the pure polymers (CMC, PF127) and formulations with (B3)
and without Eu (B4) are shown in Figures 5.4A and 5.4B. PF127 is a semi-crystalline
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polymer and it displayed an endothermic peak at 55 °C, associated with its melting
point (Tm)*1*2. As reported the glass transition temperatures (Tg) of the pure CMC were
recorded at 90 °C (during the first heating cycle) which was due to the loss of water
molecules and at 253 °C, which was due to partial oxidation of the sugar ring*>**. Also,
with CMC being amorphous, the melting temperature was not recorded. The
thermogram of Eu encapsulated B3 NPs (Figure 5.4B) did not record Tg of CMC as the
CMC was crosslinked with CaCl,. Further, there is a minor change in the Tm of PF127
in the thermogram of NPs which suggested the presence and interaction of PF127 with
CMC and Eu. Eu being liquid the thermogram was not recorded. According to the
reported literature, Eu displays a sharp endothermic peak at 258 °C which is due to its
volatilization®*°, This peak did not appear in the thermogram of B3 NPs because of
hydrophobic interactions between Eu and PF127. Similar studies were reported on the
absence of endothermic peak of Eu®%3°. Therefore, the thermal studies by DSC
suggested the presence of Eu in well dispersed form within the matrix of PF127 and
crosslinked CMC.

5.3.2 Drug loading and in vitro release

The entrapment efficiency for the various formulations is given in Table 5.1. From the
experiments, we have noticed a higher drug entrapment efficiency of Eu with an
increase in the drug concentration. But when the Eu concentration was increased above
2% (v/v), a viscous solution was formed, which could be due to the over-saturation of
Eu in PF127. Therefore, 2% (v/v) is the ideal concentration of Eu which was present in
batch A3 and B3 and these were selected for in vitro drug release studies. Accordingly,
the release of Eu from the respective CMC NPs (A3 and B3) was studied via dialysis
method at 37 °C using phosphate buffer of pH 5.5 and 7.4 respectively. As denoted in
Figure 5.4C, A3 NPs (0.5 wt% CMC) recorded a faster release of Eu than B3 NPs (1
wt% CMC). After 36 h of release studies, it was observed that A3 NPs, recorded 98
and 94 % of Eu release at 5.5 and 7.4 pH respectively. Whereas, B3 NPs, recorded 78
and 72% of Eu release at 5.5 and 7.4 pH respectively. The difference in the release was
due to the density of the CMC coating. B3 NPs being densely coated released less Eu

as compared to A3 NPs. The slow and sustained release of Eu could be attributed to the
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crosslinking between CaCl, and CMC through electrostatic interactions and the
swelling of water-soluble CMC in aqueous media*"*®. Further, the equilibrium swelling
of the NPs due to a prolonged incubation time led to a slow release of Eu®. As the NPs
followed the sustained release of EU molecules for a longer duration, this system can

be suggested as a desirable candidate for drug delivery application.
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Figure 5.4 A) DSC thermograms of CMC and PF127, B) DSC thermograms of B3 and
B4 NPs, C) In vitro release profile of Eu.

5.3.3 Conjugation of Cet to NPs

An established chemical coupling reaction using EDC/sulfo NHS was performed to
conjugate Cet to CMC NPs (B3 and B4). The carboxyl groups (—COOH) of the CMC
were available for crosslinking with the amino groups (—NH) of the Cet to form a stable
amide bond?®. At acidic pH, the carboxy! groups of CMC NPs are activated by water-

soluble crosslinker EDC forming O-acylisourea intermediate and the reverse reaction
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was prevented by Sulfo NHS. This intermediate reacted with the amino group available
on Cet to form an amide bond!®!t, The complexation of Cet onto NPs was confirmed
by the BCA assay, which estimates the protein concentration by estimation of
colorimetric absorbance at 550 nm. After optimization of the reaction, we could achieve

42% conjugation efficiency which is in accordance with the reported literature.

Y

Cetuximab

EDC-NHS
Coupling

E-CMCNP E-CMC-Cet NP

Figure 5.5 Graphical representation of Cet conjugation to NPs.

5.3.4 Hemolysis assay

Hemolysis assay is demonstrated to validate the biocompatibility of biomaterial or
polymer. According to the ASTM standards (E2524-08), hemolysis for the test samples
above 5% indicates toxicity to the RBCs*. Likewise, the test samples NPs were
assessed for their biocompatibility in human blood at a concentration of 0.5 and 1
mg/mL. The % of hemolysis was calculated from equation 2, considering 100% lysis
in DI water and 0% lysis in PBS. In Figure 5.6A histogram, CMC and PF127 displayed
less than 5% hemolysis hence, they can be termed as non-hemolytic material, and after
the formation of NPs (B3 and B4), the material maintained its hemocompatibility. In
the case of blank (B4) and Eu loaded (B3) NPs, even at a higher concentration of 1
mg/mL, the observed hemolysis was 1.87+0.45 and 1.73+£0.35% respectively. The
hemocompatibility of the NPs could be attributed to the hydrophilicity of CMC which
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e

decreased the interaction with RBCs, therefore the extent of lysis was insignificant>.
Further, Eu has been established as a non-hemolytic compound by various studies,
according to the reports at a concentration of 2 mg/mL it induces only 4.4%
hemolysis®**2%3, In line with these findings, we consider that the developed NPs are

biocompatible and can be used as a potential nanocarrier for cancer therapy.
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Figure 5.6 A) % of Hemolysis on exposure to pristine polymers (CMC and PF127) and
their blank (B4) and Eu loaded (B3) NPs, B) Cell viability of L929 cells treated by B3
NPs for 48 h. C) Cell viability of A549 cells treated by B3 and B4 NPs for 24 h. D)
Cell viability of A549 cells treated by Cet conjugated B3 and B4 NPs for 24 h.

5.3.5 Cell studies

Cytotoxicity assay: The cytotoxicity of blank and Eu loaded NPs was determined by
the MTT assay. The cytotoxic effects of Eu loaded B3 NPs were investigated in
fibroblast L929 and lung cancer A549 cell lines. DMSO solubilized the formazan

Amarnath Singam Chapter 5 Page | 128




Chapter 5. Cetuximab Conjugated Eugenol Loaded Carboxymethyl Cellulose
Nanoparticles for Active Targeting Anti-cancer Therapy

crystals formed after the addition of the MTT reagent which indicated cellular
respiratory activity. As shown in Figure 5.6B, B3 NPs exhibited no cellular toxicity
towards L929 cells for up to 48 h of incubation with varying concentrations. The
relative cell viability was above 60% even at the higher concentration of NPs at 500
pg/mL. Thus, demonstrating the non-cytotoxic nature of the Eu loaded NPs and
establishing them as promising drug delivery vehicle. The cytotoxic ability of B3 and
B4 NPs was investigated in lung cancer cell lines, A549 for 24 h. From the histogram,
as shown in Figure 5.6C, the Eu loaded B3 NPs recorded a decrease in cell viability as
a function of Eu dose concentration. The concentration of the NPs was varied from 0
pg/mL to 500 pg/mL, and the 1Cso (the dose inducing 50% cell inhibition) value noted
for NPs in the cell line was around 400 pg/mL. In the case of blank NPs (B4), we
noticed no cytotoxicity even at higher concentrations of NPs. The conjugation of Cet
to the NPs proved to be effective in inhibiting the A549 cancer cell line. The anti-cancer
activity of Cet is well documented and as observed in Figure 5.6D, the NPs are
exhibiting cytotoxicity on conjugation with Cet>*>>%, Further, Cet conjugated B3 NPs
demonstrated higher toxicity towards A549 cells due to the combination of Eu and Cet.
These results proved the competence of NPs as biocompatible and non-toxic DDS to

deliver Eu at a controlled rate over an extended period.

In vitro cellular uptake: The cellular uptake of B3 and B4 NPs with and without Cet
was studied in EGFR+ve lung cancer cells A549 by incubating them with the samples
in the media at 37 °C for 2.5 h, and later analyzed using epifluorescence microscopy.
The nuclei of cells were stained with DAPI, and rhodamine B emitted red fluorescence.
In the cells treated with NPs at 200 pg/mL, it was observed that the red fluorescence of
rhodamine B was located in the cytoplasmic region of cells treated with Cet-NPs
compared to NPs without Cet (Figure 5.7). This observation leads to an inference that
the Cet conjugated NPs were taken up by the cells via the receptor-mediated
endocytosis pathway and were located in the intracellular compartment (endosomes and
lysosomes), which is supported by the reported literature®’. Thus, the microscopic
images indicated the advantage of attaching targeting moiety (Cet) on NPs in their

cellular internalization.

Amarnath Singam Chapter 5 Page | 129



Chapter 5. Cetuximab Conjugated Eugenol Loaded Carboxymethyl Cellulose
Nanoparticles for Active Targeting Anti-cancer Therapy

e

i) DAPI Rhodamine Merged

20 um -

ii) DAPI Rhodamine Merged

-

Figure 5.7 Fluorescent images of A549 cells treated (for 2.5 h) with 200 pug/mL of i)
A) B4 NPs without Cet, B) B4 NPs with Cet. ii) A) B3 NPs without Cet, B) B3 NPs

with Cet. The right panels show the merged image of the nucleus stained with DAPI

A)

B)

A)

B)

(blue), and NPs fluorescence red because of Rhodamine B staining. Scale bar

corresponds to 20 pm.
5.4 Conclusions

Active targeting of anti-cancer drugs or bioactive molecules via NDDS is a promising

approach to circumvent their off-target effects during cancer therapy. In this chapter,
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we have reported a Cet conjugated NDDS developed from biodegradable polymers like
CMC and PF127 for targeted delivery of anti-cancer phytochemical Eu. Emulsion-ionic
gelation technique was used to develop nano-sized NPs which exhibited high Eu
encapsulation efficiency. These NPs were characterized by different techniques to
confirm their physicochemical properties and they displayed sustained release at 5.5
and 7.4 pH up to 72 h. The NPs were non-toxic to the fibroblast cells L929 and
demonstrated toxicity towards the cancer cell line, A549. The cellular uptake of the
targeted NPs was analyzed qualitatively by fluorescent microscopy and showed
enhanced uptake by EGFR over-expressing cancer cell line, A549. The above findings
concluded that Cet conjugated NPs exhibit better selectivity for targeting cancer cells
and contributed to the enhanced cytotoxicity. Among the various formulations studied,
B3 composition was more preferable as NDDS, as the physicochemical properties and
drug release studies were more favorable. Hence, the Eu loaded Cet-CMC NPs can be

used as a potential NDDS to target EGFR overexpressing cancer cells.
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6.1 Conclusions and future prospects

The work reported in this thesis constitutes the use of biodegradable and
biocompatible polymers for the development of NDDS to deliver anti-cancer
bioactive molecules. It summarizes the application of biodegradable polymers like
PEGylated EC, chitosan, Eudragit, CMC in the fabrication of drug carriers in the form
of nano-systems. These NDDS can deliver chemotherapeutic drugs, phytochemicals
(possessing anti-cancer properties), and gene silencing nucleic acids. As anticipated,
encapsulation of these bioactive molecules in a polymeric system enhanced their
therapeutic potential. Further, we have designed smart polymers which are sensitive
to pH changes and accordingly released the drugs with precision at specific locations
in the body. The size of these NDDS plays an important role in the passive targeting
of the anti-cancer bioactive molecules to tumor sites. Also, the nanosized DDS has a
high surface area to volume ratio which is amenable to modifications via functional
groups. Accordingly, the functional groups on the polymeric NPs were utilized to
anchor targeting moieties by immobilization. This surface decorated NDDS has an
application in the active targeting of cargo to cancer cells. The comprehensive

findings of these studies are discussed in the successive passages.

In the first chapter, an elaborate literature survey is reviewed on biodegradable
polymers, NDDS like NPs, and PMs, their design, development, properties, and
applications specifically for anti-cancer drug delivery. Various characterization
techniques like SEM, TEM, DLS, etc for studying the physical properties of NDDS
were briefly explained. The second chapter explains the scope and objectives of the

thesis work.

The third chapter disclosed the application of EC, a derivative of cellulose in drug
delivery. Natural polymers and their derivatives like EC possess renewability,
biocompatibility, and low immunogenicity; therefore, they are being studied for the
development of bulk/nanoformulations. With this knowledge, EC was grafted with
MPEG2000 to develop EC-PEG graft copolymer. The grafting was confirmed by H
and 3C NMR, along with FTIR spectra. Further, this copolymer demonstrated a very

low CMC (critical micellar concentration) to self-assemble into nano-micelles in the

Amarnath Singam Chapter 6 Page | 137



Chapter 6. Conclusions and Future Prospects

aqueous medium. A model anti-cancer drug DOX (doxorubicin) was successfully
loaded in these micelles to study their drug delivery ability. The micelles showed
faster drug release properties at 5.5 pH (tumor) as compared to the pH 7.4
(physiological) hence, they are considered suitable for cancer therapy. The micelles
were characterized by various analytical tools to understand their physicochemical
properties. The micelles were ~ 100 nm, which was confirmed by TEM analysis. The
FTIR and DSC studies suggested the presence of DOX in an amorphous state in the
polymer matrix. To understand the biocompatibility and cytotoxicity of the DOX-
loaded micelles, MTT and hemolysis assay were performed and the results confirmed
blood compatibility and non-toxicity. The cellular uptake study of DOX-loaded
micelles in MDA-MB 231 cancer cells illustrated their entry and release of DOX
within the cells, thus establishing their potential as a nanocarrier for cancer therapy.
Based on these studies, we concluded that the developed material could be studied
further via in vivo studies to understand its potential as a controlled DDS to treat

cancer.

In the fourth chapter, we have investigated the application of pH-sensitive
biodegradable polymers for the delivery of curcumin and Ephb4 shRNA for
combinatorial colon cancer therapy. Curcumin a phytochemical derived from turmeric
has anti-proliferative properties useful for anti-cancer therapy but it suffers from poor
bioavailability under acidic conditions of pH 1.2 (gut). To overcome such
shortcomings and deliver it to the desired region, (the colonic region) it was coated
with chitosan and Eudragit S100. In addition, a gene silencing Ephb4 shRNA was
complexed to these NPs and later coated with Eudragit as it is stable at 1.2 pH,
therefore, protecting the system from degradation in the gut. The NPs were
characterized by various physicochemical methods and were observed to be around
200 nm, zeta potential measurements and FTIR results confirmed the layer by layer
coating of polymer. The thermal study (DSC), demonstrated the presence of curcumin
in disordered crystalline nature, thereby increasing its solubility. In vitro, drug release
experiments confirmed the encapsulation of curcumin as the release of curcumin at
gut pH (1.2) was negligible and showed a significant release at colonic pH (7.4). The
in vitro cell studies like MTT and cellular uptake validated the cytotoxic and cellular

Amarnath Singam Chapter 6 Page | 138



Chapter 6. Conclusions and Future Prospects

translocation properties of the NPs. Accordingly, these results led to the translation of
this NDDS to in vivo colon cancer mouse models. From the above studies, we
accomplish that the NDDS was successful in extending the life expectancy. Finally,
we conclude that the combinatorial approach involving RNA interference and
curcumin-based NDDS is a promising alliance for next-generation cancer
therapeutics. Therefore, the developed NDDS can be investigated in large animal

models before being considered for clinical trial and regulatory studies.

In the fifth chapter, we reported the design and development of eugenol-loaded CMC
NPs conjugated with cetuximab. Like curcumin, eugenol is also a phytochemical with
lots of therapeutic properties along with anti-cancer properties, but it suffers from
sensitivity to air, light, low bioavailability. Therefore, it was entrapped in a
biodegradable polymeric matrix of CMC with the aid of surfactant, pluronic F127 to
develop NPs. EGFR receptors are over-expressed in cancer cells, therefore designing
NPs with specificity can provide active targeting for ideal cancer therapy. Further,
cetuximab (Cet) a monoclonal antibody specific to epithelial growth factor receptor
(EGFR) was conjugated to the NPs via EDC/sulfo NHS coupling. The conjugation of
Cet to the NPs was confirmed by the BCA assay. The NPs were characterized by
different techniques that confirmed the presence of the drug within the polymeric
matrix and were observed to ~100 nm, which was confirmed by HRTEM analysis.
The in vitro drug release recorded sustained release of eugenol at cancer pH (5.5) and
physiological pH (7.4). The MTT and hemolysis assays established the NPs to be
non-toxic and biocompatible. The cellular uptake of NPs with and without Cet was
investigated in A549 lung cancer cell lines that overexpress EGFR. The observations
from the uptake experiments indicated better localization of Cet-NPs compared to
NPs, thus expounding the advantage of the active targeting in cancer therapy. This
work can be further carried out in vivo to consolidate the findings of the in vitro
experiments of targeted NDDS to understand their potential for enhanced cancer

therapy.
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1. Introduction

PEGylated ethyl cellulose micelles as a nanocarrier
for drug delivery+

Amarnath Singam, &2 Naresh Killi, 22 Pratikshkumar R. Patel {2 2°
and Rathna V. N. Gundloori & *a®

Natural polymers provide a better alternative to synthetic polymers in the domain of drug delivery systems
(DDSs) because of their renewability, biocompatibility, and low immunogenicity; therefore, they are being
studied for the development of bulk/nanoformulations. Likewise, current methods for engineering natural
polymers into micelles are in their infancy, and in-depth studies are required using natural polymers as
controlled DDSs. Accordingly, in our present study, a hew micellar DDS was synthesized using ethyl
cellulose (EC) grafted with polyethylene glycol (PEG); it was characterized, its properties, cell toxicity, and
hemocompatibility were evaluated, and its drug release kinetics were demonstrated using doxorubicin
(DOX) as a model drug. Briefly, EC was grafted with PEG to form the amphiphilic copolymers EC-PEG1
and EC-PEG2 with varying PEG concentrations, and nano-micelles were prepared with and without the
drug (DOX) via a dialysis method; the critical micelle concentrations (CMCs) were recorded to be
0.03 mg mL™! and 0.00193 mg mL™* for EC-PEG1 and EC-PEG2, respectively. The physicochemical
properties of the respective nano-micelles were evaluated via various characterization techniques. The
morphologies of the nano-micelles were analyzed via transmission electron microscopy (TEM), and the
average size of the nano-micelles was recorded to be ~80 nm. In vitro, drug release studies were done
for 48 h, where 100% DOX release was recorded at pH 5.5 and 52% DOX release was recorded at pH 7.4
from the micelles. In addition, cytotoxicity studies suggested that DOX-loaded micelles were potent in
killing MDA-MB-231 and MCF-7 cancer cells, and the blank micelles were non-toxic toward cancerous
and normal cells. A cellular uptake study via fluorescence microscopy indicated the internalization of
DOX-loaded micelles by cancer cells, delivering the DOX into the cellular compartments. Based on these
studies, we concluded that the developed material should be studied further via in vivo studies to
understand its potential as a controlled DDS to treat cancer.

which is responsible for the protection of these systems from the
RES; it also enhances the permeability of PMs and regulates the

Amphiphilic polymers have been explored as micelles for several
decades and they have been extensively studied for various
applications." In pharmaceutics, polymeric micelles (PMs) gained
attention as DDSs because of their nanosize and their ability to
solubilize hydrophobic molecules and shield them until the
molecules are used. In vivo studies documented that these
micelles have higher drug loading capacities and enhanced
stability in comparison to other nanosystems like liposomes,
nanoparticles, and dendrimers.>* They demonstrate prolonged
circulation times in the bloodstream, avoiding rapid clearance by
the renal system and reticuloendothelial system (RES).* Micelles
in an aqueous medium have an exposed hydrophilic corona,
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pharmacokinetic behavior. In addition, the inner hydrophobic
domain supports and stabilizes hydrophobic drugs, allowing
slow and sustained release.> It has been well documented that
nanosized PMs can extravasate and penetrate tumors and their
extracellular matrix due to the loosely formed blood vessels and
sluggish blood flow, thus generating the enhanced permeability
and retention (EPR) effect.>® As a result, PMs become accumu-
lated and deliver drugs at a controlled rate for a sustainable
period, thereby decreasing drug resistance and increasing the
effectiveness of therapy. Accordingly, anti-cancer formulations
like Genexol-PM® and Nanoxel® have been developed and
approved by the FDA for human treatment. In line with these
studies, advanced PM formulations (e.g., NK105, NK911, and NC-
6004) are being studied, and some are in the clinical trial stage
for anti-cancer therapy.”

Generally, the designed PMs use synthetic block co-polymers
and triblock copolymers and are extensively being studied for
drug delivery applications." However, synthetic PMs are less

© 2021 The Author(s). Published by the Royal Society of Chemistry
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compatible with human anatomy, showing high immunoge-
nicity, as their interactions with human cells are less favorable.
Further, to produce these PMs, complex protocols are involved,
and the cost of manufacture is exorbitant; therefore, the appli-
cation of these materials is unattainable for a wide range of the
population. Currently, PM formulations designed from natural
and renewable polymers are attracting much attention, because
they are highly biocompatible with low immunogenicity. With
proteins and polysaccharides being an integral part of humans,
they are well tolerated and, further, developing these materials as
nanoassemblies may not be expensive, as the design protocols
would be less expensive and the materials are easily available
from renewable resources and are safe to use. Accordingly,
micelles are being investigated based on proteins (albumin,
gelatin, zein, etc.) and polysaccharides (hyaluronic acid, chitosan,
pullulan, dextran, alginate, xyloglucan, inulin, etc.) using func-
tional modification to attain self-assembled nanocarriers.®
Polysaccharide-based DDSs are reported to form nano-micelles
at very low concentrations in an aqueous medium, demonstrating
the ability to enter cells and improve the drug pharmacokinetics,
and providing a platform for sustained and controlled drug
release.® Ethyl cellulose (EC), a derivative of polysaccharide cellu-
lose, is being explored for use in the fields of cosmetics, food
additives, adhesives, and medicine owing to its chemically inert
nature, stability, sustained drug release abilities, and good
biocompatibility.>'® In a report by Balzus et al, EC displayed
extended-release behavior in comparison to polymers like Eudragit
RS 100 and other lipids."* However, there are very few reports about
the application of EC in drug delivery systems, other than in oral
and topical administrations. Nevertheless, S. Leitner et al. reported
the development of EC nanoparticles as a new transfection tool for
antisense oligonucleotide delivery."> The hydrophobic nature of EC
has benefits in terms of sustained release for oral administration;
however, its hydrophobicity is a hurdle preventing its use in
parenteral administration, as its hydrophobicity activates the
macrophages of the immune system. To overcome this, the
structure of EC needs to be modified without sacrificing its
desirable properties. Therefore, the synthesis of EC-grafted poly-
mers has attracted significant attention in recent years. For
instance, Yuan et al. reported the synthesis, characterization, and
in vitro degradation properties of EC-graft-poly(e-caprolactone)-
block-poly(i-lactide) copolymers obtained via sequential ring-
opening polymerization.”> One of the best choices for drug
delivery pharmaceutics is FDA-approved PEG because of its
tunable properties and well-established safety profile in terms of
biocompatibility and non-immunogenicity. Several polymers with
different properties have been PEGylated to prolong their blood
circulation times, shield them from the immune system, and allow
them to complete their target function.™ For example, the PEGy-
lation of cellulose or its derivatives has been explored to improve
the dispersibility and colloidal stability. For instance, Lasseuguette
grafted PEG with micro-fibrillated cellulose via EDC-coupling. T.
Kaldéus et al. reported the PEGylation of TEMPO-oxidized cellu-
lose and studied its colloidal stability.*® EC is a well-established
material for oral delivery; however, there are few reports on the
use of EC for systemic applications due to its drawbacks, as
explained above. As the properties of EC are favorable for drug
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delivery, its potential application in invasive delivery has been
explored via addressing its incompatibility and immunogenicity
through grafting with PEG. For example, Huang et al. synthesized
thermosensitive micelles from an amphiphilic graft copolymer of
EC-poly(PEG methyl methacrylate), EC-PMMA, for systemic drug
delivery applications."” In their studies, they designed and devel-
oped EC-PMMA in the form of nano self-assemblies and charac-
terized the thermosensitive behavior. However, a detailed study of
EC-PMMA nano-assemblies for drug delivery and cytotoxicity and
hemocompatibility studies have not been reported to support their
potential for systemic applications. In accordance with these
studies, we aimed to develop EC-PEG nano-micelles via a simple
method, to evaluate their physicochemical properties, and to carry
out in vitro studies, such as cytotoxicity, drug delivery, cell inter-
action, and hemolysis studies, so as to understand their potential
for systemic applications. We have chosen doxorubicin (DOX) as
a model drug for loading EC-PEG micelles for anti-cancer therapy
in the form of a CDDS. DOX is a potent anti-cancer drug used in
chemotherapy to treat solid tumors, lymphomas, soft tissue
sarcomas, etc. However, its application at higher doses is limited
because of its side effects, like cardiotoxicity, and its role in the
development of tumor cell resistance.'® To mitigate these limita-
tions, we designed amphiphilic copolymer-based micelles.

In this study, EC was converted to carboxylated EC (CEC) via
TEMPO-mediated oxidation and this was subsequently grafted
with mPEGg00) via N,N-dicyclohexylcarbodiimide (DCC)
coupling. mPEG-grafted EC (EC-PEG) was developed in the form
of micelles in an aqueous medium and loaded with hydro-
phobic DOX. The release pattern of the drug showed a sustained
release profile. The in vitro effectivity of the system was also
investigated toward the breast cancer cell lines MDA-MB-231
and MCF-7. Herein, the use of EC in the form of micelles as
a DDS to deliver DOX is reported for the first time.

2. Experimental methods
2.1 Materials

Ethyl cellulose (ethoxy content: 44-51%, 18-24 mPa s) was
procured from S.D. Fine Chemicals, India. Doxorubicin HCI
(hydrochloride) and 4-dimethylaminopyridine (DMAP) were
obtained from Himedia Laboratories, India. Poly(ethylene
glycol) methyl ether (M,: 2000; mPEG) and (2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl (TEMPO) were procured
from Aldrich, USA. N,N'-Dicyclohexylcarbodiimide (DCC) was
procured from Spectrochem Pvt. Ltd, India. DMEM (Dulbecco's
modified Eagle's medium), MEM (minimal essential medium),
and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) were purchased from Invitrogen, India. All solvents
and salts were of analytical grade and used without any further
purification. Cell lines were procured from the National Centre
for Cell Science (NCCS) Pune.

2.2 Synthesis and characterization of the EC-PEG graft
polymer

2.2.1 TEMPO-mediated oxidation of EC. The oxidation of
the hydroxy groups of EC (-CH,OH) was done according to
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a reported literature method by J. Araki et al,” as shown in
Fig. 1. Briefly, TEMPO (0.4 g) and sodium bromide (4 g) were
added to 400 mL of an aqueous suspension of EC (10 mg mL ",
4 g), and this was stirred at room temperature (RT) for 15 min.
The oxidation was initiated via the addition of 60 mL of NaClO
(sodium hypochlorite) solution, where the concentration of
NaClO was maintained at 25 wt% with respect to EC (1.25 g of
NacCloO for 5 g of EC). The solution pH was maintained between
10 and 11 while stirring at RT for 4 h. After 4 h, NaCl (30 g) was
added to the reaction mixture and the EC suspension was
precipitated. The product was filtered through a pore-fritted
glass filter and washed with 0.5-1.0 M NaCl. The product was
dispersed in NaCl of the same concentration and centrifuged at
12 000 rpm for 30 min at 25 °C. This washing procedure was
repeated 3 times to remove unreacted NaClO. The EC sodium
salt was converted to the free acid form via washing it twice with
0.1 N HCI. The obtained product was dialyzed against deionized
water for 3 days with frequent water changes. The colloidal
carboxylic EC obtained was dried, quantified, and characterized
to confirm the product (yield: 2.32 g, 58%).

2.2.2 Determination of the carboxylate charge density of
EC. The carboxylate charge density of EC after the oxidation
reaction was estimated via the conductometric titration
method. Briefly, TEMPO-oxidized EC (240 mg) was dispersed in
30 mL of de-ionized (DI) water. This dispersion was stirred and
sonicated for 30 min in a bath sonicator (Bio-Technics, India)
and left standing overnight. Later, 10 mL of the dispersion was
added to 80 mL of DI water. Subsequently, 50 uL of concen-
trated HCl was added to the carboxylated EC (CEC) dispersion
and this was titrated against 0.5 M NaOH. The conductivity of
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the solution was measured (Orion Star, Thermo Scientific
Conductometer, India) upon each addition of 20 uL of 0.5 M
NaOH to the CEC-HCI dispersion. The degree of carboxylated
EC was estimated via plotting a graph of the conductivity of the
CEC-HCI dispersion against the volume of NaOH.

2.2.3 PEGylation of carboxylated EC (CEC). mPEG (M,
2000) was grafted to CEC using DCC reagent and the catalyst
DMAP. For example, in a two-necked RB flask, CEC [400 mg,
(0.33 mmol (calculated using the titration eqn (S1)))] was
dispersed in 10 mL of dry tetrahydrofuran (THF) and stirred for
45 min under a N, atmosphere at RT. A solution of DCC (0.99
mmol) and DMAP (0.165 mmol) prepared in dry THF was added
to the CEC solution and stirred for 2 h at RT. Later, to the
solution mixture, mPEG (0.33 mmol) dissolved in 5 mL of dry
THF was added dropwise using a syringe. Following this, the
reaction mixture was stirred under a nitrogen atmosphere at
40 °C for 48 h. After 48 h, the reaction was stopped and the
solution was filtered through Whatman's filter paper to collect
the filtrate. This filtrate was concentrated using a rotary evap-
orator at 50 °C and then precipitated in diethyl ether. The
diethyl ether was evaporated and the precipitate was dispersed
in DI water and dialyzed (10 kDa cut-off) against DI water for
48 h to remove the unreacted mPEG and reagents, obtaining an
EC to PEG ration of 1 : 1. Similarly, in another set of reactions,
mPEG (0.66 mmol) was reacted with EC following the same
procedure and reaction conditions to obtain an EC to PEG ratio
of 1: 2. The final EC-PEG compounds (1: 1 and 1 : 2), labeled
EC-PEG1 and EC-PEG2, respectively, were characterized via 'H
NMR, *C NMR, and FTIR studies. The yield of this reaction was
320 mg (80%).

15

DMSO-d6
]

189.133

T T T T T T T T T T

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5

5.0 4.5 4.0 3.5
Chemical Shift (ppm)

Fig.1 The *H NMR spectrum of EC-PEG1 recorded using a Bruker AV-200 NMR spectrometer operating at a frequency of 200 MHz with DMSO-

d6 as the solvent.
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2.2.4 Critical micellar concentration (CMC) of EC-PEG.
Following a protocol reported by J. Chen et al.,** the CMCs of
EC-PEG1 and EC-PEG2 were determined. The hydrophobic
probe pyrene was used for estimating the CMCs of the respec-
tive EC-PEG materials in water via fluorescence spectroscopy. A
total of 25 pL of pyrene in acetone solvent (20 pg mL ') was
added to individual 5 mL vials, and the acetone was allowed to
evaporate to obtain dry pyrene. To these respective vials, 5 mL of
an aqueous solution of EC-PEG copolymer was added, with
varying concentrations from 0.00025 to 0.09 mg mL ™. The final
concentration of pyrene in each sample solution was 0.1 pg
mL . The excitation spectra (300-360 nm) of the solutions were
recorded at an emission wavelength of 395 nm. The ratios of the
peak intensity at 338 nm to the intensity at 334 nm (I335/I334) of
the excitation spectra were recorded and plotted as a function of
the polymer concentration (log C (mg mL™")).

2.3 Preparation and characterization of micelles

2.3.1 Preparation of EC-PEG micelles. The dialysis method
was used for fabricating micelles of EC-PEG (1:1 and 1:2).
Briefly, EC-PEG1 (20 mg) was dissolved in 1 mL of DMF, and
10 mL of PBS buffer (pH 7.4) was added dropwise while soni-
cating at a 20% amplitude (Vibracell, VCX 500, USA). Later this
solution was dialyzed against DI water for 24 h using a dialysis
membrane with a 10 kDa cut-off to obtain micelles. These
micelles were lyophilized to obtain dry powder, which was used
for characterization. In a similar fashion, EC-PEG2 micelles
were also prepared and characterized.

2.3.2 Preparation of DOX-loaded EC-PEG micelles. EC-PEG
micelles loaded with DOX were prepared at 0.1% (w/v) following
the described procedure. Briefly, DOX (1 mg) was dissolved in
1 mL of DMF, 1.5 eq. of triethylamine was added, and the
mixture was stirred at RT. Later, 20 mg of EC-PEG1 was added to
this DOX solution and this was stirred for 1 h while maintaining
RT conditions. To this, PBS buffer (10 mL) was added dropwise
under sonication at a 20% amplitude. Further, this solution was
dialyzed against DI water for 24 h using a membrane with a 10
kDa cut-off. After dialysis, the obtained DOX-loaded micelles
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in Table 1. The micelles with and without DOX were charac-
terized via various physicochemical characterization methods.

2.4 Characterizations

2.41 NMR spectroscopy. 'H NMR spectra for the charac-
terization of mPEG and EC-PEG were recorded using a Bruker
AV-200 NMR spectrometer operating at a 'H frequency of 200
MHz. 'H spectra of all compounds were recorded in DMSO-d6
(concentration of polymer = 50 mg mL'). The samples were
homogenized before recording the NMR spectra. Similarly, *C
NMR spectra of mPEG and EC-PEG were also recorded using
a Bruker AV-500 NMR spectrometer operating at a >C frequency
of 125 MHz.

2.5 Physicochemical characterization of the micelles

The size distribution, hydrodynamic diameter, and charge
density data for blank and DOX-loaded micelles were deter-
mined via DLS (90 Plus Brookhaven Instruments Corp, PALS
zeta potential analyzer, USA). The morphologies of the micelles
were investigated via TEM (FEI Tecnai TF20, 200 kV FEG high-
resolution transmission electron microscope, USA). For TEM
analysis, samples were diluted (5x) in Millipore water, stained
with 1% (w/v) uranyl acetate dye, and drop-cast on a copper grid
mesh.

The drug loading efficiency and content percentages were
determined using a UV-vis spectrophotometer (UV 1601 PC UV
spectrophotometer, Shimadzu, Japan). As an example, 1.5 mg of
DOX-loaded micelles were dissolved in 1 mL of DMF and
filtered, and the DOX content was estimated using the standard
DOX calibration curve recorded at 480 nm. The drug loading
efficiency and loading content percentages were calculated
using the following equations:

wt of loaded DOX
wt of fed DOX

Drug-loading efficiency (%) = x 100 (1)

wt of loaded DOX
wt of DOX-loaded polymer

Drug-loading content (%) =

x 100

were lyophilized to give DOX-EC-PEG1 powder, which was red in )
color. The same protocol was followed to obtain DOX-loaded
micelles of EC-PEG2. The developed formulations are shown
Table 1 Formulations and their characteristics

DOX% Hydrodynamic Drug-loading Drug-loading
Batch EC-PEG1% (W/v) (Wrv) diameter (nm) PDI efficiency (%) content (%)
B1 2 — 153.5 0.293 — —
B2 2 0.1 204.9 0.122 36.73 1.73
B3 2 0.15 257.7 0.297 52.73 4.11

DOX% Hydrodynamic Drug-loading Drug-loading
Batch EC-PEG2% (W/v) (w/v) diameter (nm) PDI efficiency (%) content (%)
B4 2 — 249.9 0.191 — —
B5 2 0.1 338.6 0.180 32.93 1.55
B6 2 0.15 350.5 0.357 52.51 3.66
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FTIR spectroscopy analysis was conducted on DOX, bare
polymers (EC and mPEG), grafted copolymers (EC-PEG1 and
EC-PEG2), and DOX-loaded micelles (batches 3 and 6) to
confirm the grafting of mPEG with EC and the functional
interactions with DOX. For FTIR, samples (2-3 mg) were ground
with anhydrous potassium bromide, KBr, (97 mg) to form
a pellet, which was used for analysis (PerkinElmer spectrometer
I, FT-IR diffuse reflectance (DRIFT) mode, USA). The scans were
recorded from 400 cm ™' to 4000 cm ™" with an average of 10
scans per sample.

Thermal analysis was carried out using DSC (Model Q100
DSC, TA instruments, Newcastle, DE, USA) to investigate the
thermal properties of EC in its pristine form, after grafting, and
after DOX loading (batches 3 and 6). The samples were crimped
in aluminum pans and the thermal properties were analyzed in
cycles. In the first heating cycle, the temperature was ramped
from —70 °C to 100 °C at a rate of 10 °C min~'. The sample was
then cooled to —70 °C in the 2nd cycle at a rate of 10 °C min ™,
and in the third heating cycle, the temperature was ramped
from —70 °C to 100 °C at a rate of 10 °C min~'. The entire
experiment was done under nitrogen gas (50 mL min~"). An
empty aluminum pan was used as a reference pan.

2.5.1 In vitro DOX release. The release of DOX from the
micelles was studied via dispersing 5 mg of DOX-loaded
micelles (B3 and B6) in 10 mL of buffer and enclosing them
in a dialysis membrane tube (M,, cut-off: 12 kDa). This dialysis
bag was kept in 20 mL of phosphate buffer (100 mM, pH 7.4)
and incubated at 37 °C in a shaker bath (Julabo SW23) at
100 rpm. At regular intervals of time, 1 mL was withdrawn from
the buffer and 1 mL of fresh buffer was added to maintain the
sink conditions. The withdrawn buffer was analyzed for the
amount of DOX released using a UV-vis spectrophotometer at
480 nm. Similarly, release studies were performed in phosphate
buffer at pH 5.5.

2.5.2 Hemolysis assays. To study the biocompatibility of
the developed graft polymer toward RBCs (red blood cells),
hemolysis assays were conducted. Briefly, blood was collected in
tubes containing EDTA from healthy volunteers at the National
Chemical Laboratory, Pune, India. The RBCs were separated
from the whole blood by density gradient centrifugation. As an
example, 5 mL of whole blood was added slowly to 5 mL of PBS
and centrifuged at 2000 rpm for 30 min. The supernatant,
which was devoid of RBCs, was discarded and the pellet was
washed thrice with PBS and centrifuged again for 30 min at
2000 rpm. Later, the cells were dispersed in PBS to prepare a 2%
(v/v) stock dispersion. Further, 2 mL of this stock dispersion was
dispensed in 2 mL vials in duplicate, and test samples, such as
EC, CEC, B1, B3, B4, and B6, at concentrations of 0.5 mg mL™!
and 1 mg mL ™" were added to the respective vials. Respective
controls, like a RBC suspension in PBS (negative) and a RBC
suspension in DI water (positive), were prepared. All respective
test samples and controls were incubated at 37 °C for 2 h under
gentle shaking every 30 min to re-suspend precipitated RBCs.
After the incubation period, the suspensions were centrifuged
at 1500g for 10 min at RT. The obtained supernatant was
dispensed in a 96-well plate, and the hemoglobin (Hb) release
was obtained spectrophotometrically using a microtiter plate
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reader at 540 nm (Multiskan Ex, (51118170 (200-240 V) Thermo
Scientific, Finland)). Considering 100% cell lysis in DI water and
0% lysis in PBS, the hemolysis percentages for test samples were
calculated using the following equation.

abs. test — abs. negative control
abs. positive control — abs. negative control

x 100

Hemolysis (%) =

(3)
2.6 Cell studies

The fibroblast cell line L929 and breast cancer cell line MDA-
MB-231 were maintained in DMEM supplemented with 10%
FBS under standard conditions at 37 °C in a humidified CO,
incubator. Under similar incubation conditions, the breast
cancer cell line MCF-7 was also cultured in MEM supplemented
with 10% FBS. Cells were routinely grown as monolayer cultures
in a 25 cm” flask and passaged once a week using trypsin/EDTA
at 80% confluence.

2.6.1 Cytotoxicity assays. Blank micelles, B1, and B4 were
investigated for their cellular toxicity toward L929 fibroblast
cells via MTT assays. A confluent flask of L929 cells was tryp-
sinized to harvest cells, which were further seeded in a 96-well
plate at 10 000 cells per well. The plate was incubated at 37 °C
under a 5% CO, humidified atmosphere for 16 h to allow cells
to attach and form a monolayer. Later, the media from the wells
was flicked off, and B1 and B4 micelles were added, respectively.
Stock concentrations of micelles at 1 mg mL ™" were prepared in
serum-free media. From these, a series of concentrations
ranging from 0 to 400 pug mL~' was added to the respective
wells, which were incubated for 48 h. Post incubation, the
media was removed from the wells and MTT solution prepared
in DMEM-FBS medium was added to the wells. Following this,
the plate was incubated in the dark at 37 °C in a humidified CO,
incubator for 4 h. Finally, the MTT media in the wells was
replaced with 100 uL of DMSO and the plate was read at 550 nm
using a plate reader (Multiskan Ex, (51118170 (200-240 V)
Thermo Scientific, Finland)). Cells grown in wells devoid of any
test sample were considered as a positive control and cells
incubated in media with 30% DMSO (v/v) were the negative
control. The relative cell viabilities were calculated via
comparing the absorbance read from test samples to the posi-
tive control [(abs. sample/abs. positive control) x 100]. Data are
presented as average + SD (n = 3). The cytotoxicity of B1 and B4
micelles was also evaluated toward MDA-MB-231 cells via this
assay using the same parameters. Similarly, the MTT assay was
also carried out for DOX-loaded micelles (B3 and B6) in MDA-
MB-231 and MCF-7 cells for 72 h.

2.6.2 Invitro cellular uptake. The uptake of the B3 and B6
micelles was studied in MDA-MB-231 cells. 5 x 10* cells were
seeded on sterile 12 mm round coverslips placed in a 24 well
plate, and these were incubated for 24 h at 37 °C under a 5%
CO, atmosphere. After incubation, the media were aspirated
from the wells followed by washing thrice with PBS. Free DOX at
a concentration of 4 ug mL~" and DOX-loaded micelles (B3 and
B6) at 100 ug mL ™' containing an equivalent amount of DOX
(calculated based on the loading efficiency) were dispersed in
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serum-free media and incubated for 4 and 8 h separately. Later,
the cells were washed thrice with PBS and fixed via adding 300
pL of 4% paraformaldehyde and incubating for 15 min at RT.
After the fixing step, the cells were washed extensively with PBS
and incubated with Alexa Fluor 488 phalloidin (60 nM) for
30 min in the dark to colorize the actin filaments, so as to allow
the identification of the cytoplasm and cell boundaries. The
nuclei were stained with DAPI (300 nM) for 15 min in the dark,
which was washed off with PBS. Finally, the coverslips were
mounted on a clean slide with the application of mounting
media (Fluoroshield). Excess mounting media was dabbed off
with tissue, and the cells were visualized using an epifluor-
escence microscope (Carl Zeiss, model: Axio Observer Z1, oil-
emersion objective, 63x). The nuclei stained with DAPI were
observed under the blue channel, the cytoskeletons stained
with Alexa Fluor 488 under the green channel, and DOX under
the red channel.

3. Results and discussion

EC, a natural polymer derivative, was grafted covalently with
mPEG to develop an amphiphilic copolymer that assembles
into micellar structures in an aqueous medium. The EC core of
the micellar architecture was used for loading the anti-cancer
drug DOX. The purpose of the mPEG graft on the outer layer
is to protect the drug carrier from being recognized by the
immune system and to prolong the micelle circulation time in
the blood for effective therapy.
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3.1 TEMPO-mediated oxidation and the determination of
the carboxylate charge density on EC

TEMPO-mediated oxidation has been explored over the last few
decades for the conversion of polysaccharide alcoholic
hydroxyls to carboxyls under aqueous alkaline conditions.” It is
a highly selective reaction and oxidizes only the primary
hydroxyl group at carbon (C-6) on the EC backbone. TEMPO, in
combination with NaBr and NaClO, efficiently converts the
hydroxyl groups to carboxylates via aldehydes. Under alkaline
conditions, the selectivity of TEMPO is further enhanced;
hence, the oxidation of EC was performed at pH 10-11.>>>* The
degree of substitution of primary hydroxyl groups of EC with
carboxylate groups after TEMPO oxidation was calculated via
conductometric titration, as described in the ESL{ From the
graph in Fig. S2 and eqn (S1),} the density of EC carboxylate
groups was calculated to be 625 mmol kg™ *. It was observed that
with an increase in the volume of NaClO, the degree of
carboxylation was increased, which is similar to the reported
literature." The concentration of NaClO was optimized at 25%
relative to the dry weight of EC to obtain a carboxylate content of
~600 mmol kg~ in EC. The reproducible yield of this reaction
was 58%. The carboxylate groups are available for further
modification with mPEG so as to increase the hydrophilicity of
EC.

3.2 PEGylation of carboxylated EC (CEC)

After the confirmation of the oxidation of EC based on
conductometric titration, the product, CEC, was used for

(A) The critical micelle concentration (CMC) of EC-PEG1 derived from a plot of the /33g//334 ratio vs. the copolymer concentration. (B) The

CMC of EC-PEG2 derived from a plot of the /33g/l334 ratio vs. the copolymer concentration. (C) (i) A TEM image of B1 micelles (scale bar: 50 nm)
and (ii) a TEM image of B3 micelles (scale bar: 100 nm). (D) (i) A TEM image of B4 micelles (scale bar: 50 nm) and (ii) a TEM image of B6 micelles

(scale bar: 100 nm).
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(A) (i) DOX release from B3 micelles in PBS at pH 5.5 and 7.4 over 72 h; and (ii) DOX release from B6 micelles in PBS at pH 5.5 and 7.4 over

72 h. (B) Hemolysis percentages upon exposure to test samples: EC, CEC, and B1, B3, B4, and B6 micelles.

synthesizing graft copolymers of EC-PEG via esterification. The
reaction was carried out in THF; the carboxylic acid of CEC was
deprotonated via DMAP, and DCC was nucleophilically added to
give the intermediate O-acylisourea, a good leaving group. The
hydroxyl groups of mPEG were nucleophilically reacted with
this intermediate to form the desired ester bond between the
carboxyl group of CEC and the hydroxyl group of mPEG.?* Along
with the grafted copolymer, the side product dicyclohexyl urea
(DCU) was obtained, which was removed during the filtration
steps. The grafting of mPEG onto CEC was performed with 1
and 2 equivalents, and the products were labeled as EC-PEG1
and EC-PEG2, respectively. The final products were dialyzed
against DI water to remove unreacted mPEG and reagents, and
the products were finally confirmed via "H NMR and *C NMR
spectroscopy analysis (see the ESIT) in DMSO-d6. The yield of
this reaction was optimized to 80%. Fig. 1 shows the "H NMR
spectrum (DMSO-d6) of the EC-PEG1 copolymer with the
following peaks (ppm): 6 3.92 (-OCH,CH,O-), 6 3.65 (CHj-
OCH,CH,0H), ¢ 1.51 (-CH,CH; of ethyl groups), and ¢ 2.92
(CH3CH,OCH-, CH3CH,OCH,CH). Integration of the peaks
corresponding to the terminal methyl (-CH3;) of mPEG at
3.65 ppm and the methylene (-CH,CH,-) group of ethylene
glycol at 3.92 ppm suggests 46 repeating units, corresponding to
MPEG,00. From the reported literature,>° in the 'H NMR

30538 | RSC Adv, 2021, 11, 30532-30543

spectrum of ethyl cellulose (EC), the protons of the EC backbone
appear between 3.4 and 4.5 ppm. The peaks of mPEG also
appear in a similar region, which resulted in the merging of the
peaks of protons of EC with the protons of mPEG.

The CMC is an important factor deciding the micelle
formation capacity of any amphiphilic polymer. To determine
the CMCs of the developed graft copolymers of EC-PEG, the
well-documented method of fluorometry was used with the
hydrophobic probe pyrene. The excitation spectra of the probes
with increasing concentrations of polymer were monitored at
an emission wavelength of 395 nm. Fig. 2A and B shows the I3,/
I 34 intensity ratios plotted against the log of concentration,
varying from 0.00025 mg mL™" to 0.09 mg mL~". The CMC value
was taken from the intersection point of the tangent to the curve
at high concentrations with a horizontal line passing through
the point at low concentrations. From the graphs, the CMCs of
EC-PEG1 (Fig. 2A) and EC-PEG2 (Fig. 2B) were observed to be
0.03 mg mL " and 0.00193 mg mL ™", respectively. Therefore,
with an increase in the amount of mPEG grafting to EC, the
CMC value dropped. This suggested that in an aqueous
medium, EC-PEG2 formed micelles at a much lower concen-
tration compared to EC-PEG1. The grafting of 2 equivalents of
mPEG to EC made the molecules more amphiphilic compared
to 1 equivalent of mPEG. This observation was similar to that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reported in the literature by Chen et al, where a polymer
modified with PEG with a M,, of 5000 had a lower CMC value
than that modified with PEG with a M,, of 2000.2° A lower CMC
value signifies the ability of a polymer to maintain a stable
micellar structure under diluted conditions, like in the
bloodstream.*

3.3 The preparation and physicochemical characterization
of micelles

Table 1 shows the various formulations of EC-PEG with and
without DOX at various concentrations, which were abbreviated
as B1, B2, B3, B4, B5, and B6. Micelles of EC-PEG (B1 and B4)
were prepared via dissolving the polymer in DMF and dialyzing
these against DI water. Similarly, DOX-loaded micelles were also
fabricated via dissolving the copolymer along with DOX in DMF
and dialyzing against DI water. Fig. 2C and D shows the
morphologies and size distributions of the prepared micelles,
which were analyzed via DLS and TEM. From the DLS
measurements, as shown in Table 1, it was seen that the sizes
(B1 = 153.5 and B4 = 249.9 nm) of the micelles increased with
the addition of DOX; this confirmed the interaction and
entrapment of DOX within the hydrophobic cores of the
micelles. TEM images of blank and DOX-loaded micelles shown
in Fig. 2C and D present average micelle sizes below 150 nm,
which are lower than the mean diameters measured via the DLS
method. It should be noted that the mean diameters of the
micelles determined via the DLS method depend on the size of
the biggest micelle. Further, DLS measures the hydrodynamic
diameters of solvated micelles whereas TEM measures dried
micelles.”” The PEG chains in the outer domains of the micelles
are hydrophilic and hold water molecules, which is reflected in
the DLS measurements; hence, formulations with a higher
content of grafted mPEG (B4, B5, and B6) are larger in size. All
these formulations possessed net negative charge on their
surfaces (—15 mV to —42 mV), which was due to the OH™ groups
on the PEG chains of the micelles. The formulations prepared
from EC-PEG2 had slightly more negative charge than the
formulations prepared from EC-PEG1, which could be
explained due to the additional mPEG grafting. The drug-
loading efficiency was determined via UV-vis spectrophoto-
metric analysis, and the obtained values are shown in Table 1.
The formulations with higher drug-loading efficiencies, namely
B3 and B6 (52.73% and 52.51%, respectively), were chosen for
further studies.

The functional group interactions relating to the polymers
and their formulations in the form of micelles were character-
ized via FTIR spectroscopy. The FTIR spectrum of EC (Fig. S7At)
showed characteristic peaks at 3485 cm !, due to O-H
stretching, and at 2974 cm ™", 2872 cm ™', and 1376 cm ™', due to
C-H stretching and bending. The peak noticed at 1060 cm ™"
corresponds to C-O-C groups, while the one at 1120 cm™ " is
particular to C-C stretching.’® Bare mPEG showed a broad
absorption peak from terminal O-H that appeared at around
3421 cm™ . Characteristic C-H bending bands were observed at
2880 cm ', 1475 cm ™!, 948 cm ™!, and 842 cm ™. The peaks that
were visible at 1150 cm ™' and 1060 cm™ " were due to the ether

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Table 2 The thermal properties of pure polymers and micelles with
DOX

Chemical Glass Crystallization ~ Melting
composition  transition temperature temperature
name temperature (T,) (°C)  (Tc) (°C) (Tw) (°C)
EC 115 — 233

mPEG —66 29 56

CEC 116 — 233

B1 —24 24 53,176

B4 —29 21 53,176

B3 —29 25 53,176

B6 —26 24 53,175

linkage of the C-O-C groups (Fig. S7A}).*>** The spectrum of
EC-PEG1, as shown in Fig. S7B,} showed peaks at 3465 cm ™',
2972 em™ ', and 2879 cm™ ", which represented both EC and
mPEG, and characteristic peaks in the fingerprint region of
mPEG at 1112 cm™ !, 948 cm ™!, and 842 cm ™! are evident®>. A
peak at 1745 cm ™" was observed due to the formation of ester
C=0 bonds between CEC and mPEG. Further, similar peaks
were observed in the EC-PEG2 spectrum (Fig. S7Bf) at
3465 cm ™Y, 2972 cm ™Y, 2879 em ™Y, 1745 em Y, 1112 cm Y,
948 cm ™', and 842 cm ™ *. The FTIR spectrum of DOX (Fig. S7At)
possessed characteristic peaks from N-H stretching at
3527 ecm !, carbonyl C=0 at 1730 cm ', aromatic C=C
stretching at 1620 cm ™', aromatic C-H stretching at 2930 cm ™",
and O-H stretching at 3334 cm™'.3>% The FTIR spectra of the
DOX-EC-PEG micelles B3 and B6 are shown in Fig. S7C.T The
spectra displayed a broad peak at 3464 cm™ ' due to N-H and
O-H functional groups being present in the compositions (B3
and B6). C-H stretching peaks present in the EC and mPEG
spectra were observed at 2880 cm ™' and 2974 cm ™. A broad
peak at 1740 cm™ " was attributed to the characteristic C=0
groups of DOX and CEC. The sharp peak from C-C stretching at
1120 cm ™!, which is characteristic of EC, was also observed; the
C-O-C peak at 1060 cm ™' of mPEG merged with this sharp
broad peak. The characteristic C-H bending peaks of mPEG at
948 cm ! and 842 cm ™' were also observed in the B3 and B6
spectra. Observations from the FTIR spectra of B3 and B6 sug-
gested that the prepared micelles were a combination of the
copolymer EC-PEG with DOX. Moreover, the peaks of DOX
merged with the copolymer EC-PEG due to their interactions
and the good distribution in the micelles.

The thermal properties of the pure polymers (EC, mPEG, and
CEC) and formulations with (B3 and B6) and without (B1 and
B4) DOX are shown in Table 2 and Fig. S8.T The glass transition
temperature (Ty) of pure EC was recorded to be 115 °C with
a melting temperature (T},,) of 233 °C. Similarly, CEC showed T,
and Ty, values of 116 °C and 233 °C, respectively. Further, the Ty,
crystallization temperature (T.), and T, values of mPEG were
—66 °C, 29 °C, and 56 °C, respectively. The thermogram of B4
showed Ty, T., and Ty, values of —29 °C, 21 °C, and 53/176 °C,
respectively, which indicated the semi-crystalline nature of EC-
PEG. Further, the T, value of EC was greatly changed after
grafting mPEG to CEC. These results suggested that the grafting
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(A) (i) Cytotoxic effects toward MDA-MB-231 and L929 cells treated with B1 micelles for 48 h; and (ii) cytotoxic effects toward MDA-MB-

231 and L929 cells treated with B4 micelles for 48 h. (B) (i) Cytotoxic effects toward MDA-MB-231 and MCF-7 cells treated with B3 micelles for
72 h; and (ii) cytotoxic effects toward MDA-MB-231 and MCF-7 cells treated with B3 micelles for 72 h.

of PEG to CEC was done successfully. The thermal properties of
the B6 micelles were recorded, where the Ty, T., and Ty, values
were —26 °C, 24 °C, and 53/175 °C, respectively. The changes in
T, and T, indicated the loading of DOX into the micelles.
According to the reported literature,®” DOX has a T, value of
218 °C. The T, value of DOX was greatly changed based on the
thermograms of the DOX-loaded micelles B3 and B6, which
indicated that the drug was molecularly dispersed and bound to
the polymers.* This also suggests the improved solubility of
crystalline DOX in an aqueous medium when it is entrapped in
a polymeric system.

3.3.1 In vitro DOX release. The release of DOX from EC-
PEG micelles (B3 and B6) was studied for 72 h via a dialysis
method at 37 °C using phosphate buffer at pH 5.5 and 7.4,
respectively. The release of DOX was faster at pH 5.5 compared
to the release of DOX at pH 7.4 because the ester bonds formed
between CEC and mPEG were susceptible to the acidic pH.***
Fig. 3A shows the release profiles of DOX at different pH values
from B3. At pH 5.5, the B3 micelles recorded 100% release of
DOX within 35 h and at pH 7.4, 96% DOX release was recorded
within 72 h. The release of DOX from B6 micelles was slow at
both pH values compared to that from the B3 micelles. For
instance, 99% DOX release was recorded at pH 5.5 within 48 h
and 72% DOX release was recorded at pH 7.4 within 72 h. This
trend of slow release from B6 micelles compared to from B3
micelles suggested that increased mPEG grafting increased the
molecular weight of the copolymer, thus the rate of release was
slowed.*® Overall, the sustained release of DOX can be attributed
to the encapsulating properties of EC and hydrophobic inter-
actions between DOX and EC.*>*" The pH-dependent release

30540 | RSC Adv, 2021, 11, 30532-30543

from the micelles can be utilized to deliver DOX at tumor pH,
because the tumor extracellular environment is slightly acidic
(pH 6.8) and, after endocytosis by cancer cells, the pH of
lysosomes/endosomes is also acidic (pH 5.5); there is also
minimized release of DOX at normal tissue pH (pH 7.4).*>**
3.3.2 Hemolysis assays. Hemolysis assays are used to vali-
date the biocompatibility of a biomaterial or polymer. Accord-
ing to ASTM standards (E2524-08), hemolysis for a test sample
of above 5% indicates toxicity toward RBCs.** The test samples
EC, CEC, B1, B3, B4, and B6 were assessed for their biocom-
patibility in human blood at concentrations of 0.5 and 1 mg
mL~'. The hemolysis percentages were calculated via eqn (3),
considering 100% lysis in DI water and 0% lysis in PBS. As seen
in the histogram shown in Fig. 3B, EC displayed less than 5%
hemolysis, hence it can be termed a non-hemolytic material,
and after modification and the formation of micelles (B1, B3,
B4, and B6), the material maintained its hemocompatibility. As
observed, CEC had slightly better hemocompatibility than EC,
which could be due to the addition of negatively charged
carboxylic groups. In the cases of B1 and B4, even at a higher
concentration of 1 mg mL ™", the observed hemolysis% values
were 1.47 £ 0.2 and 1.17 £+ 0.2, respectively. The improved
hemocompatibility of the micelles in comparison to EC and
CEC can be attributed to the mPEG grafting.*® These results
confirm the advantages of the PEGylation of polymers; upon
mPEG grafting, the ability of the test materials to induce RBC
lysis decreased significantly. In B3 and B6, at 0.5 mg mL ", the
observed hemolysis% values were 3.68 + 0.1 and 3.82 + 0.2,
respectively, which are within the permissible limit of 5%,
whereas at 1 mg mL ™", hemolysis is close to 5%. The toxicity to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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RBCs in the presence of B3 and B6 samples at higher concen-
trations was due to DOX. DOX is known to enter RBCs and cause
swelling and lysis via building up the osmotic pressure.*” As per
the report by Shuai et al.,*® free DOX induces 11% hemolysis at
200 pg mL~*, but when loaded into micelles its toxicity is largely
diminished. The reason for the lower hemotoxicity of DOX in
EC-PEG micelles in comparison to that reported for free DOX is
the entrapment of DOX in the hydrophobic core, thus reducing
the amount of DOX available on the surface for interactions
with RBCs. As mentioned earlier, the hydrophilic mPEG chains
formed a protective cover and, therefore, the RBCs were
inhibited from being lysed. In line with these findings, we
consider that the developed copolymer EC-PEG is biocompat-
ible and can be used as a potential nanocarrier for DD.
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3.4 Cell studies

3.4.1 Cytotoxicity assays. The cytotoxic effects of blank and
DOX-loaded EC-PEG micelles were determined via MTT assays.
The cytotoxic effects of B1 and B4 micelles were investigated
toward fibroblast L929 and breast cancer MDA-MB-231 cell
lines. DMSO was used to solubilize the formazan crystals
formed after the addition of the MTT reagent, which indicated
cellular respiratory activity. As shown in Fig. 4, B1 (Fig. 4A(i))
and B4 (Fig. 4A(ii)) micelles exhibited no cellular cytotoxicity for
up to 48 h of incubation at varying concentrations. The relative
cell viability was above 80% even at the highest micelle
concentration of 400 pg mL~'. Thus, this demonstrated the
non-cytotoxic nature of the mPEG-grafted EC micelles and
established them as a promising drug-delivery vehicle. The
cytotoxic effects of B3 and B6 micelles were investigated toward

DAPI

Alexa

Merged

Free DOX

4 h
B3

B6

8h
B3

B6

Free DOX

‘..

=]
)

Fig. 5 Fluorescence images of MDA-MB-231 cells treated with free DOX, B3 micelles, or B6 micelles for 4 h and 8 h. The right panels show
merged images of nuclei stained with DAPI (blue), F-actin stained with Alexa Fluor 488 phalloidin (green), and DOX fluorescence (red). The scale

bars correspond to 5 pm.
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the breast cancer cell lines MDA-MB-231 and MCF-7 for 72 h.
From the histogram, as shown in Fig. 4B, the DOX-loaded
micelles B3 (Fig. 4B(i)) and B6 (Fig. 4B(ii)) showed a decrease
in cell viability as a function of the DOX dose concentration. The
concentration of micelles was varied from 0 pg mL ™" to 500 pg
mL ™' and the ICs, (the dose inducing 50% cell inhibition)
values noted for B3 and B6 toward both cell lines were ~100 ng
mL~'. These results proved that EC-PEG micelles are
a biocompatible and non-toxic DDS for delivering DOX at
a controlled rate over an extended period of time.

3.4.2 In vitro cellular uptake. The cellular uptake of free
DOX and DOX-EC-PEG (B3 and B6) micelles was studied in breast
cancer cells MDA-MB-231 via incubating them with the samples in
media at 37 °C for 4 h and 8 h, respectively; later, analysis was
conducted via epifluorescence microscopy. The nuclei of cells were
stained with DAPI, the actin filaments of the cytoskeleton were
stained with Alexa Fluor 488 phalloidin, and DOX emitted red
fluorescence. In cells treated with free DOX, as shown in Fig. 5, it
was observed that DOX was exclusively present in the nuclei. This
can be explained based on the fact that DOX can be readily
transported into cells via the mechanism of passive diffusion,
which is energy independent, where it binds to DNA in the nuclei
via intercalation.** In cells treated with B3 and B6 micelles at 100
ug mL ™Y, it was observed that the red fluorescence of DOX was
located in the cytoplasm and nuclear region (Fig. 5, B3 and B6
rows). This observation leads to the inference that the DOX-loaded
micelles were taken up by the cells via an endocytosis pathway and
were located in the intracellular compartment (endosomes and
lysosomes), which is supported by the reported literature.*>*

4. Conclusions

In this study, we synthesized a new amphiphilic copolymer via
grafting PEG to EC. The developed copolymer was self-
assembled into micelles in an aqueous system via a dialysis
method, and the micelle properties were confirmed via DLS,
TEM, and fluorescence spectroscopy studies; the CMCs of the
copolymers EC-PEG1 and EC-PEG2 were recorded to be 0.03 mg
mL~" and 0.00193 g mL ™", respectively. The sizes of the DOX-
encapsulated EC-PEG nano-micelles were larger than the size
of the blank micelles, which was confirmed via DLS. The DOX-
loaded micelles demonstrated faster release at an acidic pH of
5.5, whereas slow DOX release was observed at physiological pH
of 7.4. Hemolysis assay and MTT assay studies confirmed that
the micelles were biocompatible and non-toxic toward normal
cells. Further, the DOX-loaded micelles showed toxicity toward
the cancerous cells MDA-MB-231 and MCF-7, and fluorescence
microscopy images showed the internalization of the DOX-
loaded micelles in MDA-MB-231 cells. According to the above
observations, we concluded that the developed micelles can be
used as a potential DDS for cancer therapy. In the future scope
of this work, the micelles could be tailored with various tar-
geting moieties to achieve site-specific targeted delivery.
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Combinatorial therapy using RNAi and curcumin
nano-architectures regresses tumors in breast
and colon cancer modelst
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Cancer is a debilitating disease and one of the leading causes of death in the world. In spite of the current
clinical management being dependent on applying robust pathological variables and well-defined thera-
peutic strategies, there is an imminent need for novel and targeted therapies with least side effects. RNA
interference (RNAI) has gained attention due to its precise potential for targeting multiple genes involved in
cancer progression. Nanoparticles with their enhanced permeability and retention (EPR) effect have been
found to overcome the limitations of RNAi-based therapies. With their high transportation capacity, nano-
carriers can target RNAi molecules to tumor tissues and protect them from enzymatic degradation.
Accumulating evidence has shown that tyrosine kinase Ephb4 is overexpressed in various cancers.
Therefore, we report here the development and pre-clinical validation of curcumin-chitosan-loaded:
eudragit-coated nanocomposites conjugated with Ephb4 shRNA as a feasible bio-drug to suppress breast
and colon cancers. The proposed bio-drug is non-toxic and bio-compatible with a higher uptake efficiency
and through our experimental results we have demonstrated the effective site-specific delivery of this
biodrug and the successfull silencing of their respective target genes in vivo in autochthonous knockout
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models of breast and colon cancer. While mammary tumors showed a considerable decrease in size, oral
administration of the biodrug conjugate to Apc knockout colon models prolonged the animal survival
period by six months. Hence, this study has provided empirical proof that the combinatorial approach invol-

rsc.li/nanoscale ving RNA interference and nanotechnology is a promising alliance for next-generation cancer therapeutics.

generation technologies and high-throughput analysis, innova-
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1. Introduction

Cancer, a sequential process of genetic alterations, is counted
as the most menacing health-related problem worldwide.
According to the GLOBOCAN, cancer-related mortality surged
to 10 million deaths, with 19.3 million new incidences
reported in 2020." Although different treatment modalities are
present for cancer, most of them are associated with debilitat-
ing side effects and lower patient survival.” The inherent limit-
ations of existing therapeutic strategies, along with current
treatment impediments, accentuate the need for more specific
and targeted alternative therapies.>> With the advent of next-
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tive and personalized biological anticancer treatment is
expected to find its way from bench to bedside.®® RNA inter-
ference (RNAi), a post-transcriptional gene silencing phenom-
enon, is gaining immense clinical attention regarding its
usage as a potential weapon against solid tumors.'® RNAi
could target multiple genes in different pathways that are
involved in tumor progression, making them more effective
with no side effects."' Most of the existing chemotherapeutic
agents are directed towards tyrosine kinases to suppress
cancer.”” One of the significant tyrosine kinase receptors
overexpressed in various cancers is the Ephb4 receptor,
which is associated with tumor angiogenesis, growth, and
metastasis.”> ' In the present study, we aimed at silencing
this Ephb4 receptor using the RNAi approach in different
cancer models to assess its effect in tumor supression.

The lack of safe and effective delivery methods for RNAi
molecules remains the primary challenge that prevents the full
utilization of the potential of RNAi-based therapy in biological
systems.””'® A plethora of literature demystifies the promising
potential of nanoparticles in delivering RNA-based therapeutics
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because of their surface modifications, site targeted delivery,
enhanced permeability and retention effect, and accumulation
at pharmacological levels.">>* To this end, we designed a com-
binatorial approach of using nano-curcumin to encapsulate
Ephb4 shRNA along with other bioactive agents such as chito-
san and eudragit for enhanced targeting and uptake by the can-
cerous cells at the tumor site. As well documented, curcumin, a
bioactive spice from Curcuma longa, has been used since a long
time to treat various chronic diseases, including cancers.**
Curcumin possesses potent anticarcinogenic, anti-inflamma-
tory, and antioxidant properties making it one of the best-
studied nutraceuticals for cancer therapeutics.”> > However, its
poor water solubility and bioavailability prevent its use as an
ideal therapeutic molecule and recently, various investigations
have fabricated different types of nano-formulations using cur-
cumin with increased pharmacokinetics and bioavailability.**>°
For the complexation of nucleic acids in RNAi delivery of the
nano-curcumin structures, polymers forming complexes with
these molecules via multivalent interactions are preferred.*®
Chitosan is a biodegradable, non-toxic, and well-researched
mucoadhesive polymer obtained from natural sources like
shells of crustaceans can be used as a cationic biopolymer.**
Furthermore, targeting the nano-RNAi complexes in the colon
through the oral route requires bypassing the formulation from
the harsh conditions of the stomach.’** Eudragit S-100, an
anionic pH-sensitive polymer, has been used as a protective
coating to protect the drugs from degradation in the stomach
and the subsequent release of the therapeutic molecules in the
colon region where the pH is 7.5, low alkaline to neutral.’>>*

With this background, the present investigation conceptual-
ized a nano-RNAi based approach by using Ephb4 shRNA conju-
gated to curcumin-chitosan and encapsulated by the Eudragit
S-100 nanoarchitecture to specifically silence the overexpressed
oncogenic Ephb4 mRNA in the double knockout autochthonous
Brca2/p53~'~ breast and Apc™/~ colon cancer murine models.
Our results demonstrated that the nano-RNAi biodrug formu-
lation efficiently regresses the tumors by effective knockdown of
target genes with a concomitant increase in survivability.
Although various studies have explored the combinatorial
effects of nanoparticles with small oligos, this is the first report
of a combinatorial drug, bringing together the synergistic effect
of a natural compound (curcumin) with gene silencing using
shRNA in solid tumors. Our work combines the effectiveness of
curcumin, the golden nutraceutical well known for its anti-
cancer and anti-inflammatory properties, and the RNA inter-
ference approach for a site-specific and effective therapeutic
outcome in two different tumor murine models. Hence, this
pre-clinical study delineates a promising approach for using
non-synthetic nanomaterials with RNA interference in biologi-
cal systems for cancer therapeutics.

2. Materials and methods
2.1 Materials

Chitosan (190-310 kDa) was procured from Sigma-Aldrich,
USA. Eudragit S-100 was a gift sample from Evonik Industries,

Nanoscale

View Article Online

Nanoscale

Germany. Crystalline curcumin was procured from S. D. Fine,
India. Calcium chloride and cyanine 7.5 NHS ester dye were
procured from Spectrochem, India and Lumiprobe, USA,
respectively. FBS (fetal bovine serum), DMEM (Dulbecco’s
modified Eagle’s medium), MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) were purchased from
Invitrogen, USA. L929, HCT116, and MCF-7 cell lines were
obtained from the cell repository of the National Centre for
Cell Science (NCCS), India. Primary and secondary antibodies
were purchased from Abcam, UK. Immunohistochemistry kits
were procured from the DAKO Envision system, USA. The sol-
vents and reagents of analytical grade were obtained from a
local vendor. The liver function test (LFT) and renal function
test (RFT) kits were purchased from Coral Clinical Systems,
India.

2.2 Experimental methods

2.2.1 Preparation of fluorescent nanoencapsulate of curcu-
min-chitosan (CU-CS). Curcumin (CU) (1 g per 100 mL) was
dispersed in 60% ethanol and subjected to sonication by an
ultra-probe sonicator (VCX 500, Vibra-Cell, Sonics, USA) at
40% amplitude for 1 h with a sonication time of 5 seconds in
an ice bath. After sonication, cyanine 7.5 NHS dye (10 pg
mL™") was dissolved in DMSO and was added to the dispersed
CU solution. The solution mixture was stirred for 30 min at
ambient temperature. Furthermore, the respective 1 and
2 wt% of chitosan (CS) solutions of pH 5.0 were prepared in
2% (v/v) acetic acid solution by stirring for 6 h. Equal volumes
of CS and CU-cyanine-7.5 NHS dye dispersion were added
slowly drop wise under high-speed stirring to make a CU-CS
suspension. The CU nanoparticle concentration was fixed at
1 wt%, and the CS concentration was varied to attain various
formulations. To crosslink, the individual formulations were
electrosprayed vertically in 100 mL of calcium chloride (5 wt%)
solution using an electrospinning unit (ESPIN Nano, PECO,
India). The parameters for electrospraying were optimized at a
voltage of 24 kV with a flow rate of 0.5 mL h™". The distance
between the tip of the needle and the collector was maintained
at a distance of 15 cm. The electrosprayed dispersion was cen-
trifuged at 16 000 rpm for 24 min at 12 °C to pelletize the NPs.
The obtained pellet was dispersed in 20 mL of deionized water
(DI) and washed twice, followed by repeated centrifugations.
Furthermore, the pellet of the NPs was dried by lyophilization
and characterized to analyze the Ephb4-shRNA (plasmid DNA)
complexation and eudragit S-100 (ES) coating.

2.2.2 Entrapment and loading efficiency. The entrapment
and loading efficiency of NPs were calculated according to the
reported literature.>>*? Briefly, 2 mg of 1: 1 ratio of CU-CS NPs
was dispersed in 2 mL of methanol by sonication for 2 min.
The resulting dispersion was centrifuged at 16 500 rpm for
35 min at 12 °C and collected from the supernatant. The unen-
trapped CU concentration present in the supernatant was cal-
culated using a standard calibration curve of CU at Ay, of
423 nm, which was analyzed using a UV-vis spectrophotometer
(UV 1601PC UV spectrophotometer, Shimadzu, Japan). The
percent of entrapment efficiency (EE) was estimated using eqn
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(1). The percent of loading efficiency was estimated using eqn
(2). Similarly, the percent of entrapment and loading efficiency
were calculated for other formulations.

(wt. of CU used — wt. of unentrapped CU)

%EE =
‘ wt. of CU used (1)
x 100
entrapped CU in NPs
%LE = PP x 100 (2)
wt. of NPs

2.2.3 Complexation of shRNA to CU-CS NPs. Complexes of
Ephb4-shRNA with the respective ratios of CU-CS NPs were
formed with two different weight ratios, 25:0.8 and 25:1.0
[(CU-CS) and shRNA]. The respective NPs with different ratios
of Ephb4-shRNA were heated separately for 12 min at 55 °C
and then the solutions were mixed and vortexed for 30
seconds to obtain the respective complexes of CU-CS-shRNA
NPs. The respective complexed NPs were loaded into the wells
of an agarose gel (1 wt%) and complexation was confirmed by
agarose gel retardation assay.

2.2.4 Eudragit S-100 coated NPs. CU-CS-shRNA NPs were
coated with ES using 1 wt% ES solution of pH 5, which was
prepared using a solvent mixture of ethanol and acetone in a
2:1 ratio. From this solution, 200 uL was added dropwise to
the dispersion of 800 pL of CU-CS-shRNA NPs to form ES
coated CU-CS-shRNA (CU-CS-shRNA-ES) NPs.

2.2.5 In vitro CU release studies. The drug release studies
for the developed formulations were performed by the direct
dispersion method in different buffers, HCI-KCI (hydrochloric
acid-potassium chloride 0.1 M, pH 1.2), and PBS (phosphate
buffered solution, 0.1 M, pH 6.8), and PBS (phosphate
buffered solution, 0.1 M, pH 7.4).*° The release of CU from
CU-CS NPs and CU-CS-ES NPs was determined according to
the reported protocol.®>® For example, 5 mg of the respective
lyophilized NPs were dispersed separately in 20 mL of different
buffers as mentioned above. A duplicate set of 1 mL each was
aliquoted from the above respective dispersions. Release kine-
tics was monitored at 37 °C in a water bath shaker (50 rpm) for
a period of 4 h in the buffer of pH 1.2. Similarly, the release
studies were done in the respective buffers of pH 6.8 and 7.4
for up to 72 h. After the designated time intervals, the sample
tubes were taken out and centrifuged at 1200 rpm for 3 min to
collect the pellet of released CU. Later, the collected CU pellet
was dissolved in 1 mL of methanol and the amount of CU was
quantified by a UV-Vis spectrophotometer (UV 1601PC UV
spectrophotometer, Shimadzu, Japan) at a wavelength of
423 nm.

2.2.6 Characterization of NPs. The zeta potential and par-
ticle size distribution of CU NP, CU-CS NPs, CU-CS-shRNA
NPs, and CU-CS-shRNA-ES NPs were analyzed using a 90 Plus
Brookhaven Instruments Corp, PALS zeta potential analyzer,
USA. The morphological characterization of CU-CS-shRNA-ES
NPs was done using an ESEM (Quanta 200 3D, FEI, USA). The
lyophilized NPs were dispersed and diluted (10x) in Millipore
water to form a suspension that was later cast on a silicon
wafer and sputter-coated with gold for ESEM analysis.
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Similarly, NP dispersions were prepared, drop cast on a copper
grid, and stained with 1 wt% uranyl acetate dye for trans-
mission electron microscope (TEM) analysis (FEI Tecnai TF20
200 kv FEG high-resolution Transmission Electron
Microscope, USA). Pure polymers, curcumin encapsulates and
polymeric interactions with CU were analyzed by FTIR
(PerkinElmer spectrometer I, FT-IR diffused reflectance
(DRIFT) mode, USA). The spectra recorded were in the range of
400 to 4000 cm ™" with an average of 10 scans per sample. The
thermal behaviors of pure polymers (CS and ES), CU, and NPs
(CU-CS and CU-CS-ES) were recorded using a differential
scanning calorimetry (DSC) instrument (Model Q10 DSC, TA
instrument, USA). Respective samples of ~5 mg were used for
recording the thermograms. Each sample was crimped in an
aluminum pan and placed in the sample chamber of a DSC
that was equilibrated to —80 °C for 2 min and exposed to the
heating and cooling cycles. In the first cycle, the sample was
heated to 200 °C at a rate of 10 °C min~". In the second cycle,
the sample was quenched to —80 °C at a rate of 100 °C min™".
In the third cycle, the sample was heated from 0 to 200 °C at a
rate of 10 °C min~". The DSC studies were done under a dry
nitrogen atmosphere at a purging rate of 50 mL min".

2.2.7 In vitro studies. The mouse fibroblast L929 cell line
was grown as monolayer cultures under standard cell culture
conditions in a DMEM media supplemented with 10% FBS,
incubated at 37 °C, and humified under a 5% CO, atmosphere
and used as a control. Similarly, human colorectal carcinoma
HCT116 and breast adenocarcinoma cell line MCF-7 were cul-
tured in DMEM and MEM media, respectively. The respective
media were supplemented with 10% FBS, and incubated while
maintaining similar conditions.

2.2.8 MIT assay. The cytotoxicity assay, MTT for CU-CS-
Ephb4 shRNA-ES NPs was done in HCT116 and MCF-7 cell
lines for 48 h. Briefly, a confluent flask of cells was harvested
by trypsinization and to each well of a 96 well plate, 100 pL of
cell suspension (~10 000 cells) was introduced. The plate was
incubated at 37 °C under a 5% CO, humidified atmosphere for
16 h to allow the cells to attach and form a monolayer.
Thereafter, the media from the wells was flicked off and NPs
were added. The NPs dispersed in serum-free media at 1 mg
mL ™" stock concentration were sterilized for 30 min under UV
light and different concentrations ranging from 2 pg mL™"' to
500 ug mL ™" were added. These cells were incubated at 37 °C
in 5% CO, conditions for 48 h and then the media from the
wells was replaced with an MTT reagent. After 4 h of the incu-
bation period, the media was siphoned off and 100 pL of
DMSO was added to the wells to solubilize formazan crystals
to develop color and the readings were recorded at 550 nm
using a UV plate reader (Multiskan, Thermo Scientific, Finland).

2.2.9 Cellular uptake studies. The cellular uptake behavior
of the NPs was evaluated in 1929 fibroblast cells using fluo-
rescence microscopy. For instance, L929 fibroblast cells were
seeded on the top of glass coverslips in a 24 well plate and
incubated for 24 h at 37 °C under a 5% CO, atmosphere. After
incubation, the media was aspirated from the wells and was
washed thrice with phosphate buffer (PBS). CU alone, CU-CS
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NPs, and CU-CS-ES NPs were added to the individual wells at
different concentrations and incubated for 3 h at 37 °C. Later,
the media was aspirated off, the cells were washed with PBS,
300 pL of 4% paraformaldehyde was added to the respective
wells and incubated for 15 min at ambient temperature to fix
the cells. Then, the paraformaldehyde was washed off using
PBS along with 0.1% (v/v) Triton X-100 wash for 8 min and
then stained with a DAPI-PBS (1 ug mL™") solution for 5 min.
Subsequently, the coverslips were washed with a PBS solution
and placed on a clean glass slide with mounting media
(Fluoroshield). Excess media was wiped off with tissue and the
cells were observed using an epi-fluorescence microscope (Carl
Zeiss, Model: Axio Observer.Z1, Oil immersion objective, 60x).
The nuclei of the cells were observed using the blue filter of
DAPI and CU being fluorescent was visualized using the green
filter of FITC (535-600 nm).

2.2.10 Hemolytic assay. To examine the hemolytic capacity
of the developed nanocarrier i.e., CU-CS-shRNA, the hemolytic
assay was performed on fresh rodent red blood cells (RBCs). A
2% v/v suspension of RBCs was prepared. Then dispersions of
CU-CS-Ephb4 shRNA-ES NPs of concentrations 0, 2, 4, 6, 8, 20,
40, 60, 80, 100, 150, 200, 300, 400, and 500 pg mL™" were incu-
bated with the suspension of RBCs at 37 °C for 1 h. The positive
and negative controls were Milli-Q water (100% hemolysis) and
normal saline (0% hemolysis), respectively. After 1 h of incu-
bation at room temperature, nanoparticles treated RBCs were
spun at 4000 rpm at 4 °C for 10 min and the supernatant was
separated. The absorbance was measured at 540 nm using a
Microplate Reader (Thermo Scientific, USA). The percent hemo-
lysis was calculated as follows:

Abs~sample - Abs~negative control

Hemolysis[% | =
AbSApositive control — Abs-negative control

x 100

2.2.11 In vivo studies. All experiments were performed at
the Centre for Cellular and Molecular Biology (CCMB),
Hyderabad in compliance with the relevant guidelines of ‘The
Committee for the Purpose of Control and Supervision of
Experiments on Animals’ (CPCSEA), Government of India. All
animal studies were conducted by following the strict ethical
guidelines stipulated by institutional guidelines and as per the
approval of the Institutional Animal Ethical Committee (IAEC)
(project no. IAEC 03/2019). To analyze the biodistribution of
orally delivered nanoparticles in mice, in vivo multispectral
imaging was performed. Wild type mice (C57BL/6]) (n = 3)
were treated for 15 days with NPs conjugated with the cyanine
7.5 NHS ester dye, where the first image was taken after the
mice were humanely anesthetized using isoflurane after
6 hours of treatment and visualized under a multispectral
imager. Two different animal knockout models were used in
the study to assess the drug’s efficacy against solid tumors. For
evaluating the therapeutic potential of the biodrug in breast
cancer murine models, conditional Brca2/p53 knockout under
control of Blg-cre transgene was used ESI Table S1.f This
model develops tumors on any of the five pairs of mammary
after 6-15 months of birth. Mice developing 0.5 m*® mammary
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tumors were selected for different cohorts which included
shRNA+ NPs, scr control (scrambled shRNA + NPs), shRNA +
lipofectamine, NPs only, and untreated (only induction and no
treatment). Intratumoral injections of 10 pg of Ephb4 shRNA
(in pGFP-V-RS vector) complexed with 250 pg of nanoparticles
(CU-CS; in a volume of 50 pL) were given to the treated cohorts
along with the respective controls. The mice were given the
drugs equally and the tumor sizes were measured every day
and selected for survival and other data analyses.

The inducible Apc knockout colon murine models (AhCre-
ErT Apcflfl) develop the crypt progenitor phenotype in the
intestine upon induction with p-naphthoflavone, and tamoxi-
fen, demonstrating a progressive knockout, causing mortality
of the animal within 8-10 days. To assess the efficacy of the
formulated biodrug against colorectal cancer, CU-CS-Ephb4
ShRNA-ES NPs were orally administered to Apc knockout
models. The mice subjects were divided into five different
cohorts of five mice each and were given the following treat-
ments. The cohorts included those treated with shRNA+ NPs
(treatment), scr control (scrambled ShRNA + NPs), Ephb4
shRNA + lipofectamine, control (NPs only) and untreated (only
induction and no treatment). Six to eight-week-old mice were
selected for the study and were given intraperitoneal injections
comprising 80 mg kg™ of p-naphthoflavone and tamoxifen
(dissolved together in corn oil 10 mg ml™" each) once daily for
5 days to induce the recombination of the targeted alleles
(knockout). The Apc knockout induced mice were treated with
a daily oral dose of 50 pg of Ephb4 shRNA (in pGFP-V-RS
vector)-encoding plasmid DNA complexed to 1.25 mg of NPs
(in a total volume of 250 pL) from day 1 of induction until the
end time point at which the mice survived. After treatment,
the animals were sacrificed as per the ethical guidelines after
180 days by cardiac perfusion (using 4% paraformaldehyde)
and tissue collection was performed. The tissues harvested
were preserved accordingly for all downstream experiments. The
intestines were specifically cleaned in running tap water and 1x
PBS, opened up, and fixed in methacam for 48 h. The intestines
were then made into a gut roll and preserved in 10% formalin
and after the processing was sectioned with 4 pm thickness.

2.2.12 LFT/RFT studies. The mice subjects (C57BL/6]) were
divided into two different cohorts, namely control and treat-
ment for the liver function test (LFT) and renal function test
(RFT). The control group was treated with a buffer and the
treatment cohort received 1 mg ml™" concentration of the drug
(CU-CS-shRNA-ES NPs) for 2 weeks in a subchronic study.
After treatment, the mice were sacrificed as per ethical guide-
lines and the blood was harvested in vacutainers. The whole
blood was allowed to clot for about 15-30 minutes followed by
centrifugation at 1500g for 15 minutes at 4 °C in a refrigerated
centrifuge and the serum was isolated for the assessment. For
LFT, the determinations of albumin, total bilirubin, alkaline
phosphatase, SGOT, and SGPT were performed and for RFT,
urea and creatinine were measured. Each particular test was
performed using the mentioned concentrations and ratios as
per the manufacturer’s instructions. The time, temperature of
incubation, and the filter wavelength were accurately followed.
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The results were analyzed, and the corresponding values were
plotted as graphs using GraphPad Prism 9.0.

2.2.13 Immunohistochemistry. The sections were depar-
affinized in xylene followed by gradient washes of ethanol and
rehydration. Heat-induced antigen retrieval was performed by
boiling the slides in two different buffers, 10 mM sodium
citrate buffer of pH 6.0 for p-catenin and Nf-kB and 10 mM
Tris base and 1 mM EDTA of pH 9.0 for c-Myc, each for 30 min
at 100 °C. The slides were then brought to room temperature
before washing with 1x TBS. The slides were blocked using
10% BSA in 1x TBS for 2 h at room temperature. They were
then incubated with primary antibodies p-catenin, Nf-kB, and
c-Myc, and Ephb4 all at 1:100 dilutions at 4 °C overnight in a
humid chamber. The next day, the slides were washed three
times with 1x TBST (0.1% Triton-X) for 15 min each and were
blocked with 3% H,O, in methanol for 30 min to quench the
endogenous peroxidase activity of the sections. The slides were
washed first with water and then with TBS and were incubated
with anti-rabbit HRP conjugated secondary IgG (Abcam
ab97051) for 1.5 h at room temperature in a humid chamber.
After incubation, the slides were again washed thrice with 1x
TBST for 15 min each and diaminobenzidine (DAKO) was used
(1 min for p-catenin and Nf-xB and 45 seconds for c-Myc) as a
chromogenic agent for color development. After water wash,
the slides were counterstained with Gill’s Hematoxylin Mod IIT
and were mounted. Negative controls of IHCs were prepared
for each set of sections by replacing the primary antibody with
TBS. The results were analyzed, and corresponding values were
plotted as graphs using GraphPad Prism 9.0

3. Results and discussion

3.1 Synthesis and characterization of curcumin-chitosan
nanoparticles

Hydrophobic curcumin (CU) was sized down to nano-CU by
sonication. The CU nanoparticles, being negatively charged,
interact with positively charged polymers.*® The desolvation
approach is usually used for the encapsulation of CU with
polymers. However, following this method, the yield of the
NPs was low. Therefore, several alternative methods were tried
for the fabrication of the nanoparticles. Electrospraying is one
of the simple and powerful methods that is being used for the
production of NPs with high yields and reproducibility.**
Accordingly, the electrospraying method was successfully
employed for fabricating the nanoparticulate system and the
nanoparticles were obtained in sufficient quantities.

The morphology of the fabricated NPs was examined by
ESEM and TEM. The size, shape, and distribution of the for-
mulated CU-CS and CU-CS-shRNA-ES NPs were in the range
of 100-200 and 110-230 nm diameter, respectively, with a dis-
torted spherical to square morphology as shown in Fig. 1A(i-
iif). Coatings of polymers on CU nanoparticles were observed
in TEM images, where coating with ES changed the surface
morphology of CU with a thickness of the polymer coating
between 20-30 nm. Nanoencapsulation of negatively charged
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CU was carried out using the individual polymer, chitosan
(Cs), followed by Eudragit S-100 (ES). The charge of the CU
particles before and after coating with polymers was confirmed
by zeta () potential measurements. CU possessed a net nega-
tive charge of —24.78 mV, which upon interaction with a cat-
ionic polymer, CS (+29.1 mV), yielded positively charged par-
ticles of +51.52 mV. The increase in the positive charge was
attributed due to the crosslinking of NPs with Ca"" ions. With
an increase in the ratio of CS, the positive charge of the NPs
increased in a concentration-dependent manner. ESI Table S2+
shows the different formulations and their PDI with varying
concentrations of CS. With the progress of Ephb4, shRNA
plasmid conjugation, the net positive charge on NPs decreased
to 24.83 mV. This complex formation of CU-CS-shRNA NPs
was aided by the positively charged amine groups of CS.
Furthermore, the complexed NPs recorded a decrease in net
positive charge when coated with anionic ES [Fig. 1A(iv)].
While different ratios of CU-CS NPs were formulated and
checked for their charge and shRNA plasmid retention, based
on the suitability, the 1:2 ratio of CU-CS NPs was selected for
pre-clinical evaluation. Furthermore, the gel retardation assay
was used to validate the conjugation of the Ephb4 shRNA
plasmid to the CU-CS NP system. Two different ratios of NPs
to Ephb4 shRNA plasmid were prepared (25:0.8 and 25:1.0)
and were tested for their electrophoretic mobility in 1% of
agarose gel. It was observed that the control lane containing
free nucleic acids migrated down the gel without hindrance,
while the lane with the Ephb4 conjugated NPs did not show
the migration. Additionally, the 25:0.8 ratio exhibited better
conjugation efficiency than the 25: 1.0 ratio (ESI Fig. S1-At).

3.2 FTIR spectra and differential scanning calorimetric analysis

The nanoparticulate system consisted of the respective com-
ponents CU, CS, and ES possessing the characteristic func-
tional groups and their sequential additions were confirmed
by FTIR. The individual peaks of the respective components
were first observed to understand the functional changes
before and after the fabrication of NPs. In the CU spectrum,
characteristic peaks such as the phenolic O-H peak were
observed at 3500 cm™ ', the carboxylic C—=O stretching at
1628 cm™ ', the C=C stretching at 1512 cm™" and the C-H
stretching at 1430 cm™" (ESI Fig. S1-Bt).*> For the CS spec-
trum, a characteristic broad peak at 3450 cm™" was observed
due to the merging of the N-H and O-H functional groups.
Other characteristic peaks included the C-H stretching peak at
2961 cm™' and 2921 cm™', the carboxylic C—=0 peak at
1655 cm™', and the bending peak for N-H at 1590 cm™".** In
the ES spectrum, the characteristic broad O-H absorption
band at 3100-3500 cm ™" was noticed along with C-H stretch-
ing vibrations at 2998 and 2954 cm™', C=O stretching at
1730 cm™', and C-O-C stretching vibration at 1150 em™'.*’
The IR spectrum of CU-CS exhibited the C=C peaks of curcu-
min at 1512 ecm™" and 1430 cm™", the downshift of the C=0
peak from 1655 cm™" to 1635 cm ™' and the N-H peak of CS
merged into this C=O0 peak, which suggested the strong inter-
action of CU with CS (ESI Fig. S1-C¥). The IR spectrum of CU-
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Fig. 1 Characterization of CU-CS—ES nanoparticles. (A) i. TEM image and analysis of CU-CS—Ephb4 shRNA-ES, ii. SEM image of CU-CS—Ephb4
shRNA-ES, iii. frequency distribution graph of CU-CS—Ephb4 shRNA-ES nanoparticles (median size 123 + 9 nm). and iv. Zeta potential measure-
ments of different nanoparticle formulations after each coating. (B) The FTIR spectra of bare CU, CU coated with CS (CU-CS), and cu coated with
CS and ES (CU-CS-ES), (C) differential scanning colorimetric analysis using bare CU, CS, and ES with CUCS—ES nanoparticles, (D) Cumulative CU
release at 1.2 pH from CU-CS and CU-CS-ES, and (E) Cumulative curcumin release at 6.8 and 7.4 pH from CU-CS and CU-CS-ES.

CS-ES reported the changed peak at 1640 cm™', which could
be attributed to the formation of a carboxylate bond between
the -NH" groups of CS and the COO™ groups of ES which are
as per the earlier literature (ESI Fig. S1-D).** These findings
confirmed the encapsulation of CU-CS NPs with ES (Fig. 1B
and ESI Table S37).

To understand the coating strength of ES on the CU-CS NP
system, thermal analysis by DSC was performed for CU, CS
and ES, and CU-CS-ES NPs as shown in Fig. 1C. The glass
transition temperature (7,) was observed at 95 °C for CS and
71 °C for ES, which was in accordance with the reported
literature.’”*> Likewise, a sharp endothermic peak due to the
melting temperature (7;,) for CU was observed at 177 °C. For
CU-CS-ES NPs, two broad endothermic peaks were observed
at 110 °C and 150 °C. The T,, of CU decreased because of the
interactions between the CS and CU. The crosslinking of CU-
CS with CaCl, resulted in a shift of the endothermic peak (Ty)
from 95 °C to 110 °C which could be attributed to an increase
in the rigidity of the nanoparticle system. As reported in the
earlier studies, the shift in the peak of CU to a lower tempera-
ture indicated the disordered crystalline phase in the final
preparation.*® Finally, we could conclude that the shifting and
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broadening of the CU peak supported and validated the encap-
sulation of CU by CS and ES polymers.

3.3 Entrapment efficiency and drug release studies

The entrapment and loading efficiency of CU was determined
using eqn (1) and (2) as outlined in the Experimental section.
The CU-CS-NPs were sonicated, centrifuged and the unen-
trapped CU was extracted into methanol and quantified using a
calibration curve recorded at A, 423. Later, the percent of CU
concentration was estimated using eqn (1). The entrapment
efficiency for different compositions of CU-CS (1:1 and 1:2)
was 76.67 and 68.21%, respectively. The loading efficiency was
calculated using eqn (2), which was 38.3 and 22.85% for the
respective compositions, 1CU-1CS and 1CU-2CS. We observed
that with the increase in chitosan concentration, the entrap-
ment and loading efficiency of CU were reduced, which could
be attributed to the hindrance of CU entrapment as a result of
an increase in the viscosity of CS solution.

The CU-CS NPs coated with and without ES were studied for
their release of CU at three different pH values (1.2, 6.8 and 7.4)
to mimic the different conditions that exist in the alimentary/gas-
trointestinal canal. The physiological pH of the stomach is 1.2
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(acidic) whereas the pH of the gut ranges from 6.8 to 7.5.
Different pH values chosen helped in understanding the ability
of the conjugated bio-drug to reach the targeted site without
degradation. It was observed that at 1.2 pH after 4 h of release
studies, the amount of CU released from the nanoparticle system
without ES coating was 39%, which is considered as burst
release, whereas the NPs of CU-CS-ES recorded only ~5% CU
release. This decrease in the quantity of CU release is expected to
be due to the ES coating as a result of the protonation of the
COO~ groups of ES which enabled the protection of chitosan
from degradation at the acidic pH of 1.2. CU release at pH 7.4 for
NPs of CU-CS and CU-CS-ES after 8 h of release, was 32% and
26%, respectively (Fig. 1D), which indicated a sustained release
mechanism. Furthermore, a continuation of CU release for 72 h
at the same pH recorded 70 and 59% from CU-CS and CU-CS-
ES, respectively. At this pH, the carboxyl groups of ES were
ionized leading to the dissolution of ES thereby exposing CS
coated CU NPs.*>"” At 6.8 pH (Fig. 1E), the entire CU was
released from CU-CS complex alone within 48 h, whereas the
release was only 7% was released from CU-CS-ES, even after 72 h
of release. The diffusion of CU and swelling of chitosan at pH 6.8
resulted in high CU release from CU-CS, while the stability of ES
at pH 6.8 did not lead to any CU release from CU-CS-ES NPs.

3.4 Cell cytotoxicity studies

To demonstrate the cytotoxic effects of the biodrug (CU-CS-
Ephb4 shRNA-ES) was assessed through MTT assay in normal
1929, colon cancer HCT116 and breast cancer MCF-7 cell lines
exposed for 48 h. MTT reagent solubilized the formazan crystals
which indicated cellular respiratory activity in live cells. The viabi-
lity of L929, HCT116 and MCF-7 cells after incubation with
varying concentrations of NPs are shown in Fig. 2A. The CU-
based NPs were observed to inhibit the proliferation of both
cancer cell lines in a concentration-dependent manner as com-
pared with the controls. We observed the highest toxicity in
cancer cell lines (HCT116 and MCF-7) where the cell viability was
reduced by more than 50%. Furthermore, there was no toxicity
observed in normal L929 cell lines, demonstrating its specificity
against only the cancer cell lines. Thus, the results clearly indicate
that the developed CU-CS-Ephb4 shRNA-ES biodrug is potent in
reducing colon and breast cancer cell proliferation in vitro.

3.5 Cellular uptake studies

The cellular uptake and intracellular trafficking of free CU NPs
and CU based NPs (CU-CS and CU-CS-ES NPs) formulations
were investigated in L929 fibroblast cells at a concentration of
50 pg mL™" for CU loaded NPs and 11 pg mL™" for CU NPs
(calculated from the loading %). The NPs and free CU were
incubated for 3 h with the cells for assessing their internaliz-
ation. Nuclei were visualized by DAPI and intrinsic green fluo-
rescence from CU was detected using FITC filter. Control cells
that were not exposed to CU did not display any fluorescence.
As seen in Fig. 2B, after 3 h incubation, CU appeared to enter
the cells and green fluorescence was observed in the cyto-
plasmic region of the cells. Moreover, the positive charge on
CS is reported to be beneficial in interacting with the cells
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Fig. 2 In vitro cellular studies of CU-CS—Ephb4 shRNA-ES nano-
particles. (A) Cell viability assay results of HCT116 and MCF-7 (cancer
cell lines) with L929 cells (control) after 48 h of CU-CS—Ephb4 shRNA—
ES treatment. n = 3, error bars: mean + SD; p < 0.005, (B) Cellular
uptake assay representing the L929 cells after 3 h involving CU, CU-CS,
and CU-CS—ES with each 50 pg ml™2, Scale bar: 5 um.

having an intrinsic negative charge and is able to loosen the
tight junction of cells to facilitate the uptake of the particles.*®
This also suggested that after the pH-responsive release of ES,
the CU-CS-Ephb4 shRNA had a better cellular uptake, thus
increasing the efficacy of the biodrug.

3.6 Invivo toxicity and biodistribution

A major concern of all bio drugs in translational research is
their potential toxicity in vivo and as a result, it is imperative to
cautiously evaluate the biodistribution and toxicity profiles of
our polymeric nanocomposites in vivo before validating their
therapeutic efficacy.”® We speculated that for the oral delivery,
the ES coating around the CU-CS-shRNA nanocomposites will
protect them from the harsh conditions of the stomach and
deliver them effectively in the colon. To this end, we performed
in vivo multispectral imaging in C57BL/6] healthy mice after
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oral guvaging of CU-CS-Ephb4 shRNA NPs conjugated with
cyanine 7.5 NHS ester far red dye. Live imaging tracked the
presence of the NPs at 810 nm A, which was localized basically
in the gut region after 24 h of oral administration as compared
with the control (Fig. 3A). Moreover, ex vivo multispectral
imaging revealed that the distribution of NPs after 24 hrs were
localized all along the intestinal tract, with higher doses in the
regions of small intestines, colon, liver and kidney. Notably, the
presence of NPs was not observed in the gall bladder, spleen,
heart, lungs and pancreas (ESI-Supplementary Fig. S51). The
in vivo toxicity of CU-CS-ES polymeric nanocomposites conju-
gated with Ephb4 shRNA plasmid were investigated in C57BL/6]
healthy mice for a period of 14 days in a sub-chronic study.
Mice were administered with the bio-conjugated drug orally at a
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dose of 1 mg ml~" BW, and their behavior (i.e., exploratory
activity, eating, sleeping, and neurological symptoms) was care-
fully monitored. We tested the safety of this drug in the circulatory
system using hemolytic assay in murine systems. The hemoly-
sis brought about by altered concentrations of the polymeric
nanocomposites was measured after incubating the drug with
a 2% v/v suspension of red blood cells (Fig. 3B). A concen-
tration of 100 pg ml~" induced maximum hemolysis among all
the concentrations of nanoparticles. Likewise, histological
examinations using hematoxylin and eosin staining revealed
that major organs like the brain, heart, lungs, stomach, liver,
spleen, and kidneys were not exposed to toxicity and there was
no inflammation after oral administration of the bioformula-
tion when compared with controls (Fig. 3C). Moreover, second-
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Fig. 3 In vivo biodistribution and toxicity of nanoparticles in C57BL/6J mice models. (A) In vivo multispectral image of the CU-CS—Ephb4

shRNA—-ES NPs conjugated with cyanine 7.5 NHS ester far-red dye in two different mice models (control and treated) at 810 nm e, (B) quantitative
analysis of % hemolysis induced by the CU-CS—Ephb4 shRNA NPs in murine systems at various concentrations. Error bars, mean + SD; p < 0.05,
(C) histological studies of the nanoparticle in two different mice models (control and treated) post treatment. Hematoxylin and eosin staining of
different organs (the brain, heart, stomach, kidneys, lungs, liver, and spleen) depicting no inflammation and unchanged morphology. Images were
taken at x20 magnification, quantitative indirect assessment of renal functions (D) Urea, (E) Creatinine, and hepatic functions like (F) Bilirubin,
(G) ALP, SGOT, and SGPT were estimated through colorimetric tests in control and treated mice cohorts.
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ary assessment of the liver and kidney functions by means of
indirect colorimetric tests like LFT and RFT assays exhibited
no noticeable changes in all the parameters of the biodrug in
the treated cohorts when compared with the controls. The con-
centrations of urea, creatinine, alkaline phosphatase, ALT,
SGPT, and SGOT were well within the reference levels in both
groups (Fig. 3D-G). The toxicological results obtained after the
oral administration of this bioformulation to healthy mice
were satisfactory as they were not detrimental. These results
suggested that the bioformulations tested in the present inves-
tigation were not only safe but also bio-compatible in the
murine system. The results also suggest that these bio-formu-
lations could be exploited in humans after careful pre-clinical
clinical trials.
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3.7 Suppression of autochthonous Brca2/p53 knockout
breast cancer models

Solid autochthonous tumors are relatively distinct from xeno-
graft models for most treatment regimens and often pose chal-
lenges due to their inherent nature of origin and the associ-
ated complications with delivery to necrotic tumor cores®®
(Fig. 4A). The ability of Ephb4 shRNA to suppress tumors was
tested in vivo by encapsulating with CU-CS-ES nano-
composites in an established transgenic Blg-cre Brca2/p53
double knockout murine breast cancer model where the mice
develop mammary tumors naturally between 6 and 15 months
of age (ESI Fig. S2-A, and S37). It is well documented in
humans that the inheritance of mutations in the susceptibility
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Fig. 4 Tumor arrest and regression in the autochthonous BRCA2/p53 knockout breast cancer models. (A) A schematic diagram of the mammary
tumor, constituting a tumor necrotic core (TC) and where the intratumoral injections are given at the tumor periphery (TP), (B) an example of
mammary tumor growth arrest in conditional BRCA2/p53 knockout mouse model upon treatment with CU-CS—Ephb4 shRNA-ES NPs, wherein the
untreated mice show aggressive tumor growth in 10 days but treated mice depict tumor arrest even after 25 days. (C) Kaplan—Meier survival plots
demonstrating the extension of the lifetime of the treated cohorts (shRNA + NPs) to 27 days compared to that of the control cohorts. (D) The tumor
retardation curve indicates a tumor growth arrest with a prolonged survival of 27 days in CU-CS—Ephb4 shRNA—-ES NPs treated cohorts compared
to other treated cohorts (scrambled shRNA + NPs, shrna alone, NPs alone, and induced but untreated mice (control)). (E) Immunohistochemistry of
Ephb4, p-catenin, and c-Myc in wild type, untreated, and treated cohort sections demonstrating a decrease in the target genes as compared to the
controls both in the tumor periphery (TP) and tumor core (TC). Images were developed in x20 magnification. Quantification of the area of degra-
dation through the Image J software. Error bars, mean + SD; ***p < 0.001.
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genes such as BRCA1 and BRCA2 increases the risk of develop-
ing breast cancer. The somatic loss of BRCA2 and p53 in mice
models mimics human cancers and induces mammary
tumors naturally between 6 months to one year of age in any/
all of the five mammary glands making it one of the best
models akin to human breast cancer.'™*'~** Since it is an auto-
chthonous tumor, regression is a difficult process compared to
xenograft models. To assess the efficacy of this biodrug in
solid tumors, intratumoral injections of the biodrug along
with appropriate controls were administered directly to tumor
periphery in different cohorts (Ephb4 shRNA + NPs, along with
controls like untreated, NPs alone, scrambled control + NPs,
and Ephb4 shRNA + lipofectamine). Tumors treated with the
biodrug showed a marked arrest and subsequent decrease of
tumor size compared with different controls (Fig. 4B).
Moreover, biodrug treated cohorts exhibited an increased
median survival response of 35-40 days when compared with
the various controls where the mice survived only for 10-15
days. Interestingly, CU nanoparticles demonstrated median
survival of 15-20 days, which was higher than the other con-
trols, as CU has been well established for its potent anti-
inflammatory and anti-cancerous attributes (Fig. 4C and D).
Immunohistochemical analysis of core tumor sections
revealed a significant reduction in the expression levels of the
Ephb4 protein in the treated cohorts that resulted in the sup-
pression of tumor growth and therefore increased survival
rates. The reduction of Ephb4 levels in the tumor core proved
beyond doubt that the administered drug from the tumor per-
iphery has penetrated to the core to bring about the suppres-
sion and subsequent repression of tumor size. Accumulating
evidence has linked the deregulation of the Wnt pathway as a
major causative factor in most cancers including breast
cancer. Aberrant Wnt signaling results in the translocation of
oncogene f-catenin from the cytoplasm to the nucleus which
results in the activation of transcription of many downstream
oncogenes like c-Myc, CD44, LFY etc.>* The re-localization of
B-catenin from the nucleus to the cytoplasm was observed in
the biodrug treated cohort, indicating a return to a non-Wnt-
deregulated state for this group which was almost similar to the
wild-type. Studies over the past decades have established onco-
gene c-Myc to be highly overexpressed in all cancers.’>>® Here
in the current study, treatment with the biodrug CU-CS-Ephb4
ShRNA-ES NPs resulted in a concomitant decrease in the
expression levels of the oncogene c-Myc in the treatment groups
when compared with untreated control (Fig. 4E). This impli-
cated that the biodrug not only helped in regressing the tumor
size but also in increasing the survival of the transgenic mice by
effectively knocking down the downstream activated genes. On-
site delivery of the Ephb4 shRNA plasmid straight into the
mammary tumor periphery enabled targeting of the necrotic
tumor core, aiding in the effective knockdown of Ephb4, thus
enabling the arrest of tumor growth and the subsequent
regression of tumor volume over a period of time. This simul-
taneous suppression and regression of tumor burden within a
short time span indicated the dual action of the biodrug invol-
ving the anti-inflammatory attributes of curcumin along with
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the gene silencing of Ephb4 by RNA interference. Thus, this
study reiterates the use of combinatorial therapy involving RNA
interference and nanotechnology for combating cancer.

3.8 Effective reversal of intestinal tumorigenesis in Apc
knockout murine models

The Wnt pathway is involved in orchestrating the development
and maintenance of the mniche in the intestines.’”
Adenomatous polyposis coli (Apc), a tumor suppressor gene in
the Wnt pathway, is the main component of the destruction
complex that phosphorylates the oncogene f-catenin for degra-
dation. Mutations of the adenomatous polyposis coli gene pre-
dispose individuals to familial adenomatous polyposis (FAP)
syndrome. Similarly, Apc knockout colon cancer models
(Cre*Apc™™) develop altered crypt/villus architecture that
mimics human colon cancer and die between one week to 10
days, thus making this robust model ideal for drug testing
compared to other existing models. Moreover, in the Apc indu-
cible knockout model, the deletion of the Apc gene results in
the unphosphorylated p-catenin getting translocated from the
cytoplasm to nucleus. This results in the activation of down-
stream genes like c-Myc, CD44, etc. that consequently affects
the development of an aggressive c-Myc dependent crypt pro-
genitor phenotype across the intestine. This results in the for-
mation of early tumor lesions leading to the death of the
animals within 7 to 10 days (ESI Fig. $2-B, and S47)."" In order
to assess the therapeutic potential of our multimodal nano-
system, we administered the biodrug orally to target the gut in
Apc knockout murine models in an attempt to suppress and
reverse the Wnt induced deregulated state. The biodrug formu-
lation (CU-CS-ES-Ephb4 shRNA) was orally administered to a
cohort of three mice each, along with appropriate controls
(untreated, scrambled control, and Ephb4 shRNA + lipofecta-
mine). Although the CU NPs exhibited median survival
between 35 to 40 days, the combinatorial approach using RNA
interference and CU NPs had a high median survival of 180
days when compared with the controls having median survival
in the range of 10-15 days (Fig. 5A). Morphological evaluation
by hematoxylin and eosin (H&E) staining revealed a return
of the crypt structures that were nearly akin to wild type in
the treatment cohorts when compared with the untreated
sections where the villi appeared to be fused with the crypts
exhibiting a crypt progenitor type state (ESI Fig. S6-Af).
Immunohistochemical analysis throughout the treatment
reflected a reduced expression of Ephb4 levels indicating a suc-
cessful shutdown of the Ephb4 by the biodrug. The altered
cypt progenitor type was no longer identifiable thus bringing
about the normal morphology of the crypt-villus axis indicat-
ing a reversal of intestinal tumorigenesis. Moreover, f-catenin
was re-localized from the nucleus to the cytoplasm during the
treatment, indicating a return to a non-Wnt-deregulated state
(ESI Fig. S6-BT). Increasing experimental evidence have well
established the oncogenic role of c-Myc in colorectal carci-
noma.’® Here, treatment with Ephb4 shRNA conjugated CU-
CS nanocomposites resulted not only in decreasing the level of
Ephb4 proteins but also decreased the expression levels of
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Fig. 5 Suppression of intestinal tumorigenesis in AhCre-ErT Apcfl/fl murine models. (A) Survival curve of mice treated with CU-CS—-Ephb4 shRNA—
ES NPs with different treatment controls ((scrambled shRNA + NPs, shRNA alone, NPs alone and induced but untreated mice (control)) indicating a pro-
longed survival of 180 days in the nano-RNAi treatment group as compared to respective controls. (B) Hematoxylin and eosin staining of gut sections
from the Apc-deficient mice treated with CU-CS—Ephb4 shRNA-ES NPs compared with other controls. Immunohistochemical results show the site-
specific knockdown of target genes like Ephb4, -catenin, c-Myc, and Nf-kb in the treated cohorts as compared to the respective controls. The images
were developed in X20 magnification. Quantification of the area of degradation through the Image J software. Error bars, mean + SD.

oncoprotein ¢-Myc in the test groups compared to untreated
controls. Thus, the Ephb receptor tyrosine kinase controls Wnt
signaling through its target genes that are active in cell com-
partmentalization along the crypt axis. Hence, the shutdown
of Ephb4 might have resulted in reduced expression of Wnt
target genes like f-catenin and c-Myc stimulating the intestine
cell niche to return to a near normal state. Nf-kB, a known
transcription factor, is responsible for regulating various
immune responses and acute inflammation in normal physio-
logical processes.’”®® The treatment resulted in increased Nf-
kB expression in the treated cohorts which mimicked the wild
type state potentiating a strong survival response (Fig. 5B).
This prolonged survival due to tumor regression is an indi-
cation of the synergistic action of the shutdown of upregulated
Wwnt genes by RNAi as well as the tumor suppressive action of
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the curcumin nanoparticles. These results substantiate the
importance of recognizing shRNA molecules as more stable
compared to siRNA to bring about efficient and consistent
gene silencing and also reveal the role of nanotechnology not
only as a carrier molecule but also as a therapeutic molecule
as well. These findings advocated the high pharmacological
potential and synergetic effect of this combinatorial biodrug
in suppressing and abrogating the intestinal tumorigenesis
and helped in returning it to a near wild type state.

4. Conclusion

The emergence of gene-based therapies in the clinical realm
has enabled the use of nucleic acids in therapeutic
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approaches, opening infinite possibilities for the treatment of
a wide range of genetic, innate, and acquired diseases, includ-
ing cancers. Nano-formulations, with their unique character-
istics, have been positively established as competent carriers
for delivering RNAi molecules. In addition, it has been
suggested that the shRNA-based approach could be better
than siRNAbased RNAi approach as shRNAs is known to be
more stable compared to siRNAs which are degraded rapidly
under in vivo conditions. Also, it has been opined that natural
therapeutic compounds as carrier molecules enable biocompa-
tible, nontoxic, targeted delivery with prolonged survival. To
this end, we have demonstrated the development and applica-
bility of a combinatorial approach involving the nano-RNAi
biodrug formulation for successful site-specific delivery in
both breast and colon cancer knockout mice models. In the
current study, we have used nanoformulations of curcumin
(CU), a well-known anticancer nutraceutical agent, with chito-
san (CS) for an enhanced permeation effect. The CU-CS NPs
were conjugated with Ephb4 shRNA and then coated with
Eudragit S-100 for specific delivery to the site of action. Our
study showed that the nano-RNAi biodrug was stable, biocom-
patible and non-toxic, and possessed pH-specific attributes.
Moreover, the uptake in the colon models was found to be
efficient, with the distribution of NPs localized mostly to the
intestinal tract. The efficient and site-specific knockdown of
Ephb4 resulted in attenuated tumor growth leading to
increased survival in both mice models. Oral delivery of this
bio-formulation permitted the drug to be precisely delivered to
the tumor micro-environment, therein, guarding it against
degradation under harsh conditions of the stomach. Though
the NPs alone cohorts showed the animals survived up to 37
days, the Apc-deficient mice treated with the combination
(NPs and EphB4 shRNA) showed a remarkable survival of more
than 6 months as compared to controls where the median sur-
vival was 10 days, thus affirming the synergistic effect and
potential of this bio-formulation for efficient colon cancer
treatment. The administration of this biodrug in mammary
models led to the suppression and regression of the tumori-
genic state. To the best of our knowledge, we are the first to
demonstrate the combination of curcumin nanoparticles with
RNA interference in a pre-clinical setting for cancer thera-
peutics. Our bio-drug formulation, a combination of RNAi and
nanotechnology, illustrated the high therapeutic efficacy with
biocompatibility and no toxicity of our novel nano-based for-
mulation in two different solid tumor models of breast and
colon. Thus, this demonstration of a proof of concept has
paved the way for a promising alliance of RNA interference and
nanotechnology as next-generation cancer therapeutics.
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