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ABSTRACT
DEVELOPMENT OF BREAST CANCER TARGETED,
MULTIFUNCTIONAL CROSS-LINKED MICELLE
NANOCARRIERS

Nazende Nur BAYRAM
Ph.D. in Bioengineering Department

Advisor: Prof. Dr. Sevil DINCER ISOGLU

May 2023

In this thesis, we developed two different micelle-based nanocarriers, which are pH-
responsive and core cross-linked micelle (CCMs), and specifically target HER2 receptor
on breast cancer cells. Intracellularly degradable and stabilized micelles were prepared
by core cross-linking and RAFT polymerization in the presence of an acid-sensitive cross-
linker. Poly(OEGMA) and poly(SBMA) were used as shell parts of these micelles in
order to compare the effect of hydrophilic coatings on nanocarrier characteristics. In the
first design, we applied drug conjugation (Doxorubicin) with a cleavable linker while in
the second design, we used the encapsulation method for drug loading. Targeted micelles
were obtained by coupling of HER2-specific peptides (VSSTQDFP and LTVSPWY) and
antibody (Herceptin) to POEGMA and poly (SBMA) based CCMs, respectively. These
nanocarriers are designed to be stable in blood circulation but cleavable intracellulary to
achieve controlled drug release. Nanocarriers were characterized structurally by FTIR
and 'H-NMR spectroscopies for all synthesis and conjugation steps. Moreover,
nanocarriers and drug-loaded formulations were investigated by Zetasizer, Nanosight,
and TEM/SEM analysis. The results showed that designed nanocarriers have a very high
potential for HER2-specific targeted drug release for the treatment of breast cancer. This
thesis holds significant importance due to its successful demonstration of two distinct
systems exhibiting high stability, pH sensitivity, and high selectivity for HER2-targeted
therapy of breast cancer.

Keywords: HER? targeting; pH-responsive, cross-linked micelle; micelle nanocarrier,

RAFT:; breast cancer



OZET
MEME KANSERI HEDEFLI, COK FONKSIYONLU, CAPRAZ
BAGLI MISEL NANOTASIYICILARIN GELISTIRILMESI

Nazende Nur BAYRAM
Biyomiihendislik Anabilim Dali Doktora
Tez Yoneticisi: Prof. Dr. Sevil DINCER ISOGLU

Mayis 2023

Bu tez calismasinda, meme kanseri hiicrelerinde HER2 reseptoriinii hedefleyen, pH'a
duyarli ve ¢ekirdegi ¢capraz bagl (CCM), misel bazli iki farkli nanotastyici gelistirilmistir.
Stabilitesi arttirilmig, ayn1 zamanda hiicre i¢inde parcalanabilir 6zellikte olan miseller,
asite duyarl bir ¢apraz baglayici varliginda RAFT polimerizasyonu ile ¢ekirdegi capraz
baglanarak hazirlanmistir. Hidrofilik kabuk kisminin nanotasiyict 6zellikleri tizerindeki
etkisini karsilastirmak icin, misellerin kabuk pargalarinda poli(OEGMA) ve poli(SBMA)
kullanilmastir. Tlk tasarimda ilag (DOX) parcalanabilir bir baglayici ile konjuge edilirken,
ikinci tasarimda inkiibasyon yoluyla yiiklenmistir. Hedeflenen miseller, HER2'ye 6zgii
peptitlerin (VSSTQDFP ve LTVSPWY) ve antikorun (Herceptin) sirasiyla
poli(OEGMA) ve poli(SBMA) bazli CCM'lere baglanmasiyla elde edilmistir. Bu
nanotastyicilar, kan dolasiminda kararli, ancak kontrollii ilag salimini saglamak i¢in hiicre
icinde pargalanabilir olacak sekilde tasarlanmistir. Nanotasiyicilar, tim sentez ve
konjugasyon adimlarinda yapisal olarak FTIR ve 'H-NMR ile karakterize edilmistir.
Ayrica, nanotastyicilar ve ilag yliklii formiilasyonlar, boy ve boy dagilimi ile morfolojik
agidan 1s1k sacilmasi ve TEM/SEM analizleri ile incelenmistir. Sonug olarak, tasarlanan
nanotastyicilarin meme kanseri tedavisi i¢in HER2'ye 6zgii ila¢g salimi i¢in oldukga
yiiksek potansiyele sahip oldugu goriilmiistiir. Bu tez ¢alismasi, meme kanserinin HER2
hedefli tedavisi i¢in yiiksek stabilite, pH duyarlilig1 ve yiiksek secicilik sergileyen iki
farkli sistemin basarili bir sekilde elde edilmis olmasi nedeniyle biiyliik Onem
tasimaktadir.

Anahtar kelimeler: HER?2 hedefleme; pH duyarl,; ¢apraz bagl misel; misel nanotasuyici;

RAFT; meme kanseri
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Chapter 1

Introduction

1.1 Breast Cancer

Breast cancer has been the most frequently diagnosed type of cancer globally,
causing a significant public health burden. It is estimated that 2.3 million new cases
emerged in 2020. The rate of the disease varies considerably between countries and
regions, with most cases occurring in undeveloped countries. However, developing
countries remain disproportionately exposed to breast cancer deaths. If current trends
continue, breast cancer's burden is expected to rise to over 3 million new cases and 1
million deaths per year by 2040, primarily due to population growth and aging [1].

The most recent statistics from the Global Cancer Observatory (GLOBOCAN) indicate
that 19.3 million new cancer cases were diagnosed globally in 2020, resulting in
approximately 10 million cancer-related deaths. Among all cancer types, breast cancer
has become the most prevalent, accounting for 11.7% of all cancer cases worldwide, with
2,261,419 new diagnoses (Figure 1.1). In Turkey, the latest GLOBOCAN data reveals
that 233,834 new cancer cases were reported in 2020, with breast cancer ranking as the

second most widespread cancer type after lung cancer, with 24,175 new cases [2].

Number of new casesin 2020, both sexes, all ages Number of deaths in 2020, both sexes, all ages

Other cancers
13% Othercancers

34% Pancreas

Breast
12%
Oesophagus
Oesophagus 6%
3%

Liver
8%

Cervix uteri
3

Liver
5% Lung Stomach

11% 8%

Colorectum
10%

Prostate Colorectum Prostate.
T 10% 4%

Figure 1.1 Incidence of breast cancer statistic from the Global Cancer
Observatory [1]

Breast
%

Lung
18%



Breast cancer is categorized based on various characteristics, such as the location

of the tumor and the type of cells involved. The most common type of breast cancer

classifies as;

>

Ductal carcinoma in situ (DCIS) develops in the breast's milk ducts and is
considered a non-invasive or early-stage cancer.

Invasive ductal carcinoma (IDC) is the most widespread type of breast cancer,
constituting approximately 80% of all cases. IDC begins in the milk ducts and
then invades the surrounding breast tissue.

Lobular Carcinoma In Situ (LCIS) is characterized by the presence of abnormal
cells in the breast lobules. These atypical cells do not extend beyond the lobules
into the nearby breast tissue.

Invasive lobular carcinoma (ILC) begins in the breast's milk-producing glands and
can spread to other breast parts.

Inflammatory breast cancer is a rarer but particularly aggressive form of breast
cancer and can cause symptoms such as redness, swelling, and warmth without a

noticeable lump in the breast.

Breast cancer is classified into several molecular subtypes, including luminal A,

luminal B, HER2-positive, and triple-negative breast cancer. These subtypes are

determined based on the presence or absence of specific molecular markers on the surface

of cancer cells, which help guide treatment decisions and predict patient outcomes.

» Luminal A breast cancer: This subtype is characterized by the presence of

estrogen receptors (ER) and/or progesterone receptors (PR) on the cancer cells. It
tends to have a lower proliferation rate and is associated with a better prognosis
compared to other subtypes. Luminal A breast cancers are typically hormone
receptor-positive and HER2-negative.

Luminal B breast cancer: Luminal B subtype also expresses estrogen receptors
and/or progesterone receptors but may have a higher proliferation rate and be
more aggressive than Luminal A tumors. Some Luminal B tumors may also
overexpress the HER2 receptor. Treatment strategies for Luminal B breast cancer
often involve hormone therapy and, in some cases, HER2-targeted therapies.
HER2-positive breast cancer: This subtype is characterized by overexpression or

amplification of the HER2 receptor (Human epidermal growth factor receptor 2).



HER2-positive breast cancer tends to be more aggressive and has a higher risk of
recurrence.

» Triple-negative breast cancer (TNBC): TNBC does not express estrogen
receptors, progesterone receptors, or HER2 receptors. It represents a subtype of
breast cancer that lacks targeted therapy options currently available for the other
subtypes. TNBC tends to be more aggressive, but in some cases, it can respond
well to chemotherapy. Research is ongoing to identify new treatment approaches

for TNBC.

Other less common types of breast cancer include phyllodes tumors, angiosarcomas, and

Paget's breast disease [3-5].

Types of Breast Cancer
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Inflammatory Breast Cancer

Figure 1.2 Schematic illustration of types of breast cancer

1.1.1 HER2-Positive Breast Cancer

HER2-positive breast cancer is originated from the overexpression of the HER2
receptor protein. The HER2 receptor, also known as ErbB2, is a member of

transmembrane protein classified under the epidermal growth factor receptors (EGFRs).



It is encoded by the ERBB2 gene and is overexpressed in about 20-25% of breast cancers.
These features make it an essential target for breast cancer therapy. The HER2 receptor
comprises the extracellular domain, transmembrane domain, and intracellular domain.
The extracellular domain is made up of four subdomains (I-IV) that are responsible for
ligand binding and receptor dimerization. The transmembrane domain is a single helical
structure anchoring the cell membrane receptor. The intracellular domain composes
tyrosine kinase activity responsible for downstream signaling events. The HER2 receptor
does not have a known ligand, but it can heterodimerize with HER1, HER3, and HER4,
to form functional signaling complexes. When a ligand binds to another EGFR family
member, it induces conformational changes that activate the tyrosine kinase activity of
both receptors, leading to the phosphorylation of specific tyrosine residues on the
intracellular domains resulting in activation of downstream signaling pathways which
regulate cell proliferation and differentiation. Overexpression of HER2 results in high
dimerization and signaling activity of the receptor, resulting in enhanced cell growth and
survival, even in the absence of a ligand [6,7].

The molecular mechanisms underlying HER2-positive breast cancer have been
extensively studied, and various therapies have been discovered to target the HER2

protein and its downstream signaling pathways.

1.1.2 Treatment of Breast Cancer

Breast cancer treatment regimens vary based on factors such as the type and stage
of cancer, age and health status of the patient, and the presence of specific genetic
mutations. These treatment regimens contain surgery, radiation therapy, chemotherapy,
hormone therapy, immunotherapy, and targeted therapy approaches. The surgical
approach includes breast-conserving surgery (lumpectomy) or mastectomy, removing the
entire breast tissue. Lymph node removal may also be performed. In the radiation therapy
approach, high-energy radiation kills cancer cells. The chemotherapy approach, known
as the most widely used approach, uses drugs that kill the cancer cell or prevent it from
dividing and growing. Chemotherapy may be utilized before or after surgery. There are
several chemotherapy agents that are commonly used alone or in combination with other
therapies to treat breast cancer. Some of these include; anthracyclines (Doxorubicin,
Epirubicin), taxanes (Paclitaxel), platinum agents (Cisplatin, Carboplatin), and
Capecitabine. In the hormone therapy approach, the hormone-blocking agent promotes

cancer growth in hormone receptor-positive breast cancers.
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Tamoxifen which is known as a selective estrogen receptor modulator (SERMs), is
among the most frequently used drugs that block estrogen's effects on breast cancer cells.
Also, Anastrozole and Letrozole, which are known as aromatase inhibitors (Als), block
the production of estrogen in postmenopausal women. Other types of hormone therapy
may include ovarian suppression or ablation, which involves stopping the ovaries from
producing estrogen. Fulvestrant, which is known as selective estrogen receptor degrader
(SERD), blocks and degrades the estrogen receptor. Hormone therapy is typically used
for hormone receptor-positive breast cancers. Immunotherapy which has been receiving
attention recently, is a newer type of therapy that uses the body's immune system to
recognize and attack cancer cells. [8,9]. These treatment approaches can be classified
under targeted therapy and untargeted therapy. Untargeted therapy, or conventional
therapy, includes chemotherapy, radiation therapy, and surgery. These treatments are
targeted only to cancer cells and can affect both cancerous and healthy cells. Targeted
therapy involves using drugs targeting specific proteins or genes that contribute to cancer
growth, such as HER2-positive breast cancers. Targeted therapies such as Trastuzumab,
Pertuzumab, and Lapatinib effectively treat HER2-positive breast cancer by blocking the
HER2 protein and/or inhibiting downstream signaling pathways [10-12]. Other
therapies, such as chemotherapy and hormone therapy, may also be combined with
targeted therapies to improve treatment outcomes [13]. In this type of treatment regimen,
small molecules are widely used, but they have several disadvantages, such as difficulties
in targeting specific tumor sites, leading to reduced efficacy and possible side effects in
healthy tissue. Furthermore, they can be quickly eliminated from the bloodstream with
hepatic and renal clearance, which makes them unsuitable for sustained drug delivery.
Additionally, small molecules can be toxic and require extensive optimization to reduce
toxicity. At this point, the potential of polymer-based drug delivery systems for enhancing
the efficacy and safety of cancer treatments comes to the fore. Encapsulation of the drug
by the use of the polymer ensures the prevention of drug degradation and targeted delivery
of the drug to the tumor site. With this approach it can reduced the required dosage of
the drug, mitigating the risk of adverse effects in healthy tissues, and facilitating sustained

drug release, resulting in a prolonged therapeutic effect [14—16].



1.2 Polymer Therapeutics

Polymer therapeutics refer to therapeutic agents composed of polymers or
molecules made up of many repeating subunits. These polymers can be formulated into
various drug delivery systems, such as polymer-drug conjugates, polymer protein
conjugates, and polymeric nanoparticles. Polymeric drugs are gaining popularity because
of their capacity to enhance drug absorption, targeted delivery, and decreased side effects.
Besides conferring a prolonged release of the active therapeutic agent, polymeric drugs
can be engineered to exhibit site-specific delivery to specific body areas, thus offering

enhanced therapeutic efficacy.

Polymer therapeutics classify as mainly into three groups;
1. Polymer- protein conjugates

2. Polymer- small molecule inhibitor conjugates

3. Polymeric nanoparticles

[17,18].

1.2.1 Polymer Protein Conjugates

Despite the clinical value of proteins, the low stability, rapid clearance, and
immunogenicity of protein drugs are important issues to be addressed. Polymer-protein
conjugates are a class of drug delivery system that involves binding a protein to a polymer.
This system helps to enhance the protein's stability, solubility, and bioavailability. In
addition, this system can be developed to target specific cells and/or tissues and can be
used for controlling the release of the drug molecule over time [19]. Due to its water
solubility, lack of charge, and biocompatibility features, polyethylene glycol (PEG) is a
frequently utilized polymer to produce conjugates. The conjugation of PEG to a protein
therapeutic confers several beneficial effects, such as steric repulsion of antigenic
epitopes and reduced immunogenicity. These changes also protect the therapeutic from
proteolytic degradation and its clearance from the mononuclear phagocyte system.
Furthermore, PEG increases the molecular mass and hydrodynamic radius of the

therapeutics, reducing its renal filtration and improving its stability and longevity in the



plasma. Altogether, these factors minimize the dosing interval while increasing the safety

of'the drugs [20,21]. Below is a list of drugs approved by the FDA that have been modified

with PEGylation.

Table 1.1 List of drugs approved by the FDA that have been modified by

PEGylating [22]

Trade Name PEGylated Indications Approved
entity Year
Adagen (Enzon Pharmaceuticals) ADA ADA-SCID 1990
Oncaspar (Enzon Pharmaceuticals) | L-asparaginase | Acute lymphoblastic leukemia 1994
Peglntron (Merck & Co.) Interferon o2b Hepatitis C 2001
Pegasys (Genentech) Interferon a2a Hepeatitis B and hepatitis C 2002
Neulasta (Amgen) G-CSF Chemotherapy-induced 2002
neutropenia
Somavert (Pfizer) HGH receptor | Acromegaly 2003
antagonist
Macugen (Bausch & Lomb) Anti-VEGF Neovascular age-related macular | 2004
aptamer degeneration
Mircera (Roche) Epoetin beta Anaemia associated with chronic | 2007
kidney disease
Cimzia (UCB Pharma) Anti-TNF Fab’ Crohn’s disease, rheumatoid | 2008
arthritis, psoriatic arthritis, and
ankylosing spondylitis
Krystexxa (Horizon Pharma) Uricase Chronic gout 2010
Plegridy (Biogen) Interferon fla Relapsing multiple sclerosis 2014
Movantik (AstraZeneca) Naloxone Opioid-induced constipation 2014
Adynovate (Baxalta) Factor VIII Haemophilia A 2015
Palynziq (BioMarin) Phenylalanine Phenylketonuria 2018
ammonia-lyase
Jivi (Bayer) Factor VIII Haemophilia A 2018




Asparlas (Servier Pharma) L-asparaginase Leukemia 2018
Fulphila (Mylan GmbH) G-CSF Infection during chemotherapy 2018
Revcovi (Leadiant Bioscience) Recombinant ADA-SCID 2018
adenosine
deaminase
Palynziq (BioMarin Recombinant Phenylketonuria 2018
Pharmaceutical) phenylalanine
ammonia-lyase
Udenyca (Coherus Biosciences) G-CSF Infection during chemotherapy | 2018
Ziextenzo (Sandoz) G-CSF Infection during chemotherapy 2019
Esperoct (Novo Nordisk) Recombinant Hemophilia A 2019
antihemophilic
factor
Nyvepria (Pfizer Inc.) G-CSF Neutropenia associated with | 2020
Chemotherapy
Empaveli (Apellis) Pentadecapeptid | Paroxysmal nocturnal | 2021
e hemoglobinuria (PNH
Skytrofa (Ascendis) Human growth | Growth hormone deficiency 2021
hormone
BESREMi (PharmaEssentia Corp) | Interferon Polycythemia vera 2021
Fylnetra (Amneal Pharmaceuticals ) | G-CSF Neutropenia 2022
Stimufend (Fresenius Kabi) G-CSF Neutropenia 2022
Rolvedon (Spectrum G-CSF Febrile neutropenia 2022
Pharmaceuticals)

Although PEGylating is a commonly used method to improve the therapeutic
efficiency of drugs, a significant limitation of PEGylating is the non-biodegradability of
PEG molecules. PEGs are synthetic polymers that are not naturally found in the body and
can accumulate in various tissues and organs. This accumulation can cause toxicity and

immunogenicity issues, limiting the long-term use of PEGylated therapeutics.



Additionally, PEGs can interfere with the normal functioning of proteins by masking their
epitopes or altering their conformation [23,24]. Researchers have been developing
alternative biodegradable polymers to address these limitations that can replace PEGs.
Some of the polymers as an alternative to PEG include polysaccharides such as hyaluronic
acid, chitosan, dextran, and polyamine acids. These polymers can be modified to include
functional groups that can be used for conjugation to drugs or proteins. Another approach
to address the non-biodegradability of PEGs is to use shorter PEG chains. PEGylated
protein therapeutics currently approved use PEGs with a molecular mass of 40 kDa or
less near the glomerular filtration threshold, which is around 50 kDa. This allows the
PEGylated protein to be eliminated from the body through renal clearance. However,
shorter PEG chains may reduce the efficacy of PEGylation in some cases [25]. Several
alternative polymers to PEG can be used for drug conjugation, each with advantages and
disadvantages. POEGMA (poly(oligo(ethylene glycol) methyl ether methacrylate) is a
polymer composed of hyperbranched structures of oligo ethylene glycol methacrylate
(OEGMA) moieties; it has turned out to be a promising biodegradable alternative to PEG
for use in various biomedical applications. Unlike PEG, which contains ether bond that
is not susceptible to enzymatic cleavage or hydrolysis, POEGMA contains ester bonds
that are susceptible to enzymatic and hydrolytic cleavage, which facilitates its degradation
into smaller molecules that might be eliminated from the body. This property makes
POEGMA a promising option for drug delivery and biomedical applications, as it may
reduce the potential long-term health risks associated with PEG [24]. Poly(N-
vinylpyrrolidone) (PVP) is also a water-soluble polymer and has superior properties, such
as good biocompatibility and low immunogenicity, which makes it an attractive
alternative to PEG [26]. In addition, polysaccharides, which are natural polymers, for
instance, hyaluronic acid, chitosan, and dextran, which are considered biocompatible and
biodegradable, can also be an alternative to PEGs. [27]. Polyamino acids, including
polylysine, polyglutamic acid, and polyaspartic acid, and polyesters such as poly (lactic-
co-glycolic acid) (PLGA), poly(e-caprolactone) (PCL), and poly(hydroxy alkanoates)
(PHA) also are considered as alternative polymers within this group [28]. Finally,
zwitterionic polymers, including positively (cationic) and negatively (anionic) charged
functional groups in the same structure, cause them to interact strongly with water
molecules to form a superior hydrophilic property, making them a solid choice for
PEG. [29]. Determining an appropriate polymer for the conjugation of a drug or protein

necessitates considering multiple parameters, including the conjugate's size, charge, and



hydrophobicity, as well as the preferred pharmacokinetics and pharmacodynamics
characteristics of the conjugate. Also, parameters such as biocompatibility,
biodegradability, and immunogenicity of the polymer, as well as its chemical stability and
ease of conjugation, should be considered before selecting an alternative to PEG for drug

conjugation.

1.2.2 Polymer Drug Conjugates (PDCs)

This drug delivery system involves conjugating a drug to a polymer. The drug is
typically conjugated to the polymer via a covalent bond, and the resulting conjugate has
the ability to release the drug slowly and gradually over a prolonged period. These
conjugates also have advantages compared to the traditional drug delivery methods, such
as improved stability, targeted delivery, and extended release of active compounds.
Additionally, PDCs are able to be tailored to target specific tissue types, allowing for

more targeted and effective treatments [30,31].

1.2.3 Polymeric Nanoparticles

These are small colloidal particles with diameters ranging from 1 and 100 nm that
are commonly used as drug delivery vehicles due to their potential to protect potential
drugs and target specific cells or tissues [32]. Compared to hydrophilic linear polymers
and dendrimers, colloidal polymeric nano assemblies provide more intricate and
adaptable structures due to the ability to design both their core and surface components,
leading to greater control over their properties and functions [33—-35]. Polymeric
nanoparticles typically exhibit a core-shell structure, wherein a hydrophobic core is
combined and stabilized by a hydrophilic corona. These polymeric nanoparticles are able
to be formed by precipitation or emulsification methods in the presence of surfactants. As
an alternative, amphiphilic block copolymers comprising both hydrophilic and
hydrophobic blocks within the same structure can spontaneously arrange themselves in
aqueous media, leading to the formation of polymeric micelles. These structures offer
advantages such as high drug loading capacity due to their solid structure, controlled drug
release via diffusion or degradation of the polymer matrix, and sequestration of drugs in
the hydrophobic core [36,37].

Polymeric nanoparticles are able to be categorized based on their source and

physiochemical properties. Based on their sources, they might be broadly categorized into
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synthetic polymeric nanoparticles, which are prepared by synthesizing polymers via
chemical reactions or modifying existing polymers and then using them to form
nanoparticles including poly (lactic-co-glycolic acid) (PLGA), polyethylene glycol
(PEG), and polyethyleneimine (PEI) nanoparticles and, natural polymeric nanoparticles
which are prepared from naturally occurring polymers including proteins,
polysaccharides, and lipids such as albumin nanoparticles, chitosan nanoparticles, and
liposomes [38,39]. Synthetic polymeric nanoparticles have certain advantages compared
to natural polymeric nanoparticles. Firstly, synthetic polymeric nanoparticles are able to
be synthesized with a high degree of control and reproducibility, resulting in the
consistent quality of nanoparticles. Natural polymeric nanoparticles, conversely, can have
batch-to-batch variations that can affect the features of the resulting nanoparticles. Also,
they are often more stable than natural polymeric nanoparticles, which are able to prone
to degradation in the body. This increased stability can lead to a longer circulation time
and more sustained drug release.

Furthermore, synthetic polymeric nanoparticles can be modified and optimized to
improve specific properties, including the capacity of drug loading, particle size, and
release kinetics. This flexibility enables the design of nanoparticles tailored to the specific
necessity of a particular drug delivery application. Natural polymeric nanoparticles can
elicit immune responses in the body, leading to adverse effects such as inflammation and
allergic reactions. On the other hand, synthetic polymers are often less immunogenic and
can be designed to minimize immune responses [40,41].

Based on their physiochemical properties, shape, and size composition, polymeric
nanoparticles can be broadly categorized into nanocapsules, nanospheres, dendrimers,
polymeric nanogels, and polymeric micelles [42,43]. To elaborate on these polymeric
nanoparticles, nanocapsules have a core-shell structure, where the core includes the drug
or other payload, and the shell is made of a polymer. The shell can be solid or porous and
can be designed to control drug release [44]. Nanospheres are spherical nanoparticles
made of a single polymer. They can be either solid or porous and range in diameter from
10 to 200 nanometers [45]. Dendrimers are nanoparticles made of polymers that are
highly structured and have a branching shape. They can be synthesized with high
precision during the synthesis process. They have a defined size and shape and can be
modified with functional groups for targeted drug delivery [46]. Polymeric nanogels are
three-dimensional cross-linked networks of polymers and can swell in water to form

nanoscale particles. It can be utilized to encapsulate hydrophobic drugs and could be
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designed to respond to changes in pH, temperature, or other stimuli [47]. Polymeric
micelles are nanoparticles formed by the self-assembly of amphiphilic block copolymers
as a result of the interaction of hydrophilic or hydrophobic groups in an aqueous medium.
These structures have a hydrophobic core surrounding the drug and a hydrophilic shell

that provides stability [48].
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Figure 1.3 Different types of polymeric nanoparticles for drug delivery. (a)
nanocapsule, (b) nanosphere, (¢) liposome, (d) polymeric micelle, (e¢) nanogel, and (f)
dendrimer

1.2.3.1 Polymeric Micelles

Polymeric micelles are structures that consist of two or more polymer blocks with
different hydrophobicity in the aqueous medium, and these blocks come together
spontaneously due to these interactions. The resulting structure, which is called as
amphiphilic block copolymer, has two parts, the core and the shell, and the shell part,
which provides stability and solubility, shows hydrophilic properties, while the core part,
which provides the loading of the drug, shows hydrophobic properties. Polymeric
micelles’ size typically ranges from 1 to 100 nanometers [49]. The hydrophilic block is
usually a water-soluble polymer such as PEG, also known as poly(ethylene oxide) (PEO),
poly(N-vinyl-2-pyrrolidone) (PVP), poly(vinyl alcohol), poly(vinyl alcohol-co-vinyl
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oleate), poly(N-isopropyl acrylamide) (PNIPAM) or poly(acrylic acid) (PAA). In
contrast, the hydrophobic block is a water-insoluble polymer such as poly (lactic-co-
glycolic acid) (PLGA) or poly(caprolactone) (PCL), poly(propylene oxide) (PPO),
poly(B-benzyl-L-aspartate) (PBLA), poly(L-lactic acid), (PLLA), poly(aspartic acid)
(PASP), polystyrene (PST), poly(methyl methacrylate) (PMMA), poly(4-vinyl pyridine),
and various polyacrylates [50,51]. Micelle formation has also been achieved using tri-
block copolymers and graft copolymers, which offer unique benefits for drug delivery
and gene transfer applications, such as modulating drug release, extending circulation
time, and incorporating targeting groups. For instance, ABC-type triblock copolymers
made up of monomethoxy-PEG, poly(2-(dimethylamino) ethyl methacrylate), poly(2-
(diethylamino)ethyl methacrylate), as well as amphiphilic derivatives of PEO with
poly(propylene oxide) (PPO) like Pluronics®, and poly (amino acid) block copolymers
have been utilized for micelle formation. Furthermore, recent studies have reported using
tetra- or penta-block copolymers for micelle formation [52].

Formation of the polymeric micelles has occurred through the self-assembly of
amphiphilic block copolymers in a selective solvent. The hydrophobic block will
aggregate to form the micelle core, while the hydrophilic block will form the micelle
corona. When the block copolymer is dissolved in a selective solvent, the hydrophobic
blocks come together to minimize their contact with the solvent, forming the micelle core.
The hydrophilic blocks extend outwards to form the micelle corona, which provides
stability by preventing the hydrophobic core from aggregating with other micelles or with
the solvent. The formation of polymeric micelles can be further facilitated by applying
energy to the system, such as sonication or gentle stirring, which can accelerate the self-
assembly process. The size and shape of the resulting micelles depend on various factors,
including the size and composition of the block copolymer, the solvent quality, and the
concentration of the block copolymer [53-55]. Critical micelle concentration (CMC) is
a term used to describe the concentration of amphiphilic molecules in a solution at which
micelle formation begins to occur. In aqueous solutions, amphiphilic molecules can self-
assemble into aggregates called micelles, in which the hydrophobic tails cluster together
to form the micelle core while the hydrophilic heads are exposed to the surrounding
solution. At concentrations below the CMC, amphiphilic molecules exist as monomers,
but as the concentration of surfactant is increased, the hydrophobic tails begin to interact
with one another to form micelles. The CMC is the point at which the free energy of

micelle formation is minimized, and above this concentration, further increases in
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amphiphilic molecules concentration will result in the growth of existing micelles rather

than the formation of new ones. (Figure 1.4).

Amphiphilic block copolymer > CMC
WVMAAANAAAANAN —
4—
hydrophobic part  hydrophilic part < CMC

Self assembly polymeric micelle

Figure 1.4 Schematic representation of polymeric micelle formation

Polymeric micelles can be designed based on their ability to react to environmental
stimuli, including temperature, pH, or ionic strength. Stimulus-sensitive polymeric
micelles can be engineered to release drugs in a controlled and targeted manner, and the
stimulus-sensitive nature of these polymeric micelles makes them useful for different
applications such as drug delivery, imaging, and biosensors [56].

Several types of stimuli-responsive polymeric micelles could be broadly classified
as pH-responsive, temperature-responsive, redox-responsive, light-responsive, and
enzyme-responsive, which are demonstrated in Figure 1.5. pH-responsive micelles are
designed to respond to alterations in pH, such as the acidic environment of tumors. They
typically contain acidic or basic groups that can undergo ionization in response to
alteration in pH, leading to changes in the micelle structure and drug release [57].
Temperature-responsive micelles are formed responding to changes in temperature, such
as the elevated temperatures found in tumors. They typically contain polymers that have
lower critical solution temperature (LCST), or upper critical solution temperature (UCST)
features that can undergo a phase transition at a specific temperature, leading to changes
in the micelle structure and drug release [58]. Redox-responsive micelles are formed
responding to alteration in the redox environment, including the high glutathione levels
in tumor cells. They typically contain disulfide bonds that can be cleaved by reducing
agents, leading to changes in the micelle structure and drug release [59]. Light-responsive
micelles are designed to respond to light, including near-infrared light, which can

penetrate deep into tissues. They typically contain photoresponsive groups, such as
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azobenzene or spiropyran, that can undergo reversible isomerization in response to light,
leading to changes in the micelle structure and drug release [60]. Lastly, enzyme-
responsive micelles are designed to respond to certain enzymes. For example, micelles
can be functionalized with specific enzymes that cleave the polymer backbone, causing

the micelles to release their cargo in response to enzymatic activity [61].
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Figure 1.5 Schematic representation of stimuli-responsive micelles

While self-assembled micelles have advantages like ease of preparation and
versatility in drug loading, they also have some limitations. Firstly, self-assembled
micelles have limited stability, especially in biological environments where they can be
susceptible to degradation and dissociation, resulting in premature drug release. Also,
they have limited loading capacity for hydrophobic drugs because of the small size of the
micelle core, and this limits their use for drug delivery applications that require high drug
loading. Moreover, they typically exhibit fast drug release kinetics, which may not be

suitable for sustained drug delivery applications [62].
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1.2.3.1.1 Cross-linked Micelles (CMs)

New approaches are being developed to improve the stability and efficacy of
polymeric micelles in order to improve their potential as effective drug delivery vehicles.
The development of CMs could be attributed to the limitations of self-assembled micelles
with respect to stability. CMs are a type of polymeric micelles in which the hydrophobic
core or hydrophilic shell, or intermediate layer of the micelle, is cross-linked, providing
improved stability and control over drug release. Crosslinking can be achieved by
incorporating a crosslinking agent, which creates covalent bonds between the polymer
chains in the core or shell of the micelle. This provides a more robust structure, with the
cross-linked core providing improved mechanical strength and disassembly resistance
under physiological conditions. CMs have given promise as drug-delivery vehicles
because of their improved stability, longer circulation time, and better targeting
capabilities [63].

Various methods have been provided to create stable micellar structures, including
cross-linking techniques. One such method involves using bifunctional agents to cross-
link pre-formed micelles and produces CMs. In addition to post-assembly cross-linking
methods, CMs can be prepared by utilizing bifunctional agents in their monomeric form
during polymerization. This entails the incorporation of the bifunctional agent into the
micelle structure, facilitating the formation of CMs.

Based on various chemical approaches, several methods have been reported to
prepare CMs. To give details about them, firstly, alkyne-azide click chemistry is very
commonly used, and it involves the reaction between an alkyne and an azide group in the
presence of a copper catalyst, resulting in the formation of a triazole linkage. Michael
addition is another chemical approach involving the reaction between a nucleophile and
a Michael acceptor, which leads to forming a carbon-carbon bond. Also, the amidation
or esterification approach, which involves the reaction between a carboxylic acid or its
derivative and an amine or alcohol also utilized for preparing CMs [64]. Lastly, with
radical polymerization, which is one of the standard approaches, CMs can be formed as
a result of the interaction of the polymerizable groups in the core or shell part of the
amphiphilic block copolymer with the crosslinker. In this method, the amphiphilic block
copolymer is first self-assembled into micelles in an aqueous solution. Once the micelles
are formed, a crosslinking agent containing polymerizable groups is added to the reaction
mixture, then a free radical initiator or a photo-initiator is added to this solution. The

polymerizable groups in the crosslinking agent then react with each other in a radical
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polymerization reaction, forming a covalent bond and crosslinking the core of the micelle.
The resulting CMs have improved stability and mechanical strength compared to non-
CMs. Different chemical approaches have been employed for radical polymerization in
CMs, including photopolymerization using UV light or visible light, as well as free radical
polymerization using a variety of initiators such as azobisisobutyronitrile (AIBN) or
benzoyl peroxide (BPO) [65,66].

CMs could also be designed as stimuli-responsive, which makes their properties or
behavior triggered by certain external stimuli such as changes in temperature, pH, or light-
like self-assembly micelles. This is achieved by incorporating stimuli-sensitive
components into either core or corona part of micelles, which can undergo conformational
changes or disassembly/reassembly upon exposure to the stimuli. Cleavable systems for
drug delivery, such as those used in CMs, provide numerous advantages compared to
fixed drug delivery systems. Firstly, cleavable systems could be designed to release the
loaded drug in a controlled manner in respond to various stimuli, such as pH, redox, or
enzymatic milieu, which can improve their safety and efficacy. This allows for a more
targeted drug release and can reduce the potential for off-target effects or toxicity. Also,
they are biodegradable and can be broken down into non-toxic components, reducing the
accumulation of drug delivery vehicles in the body and potentially minimizing side
effects. Furthermore, they can be designed to release their payload more rapidly than fixed
systems, providing faster therapeutic effects. Lastly, they can be engineered to respond to
different stimuli depending on the target tissue or disease state. This allows a more
personalized approach to drug delivery and can improve the specificity and effectiveness
of treatment [67—69].

CMs can be classified as core and shell CMs (Figure 1.6). Different studies have
proposed different locations for cross-linking, with some advocating core cross-linking
and others favoring shell cross-linking. The options rely on numerous factors, including
the drug encapsulation method and chemistry and the type of block copolymers used.
While shell cross-linking can prevent premature drug release, it may also cause rigidity,

which could limit the particle's "stealth" feature during blood circulation. On the other
hand, core cross-linking may be preferable since it does not affect surface properties but
may not be as effective in retaining the drug. For this reason, in this thesis, we preferred

to cross-link the core part of our micelles [70,71].
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Figure 1.6 Formation of self-assembled, core cross-linked, and shell cross-linked
micelles

1.2.3.1.1.1 Core Cross-linked Micelles (CCMs)

CCMs are a type of micelle structure that is stabilized by covalent bonds among the
polymer chains in the core of the micelle. These covalent bonds, or cross-links, help to
prevent the micelle from breaking down or disassembling over time. This makes CCMs
more stable and useful than traditional micelles in several applications, including drug
delivery, imaging, and sensing. Di- or triblock copolymers are commonly used to prepare
CCMs. The copolymer's hydrophobic block(s) form the micelle's core, while the
hydrophilic block(s) form the corona, which surrounds the core and stabilizes the micelle
in water. Cross-linking of the core might be achieved using several methods, including
photochemical cross-linking, chemical cross-linking, and enzymatic cross-linking using
a bifunctional agent, radical polymerization, and disulfide bonds. The cross-linked region
can be the core or a specific interface layer between the core and the shell [72,73].

Core Cross-linking by Bifunctional Agents

CMs can be obtained by using molecules with two reactive functional groups where
the core forming block of the micelle has reactive functional groups. It is important that
the reactive groups of the polymers remain stable throughout the polymerization process
and have enough hydrophobicity to ensure the stability of the micelles. Common
bifunctional agents used in CCM synthesis include divinyl benzene (DVB), which can
react with the vinyl groups of the core-forming monomers; N, N'-methylene bis

(acrylamide) (MBA), which can react with the shell-forming monomers; epoxy-carrying
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acrylates which can react with diamines [74,75]. Other bifunctional agents that have been
used in CCM synthesis include diacrylate monomers, such as ethylene glycol diacrylate
(EGDA) and poly(ethylene glycol) diacrylate (PEGDA), -ethylenediamine,
hexamethylene diamine which can crosslink the core and shell of the micelle through the
formation of covalent bonds [76,77].
Core Cross-linking by Reducible Disulfide Bonds

The usage of reducible disulfide bonds to obtain CCMs is a method for creating
CMs that involve disulfide-containing cross-linkers. In this method, a core-forming
monomer is polymerized to form the core of the micelle. Then, a disulfide group
crosslinker is added to the reaction mixture, and it reacts with the core-forming polymer
chains to form cross-linked structures through disulfide bond formation. The disulfide
bonds are able to be reduced using a reducing agent, such as dithiothreitol (DTT), which
cleaves the disulfide bond and releases the cross-linked micelle. The advantage of using
disulfide bonds for cross-linking is that they can be cleaved in the presence of reducing
agents, which can be useful for triggered drug release or other applications. Disulfide-
containing cross-linkers can be synthesized using simple and inexpensive reactions,
making them attractive for large-scale production. However, disulfide bonds can also be
susceptible to cleavage in the presence of reactive oxygen species, leading to premature
micelle structure degradation [78,79].
Core Cross-linking by Controlled Polymerization

In this method, a core-forming monomer is polymerized using a controlled
polymerization technique to form the core of the micelle. Then, a cross-linker with
reactive functional groups is added to the reaction mixture, which can react with the core-
forming polymer chains to form cross-linked structures. The micelle shell can then be
formed by polymerizing shell-forming monomers around the cross-linked core.
The advantage of using controlled polymerization techniques is that they allow for precise
control over the molecular weight and dispersity of the polymer chains and the ability to
incorporate functional groups or other additives into the polymer structure. This can result
in CCMs with well-defined structures and properties. Atom transfer radical
polymerization (ATRP) and Reversible addition-fragmentation chain transfer (RAFT)
polymerizations are more well-accepted polymerization techniques to synthesize CMs.
ATRP consists of the use of a transition metal catalyst to control the polymerization of
monomers and provide to synthesize block copolymers with precise molecular weights

and compositions [80].
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RAFT polymerization is a technique of controlled radical polymerization that
enables synthesizing of block copolymers with well-defined molecular weights and
narrow molecular weight distributions. In this technique, a chain transfer agent (CTA) is
used to control the polymerization of monomers. The RAFT process begins with forming
areversible complex between the CTA and a free radical initiator, allowing the controlled
initiation of polymerization. The monomers are then added to the reaction mixture, and
the polymerization proceeds in a controlled manner, with the CTA controlling the chain
length of the growing polymer chain. During the polymerization, the CTA is transferred
between the growing polymer chains, which allows forming of block copolymers with
well-defined block lengths and compositions. The CTA can also be used to control the
polymer chains' molecular weight and the resulting polymer's dispersity [81,82]. (Figure
1.7).
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Figure 1.7 Proposed mechanism of reversible addition-fragmentation chain transfer
polymerization [83]
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RAFT polymerization offers numerous advantages compared to other
polymerization techniques. Firstly, it provides for the synthesis of polymers with well-
defined molecular weights, narrow molecular weight distributions, and controlled
polymer chain architectures, enabling the synthesis of polymers with precise properties
and functionalities, which is important for many applications. A wide range of monomers
can be used to polymerize, including hydrophobic and hydrophilic monomers, which
makes it a versatile technique that can be used to tailor the properties of the resulting
polymer for specific applications, especially in drug delivery. Also, it can be carried out
under mild reaction conditions and with various solvents, making it a convenient
technique for many applications. Furthermore, it is tolerant to a wide range of functional
groups such as vinyl, dienes, acrylamide, and methacrylamide, providing for the synthesis
of polymers with diverse functionalities, and it can be easily scaled up for industrial
production, making it a useful technique for large-scale polymer synthesis [83].

RAFT polymerization has the advantage of being able to tolerate a wide range of
functional groups as substituents on 'R' or 'Z' groups. Retaining thiocarbonylthio groups
in the polymeric product is a crucial feature of RAFT polymerization that allows for
synthesizing block copolymers and end-functional polymers. However, the presence of
these groups can be disadvantageous for some applications, and their removal or
transformation is important for many polymer synthesis. Various methods, including
reactions with nucleophiles and ionic reducing agents, oxidation, UV irradiation,
thermolysis, and radical-induced reactions, can transform or remove the thiocarbonylthio
group. Certain thiocarbonylthio groups can also be switched to enable control over the
polymerization of a broader range of monomers in the RAFT process or used directly in
other forms of radical polymerization like ATRP or Nitroxide-Mediated Polymerization

(NMP) (Figure 1.8) [84].
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Figure 1.8 RAFT end-group transformation methods [84]

CCMs can be synthesized through (RAFT) polymerization. This technique uses a
bifunctional RAFT agent with a hydrophobic and hydrophilic moiety to initiate the
polymerization of hydrophobic monomers. The hydrophobic core-forming block is cross-
linked through a difunctional crosslinker, which leads to the formation of a stable core.
The hydrophilic shell-forming block is then added to the system to form the outer layer
of the micelle. The cross-linking in the core of the micelle enhances the stability of the
resulting structure and prevents the dissociation of the micelles under physiological
conditions [85,86].

The synthesis of CCMs using degradable crosslinkers represents an important
strategy in the design of drug delivery systems. By incorporating crosslinkers that can be
degraded under physiological conditions, such as acetal- or ketal-based linkages, these
micelles can disassemble and release their encapsulated cargo in response to specific
triggers, such as changes in pH and redox potential. Several well-known pH-sensitive
bonds exist, such as imine, hydrazone, oxime imine, and ortho ester bonds. These bonds

have been extensively utilized in the development of drug delivery systems due to their
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ability to allow targeted drug release based on variations in pH, which frequently occur

in various physiological and pathological settings such as tumor microenvironments and

inflammation (Table 1.2.) [87,88].
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Table 1.2 pH-sensitive chemical bonds and release mechanisms in acidic conditions

Given more details, imine bonds are formed between a primary amine and a
carbonyl group. Imine CMs can be synthesized by crosslinking polymers such as PEG or
poly(L-lysine) with an imine-containing crosslinker, such as glutaraldehyde. Hydrazone
bonds are formed between a hydrazide and a carbonyl group. Hydrazone CMs can be
synthesized by crosslinking polymers such as PEG or poly(L-lysine) with a hydrazone-
containing crosslinker, such as adipic acid dihydrazide. Oxime bonds are formed between

a hydroxylamine and a carbonyl group. Oxime CMs can be synthesized by crosslinking

23



polymers such as PEG or poly(L-lysine) with an oxime-containing crosslinker 2,5-
dioxopyrrolidin-1-yl-4-aminobenzaldehyde. Amide bonds are formed between a
carboxylic acid and an amine. The stability of the amide bond is pH-dependent, and
amide-CMs can be cleaved under acidic conditions. Amide CMs can be synthesized by
crosslinking polymers such as PEG or poly(L-lysine) with an amide-containing
crosslinker, such as N, N'-carbonyldiimidazole (CDI). Acetal bonds are formed between
an alcohol and an aldehyde or ketone. Acetal CMs can be synthesized by crosslinking
polymers such as PEG or PLA with an acetal-containing crosslinker, such as glyoxal-
bis(2-hydroxyanil). Orthoester bonds are formed between an alcohol and an orthoester.
Orthoester CMs can be synthesized by crosslinking polymers such as PEG or PLA with
an orthoester-containing crosslinker, such as dimethyl orthoester bonds. All of the bonds
mentioned above can be pH-sensitive, as the stability of the acetal bond is pH-dependent.
Besides the pH-sensitive bond, several well-known redox-sensitive bonds exist, such as
disulfide, selenoether, thioether, and boronic ester, aryl sulfonate ester bonds. These
bonds also have been extensively utilized in developing drug delivery systems due to their
ability to allow targeted drug release based on variations in redox. Given more details
about them, disulfide bonds are formed between two cysteine residues, which are amino
acids that contain a thiol (-SH) group. Disulfide bonds are cleaved by reducing agents,
such as glutathione or cysteine, which react with the sulfur atoms in the disulfide bond to
break it apart and form two thiol groups. Disulfide bonds can be incorporated into the
crosslinker or the polymer backbone to create a redox-responsive system in CCMs
Selenoether bonds are similar to disulfide bonds but are formed between a selenium atom
and a carbon atom. Selenoether bonds are more stable than disulfide bonds in the presence
of reducing agents due to the Se-C bond's higher dissociation energy than the S-C bond.
Selenoether bonds can be cleaved by reducing agents, such as thiols or dithiothreitol
(DTT), which react with the selenium atom to break the bond. Thioether bonds are formed
between a sulfur atom and a carbon atom. Thioether bonds can be cleaved by reducing
agents, such as DTT, which react with the sulfur atom to break the bond. Thioether bonds
are more stable than disulfide bonds but can still be cleaved under reducing conditions.
Boronic ester bonds are formed between a boron atom and an oxygen atom. Boronic ester
bonds can be cleaved by hydrogen peroxide or other oxidizing agents, which react with
the boron atom to break the bond. Boronic ester bonds are stable under reducing
conditions but sensitive to oxidizing agents. Aryl sulfonate ester bonds are formed

between an aryl sulfonate group and an alcohol group. Aryl sulfonate ester bonds can be
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cleaved by electron-rich thiols or other reducing agents, which react with the aryl
sulfonate group to break the bond. Aryl sulfonate ester bonds are stable under oxidizing

conditions but sensitive to reducing agents.

1.3 Targeting Approaches in Nanoparticle-based
Carriers

In order to develop effective cancer treatments, it is crucial to find ways to
specifically target cancer cells while minimizing damage to healthy cells. Nanoparticles
can be targeted to specific cells, tissues, or organs in several ways. This targeting can be
achieved with passive or active targeting. Passive targeting approaches rely on the
Enhanced Permeability and Retention (EPR) effect that allows nanoparticles to
accumulate in the tumor tissue due to the leaky vasculature and poor lymphatic drainage
in tumors. However, the extent to which nanoparticles can accumulate in tumors passively
can vary depending on several factors, such as the size, shape, and surface charge of the
nanoparticles and the specific characteristics of the tumor microenvironment. Some
nanoparticles may not be able to penetrate the tumor tissue effectively or may be cleared
from the body too quickly, leading to suboptimal drug delivery outcomes. Therefore,
while passive targeting can be an effective strategy for drug delivery, it may not always
be sufficient to achieve optimal results, and active targeting approaches may be needed
to improve drug delivery specificity and efficacy [89-91].

At this point, active targeting approaches have been developed to improve drug delivery
specificity and efficacy. These approaches refer to modifying the surface of the
nanoparticles with ligands, which are molecules that specifically recognize and bind to
receptors or other biomolecules on the target cells. These ligands can be antibodies,
peptides, or other small molecules based on the molecular markers that are overexpressed
or selectively expressed on the surface of the target cells and have high affinity and

specificity for the target [92,93].
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Active targeting can enable the delivery of therapeutic agents specifically to target
cells, tissues, or organs while avoiding healthy tissues, thereby reducing the risk of side
effects. Also, it can enhance the uptake of nanoparticles by the target cells, tissues, or
organs, resulting in improved treatment outcomes. Moreover, active targeting can deliver
multiple therapeutic agents, including drugs, genes, and imaging agents, in a single
nanoparticle system, allowing more comprehensive treatment. While active targeting of
nanoparticles has many advantages, it also has disadvantages. One of the main
disadvantages is that the heterogeneity of the tumor microenvironment can affect the
specificity and selectivity of targeting. Tumor cells can undergo genetic mutations,
leading to changes in the expression of surface receptors or other biomolecules targeted
by the ligands on the nanoparticle surface. This can result in decreased binding affinity
and specificity, reducing the efficacy of the treatment. Another disadvantage is the
potential immune response to the nanoparticle surface ligands. The body's immune
system can recognize the foreign ligands on the surface of nanoparticles, leading to an

immune response that can neutralize or clear the nanoparticles from the body before they
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reach their intended target. Finally, active targeting can also increase the complexity and
cost of nanoparticle development and production, as specific ligands must be identified
and conjugated to the nanoparticle surface. This can also increase the time and regulatory
requirements for clinical translation and approval. While active targeting may have some
limitations and challenges, its potential advantages in improving treatment outcomes and
reducing side effects make it a promising approach for developing targeted nanoparticle-
based cancer therapies [94-96].

Several studies have investigated the potential of actively targeted nanoparticles for
cancer therapy. One of the well-known approaches for breast cancer treatment is the
development of nanoparticles functionalized with antibodies, peptides, and aptamers that
target the HER2 receptors overexpressed on certain types of breast cancer cells. These
nanoparticles have been promising to selectively deliver chemotherapy drugs or other
therapeutic agents to HER2-positive cancer cells while minimizing exposure to healthy
cells that do not overexpress HER2 receptors [6]. Also, another strategy is developing
folate ligands functionalized nanoparticles for treating ovarian cancer. Folate receptors
are overexpressed on the surface of ovarian cancer cells, and by using folate ligands as
targeting moieties, these nanoparticles can enhance the uptake of therapeutic agents into

the cancer cells, leading to improved treatment outcomes [97,98].
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Chapter 2

PEG-based, HER2-targeted, Degradable
CCMs for Specific and Dual pH-sensitive
DOX Release

2.1 Introduction

Today, using nanocarriers (NCs) in cancer treatment is advantageous due to their
passive and active targeting [99,100]. Polymeric micelles, which are formed by the
physical association of amphiphilic block copolymers, are prone to disassemble with
dilution when introduced into the blood, causing premature drug release. In order to solve
this problem and increase the micelle’s stability, cross-linking the core or shell parts of
the micelle has emerged as an effective strategy [63,101-103]. Also, premature drug
release from the micelles is still a problem in case the drug is loaded by the incubation
method, which is occurred due to the weak physical interactions between the drug and the
micelles. Therefore, many studies show that the chemical conjugation between the drug
and the CCMs can increase both stability and drug retention in the
nanocarriers [104,105]. pH variation through the body and cell compartments is a
prominent environmental factor to be used for targeting specific regions with micelles
having stimuli-sensitive groups. CMs can be designed as “smart” so that they can be
disrupted in the acidic pH of the cell while they are stable in the physiological
environment, which can provide pH-sensitive drug release [85]. This can be achieved
using degradable bonds or stimuli-responsive polymeric blocks in the structure of micelle
NCs [106]. In cancer cell targeting, acid sensitive bonds, which are acetal or hydrazone
bonds, degradeding at acidic pH values can be very convenient since these bonds can
allow the dissociation of nanocarrier and releasing the drug molecules in lysosomes or

endosomes of cancer cells [106—108]. It was shown that micelles cross-linked with acid
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degradable agents’ exhibit much faster mode of action against cancer cells compared to
the micelles cross-linked with non-degradable agents.

In order to reach multifunctionality with a nanocarrier, it can be conjugated with a
targeting molecule so that it can selectively bind to target cells [109]. To do this, specific
ligands that recognize cancer cells can be chemically incorporated into the nanocarrier,
resulting in more selective drug release than conventional chemotherapy [110,111].
Whereby; a higher amount of cytotoxic agent reaches the tumor site, and peripheral
toxicity is minimized.

Herein, in this chapter, we aimed to design a system comprising all required
characteristics, such as selectivity, stability, facilitated drug release behavior, and safety,
with one nanocarrier. To achieve this, we prepared breast cancer-targeted CCMs with
double-moiety pH-sensitivity (degradability) in which the drug is conjugated to the
polymer with pH-sensitive hydrazone bonds, and the micelle is core cross-linked with
pH-sensitive acetal bonds. For the preparation of the micelles, we firstly synthesized the
initial oligo ethylene glycol methyl ether methacrylate (OEGMA) block by RAFT
polymerization as the outer shell of micellar nanocarrier, and then, it was copolymerized
with diethylene glycol methyl ether methacrylate (DEGMA) and 4-vinyl pyridine (4-VP)
that will form the core of the micelle. To obtain CCMs, we used an acid-sensitive cross-
linker, which allows micelle formation during copolymerization in one pot. HER2-
specific peptide (VSSTQDFP) [112,113] was conjugated to the shell of the micelle as
the targeting moiety, while doxorubicin (DOX) was bound with acid-degradable acetal

bonds to the micelle as the model drug against breast cancer cells.

2.2 Material Methods

2.2.1 Materials

Oligoethyleneglycol methyl ether methacrylate (OEGMA, Mn= 500 g/mol),
diethylene glycol methyl ether methacrylate (DEGMA), 4-vinyl pyridine (4-VP), 2,2-
dimethoxy propane (DMAEP), 2-hydroxyethyl methacrylate (HEMA), p-toluenesulfonic
acid monohydrate (p-TSA.H20), tris(2-carboxyethyl)phosphine (TCEP) hydrochloride,
doxorubicin hydrochloride, 2,2-dithiodipyridine (DTDP), ethanolamine (ETA), 4-cyano-
4-(thiobenzoylthio)pentanoic acid (CTA), azobisisobutyronitrile (AIBN), 4,4-Azobis(4-
cyano valeric acid) (ACVA), triethylamine (TEA), Ne-maleimidocaproic acid hydrazide
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(EMCH), trifluoroacetic acid (TFA) salt, N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N,N-diisopropyethylamine (DIPEA) and 1-
hydroxybenzotriazole hydrate (HOBT) were purchased from Aldrich and used as
received. A synthetic peptide (VSSTQDF) was purchased from CASLO Laboratory ApS.

Pierce Quantitative Fluorometric Peptide Assay was purchased from Thermo Scientific.

2.2.2 Methods

2.2.2.1 Synthesis of CCMs

As an initial step, OEGMA (Mn: 500) was polymerized in reactors capped with
septa cap for 30 min at 70 °C under nitrogen gas in dimethyl formamide (DMF) using
ACVA as an initiator in the presence of RAFT agent. The resulting polymer was purified
by precipitation from diethyl ether three times. In order to demonstrate that the reaction
followed the RAFT polymerization, a certain amount of samples was taken from the
reaction medium with a syringe during polymerization, and these samples were used for
gravimetric and molecular weight analyzes [114]. For molecular weight and conversion
determination, NMR spectroscopy was not preferred because of difficulties due to the
presence of solvent in samples taken during the reaction without purification. For the
molecular weight test, samples were taken from the reaction medium for a certain period
of time. The amount of polymer obtained and molecular weights of each sample were
determined by Gel Permeation Chromatography (GPC). According to GPC analysis
results, the molecular weight-conversion relationship and reaction kinetics were
determined by plotting In [M]o / In [M] ¢ — time and molecular weight-conversion plots.
The ratio of initial concentrations of monomer / CTA / initiator ratio in which the reaction
was performed according to the RAFT mechanism was determined, and the copolymer
synthesis was continued with this ratio. Furthermore, since the RAFT functionality is
important in the copolymerization, the conversion in macroCTA synthesis was kept low
(example of the 2nd hour), ring protons appearing at 7.84, 7.48, and 7.32 ppm in the 'H-
NMR spectra where the functionality is approximately 60-70% and the agent appearing
at around 2.2 ppm carboxyl group adjacent to —CH» protons were determined by the
integration of peaks.
Secondly, the acid-sensitive crosslinker (2,2-dimethacryloxy-1-ethoxypropane) was used
in the copolymerization, and the CCMs were synthesized as given in the literature [115].
For this purpose, a mixture of HEMA (0.1 mmol), 2,2, -dimethoxy propane (0.05 mmol),

and p-TSA (5.10-4 mmol) was stirred at room temperature for 15 hours. The product
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obtained was purified by silica gel chromatography using hexane-ethyl acetate,
triethylamine as a mobile phase, and silica gel as the stationary phase. The solvent was
removed by a rotary evaporator from the fractions determined by Thin Layer
Chromatography (TLC) containing the crosslinker, and the product was obtained. The
pure material was characterized by 'H-NMR and 'C-NMR spectra (NMR, Bruker 400,
EU-TAUM). The following step was the preparation of CCMs by RAFT polymerization.
To synthesize the micelle, macroCTA was dissolved in 5 ml water, and then varying
amounts of 4-VP (1.0-0.25 mmol) and DEGMA (1.0-0.3 mmol) together with CL (1-10%
mmol) were added. The reaction was performed overnight at 60°C using ACVA as the
initiator (Figure 2.1). The formation of the CCMs was also confirmed by the turbidity
formed in the solution. After the overnight reaction, the solution was dialyzed against
water to remove the unreacted substances. The chemical structures of purified copolymer
micelles were characterized by FTIR and 'H-NMR spectroscopies, while the size and size
distribution of the samples were determined by dynamic light scattering spectroscopy.
Selected samples, which are CCM2 and CCMS5, were analyzed by TEM to examine sizes

and morphologies.
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Figure 2.1 Synthesis of CCMs by RAFT polymerization using MacroCTA

2.2.2.2 Preparation of Drug Conjugated and Targeted CCMs
2.2.2.2.1 Pyridyl Disulfide (PDS) Modification of CCMs
PDS modification of the CCM through its core region for conjugation of the drug

molecule was carried out according to the procedure in the literature [116]. Briefly, 500
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mg of CCM2 and dithiodipyridine (70 mg, 3.2x10"* mol) were dissolved in DMF (2 ml).
The vial was sealed by rubber septum and purged with N> for 10 min. Ethanolamine
(36.37 mg, 6.0x10™* mol) was dissolved in DMF (1 ml), and 150 pl of this solution was
added to the vial under N». The mixture was stirred at room temperature for 4 hours. The
yellow-colored mixture was precipitated from cold diethyl ether and dried under a
vacuum. The product was dissolved in water and then dialyzed against water/methanol
(50:50) and only water, respectively. The product given in Figure 2.2 was lyophilized and
examined by the "H-NMR spectrum.
2.2.2.2.2 Maleimide-Modified DOX (MALDOX) Synthesis

To synthesize maleimide-functionalized DOX, first, DOX.HCl (30.2 mg,
0.052mol) was neutralized with triethylamine (15.8 mg, 0.156mol). The mixture was
dialyzed against water to remove redundant unreacted triethylamine, and then, the DOX
solution was lyophilized. Following this, DOX (12 mg, 2.07x10) mol and EMCH (14
mg, 4.1x10° mol) were dissolved in dry methanol (6 ml), and a few drops of
trifluoroacetic acid (TFA) was added. The mixture was stirred overnight in the dark, and
then methanol was removed using a rotary evaporator. The remaining mixture was
precipitated using dry ethyl acetate. The final product (MALDOX) was stored under a
vacuum. The pure sample was analyzed by '"H-NMR and high-resolution MALDI-TOF
mass spectrometers [105].
2.2.2.2.3 HER-2 Specific Peptide Conjugation

For peptide incorporation to the shell part of the CCM2, first, 100 mg of CCM2 was
dissolved in 3 ml of DMSO/DMF (3:1) mixture, stirred at 60°C overnight, and the sample
was taken from the oil bath and cooled to 25°C. EDC (3.07 mg), HOBT (2.23 mg), DIPEA
(4.18 pl), and peptide (14.08 mg, VSSTQDFP) were added to this mixture and stirred at
60°C for two days. The mixture was dialyzed against the water with a 3500 MWCO cut-
off membrane [110]. The product was lyophilized and analyzed by 'H-NMR
spectroscopy (Figure 2.2B).
2.2.2.2.4 Conjugation of MALDOX to CCMs

In this step, CCMs carrying the PDS group were conjugated to MALDOX (depicted
in Figure 2.2) by using TCEP, as seen in Figure 2.2C Briefly, 100 mg micelle, MALDOX
(3,75 mg, 5x10°® mol) was dissolved in 4 ml dry methanol and then, TCEP (1.44 mg,
5x10° mol) was dissolved in dry methanol (2 ml) and added dropwise to the reaction
medium. Subsequently, the mixture was stirred overnight in the dark and then dialyzed

against dry methanol for two days, and the resulting product was precipitated from diethyl

32



ether three times. The final product was stored under a vacuum for analysis with 'TH-NMR

spectroscopy [105].
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Figure 2.2 Drug and peptide conjugation to the CCMs

2.2.2.3 Characterization

NMR spectra of the samples were acquired by Bruker 400 (EU-TAUM) or Bruker
Ultrashield 300 MHz liquid NMR spectrometers using related deuterated solvents. Size,
size distributions, and zeta potential of the samples were obtained using Malvern
Zetasizer NanoZS dynamic (DLS) and electrophoretic (ELS) light scattering

spectrometry at 25°C using a refractive index value of 1.5. Samples were dissolved in
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water for size measurement and water and PBS for charge measurement. High contrast
transmission electron microscope (CTEM, 120 kV, METU Central Laboratory) was used
to examine the size and morphology of the samples. The concentration of the samples
dissolved in water was prepared between 0.1% and 1% (w/v) and then examined after
drying by dropping 3-5 ul on a carbon-coated grid. Molecular weight and molecular
weight distributions of the polymers were determined by the Viscotek TDA302 GPC
system with Shim-Pack GPC804 column using THF as the mobile phase. The flow rate
was 0.8 ml/min, and PS (Mw= 99,000 g/mol, PDI= 1.05, dn/dc= 0.165) was used as the
single standard to calibrate the detectors. Mass spectra of the samples were acquired from
an Ultraflextreme MALDI-TOF mass spectrometer (Bruker Daltonics, USA) equipped
with a nitrogen UV-Laser operating at 355 nm. Spectra have been recorded in reflection-
positive mode with an average of 5000 shots. Dihydroxybenzoic acid (DHB) was used as
the MALDI matrix. Matrix and sample solutions were mixed to obtain a
Wsample/Wmatrix ratio of 1:5. 1 pl of matrix/sample mixture was deposited on the
sample plate, dried at room temperature, and analyzed.
2.2.2.4 Drug Release

1 ml of doxorubicin-conjugated micelle solution was placed in dialysis membrane
tubes (FisherbrandTM Regenerated Cellulose Dialysis Tubing, 3500 MWCO). The whole
tube was placed into citrate buffer (pH 4.5) or phosphate buffer (PBS) (pH 7.4) and
shaken (70 rpm) at 37°C. At certain time intervals, 1 ml of buffer solution was withdrawn,
and the fresh buffer was added. The release of the active substance was determined by
measuring the absorption (at 496 nm) of the DOX molecule in withdrawn buffers, and the

following formula was used to acquire the cumulative release plots [117].

CR (%) = [(100 x ((Vm x Cpoxm) + (1 ml x = Cpox-1))]/ Wo

(2.1)
According to this, Vm: Emission media volume; Wy (mg): the amount of drug loaded;
Cpox (n): the amount of DOX (mg/ml) in the sample taken from the release medium; Cpox
@-1): (n-1). The amount of DOX in the sample taken from the media [118].
2.2.2.5 Degradation Study of CCMs
To evaluate the acid-triggered degradation of the micelles, the micelle solutions were
incubated at pH 4.5 for up to 24 hours, and samples were taken from the mixture at
different time intervals and analyzed by FTIR and DLS. GPC was also used in order to

follow degradation in different acid exposure times.
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2.3 Result and Discussion

2.3.1 Synthesis of CCMs

The CCMs were synthesized by copolymerization of 4-VP and DEGMA through
the chain end of POEGMA macroCTA in different ratios in the presence of a cross-linker
(yield 77 %). Here, micelle formation and copolymerization occurred simultaneously due
to the cross-linking reaction and RAFT polymerization. CCMs via RAFT polymerization
in the presence of a cross-linker have already been reported in the
literature [101,102,105,115,119]. The obtained copolymer micelles were examined
structurally by FTIR and "H-NMR spectroscopies. In the FTIR spectrum (Figure 2.3), the
band at 1720 cm™!, 2870 cm™, and 1100 to 1245 cm™ were assigned to the groups of C=0,
-CHz- (-CH3), and C-O-C, respectively. The peak intensity obtained at 1720 cm
increased due to the addition of cross-linker and DEGMA, while the peaks around 2900
and 3000 cm™! were obtained due to the -CHz- and -CHj3 groups in other units. In addition,
an increase in the C-O-C peak at 1245 cm™ was caused by the cross-linker. The addition
of 4-VP to the structure was determined from the C=N stretch peak obtained around 1600

cm .

MacroCTA

i Micelle

%Transmittance

C-H C=0 C-0-C

4000 300 ) 3000 2600 2000 500 1000

Figure 2.3 FTIR spectrum of MacroCTA and CCMs.

'"H-NMR spectrum, given in Figure 2.5A, reveals the successful synthesis of CCMs in
which 4-VP protons are clearly observed at 7.0 and 8.5 ppm. Similar to the macroCTA’s
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NMR spectrum (Figure 2.4), the peaks related to ring protons of RAFT agent were

obtained between 7.5-8 ppm as tiny peaks.
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Figure 2.4 Conversion Kkinetics (A), conversion-molecular weight relationship of
MacroCTA synthesis reaction (B), 'H-NMR spectrum of POEGMA (C)

Then, the size and size distribution of micelles dissolved in water were analyzed by
DLS spectrometry at 25 °C. The results given in Table 3 clearly show that micelles having
diameters between 10-144 nm were obtained successfully with low polydispersity index
(PDI) values. The increase in the internal structure of micelles with 4-VP and DEGMA
ratios (0.25-1 mmol and 0.25-0.75 mmol, respectively) resulted in a noticeable increase
in micelle size. Once we increase the amount of cross-linker, the chance of cross-linking

reaction between the components and polymerization reaction increases. It also increases
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the number of polymer chains in the core, which are connected to another polymer chain,
and, finally, a cross-linked core. Depending on the amount of cross-linker, we obtain a
denser core structure, and it eventually forms bigger micelles. The size difference of
micelles is also noticeable from the appearance of the aqueous solutions. In Figure 2.5B,
the size distributions of the micelles with hydrodynamic diameters of 70, 115, and 144
nm are given. In addition, TEM images of CCM2 and CCM5 are shown in Figure 2.5C-
D. The diameter of the micelle determined by TEM was compatible with those measured
by DLS spectrometry. In the next steps of the study, CCM2 was used for drug binding
and peptide conjugation owing to the low PDI value and hydrodynamic diameter
(between 10-100 nm) or the optimum EPR effect.

Table 2.1 Hydrodynamic diameters and PDI values of CCMs synthesized by using
different amounts of DEGMA, 4-VP, and cross-linker (CL)

Sample DEGMA 4-VP CL Hydrodynamic PDI
(mmol) (mmol) (%) Diameter (nm)

CCM1 0.25 0.25 5 10 0.161
CCM2 0.5 0.25 5 70 0.126
CCM3 0.75 0.25 5 83 0.161
CCM4 0.75 0.25 1 78 0.212
CCM5 0.75 0.25 10 116 0.175
CCM6 0.75 0.5 5 115 0.078
CCM7 0.75 1 5 144 0.123
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Figure 2.5 'TH-NMR spectrum of CCM2 in DMSO-d6 (A), size measurements of
selected micelles (CCM2, CCM6, CCM7) (B), TEM images of CCM2 (C), CCMS5 (D)
at different magnifications

2.3.2 Preparation of Targeted and Drug Conjugated CCMs

2.3.2.1 PDS Modification of CCMs and MALDOX Synthesis

In order to chemically bind the drug, first, the w-end of the polymer chain was
converted to the PDS group (Figure 2.2A) (yield 75 %). In the study of Boyer et al., the
chemical shift of the ring protons attributed to the RAFT agent (at 7.4-7.5-7.8 ppm)
shifted to 7.1-7.6-8.4 ppm, following the conversion to PDS [116]. In our study, Figure
2.6 shows that these peaks were around 7.3-7.6-8.4, which confirms PDS modification.
Also, the color of the micelles solution turned yellow, which also confirms PDS

modification.
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Figure 2.6 The 'H-NMR spectrum of the CCMs obtained by conversion of ®w-end to
PDS in DMSO-d6

In order to conjugate the drug to the micelles via the PDS group, DOX.HCI was
converted to DOX-maleimide (MALDOX), in which maleimide and DOX are linked with
an acid-degradable hydrazone bond. In the studies that used hydrazone bonds between
DOX and MAL, the released DOX after degradation of the hydrazone bond in an acidic
environment maintains its activity [120,121]. The maleimide modification in DOX was
confirmed by structural analysis with 'TH-NMR spectroscopy. According to Figure 2.7,
the expected peaks of maleimide and hydrazone were shown at 7.0 and 9.4 ppm,

respectively.
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Figure 2.7 The '"H-NMR spectrum of MALDOX in DMSO-d6

Furthermore, MALDOX (C37H42N4O13) was analyzed by a high-resolution MALDI-TOF
mass spectrometer, and the molecular ion signal was observed as 809.24 (m/z) (Figure

2.8).
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Figure 2.8 Mass spectrum of MALDOX acquired from MALDI-TOF mass
spectrometer

This molecular ion is the result of the addition of Na*” and K" ions by the separation
of acidic hydrogen atoms in the molecular structure. The mass values below 700 m/z are
the disintegration signals formed by the cleavage of some groups from the MAL-DOX
molecule, and they coincide with the theoretical cleavage values [105].
2.3.2.2 Binding of Targeting Ligand (HER2-Specific Peptide) and DOX Conjugation
to CCMs

The HER-2 targeting peptide (VSSTQDFP) was activated by NHS via the amino
group and then covalently bound to the carboxyl end group from the RAFT agent on the
micelle of CCM2 in the presence of carbodiimide (EDC) (yield 79 %) [110]. Figure
2.13A-D shows 'H-NMR spectra of micelles with PDS modification (A), DOX
conjugated micelles (B), peptide conjugated micelles (C), peptide and DOX conjugated
micelles (D), respectively. In Figures 2.13.A-C, the peaks of the peptide and micelles
were compared, and the amide bond of the peptide could not be differentiated due to
existing amide bonds in the CMs, but the peaks associated with the peptide were observed
to increase the intensity, unlike Fig. 2.13.A. Furthermore, peaks of the benzene ring in

phenylalanine were observed at 7-7.5 ppm, and the methyl peak of threonine and the
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proton of the aspartic acid-proline hydroxyl groups were shown at 1.2 ppm and 10.2 ppm,
respectively. Size measurement was also performed, and the size of the peptide-bound

micelles increased from 70 nm to 90 nm (CCM2, Figure 2.9).
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Figure 2.9 Hydrodynamic size distributions of CCM2 and peptide-bound CCM2

According to "H-NMR spectra and size measurements, the peptide was successfully
conjugated into micelles. In addition to this, peptide conjugation was also confirmed by
Pierce Quantitative Fluorometric Peptide Assay (Thermo Scientific, USA). The peptide-
conjugated CCM2 sample was dissolved in water at a concentration of 1 mg/ml, and
fluorescence was measured using Ex/Em at 390 nm/475 nm. According to the calibration
graph given in Figure 2.10, the measured fluorescence corresponding peptide amount was

determined as 7.30+1.56 pg/ml.

42



200,0
180.0 - y =0,6308x + 1,3858
160.0 - R?=10,9994
1400 -
120,0 -
100,0
80.0
60,0 -
40,0 -
20,0 -
0,0

Fluorescence (a.u.)

0 50 100 150 200 250 300
Concentration (ng/ml)

Figure 2.10 Calibration curve for fluorometric peptide assay

Following the peptide coupling to micelles, the prepared MALDOX was conjugated
to micelles, and MALDOX-bound peptide-coupled micelles were characterized by 'H-
NMR spectroscopy. Figure 2.13B-D shows the 'H-NMR spectra of MALDOX
conjugated CCMs and MALDOX-peptide conjugated CCMs, respectively. In Fig.4B-D,
the hydrazone group of MALDOX was clearly observed at around 9.5 ppm, which
confirmed the conjugation of MALDOX to the micelle and peptide-coupled micelles.
Also, the methyl peak of DOX was shown at 4-5 ppm. In the study of Jia et al., the peak
of maleimide proton (observed with EMCH modified DOX, Figure 2.6) at 6.97 ppm was
not present in the spectrum of DOX—micelle conjugate, revealing the reaction between
the free thiol groups of the micelle and the maleimide group of DOX [105]. However, in
our study, the absence of these peaks was not determined because a signal for the micelles
at 7 ppm was present. As another confirmation for drug binding to micelle, the absorbance
spectra of the DOX-conjugated samples were examined by UV-spectrophotometer
(Figure 2.11) [122-125]. Accordingly, when the spectra of the micelle and drug-bound
micelle were compared, the absorbance values at 502 nm of the drug were observed as
0.316 while it was 0.027 for the micelle, which indicates that the drug was bound to the

micelle.
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Figure 2.11 UV-Vis spectra of micelle and doxorubicin conjugated CCMs

Here, DOX quantity of CCM2 and peptide conjugated CCM2 were obtained as 2,4
+ 0,07 % (w/w) and 1,6 = 0,08 % (w/w) with 63 = 1,8 % and 42 + 2,1 % conjugation
efficiency, respectively. The relatively low rate of doxorubicin conjugation in the peptide-
linked micelle compared to the peptide-unconjugated micelles may be caused by the
inability of MALDOX to reach the core part due to the steric hindrance created by the
peptide conjugated in the shell. Also, the size of DOX-conjugated CCM2 and DOX and
peptide-conjugated CCM2 were 99 nm and 116 nm, respectively (Figure 2.12).
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Figure 2.12 Hydrodynamic size distributions of CCM2, MALDOX conjugated
CCM2, and peptide and MALDOX conjugated CCM2
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In addition, the zeta potential of the micelles is an important feature as it affects the
blood residence time and cellular uptake of the micelles. The zeta potentials of the DOX-
conjugated CCM2 and DOX and peptide-conjugated CCM2 (in water) are -18.23+0.51
and -16.90+0.36, respectively. Also, these values in PBS are -6,24+0.47 and -6,45+0.34
for the DOX conjugated CCM2 and DOX and peptide conjugated CCM2, respectively.

120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)

Figure 2.13 'H-NMR spectra of micelles with PDS modification (A), DOX-
conjugated CCMs (B), peptide-conjugated CCMs (C), peptide and DOX-conjugated
CCMs (D) in DMSO-dé6

2.3.3 Drug Release

Due to the acidic character of intracellular endocytic vesicles and tumor
environment, we conjugated DOX to the CCMs by acid-cleavable hydrazone linkage to
obtain a polymeric smart system that can be stimulated by acidic pH through these sites
for the drug release. In addition to the hydrazone linkage, acid-degradable acetal-based
cross-links in the micellar core will also contribute to micelle disintegration and drug
release. In this work, the release study was performed at pH 7.4, which is a characteristic
of blood circulation, and at pH 4.5 for mimicking subcellular acidic organelles whose pH

value is 4.5-5.5 [126,127].
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Figure 2.14 shows the cumulative release of DOX at pH 4.5 and 7.4 from the DOX-
conjugated CCMs as a function of time. As seen, 78% of DOX was released from the
micelle at pH 4.5 by pH-based cleavage of acetal and hydrazone bonds, while only 31%
of DOX was released at pH 7.4 in 24h, which reveals that CCMs exhibit a pH-dependent
drug release profile.

In the release profile at pH 4.5, a burst release was observed in the first 5 hours, and
more than 55% of the drug was released. Within the first 5 hours, there was about 15%
DOX release at pH 7.4, which might be attributed to unconjugated DOX physically
entrapped inside the particles, as also reported in a similar study by Wong et al. Note that
we applied dialysis against ethanol at least 2 days after the conjugation process, which
was supposed to be sufficient to remove the physically bound MALDOX, according to
the literature [105]. However, the presence of other components in the micelle structure
might cause additional physical interaction with DOX by possible n-m stacking between
DOX and pyridine aromatic rings. It is important to note that micelles do not release a
fraction of DOX molecules (22%) at pH 4.5, which can be explained by the dynamic
nature of hydrazone bonds and interactions of doxorubicin with the degraded hydrophobic
segments of the copolymer, as also explained in similar studies [128]. According to Qie
et al.’s study, they synthesized PEG-di Dhyd-PLA-18K micelles containing pH-sensitive
hydrazone bonds, and the release rate of these micelles in physiological (pH 7.4) and
acidic environment (pH 4.5) was 38% and 75% in 24h, respectively [129]. Lee et al.
synthesized doxorubicin conjugated PEO-PPO-PEO copolymer via hydrazone bond, and
the DOX released out of micelles was 40% and 84% in pH 5 and pH 7.4 after 26h,
respectively [130]. Furthermore, depending on release studies of nanoparticles consisting
of acetal bonds in the previous studies, Chen et al. synthesized acetal base linkage
containing pH-responsive biodegradable micelles, and according to their result, 98, 89,
and 44% DOX was released at pH 4.0, 5.0, and pH 7.4 within 48 h, respectively [131].
Also, DOX release from a pH-insensitive carrier usually exhibits low pH sensitivity
(release rate at 5.0 is about 1.8 times or less than neutral pH), as stated in Jia et al. ‘s
study. In our study, we reached a 2.5-fold faster release at acidic pH compared to release
at pH 7.4, which can be accepted as pH-dependent drug release [105].

It is obvious that the findings related to the DOX release from the micelle based on
acetal-based cross-links and hydrazone bonds are consistent with similar studies in
literature and allow better drug release control [105,122,123]. It should also be noted that

using a cross-linking strategy in micelle structure allowed a more stable system in blood
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circulation. As a result, we obtained a nanocarrier system that is stable in blood circulation
with less disintegration in micelle assembly and dual-responsive pH sensitivity inside the

cell, facilitating intracellular drug release.
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Figure 2.14 Cumulative release of DOX from CCMs at pH 4.5 and 7.4.

2.3.4 Degradation of CCMs

Due to acid-degradable bonds in the core cross-links of the micelles, they are
expected to degrade at acidic conditions. In order to prove this, micelles (CCM2) were
incubated at pH 4.5, 37°C for 24 hours. Samples were withdrawn from the medium
(between 0-24 hours) and analyzed by DLS, FTIR, and GPC. First, micelle degradation
was chemically shown by FTIR (Figure 2.15A1 and 2.15A2). It is evident that the
intensity of the acetal group’s peak around 1100 cm™ decreased after acidic degradation
(Figure 2.15A2). According to the size analysis (Figure 2.15B), the diameters of the
particles were decreased while PDIs were increased with degradation time beginning
within 2 hours. It demonstrated the formation of smaller chains causing higher PDIs by

degradation. This was also proved by GPC, in which the retention volume of the particles
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shifted to larger values meaning that the size of particles was smaller and eluting from the

column later (Figure 2.16).
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Figure 2.15 FTIR spectra for before (Al), after micelle degradation (A2),
hydrodynamic diameter and size distribution of micelles (B) in PBS depending on
the acid exposure time
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Figure 2.16 GPC chromatograms CCM2s exposed to the acidic solution for up to 24
hours
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In the literature, Bhuchar et al. and Wang et al. prepared nanogels using 2,2-

dimethacroyloxy-1-ethoxypropane (DMAEP), which is the same as our cross-linker, and

they observed that their nanogels were unstable in the acidic environment (pH 4.5 and pH

5.2) which resulted in degradation within 2 h by measuring the hydrodynamic

diameter [115,132]. To sum up, CCMs produced in this study can be degraded into tiny

particles that can facilitate drug release by the effect of pH, which was supported by the

literature.

To check the stability of the micelles for 6 months, we performed size analysis in

PBS and observed that micelles maintained their sizes under these conditions. The size

and size distribution of CCMs in PBS are given in Figure 2.17.
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Figure 2.17 Size and size distribution of CCMs in PBS up to 24 weeks
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Also, we performed an experiment in blood-simulated solution to check stability in
the blood, and no change in the micelle size was observed at 37°C, even after one week

(Figure 2.18).
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Figure 2.18 Size analysis of CCMs in blood simulated solution

As a result, these NCs are stable in PBS for up to 6 months, which means we can
keep them for weeks in these conditions. Besides, in the case of intravenous (i.v.)
administration, these NCs may keep their stability in terms of size for up to 1 week

following the injection.
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Chapter 3

PEG Based, Degradable and EF2 Kinase
Inhibitor-Loaded CCMs

3.1 Introduction

Breast cancer subtypes are divided into 3 groups which are tumors sensitive to
estrogen hormone constituting 60-70% of the disease, tumors sensitive to the estrogen
hormone and HER-2 (human epidermal growth factor) receptors carrying constituting 15-
20% of the disease, and tumors nonsensitive to estrogen hormone and HER-2 receptors
as (Triple negative) constituting 15-20%. While hormone therapy and chemotherapy
drugs are used in tumors sensitive to estrogen hormone, monoclonal drug therapy
(trastuzumab) and standard chemotherapy agents that recognize the HER2 receptor are
used in tumors carrying HER2 receptors, and cytotoxic chemotherapy approach is used
in triple-negative tumors. The success rate of treatment increases with the use of HER2-
specific antibodies, which is one of the targeted treatment options in HER2-positive
cancer types [133]. Eukaryotic Elongation Factor-2 Kinase (EF2K), which is a non-
receptor kinase unlike classical receptor kinases, is a potential biomarker as a molecular
target and causes poor prognosis in triple-negative breast cancer (TNC) [134-138].
Studies showed that EF2K is highly expressed in the majority of TNC and HER2 + BC
patients, and this is associated with disease progression and shorter patient survival. Also,
these studies confirmed that EF2K could be used as a potential therapeutic target in
various BC and HER2+ tumor models, and EF2K promotes UNMK tumorigenesis and
progression by inducing clinically important oncogenic signaling pathways that lead to
the accumulation of tumor-associated macrophages (TAMs), promoting tumors and

contributing to the tumor microenvironment. However, Ozpolat et al. achieved eEF2K
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inhibition by using RNA interference, which is one of the genetic methods. In addition,
their group developed the new EF2 small molecule inhibitor, which caused, not only
suppressed tumor growth significantly but also the use of this inhibitor with doxorubicin,
which is a standard chemotherapy agent, increased the effectiveness of doxorubicin [134].
Overall, they showed that EF2K is a critical trigger of progression in TNBC and HER2+
tumorigenesis progression by promoting tumor growth and invasion. EF2K inhibition has
become critical in the treatment of TNBC. Because EF2K gene expression-reduced mice
have a normal phenotype and inhibition of its expression in vivo models does not cause
side effects, suggesting that EF2K may serve as a safe and excellent therapeutic target.

Although several chemical inhibitors of EF2K (i.e., NH125, TX1918, A484954,
and DFTD) have been identified, none are as specific, potent, and effective as the EF2K
inhibitor demonstrated by Dr. Ozpolat et al. [139]. Therefore, other EF2 kinase inhibitors
are not suitable for clinical applications. Recently, Ozpolat et al. have designed and
synthesized a novel highly potent EF2K inhibitor compounds that have significant anti-
proliferative activity at nanomolar concentrations and inhibit eEF2K in TNC and HER
2+ cancer cells and in vivo animal models. However, it has been observed that some EF2
kinase inhibitors have limited solubility, which can impede their therapeutic efficacy and
clinical development.

To address the solubility limitation of EF2 kinase inhibitors and improve their
therapeutic effectiveness, we used PEG-based CCMs that we reported as CCM2. We
incorporated other drugs, such as EF2 kinase inhibitors, into our PEG-based CCMs to
evaluate their loading capacity and assess the efficacy of the drug delivery system. This
approach allowed us to investigate the versatility and efficacy of CCMs for delivering
various therapeutic agents, demonstrating their potential as a promising delivery system
for enhancing the solubility and bioavailability of a range of small molecules.

Lastly, since the aim of this part of the thesis is to develop a breast cancer-targeted
nanoparticle system utilizing the EF2 kinase inhibitor loaded CCMs, we evaluated the
efficacy of the developed drug delivery system in vitro testing on HER+ (HCC1954,
BT474) and HER- (MCF7) cell lines, triple-negative breast cancer (TNBC)(MDA-MB-
231) cell lines. Through this approach, we aimed to demonstrate the potential of the
targeted nanoparticle system for delivering therapeutic agents to breast cancer cells,

potentially paving the way for more effective and targeted treatments for this disease.
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3.2 Methods

3.2.1 Synthesis of POEGMA

Firstly, the synthesis of poly(OEGMA) macroCTA was carried out following the
protocol outlined in section 2.2.2.1 Synthesis of CCMs. Subsequently, 'TH-NMR analysis

was conducted to verify the chemical structure.

3.2.2 Synthesis of Acetal-Based Crosslinker Synthesis

The acid-sensitive crosslinker (CL, 2,2-dimethacroyloxy-1-ethoxypropane) was
synthesized according to the literature mentioned in “2.2.2.1 Synthesis of CCMs” [115].
Briefly, a mixture of HEMA (13.0 mg, 0.1 mmol), 2,2- dimethoxy propane (5.2 mg, 0.05
mmol), and p-TSA (0.09 mg, 5x10~* mmol) was stirred at room temperature for 5 hours.
However, after 3 hours, we noticed that the samples started to gelate, and color change
occurred. After this reaction, we tried to isolate the crosslinker from this solution;
however, this gel structure did not allow us to isolate the pure component. After several
trials of this reaction with different concentrations (because we thought that after the
crosslinker formation, the crosslinker also crosslinked the HEMA monomer, causing
gelation), we decided to switch methods to synthesize to crosslinker. To do that, we used
toluene as a solvent and kept this reaction overnight at 95 °C. Then, the mixture was
purified by silica gel chromatography using a hexane-triethylamine mixture (85:14:1
hexane/ethyl acetate/TEA). Then, the fractions were analyzed by TLC to obtain the
fractions containing pure substance, and the solvent of related fractions was removed by
a rotary evaporator. CL was obtained as an oily yellow substance. For confirmation, 'H-
NMR and mass spectroscopies were used. The chemical shift values of the corresponding
groups and mass analysis confirmed the successful synthesis of 2,2-dimethacryloxy-1-

ethoxy propane compatible with the literature.

3.2.3. Synthesis of CCMs

To synthesize the micelle, macroCTA was dissolved in 5 ml of water. Then, 0.25
mmol of 4-VP and DEGMA (0.5 mmol) together with CL (5% mmol) were added to the
solution, and the reaction was performed overnight at 60 °C using ACVA as the
initiator. The formation of the CMs was confirmed by the turbidity formed in the

solution. After an overnight reaction, the solution was dialyzed against water to remove
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unreacted substances using a 3500 MWCO cut-off dialysis membrane. The chemical
structures of purified copolymer micelles were characterized by 'H-NMR spectroscopies,
while the size and size distribution of the samples were determined by Nanosight

Tracking analysis.

3.2.4 Preparation of EF2 Kinase Inhibitor Loaded CCMs

12 mg of CCMs and 0.6 mg of an EF2 kinase inhibitor were dissolved in 0.5 ml of
DMSO and incubated overnight. The resulting mixture was added to a 1.5-milliliter
aqueous solution and placed within a 2000 MWCO dialysis cassette. The cassette was
dialyzed against 500 ml of water, with the water being changed three times over a duration
of approximately 8 hours. After the dialysis process was complete, the resulting solution
was freeze-dried, and drug-loaded CCMs were obtained.

To determine the percentage of entrapment (% Entrapment) and loading efficiency
(%LE) of the EF2 kinase inhibitor within the drug-loaded CCMs, a series of experimental
steps were followed. Firstly, the absorbance spectrum of the drug was scanned to
determine its highest absorbance value, which was then used to draw a calibration curve
using different concentrations of the drug. Next, the drug-loaded CCMs were dissolved
in DMSO, and the %LE and % Entrapment values were calculated using the calibration
curve. In order to eliminate any absorbance from the polymer, the free polymer was also
dissolved in DMSO, and an absorbance spectrum scan was performed. Finally, the size
and charge of both the free CCMs and the EF2 kinase-loaded CCMs were characterized

using Nanosight and Zeta Sizer analysis, respectively.

3.2.5 Effect of the CCMs on Breast Cancer Cells

3.2.5.1 Cell Lines and Culture Conditions

Since our aim was determining the efficacy of CCMs on breast cancer cell lines, a
cell culture experiment was performed with different breast cancer cell lines, including
HCC1954 and BT474 (HER2 positive), as well as MCF7 (HER2 negative) and MDA-
MB-231 (TNBC) cultured in DMEM/F12 (10% FBS, Penicillin/Streptomycin added)
cultured at 5% CO2 and 37°C. Cells were passaged every 2-3 days based on their
proliferation rate and density of coating the flask surface.
3.2.5.2 Cell Viability Tests

Before starting the cell viability experiment, the cell number of different cell lines

was optimized for the MTT experiment. To do that, different numbers of HCC1954,
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BT474, MCF7, and MDA-MB-231 cell lines were seeded, and the proliferation of cells
was analyzed (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) by
(MTT) assay. Cells were seeded at 500, 1000, 2000, 5000, and 10000 cells/well in 96-
well plates and incubated 24h,48h, and 72h, and then MTT dye was added, and plates
were analyzed at 520 nm with on a VMax kinetic ELISA microplate reader (Molecular
Devices). Following this step, the cytotoxicities of free polymer, EF2 kinase inhibitor,
and EF2 kinase-loaded CCMs were evaluated using HCC1954, BT474, MCF7, and
MDA-MB-231 cell lines.

3.3 Results

3.3.1 Synthesis of POEGMA

To confirm the synthesis of macroCTA, '"H-NMR analysis was used. The RAFT-
ended group ring protons were seen at 7.84, 7.48, and 7.32 ppm, and the peaks of -CH>
protons adjacent to the carboxyl group of the RAFT agent appeared approximately at 2.2
ppm (Figure 3.1), which confirmed the synthesis of macroCTA.
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3.3.2. Synthesis of Acetal-Based Crosslinker

The most challenging part was the synthesis and purification of the crosslinker. To
do that, we changed the methodology and used different synthesis parameters. Following
this, we synthesized and purified CL. The chemical shift values of the corresponding
groups in the "H-NMR spectrum and mass spectroscopy peak confirmed the successful

synthesis of 2,2-dimethacryloxy-1- ethoxy propane, which is consistent with the literature

(Figure 3.2).
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3.3.3 Synthesis of CCMs

After macroCTA and crosslinker synthesis, we proceeded to CCMs synthesis. The
formation of the CMs was confirmed by the turbidity formation of the solution. In
addition, "H-NMR spectroscopy was used to confirm the chemical structure of the CCMs.
Based on this analysis, DEGMA and crosslinker group signals were seen at 3-3.5 pm, and
the 4VP group proton peak was at 7.0 and 8.5 ppm, which is in line with our previous

studies (Figure 3.4).
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Figure 3.4 TH-NMR spectrum of CCMs in DMSO

Nanosight Tracking analysis was performed to determine the size and morphology
analysis of the CCMs. Based on this analysis, CCMs were synthesized with 95 nm size
and low polydispersity index (Figure 3.5E).

58



A 25, B. 25-
[ ]
Lo
o 207 .n o 207
= " 0
g 1.5 " & 1.5
o] = 8
I.o. | | S
@ 1.0 - 2 1.01
< P <
n
0.5 . < 051
[ ]
00 T T *_l 0.0
0 200 400 600 800 0
Wavelength (nm)
C
0.4 D.
L ]
b
g 0.3- . .
g
2 0.2 *
o = CCMs
0 L
<C 0.1 EF2 kinase inhibitor
- . loaded CCMs
I..
0.0 I “Oogoo o ofefl
0 200 400 600 800
Wavelength (nm)
E. F.
s0 ET7
f 40 = = |
-; -E. 25 -
o 0
c o
E 30 - é 20 -
é g 15 =
_E 20 = E
8 § 10 =
8 1.0 = §

Y = 0.004128*X + 0.0003535
R?=0.9971

1 1 I I I 1
100 200 300 400 500 600
Drug concentration (pg/ml)

0_
S
_g‘ -5- [}
— L ]
8
=]
g -0 — T
R
o
% .
= -15
N

L] T T 1 ] L]
400 500 600 700 800 900

Size (nm)

] L T
100 200 300 400 500 600 700 800 800
Size (nm)

Figure 3.5 Absorbance scanning of EF2 kinase inhibitor (A), Calibration curve of
EF2 kinase inhibitor (B), Free CCMs and EF2 kinase loaded CCMs absorbance
spectrum (C) Zeta potential of free CCMs and EF2 kinase inhibitor loaded CCMs
(D), Nanosight analysis of CCM(E) and EF2 kinase loaded CCMs

59

1000



3.3.4 Preparation of EF2 Kinase Inhibitor Loaded CCMs

To determine the percentage of entrapment (% EE) and loading efficiency (%LE)
of the EF2 kinase inhibitor within the drug-loaded CCMs, the absorbance spectrum of the
drug was scanned to determine its highest absorbance value. Based on the analysis, it was
determined that the highest absorbance value of the EF2 kinase inhibitor was 320 nm
(Figure 3.5A). Therefore, a calibration curve was drawn using this value to assess the
concentration of the drug in the drug-loaded CCMs. To draw the calibration curve for
the EF2 kinase inhibitor, various concentrations of the drug were used, including 500,
250, 125, 62.5, 31.25, 15.62, 7.81, and 3.9 pg/ml, and absorbance of each concentration
was measured at 320 nm, and the resulting data were plotted to generate the calibration
curve given Figure 3.5B.

After drawing the calibration curve for the EF2 kinase inhibitor, the next step was

to determine the loading efficiency (LE%) and entrapment efficiency (%EE) of the drug-
loaded CCMs. To do this, the EF2 kinase-loaded CCMs and a sample of free polymer
(used to eliminate any absorbance from the polymer) were dissolved in DMSO, and the
absorbance was measured at 320 nm. The absorbance values were then used to calculate
the concentration of the drug in the CCMs and to determine the LE% and EE %.
Based on the absorbance measurements at 320 nm, the absence of absorbance from the
free polymer at 320 nm is a significant finding, as it suggests that there was no
interference from the polymer in the absorbance measurements of the drug-loaded CCMs.
This is important for ensuring the accuracy of drug concentration measurements and the
subsequent calculation of LE% and %EE Figure (3.5C)

With these findings, the loading efficiency (LE%) and entrapment efficiency (EE%)
of the EF2 kinase inhibitor in the CCMs were calculated to be 78% and 4.26%,
respectively. The LE% represents the proportion of the drug that was successfully loaded
into the CCMs, while the %EE reflects the amount of drug that was retained within the
CCMs after the loading process. These values indicate that a significant proportion of the
drug was successfully loaded into the CCMs, with a relatively low amount of drug

remaining free in the solution.
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3.3.5 Cell Viability Tests

The optimization of cell number is a critical step in evaluating the efficacy of drug-
loaded CCMs. To determine the optimal cell number for our study, we seeded HER2
positive (BT474, HCC1954) and HER2 negative cell lines (MCF7, MDA-MB-231) with
varying numbers of cells. Based on our analysis, we found that seeding 5000 or 10000
cells per well resulted in the highest absorbance values that did not exceed 1 at 72 hours,
and there was a gradual increase in absorbance over time. These findings are illustrated
in Figure 3.6, which shows the absorbance values for the different cell lines at varying
cell numbers. The optimal cell number was determined based on a balance between
achieving sufficient cell growth and avoiding saturation effects that can occur at higher

cell densities.
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Figure 3.6 Cell number optimization of HER?2 positive, HCC1954(A), BT474 (B) and
HER?2 negative MCF7(C), MDA-MB-231(D) cell lines
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Once the optimal cell number was determined, we proceeded to evaluate the
efficacy of the drug-loaded CCMs using a panel of breast cancer cell lines, including
HCC1954, BT474, MCF7, and MDA-MB-231. The free polymer and EF2 kinase
inhibitors were also evaluated alongside the EF2 kinase-loaded CCMs to assess their
effects on cell growth and viability. This approach allowed us to compare the
effectiveness of the drug-loaded CCMs with the unencapsulated drug and the polymer
alone and to evaluate the potential impact of the CCMs on drug delivery and efficacy.
After optimization, IC50 values of free EF2 kinase inhibitor were determined using
0.625-40 uM concentrations of EF2 kinase inhibitor on these cell lines at different time

points. (Figure 3.7). IC50 values of EF2 kinase inhibitor were given in Table 3.1.
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Figure 3.7 IC50 value of HER2 positive, HCC1954(A), BT474 (B), HER2 negative
MCF7 (C) and MDA-MB-231 (D) cell lines 48h, 72h, 96h, and 120h
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Figure 3.8 Cell viability of free polymer on HER2 positive, HCC1954 (A), BT474
(B), and HER2 negative MCF7 (C), MDA-MB-231 (D) cell lines

The cytotoxicity of free CCM on HCC1954, BT474, MCF7, and MDA-MB-231
was also evaluated by the MTT experiment. The results showed that the cell viability of
HCC1954, BT474, MCF7, and MDA-MB-231 cells was slightly dependent on the CCMs
amount. The polymer amount used ranged from 0.5 to 35 ug ml™!, which are the polymer
amounts that are used in EF2 kinase inhibitor-loaded CCMs. The viability of the cells was
higher than 80% at the concentrations from 0.5 to 35 pg ml™! for 48 and 72 h incubation

which is given in Figure 3.8.
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The cytotoxicity of EF2 kinase inhibitor-loaded CCMs on HCC1954, BT474,
MCF7, and MDA-MB-231 was also evaluated by the MTT experiment. EF2 kinase
inhibitor-loaded CCM showed higher toxicity on HCC1954, BT474, and MCF7 cell lines
compared to the free EF2 kinase. However, free EF2 kinase inhibitor showed higher
toxicity on MDA-MB-231 compared to the EF2 kinase inhibitor loaded CCMs (Figure
3.9). Also, IC50 values of EF2 kinase inhibitor and EF2 kinase inhibitor loaded CCMs

were calculated and given in Table 3.1.

Table 3.1 IC50 values of EF2 kinase inhibitor and EF2 kinase inhibitor loaded

CCMs
EF2 kinase EF2 kinase-loaded CCMs
48h 72h 48h 72h
HCC 1954 3.23 uM 4.60 uM 2.17 pM 2.33 uM
BT474 3.07 uM 4.39 uM 3.71 uM 3.75 uM
MCF7 9.56 uM 5.34 uyM 1.74 uM 2.98 uM
MDA-MB-231 5.45 uyM 4.99 uM 14.54 uM 9.09 uM

IC50 values of EF2 kinase inhibitor were calculated as 3.23 and 4.60 uM for
HCC1954 cells, 3.07 and 4.39 uM for BT474 cells, 9.56 and 5.34 uM for MCF7 cells,
5.45 and 4.99 for MDA-MB-231 cells at 48- and 72h respectively. Furthermore, the IC50
values of EF2 kinase inhibitor loaded CCMs were calculated as 2.17 and 2.33 uM for
HCC1954 cells, 3.71 and 3.75 uM for BT474 cells, 1.74 and 2.98 uM for MCF7 cells and
14.54 and 9.09 pM for MDA-MB-231 cells at 48h- and 72h. These results showed that
EF2 kinase inhibitor-loaded CCMs enhanced the efficacy of EF2 kinase inhibitors on the
HCC1954, BT474, and MCF7 cell lines. For the MDA-MB-231 cell line, EF2 kinase
inhibitor-loaded CCMs showed toxicity and less efficacy compared to free EF2 kinase
inhibitors. Since MDA-MB-231 is a triple-negative breast cancer cell line, ER-, PR- and
HER2-, this result could be explained with the uptake of our nanoparticle system could
be performed with the receptor-mediated mechanism, but further experiments are needed

to confirm this explanation.
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Chapter 4

Sulfobetaine-Based CCMs for Breast
Cancer: HER2-Specific Peptide
(LTVSPWY) and Antibody (Herceptin)

Targeted Nanocarriers

4.1 Introduction

In recent years, nanocarriers have been used effectively in cancer treatment due to
their remarkable properties, such as accumulation at the tumor site with the EPR
(enhanced permeability and retention) effect, being stimulus-sensitive, and an ability to
target the tumor site with a specific ligand. Numerous studies are still being carried out
to increase the effect of nanoparticles by adding new properties to
nanoparticles [140,141]. Polymeric micelles, one of the nanoparticle types, have been
studied comprehensively due to their ability to increase solubility, reduce drug toxicity,
and allow the targeting of tumor areas with specific ligands. Polymeric micelles are
formed by self-assembling a diblock copolymer consisting of hydrophilic and
hydrophobic blocks, giving the aforementioned properties. Numerous hydrophilic
polymers have been studied as the shell of the micelles, and polyethylene glycol (PEG)
is the most widely used due to its superior biocompatibility and stealth effect against
proteins [142—-144]. However, a recent study reported that PEG-carrying micelles
showed an unexpected immunogenic response because of the accelerated blood clearance
(ABC) phenomenon, resulting in the rapid removal of nanocarriers and reduced

efficacy [145]. Although PEG is still frequently used in nanocarrier structures, potential
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candidates with similar characteristics and non-immunogenicity have been searched.
Recently, micelles containing zwitterions have received much interest due to their high
biocompatibility and non-bioadhesive characteristics [146,147]. Betaine polymers
consist of anion and cation groups in the same molecule that give these zwitterionic
polymer properties. In addition, betaine polymers such as polysulfobetaine are
characterized by a high biocompatibility rate due to their structure, similar to
phosphatidylcholine (PC), which is, located in the cellular membrane [148]. Moreover,
betaine polymers are sensitive to several stimuli, such as pH and temperature, as a type
of upper critical solution temperature (UCST). Using zwitterionic polymers in the
structure of carrier systems has been recently reported for cancer treatment purposes. Fuji
et al. prepared betaine-based nanoparticle bearing zwitterionic polymers, and they found
that these nanoparticles showed efficient tumor permeability compared to a nonionic
POEGMA-based nanoparticle [149]. Studies have also shown that sulfobetaine
methacrylate-functionalized nanoparticles improve cancer treatments due to their long
circulation times and similarity to cell membranes that increase uptake by cancer
cells [129,150-152]. Although micelles containing betaine groups have these superior
properties, an early release may be encountered in self-assembly-formed micelles. To
prevent early release and increase the stability of the micelles, there are several studies in
which CCMs are synthesized. In the synthesis of CMs, acid-sensitive micelles can be
obtained by using cross-linkers containing acid-sensitive acetal and ketal groups, thus
preventing the early release and release of the drug in the tumor region, which is more
acidic than the blood [63].

RAFT polymerization is the most demanded technique for synthesizing different
macromolecular architectures, with a large range of monomer systems allowing
uniformity in chain length and resulting in a well-defined polymer with a low PDI
(polydispersity index). Besides that, self-assembled micelles can be easily cross-linked
before, during, and after polymerization, with the micelles’ living group by adding divinyl
compounds to the solution [114,153—155]. It gives stability to the micellar structure,
preventing premature drug release, with smart nanocarrier characteristics. Also, owing to
the living radical group in the macromolecular structure, RAFT polymerization gives an
opportunity to conjugate biomolecules like peptides and antibodies.

Since passive targeting of nanocarriers is insufficient to reach the desired location,
more effective active targeting methods are needed. In this context, ligands recognizing

target molecules expressed in large numbers on the surface of tumor cells are added to
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the nanocarrier structure with appropriate methods to achieve results, such as directing
the drug to the target and reducing the side effects of chemotherapy. Ligands bound to
these carriers can be in peptide, antibody, or aptamer structures, which offer different
targeting efficiencies [156—158]. Despite the absence of a naturally occurring ligand for
the HER2 receptor, various artificial ligands such as antibodies, Fab fragments, single-
chain variable fragments, affibodies, and peptides have been developed for targeted drug
delivery. One of the most well-investigated strategies for targeted drug delivery to the
HER?2 receptor is the utilization of antibodies that can recognize the HER2 receptor and
conjugate with them nanoscaled systems such as nanoparticles and immunoliposomes.
Studies have shown that immunoliposomes conjugated with anti-HER2 antibodies have
a prolonged circulation in the bloodstream and selectively deliver drugs, such as
doxorubicin, to HER2-positive tumors [159—161]. Due to the loss of activity in antibody-
based ligand studies, peptides specifically selected for the HER2 receptor region in
SKBR3 cells by the phage display technique are also recommended as an alternative with
more advantages [112,113,162,163]. The peptide LTVSPWY is another ligand that was
discovered through a technique called biopanning, which uses a library of peptides to
identify binding partners through affinity selection. This peptide has been used to target
various receptors, including HER2. It has been used to deliver an antisense
oligonucleotide specifically to HER2-positive tumor cells [7,164]. Additionally, it has
been used to deliver a pro-apoptotic compound, called alpha-tocopheryl succinate (alpha-
TOS), selectively to HER2-overexpressing cancer cells. Also, it has been conjugated into
magnetic nanoparticles for imaging purposes [165,166]

Herein, we aimed to prepare CCMs, which targeted HER2-positive breast cancer
cells with pH-sensitivity features, and compare targeting efficiencies of a HER2-specific
peptide (LTVSPWY) and Herceptin antibody towards breast cancer cells. To synthesize
the shell part of the micelles, firstly, a sulfobetaine block, as a macroCTA, was
synthesized by RAFT polymerization. Following this step, macroCTA was
copolymerized with di(ethylene glycol) methyl ether methacrylate (DEGMA) and
aminoethyl methacrylamide (AEMA) and an acid-sensitive cross-linker to obtain CCMs.
For comparison of the targeting efficiencies of peptide and antibody, a HER2-specific
peptide (LTVSPWY) and a HER2-specific antibody (Herceptin) were conjugated to the
micelles. Then, doxorubicin (DOX) was loaded into the micelles by the incubation
method. In conclusion, these CCMs have a high potential as a drug delivery system for

breast cancer, with improved stability, targeting, and pH sensitivity properties.
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4.2 Material Methods

4.2.1 Materials

4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (CTA), 4,4'-Azobis(4-cyano
valeric acid) (ACVA), diethylene glycol methyl ether methacrylate (DEGMA), 2,2-
dimethoxy propane, 2-hydroxyethyl methacrylate (HEMA), p-toluenesulfonic acid
monohydrate (p-TSA.H20), triethylamine, N-(3-dimethyl aminopropyl)-N'-ethyl
carbodiimide hydrochloride (EDAC.HCI), N, N-diisopropylethylamine (DIPEA), and 1-
hydroxy benzotriazole hydrate (HOBT), were purchased from Sigma-Aldrich, Waltham,
MA, USA. N-(3-Sulfopropyl)-N-methacroyloxyethyl-N,N-dimethylammonium betaine
(sulfobetaine), 1,4 Dioxane, 2-Propanol, hexane, ethyl acetate, sodium nitrate, and
acetonitrile for liquid chromatography, were purchased from Merck, Darmstadt,
Germany. N-(2-Aminoethyl) methacrylamide hydrochloride (AEMA) was purchased
from Polyscience, Evanston, Ilinois, USA, and sodium azide from SERVA, Heidelberg,
Germany. A synthetic peptide (LTVSPWY) was purchased from CASLO Laboratory
ApS, Lyngby, Denmark, with a purity of 95% and a molecular weight of 864.99 g/mol.
Pierce™ BCA Protein Assay Kit and Pierce Quantitative Fluorometric Peptide Assay
were purchased from Thermo Scientific, Waltham, MA, USA. All other chemicals used

were of analytical grade.

4.2.2 Methods

4.2.2.1 Synthesis of Homopolymer and CCMs by RAFT Polymerization
Poly(SBMA) was synthesized with RAFT polymerization to obtain the macroCTA,
according to our previous study [167]. Briefly, SBMA (sulfobetaine methacrylate), a
chain transfer agent (CTA, 4-cyano-4-(thiobenzoylthio) pentatonic acid), and an initiator
(ACVA) were dissolved in 0.5 M aqueous NaCl with pH 7-7.5, with the initial mo-lar
ratios of monomer to the chain transfer agent to the initiator, [M]0/[CTA]O/[1]0 =
65/1/0.2, and the solution was sealed and purged with N2 for 30 min. Then, the solution
was heated to 70 °C. To analyze the reaction mechanism, if it undergoes RAFT, aliquots
were withdrawn with a syringe from the reaction medium at predetermined intervals
during polymerization. All the samples were precipitated with cold diethyl ether three
times and dried under a vacuum. The conversion of the monomer was calculated

gravimetrically.
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All the samples were analyzed with '"H-NMR spectroscopy and GPC (Gel
Permeation Chromatography). GPC analysis was performed by a TOSOH EcoSEC HLC-
8320 GPC/SEC System with an RI Detector, Wyatt miniDAWN Treos-II MALS (Multi-
Angle Light Scattering) detector equipped with PSS SUPREMA analytical 100 A column
(8 x 300 mm, 10 um, PSS Polymer Standards Service Inc, MA, USA) at room
temperature. As a mobile phase, 80% aqueous 0.1 M ammonium sulfate—20% acetonitrile
with 0.0125% sodium azide was used, with a flow rate of 2.0 ml/min. The injection
volume of the filtered (by 0.2 um PTFE filter) poly(SBMA) solutions was adjusted to 50
ml. For RAFT-functionality estimation, macroCTA’s conversion was kept at a low de-
gree (for 2 h), and the resulting pure polymer was analyzed by "H-NMR spectroscopy.
To synthesize the CCMs, we first synthesized an acid-sensitive cross-linker (CL, 2,2-
dimethacroyloxy-1-ethoxypropane), according to the literature [115]. Following cross-
linker synthesis, we proceeded to synthesize macroCTA, followed by the syn-thesis of
CCMs by RAFT polymerization (Figure 4.1), as reported in our previous study. To
synthesize the micelle, macroCTA (0.0033 mmol), AEMA (0.26 mmol), DEGMA (0.75
mmol), and CL (5% mmol) were dissolved in water, and the reaction was kept overnight
at 70 °C, using ACVA as the initiator. The chemical structures of the purified copolymer
micelles were characterized by FTIR and '"H-NMR spectroscopies. The sample size and
size distribution analyses were determined by dynamic light scattering

spectroscopy [167].
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Figure 4.1 Synthesis of CCMs by RAFT polymerization
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4.2.2.2 Preparation of Targeted CCMs

Due to the hydrophobic nature of the peptide, the peptide conjugation reaction was
carried out in an organic solvent. For the peptide conjugation to the CCMs’ COOH
groups, which come from the RAFT polymerization, 100 mg of CCMs was first dis-
solved in 3 ml of DMSO/DMF (3:1) mixture. Then, this solution was stirred at 60 °C
overnight and cooled to 25 °C. Following this step, EDC (3.07 mg), HOBT (2.23 mg),
DIPEA (4.18 pL), and varying amounts of peptide (13.84, 1.38, 0.55, 0.27, 0.14 mg,
LTVSPWY) were added to the solution and stirred at 35 °C for two days. In order to
remove unbounded peptide, the solution was dialyzed against water for about 24 h and
then freeze-dried. (Fisherbrand Regenerated Cellulose Dialysis Tubing, MWCO
3500) [168-170].
For antibody conjugation to the CCMs’ COOH groups, 100 mg of CCMs was dis-solved
in 4 ml of PBS containing 0.9% NaCl, stirred at 60 °C overnight, and cooled to room
temperature. EDC (3.07 mg), sulfo-NHS (4.4 mg), and varying amounts of Herceptin (60,
30, 15, 5, and 1 mg) were added to this solution and stirred at room temperature for two
days. The solution was dialyzed against water (Fisherbrand Regenerated Cellulose
Dialysis Tubing, MWCO 3500) for about 24 h. Then, the sample was centrifuged in the
tubes with a 300,000 MWCO membrane to remove unconjugated Herceptin (Vivaspin,
300,000 MWCO), and the product was lyophilized [171,172]. The products were
analyzed by FTIR and 'H-NMR spectroscopies to confirm peptide and anti-body
coupling. A BCA protein assay kit (Pierce BCA Protein Assay, Thermo Scientific,
Waltham, MA, USA) was used for the antibody coupling quantification. We estimated
the peptide content on the nanocarrier using a fluorescence spectrophotometer at Ex/Em
280/350 nm. Size and charge analyses of the micelles were performed by a Malvern
Zetasizer (Malvern). The morphology of the peptide and antibody-coupled CCMs were
examined by SEM (scanning electron microscope; Carl Zeiss EVO LS10, NTS,
Germany).
4.2.2.3 Drug Loading Study

The CCMs, peptide-conjugated CCMs, and antibody-conjugated CCMs were dis-
solved in DMSO. Then, doxorubicin.HCI and TEA (3xDOX.HCI) were added to the
solution and stirred overnight, with protection from light. In order to remove unbounded
DOX from micelles, these solutions were dialyzed against water (Fisherbrand
Regenerated Cellulose Dialysis Tubing, MWCO 3500), and the water solution was
changed three times and lyophilized [173,174]. To calculate the amount of doxorubicin,
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1 mg of micelles was dissolved in 1 ml of DMSO, and the absorbance of the micelles was
measured using UV-Vis spectrophotometry at 496 nm, and EE% and LE% were

calculated based on the formula given below [154];

Loading efficiency (%) (LE%) = (Amount of DOX in micelles (mg)/Amount of the micelles (mg)) x 100
Encapsulation efficiency (%) (EE%) = (Amount of DOX in micelles (mg)/Initial amount of DOX (mg))
100

4.1
The method used for the DOX quantification was validated according to the ICH
Guidelines [175].
4.2.2.4 Drug Release
Doxorubicin-loaded micelle solution (2 ml), with a concentration of 1 mg/ml, was
placed in a dialysis membrane (Fisherbrand Regenerated Cellulose Dialysis Tubing,
12,000 MWCO). The dialysis membrane was placed into 0.05% SDS, containing acetate
buffer (10 mM, 150 mM NaCl, pH 5) or PBS (10 mM, pH 7.4) buffer, and shaken (100
rpm) at 37 °C. At predetermined time intervals, 1 ml of buffer solution was withdrawn
and replaced with fresh buffer. DOX release was determined by measuring the absorption
(at 496 nm) of the DOX molecule in withdrawn buffers, and the cumulative release plots

were obtained using the formula below.

CR (%) = [(100 % (Vi X CDOX(m) + (1 ml x £ CDOX ¢ - 17))}/Wo
4.2)
According to this, Vm: emission media volume; Wy (mg): the amount of drug

loaded; CDOX (n): the amount of DOX (mg/ml) in the sample taken from the release
medium; CDOX - 1): (n — 1). the amount of DOX in the sample taken from the media.

4.3 Results

4.3.1 Synthesis and Characterization of Homopolymers, CCMs, and
Targeted CCMs
4.3.1.1 Characterization of Homopolymers and CCMs

In the first step, sulfobetaine homopolymer, as a macroCTA, was synthesized by
RAFT polymerization. As explained in the methods section, molecular weight, and

conversion analyses were performed to show whether the reaction was carried out by the
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RAFT mechanism. The molecular weight and conversion analyses were carried out by
GPC and 'H-NMR spectroscopy, respectively. Figure 4.2A shows the GPC
chromatograms of the homopolymers’ molecular weights, analyzed at certain time
intervals by taking samples from the reaction medium. A clear shift in the molecular
weight of the samples is shown by GPC, as the overlapping molecular weight
distributions are shown [176]. Also, Figure 4.2B shows the "H-NMR spectrum of the
homopolymers taken from the reaction medium while the reaction is in progress. A
decrease in monomer peaks (vinyl protons) shown at 5.8 and 6.2 was seen as the
polymerization time in-creased. Figure 4.2C, D shows the conversion-time and molecular
weight-conversion relationships drawn with the obtained data, and the relative amount of

monomer/CTA/initiator that increased linearly was determined as 65/1/0.2.
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Figure 4.2 Evolution of GPC chromatograms of sulfobetaine at different times of
RAFT polymerization acquired from LS detector (A) 'H-NMR spectrum of
sulfobetaine at different times. (B) Relationship between molecular weight and
monomer conversion of sulfobetaine polymerizations. (C) Kinetics of RAFT
polymerization of sulfobetaine (D)
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Following this step, we characterized the polymers and micelles by 'H-NMR
spectra. Although homopolymer and CCM structural characterizations by 'H-NMR
spectra were performed in our previous study [177], we used these data for comparison
and to under-stand the efficiency of peptide- and antibody-binding to the CCMs. Due to
this reason, we obtained 'H-NMR spectra of the homopolymer and CCM again and have
reported it here. As discussed thoroughly in our previous study, Figure 4.2A shows the
homopolymer’s (macroCTA’s) 'H-NMR spectrum, in which the polymer backbone and
CH>CH>SO3 of SBMA’s side chain signals are seen at 0.8-2.5 ppm. SBMA’s side chain
signals are also seen at 2.96-3.13, 3.22-3.38, 3.80-4.00, and 4.46-4.65 ppm,
respectively. The RAFT-ended group signal is seen at 7.49-8.20 ppm. For the CCMs’ 'H-
NMR spectrum, which is shown in Figure 4.2B, signals of the polymer backbone and -
CH>CH2SO3™ of SBMA’s side chain were observed at 0.8-2.5 ppm [178]. The signal of
CTA end groups was not seen in the 'TH-NMR spectrum of CCMs, because of the higher
molecular weight of CCMs, and the RAFT end group remaining in the internal structure
of the micelle, as also discussed in our previous study [177]. As mentioned above, 'H-
NMR analysis of the homopolymer and micelle was utilized for the characterization of

targeted NCs (as given in Figure 4.2A, B).
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Figure 4. 3 TH-NMR spectrum of macroCTA (A), CCMs (B), peptide conjugated
CCMs (C), and Herceptin conjugated CCMs (D) in D20

4.3.2 Characterization of Peptide and Antibody Conjugated CCMs

In this study, a HER2-specific peptide and antibody (Herceptin) were conjugated to
the CCMs, to obtain targeted nanocarriers, with the aim of comparing the peptide and
antibody targeting. In order to do that, the LTVSPWY peptide was attached to the CCMs
structure due to its reported HER2-binding ability with weak immunogenic properties,
and Herceptin was attached to the CCMs to obtain an antibody-based targeting molecule.
Conjugation of the hydrophobic peptide to the nanoparticles might cause solubility
problems due to its amino acid content. PEG-coupling to the LTVSPWY peptide has been
applied to overcome this problem, resulting in better aqueous solubility
characteristics [166,179,180]. In our case, instead of using PEG-coupling to LTVSPWY,
we directly conjugated LTVSPWY peptides towards the carboxylic group into the
polysufobetaine shell part of the micelles. However, this drove us to use varying amounts
of peptides to find the peptide-conjugated micelle with optimum size and solubility

properties.
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It is also well known that the conjugation of HER2 antibodies causes an increase in

nanocarrier size. Additionally, due to the high molecular weight of Herceptin, the
nanoparticles may cause precipitation due to the increased nanoparticle molecular weight
upon Herceptin binding. Therefore, we decided to use different amounts of antibodies to
find antibody-conjugated micelles with good properties in terms of size and solubility.
According to the literature, various amounts of Herceptin have been used to obtain
Herceptin conjugated nanoparticles. Peng et al. used a molar ratio of the aldehyde group
of polymers to amino groups of 5:1 due to one Herceptin molecule containing 66 free
primary amino groups; Fiandra et al. incubated nanoparticles (1 mg) at room temperature
for 2 h in the presence of Herceptin (0.3 mg) [156,181].
Here, we obtained a series of peptide- (PC1-PC5) and antibody-conjugated (AC1-AC5)
CCMs by changing their mass ratios, as seen in Table 1. 'H-NMR, FTIR, and fluorescence
spectroscopies were used for the characterization of these targeted micelles, and the
results are given in Table 1. 'TH-NMR spectra of a series of peptide- (PC1-PC5) and
antibody-conjugated (AC1-AC5) CCMs are given in Figures 4.4. and 4.5.

'''''''''''''''''''''''''''''''''''''''''

Figure 4.4 "H-NMR of AC1 (A), AC2 (B), AC3 (C), AC4 (D), AC5 (E), and CCMs
(F) in DMSO
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Table 4.1 Hydrodynamic diameter, size distribution, zeta potential, peptide, and
antibody amount of CCMs

Hydrodynamic PDI Zeta PotentialPeptide = Amount
Diameter (nm) (mV) (pg/ml)

CCMs 65.5+£6.2 0.269 14.5+0.7 -

PC1 235+ 127 0.345 9.15+33 15.47 £ 0.49

PC2 141 £ 60 0.318 134+3.8 3.19+0.37

PC3 141 £33 0.415 13.8+3.8 0.66 +0.09

PC4 118 +43 0.482 14.7+£3.6 0.60 +0.27

PC5 113+17 0.486 14.5+3.7 0.34+0.04
Hydrodynamic PDI Zeta PotentialAntibody amount
Diameter (nm) (mV) (ng/ml)

CCMs 65.5+£6.2 0.269 14.5+£0.7 -

ACl1 428 £113 0.466 13.3+54 580.4 + 21

AC2 316 £119 0.499 16.2+3.8 407.6 £ 10.2

AC3 90 + 40 0.344 102+43 279+9.5

AC4 79 +£45 0.287 11.4+4.1 113.7+3.0

ACS 78 +38 0.280 15.0+£4.7 5233+£2.7
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In the peptide conjugated CCMs’ (PC2) '"H-NMR spectrum, shown in Figure 4.3C,
besides the peaks belonging to the structure of the CCMs, new peaks were obtained at
1.46,7.46,7.71, and 7.85 ppm. While the signals of CTA end groups were not seen in the
"H-NMR spectrum of CCMs, due to its high molecular weight, these aromatic signals
were seen at 7.46, 7.71, and 7.85 ppm in the spectrum of peptide-bound CCMs originating
from the tryptophan, tyrosine, and proline amino acids of the peptide. Similarly, Jie et al.
synthesized LTVSPWY peptide-modified magnetic nanoparticles and showed benzene
protons in the tryptophan and tyrosine units at 8.32 ppm [166]. In the "TH-NMR spectrum
of antibody-conjugated CCMs shown in Figure 4.3D, amine-related peaks were not
observed clearly. However, we noticed that signals of -CH2CH2SO3™ of the SBMA side
chain were overlayed at 2.96-3.13 ppm in the 'H-NMR spectra of macroCTA, CCMs,
peptide conjugated CCMs, and antibody-conjugated CCMs, which are shown in Figure
2A-D. When the integration of -CH2CH2SOs~ of SBMA side chain is calculated using
RAFT end group signal set to be 5, which is shown at 7.49-8.20 ppm from macroCTA’s
'"H-NMR spectrum, the integration peak corresponding to the SBMA signal was
calculated to be 158.76 (equivalent to 2H from the group). Then we set the 2.96-3.13
signal as 158.76 for CCMs, antibody-conjugated CCMs, and pep-tide-conjugated CCMs;
the integration of polymer backbone peaks, which was shown at 0.5-2.5 ppm in CCMs,
peptide conjugated CCMs, and antibody-conjugated CCMs (AC3) were 1595.92,
2064.82,4269.35, respectively. This shows that this increase in integration in the polymer
backbone is due to the binding of the peptide and antibody to the carboxyl group at the
end group of the micelle, which also confirmed the conjugation of peptide and antibody
to the micelles. ACI-AC5 and PC1-PC5 series’ "H-NMR spectra are given in Figures
4.4 and 4.5, respectively.

After confirming the structure with the 'H-NMR spectrum, we continued with FTIR
spectroscopy. In the FTIR spectra of CCMs, peptide, and antibody-conjugated CCMs,

which are shown in Figure 4.6A, C, the peak intensities at 3450 cm™!

, assigned to O—H
bending, and at 1600 cm !, assigned to N—H bending, increased due to the addition of
peptide and Herceptin to the micelles compared to the CCMs. Moreover, the intensity of
the peaks increased as the proportion of peptide, and Herceptin conjugated to the micelles
in-creased. This might be explained by an increase in the N—H bonds arising from the

peptide and antibody.
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Figure 4.6 FTIR spectra of PC1-5 and CCMs (A), excitation and emission spectrum
of peptide conjugated PCs (B), FTIR spectrum of AC1-5 and CCMs (C) antibody
amount of ACs (D) release graph of CCMs (E) peptide-conjugated CCMs (F),
antibody-conjugated CCMs (G)

After confirming the structure with '"H-NMR spectrum and FTIR spectroscopies,
we proceeded with fluorescence spectroscopy to determine the peptide and antibody
amounts of the PC and AC series. Since our peptide sequence has amino acids (tryptophan
and tyrosine) as a fluorescent feature, fluorescence scanning of the peptide (LTVSPWY)
was performed to find the excitation and emission values with a 1 mg/ml concentration
of peptide solution in DMSO. Here, the value where the peptide gave the highest
absorbance was determined as 280 nm, which has also been shown to be the absorption

value of tryptophan and tyrosine amino acids [182]. Then, we used this value as an
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excitation value of the peptide and performed emission scanning, following this step,
based on the highest emission value obtained from this scanning. Thus, the necessary
Ex/Em values to measure the concentration of our peptide-bound micelle were
determined as 280/350 nm. Afterward, a 1-100pg/ml concentration of the peptide

solutions in DMSO was prepared, and a calibration graph was obtained (Figure 4.7).
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Figure 4.7 Calibration curve of peptide

PCI1-PCS5 and CCMs, as control group solutions, were prepared, and the peptide
amount of these micelles was determined using this calibration graph. According to the
fluorescence screening, which is shown in Figure 4.6B, the PC1 sample with the highest
peptide ratio gave the highest fluorescence values, while a decrease in fluorescence values
occurred when going toward PCS5, and the fluorescence values of the PC4 and PC5
samples were close to the values of the CCMs. After this scanning process, the peptide
amounts of the peptide-bound micelles were calculated as pg/ml using the fluorescence
values obtained at Ex/Em 280/350 nm and are given in Table 4. In order to determine the
Herceptin amount in the micelles, a BCA assay was per-formed. Figure 4.6D shows the
amount of AC1-5 and CCMs with a 1 mg/ml concentration. According to these results,
the AC1 sample had the highest amount of Herceptin, with 600 pg/ml, which is
approximately 50% (w/w) of the micelles, and the amount of Herceptin decreased in the

ACS sample.
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Following this chemical characterization, we determined the size and charge of the
antibody and peptide micelles. Table 4. shows the size and zeta potential of the AC1-5
samples. The AC1-2 samples had the largest size at 400 and 300 nm, respectively, and
their PDI (polydispersity index) values are very high. Since the increase in the Herceptin
ratio caused the molecular weights of the AC1 and AC2 samples to increase, a tendency

to precipitate was observed in the solutions of these samples (Figure 4.8).
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Figure 4.8 Size distributions of AC1 (A), AC2 (B), AC3 (C), AC4 (D), AC5 (E) CCMs
(F)

However, it was observed that the AC3—5 samples exhibited superior characteristics
in terms of size and solubility properties when compared to the AC1 and AC2 samples.
Zhao et al. and Bolu et al. showed that Herceptin increased micelles’ size and PDI values
with conjugation [183,184]. Furthermore, it was observed that the zeta potential of
Herceptin-conjugated micelles decreased as the ratio of Herceptin conjugation increased.
Peng et al. also showed this type of phenomenon in their study. It might be explained by
the increased number of —COOH groups on the micelles’ surfaces, which reduces the

micelles’ charges [156]. Since this study aimed to show the importance of targeting, we
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conducted our study with the AC3 samples, with high antibody content, good solubility,
size, and charge properties (90 =40 nm, 10.2 £4.3 mV, 279 £ 9.5 ug/ml antibody).
For peptide-conjugated micelles, the PC1 samples had a larger size, and the micelle size

decreased as the amount of peptide decreased (Figure 4.9).
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However, the larger size of PC1, and higher hydrophobic peptide content of these
micelles, caused a solubility problem. Also, the zeta potential of peptide-conjugated
micelles decreased with an increased peptide ratio. It also has the same trend with
antibody-conjugated micelles. Compared with PC1, the PC2-5 samples had good size,
PDI, and solubility features. According to these data, we decided to continue with PC2,
the most suitable sample, with high peptide content, good solubility, size, and charge
properties. In summary, peptide and antibody conjugation increased micelle size, as

CCMs have a size of 65.5 £ 6.2 nm, which is shown in Figure 4.8. and 4.9. Besides, SEM
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images of AC1, AC3, and PC2 are shown in Figure 4.10 CCMs’ sizes, determined by

SEM and DLS spectrometry, have concurred with each other.

Figure 4.10 SEM images of selected samples (AC1, AC3, and PC2) of peptide and
antibody-conjugated micelles

After the selection of AC3 and PC2 as the targeted CCMs, we proceeded to the
drug-loading study. In this study, we used dialysis as a standard loading method. Based
on this method, the drug amount can be calculated as either supernatant or pellet to
calculate drug loading and entrapment efficiencies. Once we calculated both methods, we
noticed that the supernatant method’s loading and entrapment efficiencies were higher
than the pellet ones. The difference between the two methods could be due to the adhesion
of free DOX to the dialysis membrane, affecting its penetration to the supernatant.
Therefore, we decided to proceed by pellet, which is more accurate than the supernatant
procedure, and calculated the loading and entrapment efficiency with this method. The
drug loading efficiencies of CCMs, PC2, and AC3 were 26, 50, and 56%, respectively,
and the entrapment efficiencies of CCMs, PC2, and AC3 were 1.7, 2, and 3.1,
respectively. Conjugation of the peptide and antibody increased their drug loading
efficiency and entrapment efficiency. This might be explained by the hydrophobic

peptides interacting with more of the hydrophobic doxorubicin and the higher molecular
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weight of antibodies providing more interaction sites for doxorubicin, resulting in an

increase in the loading and entrapment efficiencies.

4.3.3 Drug Release

Since we designed acid-sensitive CCMs, we performed a re-lease study in acidic
and neutral environments (Figure 4.6E—G). According to the release graphs of the peptide
and antibody-linked formulations, a varying release regime was observed at acidic and
neutral pH. Peptide/antibody conjugation caused some changes in the release profiles.
This proves the contribution of polymeric components to the non-targeted nanocarrier’s
release behavior. In the peptide-conjugated CCMs, a delayed drug release was obtained.
In all three cases, drug release in acidic media is associated with cleavage of acetal bonds
and with the zwitterionic character of sulfobetaine and its interaction with both DOX and
the environment due to this feature. It can be expected that sulfobetaine, since it is
negatively charged, has a lower preference for interacting with an acidic medium at pH
4.5, interacting with DOX (pKa > 7), and delaying the release in an acidic medium. In
addition, it is a possibility that negatively charged sulfobetaine chains prefer to interact
with the medium at neutral pH, and the release increases at this pH. It was seen that the
release of DOX molecules is slightly higher at pH 7 with the addition of additional
molecules, such as peptides or antibodies, to the structure. This may be because DOX
also interacts with the peptide or anti-body on the carrier during loading, which was also
released during release. In addition, the presence of molecules such as peptides/antibodies
on the nanocarrier may cause a slight delay in the release by slowing down the solution
entry into the structure, as reported in previous studies [161]. In summary, it can be said
that, although a higher release is observed in the acidic medium due to peptide and
antibody binding, the presence of peptides and antibodies causes lower than expected

release. However, acid-induced release was observed in all three types of carriers.
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Chapter 5

Conclusions and Future Prospects

5.1 Conclusion

In the scope of this thesis, two potential drug delivery systems, POEGMA, and
sulfobetaine-based breast cancer-targeted CCMs, were prepared to target breast cancer.
In the first chapter, POEGMA-based CCMs polymeric micelles were prepared with
double-moiety pH-sensitivity in which the drug is conjugated to the polymer with pH-
degradable hydrazone bonds, and the micelle is core cross-linked with pH-degradable
acetal bonds. To do that, MacroCTA was synthesized with functionality between about
60-70%, and then, the monomer/CTA/initiator ratio was determined as 100/1/0.2, and
copolymer synthesis was conducted at this ratio. The MacroCTA functionality was
maintained at 60-70%, allowing the RAFT-ended group required for conjugation with
MALDOX to remain a living chain. Following this step, CCMs were synthesized
successfully, and micelles with low PDIs were obtained. The increase in comonomer
ratios (DEGMA and 4-VP, 0.25-0.75 mmol and 0.25-1 mmol, respectively) resulted in a
noticeable increase in micelle size. In addition, increasing the amount of crosslinker (1,
5, 10%) cause an increase in size as expected due to core cross-linking. Since our aim
was to use nanoparticles below 100 nm, we continued our experiment with CCM2.
Following this selection, PDS modification was performed, and peaks of the ring proton
shifted to around 7.3-7.6-8.4, which confirmed PDS modification. Doxorubicin
maleimide was synthesized and confirmed with "TH-NMR and MALDI-TOF analysis, and
the expected maleimide peak and hydrazine peak appeared at 5 ppm and 6 ppm,
respectively. Doxorubicin maleimide (C37H42N4O13) was analyzed by high-resolution
MALDI-TOF mass spectrometer, and the molecular ion signal was observed as 809.24
m/z. MALDOX was conjugated to micelles, and it was confirmed by 'H-NMR and UV-
Vis spectrophotometer. In the 'H-NMR spectrum, the hydrazine group signal was clearly
observed on the spectrum of DOX-polymer conjugate at 9.64 ppm. The spectra of the
micelle and drug-micelle conjugate were compared, and absorbance at 502 nm of the drug

was observed, indicating that the drug was bound to the micelle. Also, peptide
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(VSSTQDEFP) binding to the micelles was confirmed by 'H-NMR and size measurement.
The size of the purified peptide-bound micelles increased from 70 nm to 90 nm, which
was a demonstration of the peptide binding to the micelle structure. The peptide amount
was also determined by Pierce Quantitative Fluorometric Peptide Assay, and the peptide
amount of 1 mg/ml micelles was determined as 7.30+1.56 pg/ml. Following this step,
release studies were performed in acidic and neutral pH environments to prove the acid-
triggered degradation of micelles, and 78% of DOX was released from the micelle at pH
4.5 while only 31% of DOX was released at pH 7.4 in 24 h, which showed that CCMs
exhibit a pH-dependent drug release profile.

Furthermore, the stability of micelles was checked during the six months in PBS,
albumin-containing blood stimulation solution, and albumin-free blood stimulation
solution with size measurement. Based on stability studies, the micelles remained stable
in the PBS solution for up to 24 weeks. There is no change in the size of the CCMs
observed in albumin-containing blood-stimulating solution at 37°C, even after one week,
which confirms that in the case of i.v. Administration, these CCMs will maintain their
stability in the presence of albumin for up to 1 week after the injection. Because these
CCMs can be kept in PBS in a refrigerator (4°C), we investigated their stability in terms
of size in these conditions and obtained that the size of the CCMs was almost the same at
4°C up to 24 weeks. These results confirmed that the CCMs are stable in shelf conditions
and can be kept for six months in PBS without any change. Following this step,
degradation studies were performed, and the degradation of micelles in acidic conditions
was analyzed with GPC, 'H-NMR, and size measurements. Due to acid-degradable bonds
in the core cross-links of the micelles, they are expected to degrade at acidic conditions.
In order to prove this, micelles were incubated at pH 4.5 and 37°C for 24 hours. Samples
were withdrawn from the medium (between 0-24 hours) and analyzed by DLS, FTIR, 'H-
NMR spectroscopies, and GPC. According to the size analysis, the diameters of the
particles decreased with degradation time. This was also proved by GPC, in which the
retention volume of the particles shifted to larger values meaning that the size of particles
was smaller and eluting from the column later. We also confirmed the degradation with
FTIR analysis. All findings showed that CCMs could be degraded into tiny particles that
can facilitate drug release by the effect of pH. Finally, this drug delivery system was
tested in in vitro studies on breast cancer cells in the scope of TUBITAK 116R057 and
the collaboration with Prof. Dr. Yusuf Baran (IYTE Molecular Biology and Genetics

Department). Since cell culture studies were reported as a master thesis in Gizem Tugge
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Ulu's thesis number 573239 at YOK Thesis Center, we did not report these results within
the scope of this thesis. However, we would like to discuss these results in the conclusion
section to show the efficacy of our nanoparticle system on breast cancer. According to
these results, the cytotoxicity of free CCMs and HER2 peptide conjugated CCMs were
tested on SKBR-3 and MCF-10A cell lines, and it was found to be slightly dependent on
the CCMs amount with high viabilities. Following this step, the cytotoxicity of DOX
containing formulations were tested on SKBR3 (HER2 positive) and MCF10A (HER2
negative) cell lines. According to these results, DOX-HER-2-CCMs were 2-fold more
effective on SKBR-3 cells as compared to DOX-CCMs which shows the targeting effect
of the HER2-specific peptide on breast cancer cells. Note that the addition of targeting
peptide to CCMs did not reveal any difference in terms of selectivity for MCF-10A cells
which demonstrates no preferential uptake of targeted CCMs by healthy cells according
to the IC50 values. The effects of DOX-HER-2-CCMs were higher on HER-2
overexpressed SKBR-3 cells. Also, DOX-conjugated HER-2 micelles increased the effect
of DOX as compared to both only DOX and DOX-CCMs. Moreover, less toxicity was
observed towards MCF-10A cells, and it means that using CCMs with or without peptide
revealed a kind of masking effect on the toxicity by DOX. The concentration of IC50
values of CCMs for SKBR-3 cells was applied, and it was shown that the fluorescence
intensity density value of DOX-CCMs-HER-2 is higher as compared to DOX-CCMs
despite a low concentration application of DOX-CCMs-HER-2. The conjugated HER-2
peptide on CCMs provided a high uptake rate by SKBR-3 cells. This result revealed that
the DOX-CCMs-HER-2 was more effective than DOX-CCMs on SKBR-3 HER-2
positive cells.

The second section of the thesis was carried out at MD Anderson Cancer Center,
supported by the TUBITAK in the scope of the 2214 A project. According to these results,
POEGMA-based CCMs (CCM2, in the first chapter) were used, and EF2 kinase inhibitor
was loaded to these CCMs by dialysis methods. CCMs were synthesized successfully,
and micelles with low PDIs were obtained as determined with Nanosight Tracking
analysis. For drug loading studies, absorbance scanning of EF2 kinase inhibitor was
performed, and 320 nm was used to determine drug loading and entrapment efficiency.
Drug loading was performed with dialysis methods, and %LE and % EE were calculated
as 78% and 4.13%. Since our aim was to determine the efficiency of CCMs on breast
cancer cell lines, we used four different cell lines, including HER2, ER, PR positive cell

lines such as BT474, HCC1954, and HER2 negative, ER and PR positive cell lines such
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as MCF7, and triple-negative breast cancer cell line such as MDA-MB-23. These cell
lines’ cell numbers are optimized for the MTT experiment. Following this step, the IC50
value of free EF2 kinase inhibitor was calculated on BT474, HCC1954, MCF7, and
MDA-MB-231 cell lines. Free CCMs also treated on cells and tested with an MTT
experiment, and CCMs did not show toxicity on these cell lines. To compare the efficacy
of free EF2 kinase inhibitor and EF2 kinase loaded CCMs were treated on BT474,
HCC1954, MCF7, and MDA-MB-231, and IC50 values were calculated. IC50 values of
EF2 kinase inhibitor were calculated as 3.23 and 4.60 uM for HCC1954 cells, 3.07 and
4.39 uM for BT474 cells, 9.56 and 5.34 uM for MCF7 cells, 5.45 and 4.99 for MDA-
MB-231 cells at 48- and 72h respectively. Furthermore, the IC50 values of EF2 kinase
inhibitor loaded CCMs were calculated as 2.17 and 2.33 uM for HCC1954 cells, 3.71 and
3.75 uM for BT474 cells, 1.74 and 2.98 uM for MCF7 cells and 14.54 and 9.09 uM for
MDA-MB-231 cells at 48h- and 72h. These results showed that EF2 kinase inhibitor-
loaded CCMs enhanced the efficacy of EF2 kinase inhibitors on the HCC1954, BT474,
and MCF7 cell lines. For the MDA-MB-231 cell line, EF2 kinase inhibitor-loaded CCMs
showed toxicity and less efficacy compared to free EF2 kinase inhibitors. Since MDA-
MB-231 is a triple-negative breast cancer cell line, ER-, PR-, and HER2-, this result could
be explained by that the uptake of our nanoparticle system could be performed with the
receptor-mediated mechanism, but further experiments are needed to confirm this
explanation. Also, in our delivery system, CCMs designed for enhancing in vivo efficacy
of water-insoluble EF2 kinase inhibitors, we need to test their efficacy in the in vivo breast
cancer tumor model. In light of these findings, our nanoparticle system enhanced the
efficacy not only with Doxorubicin but also with EF2 kinase inhibitors. This provides the
opportunity to be a broad-scale drug delivery system by being tested with different drugs
in the future.

In the third chapter, poly sulfobetaine-based, breast cancer-targeted, and acid-
cleavable CCMs were prepared. First, macroCTA (poly(SBMA)) was synthesized, and
the monomer/CTA/Initiator ratio was determined as 65/1 /0.2, and copolymer synthesis
was conducted at this ratio. CCMs were synthesized successfully by RAFT
polymerization, and low PDI-micelles with 65.5 + 6.2 nm in size and 14.5 = 0.7 mV in
charge were obtained. Since the hydrophobic nature of the peptide and the high molecular
weight of the antibody caused the solubility problem, peptide (LTVSPWY) and antibody
(Herceptin) were conjugated to CCMs with different amounts to optimize the structures’

physicochemical properties. In this context, PC1-5 formulations containing different
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ratios of peptide and AC1-5 formulations containing different ratios of antibody were
synthesized, and 'H-NMR, FTIR, size and charge measurement and fluorescent intensity
techniques were used for confirmation of peptide and antibody conjugation. As a result,
the size of the peptide and antibody conjugated micelle increased with the increase in the
amount of peptide and antibody. Also, the conjugation of peptides and antibodies leads
to a slight decrease in the charge of the CCMs. Following these characterization methods,
we selected PC2 and AC3 formulations. Doxorubicin was loaded into CCM, PC2, and
AC3 with the incubation method, and drug loading efficiencies of CCMs, PC2, and AC3
were calculated as 26, 50, and 56%, respectively. Following this step, release studies were
performed in acidic and neutral pH environments, and pH-dependent release was
achieved for CCMs, PC2, and AC3 formulations. We noticed that the PC3 formulation
released the drug later, and we explained this by the fact that the hydrophobic peptide
chains formed by the degradation of the conjugation interact with the hydrophobic drug,
causing a delay in the release of the drug. However, all formulations showed greater
release in the acidic environment, confirming the desired pH sensitivity of our
nanoparticle systems. Finally, the drug delivery system was tested in vitro on breast
cancer cells in the scope of TUBITAK, 2165639, 2165991 projects and the collaboration
with Prof. Dr. Yusuf Baran (IYTE Molecular Biology and Genetics Department). Since
cell culture studies were reported as a master thesis in Nusaibah Abdulsalam Abdulhad
Abdulhadi's thesis with the number 684216 at YOK Thesis Center, we did not report these
results within the scope of this thesis. However, we would like to discuss these results in
the conclusion section to show the efficacy of our nanoparticle system on breast cancer.
According to these results, the efficacy of the HER2 peptide (LTVSPWY) and HER2
antibody (Herceptin®) conjugated micelles was investigated by cytotoxic, apoptotic,
cytostatic, and genotoxic assays. The cytotoxicity of the targeted CCMs was determined
on SKBR3 cells with control of MCF-10A. The DOX-HER?2 peptide-CCMs were 2-fold
more effective on SKBR-3 cells compared to DOX-HER2 antibody-CCMs. Also, no
difference in selectivity for healthy cells was observed. The effects of DOX-HER2-
peptide and DOX-HER2-antibody conjugated CCMs were higher on HER2
overexpressed SKBR-3 cells compared to DOX-CCMs. According to the fluorescence
analysis, the uptake of DOX-HER2 peptide-CCMs and DOX-HER2 antibody-CCMs
were higher compared to DOX-CCMs for SKBR-3 cells. Additionally, peptide-based
formulations showed better uptake than the others. However, no difference was observed

in the uptake of the all formulations for MCF-10A cells. This suggests that DOX-HER2
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peptide-CCMs were more effective than the other two on SKBR-3 cells. Moreover, the
results emphasize the selective targeting ability of the HER2-specific peptide and
antibody-conjugated CCMs, which has the potential to enhance the therapeutic efficacy
of the drugs while reducing the side effects. Furthermore, the study found that peptide
targeting had more advantages over antibody targeting. This phenomenon implies that
peptide conjugation could be a better option for HER2-positive cancer cell targeting. This
nanocarrier formulation was also tested in vivo within the scope of 2165990 by
Assoc.Prof. Hiisamettin Ekici and his group (Kirikkale University), but the results was
not published yet.

With all these findings, our studies show that the designed systems for HER2-
targeted breast cancer therapy with multifunctional nanocarriers, which have higher
stability, pH sensitivity, and selectivity, can be efficient for targeted anticancer drug
delivery. They can also be used in different drug-targeting strategies by changing
targeting agents and drugs. Although in vitro efficacy of these CCMs has been shown, it
should be noted that these structures should be investigated based on their
pharmacokinetic properties. Thus, further investigations are necessary to achieve in vivo
efficacy. This thesis has great potential as a multifunctional drug-conjugated carrier
system with enhanced stability and pH sensitivity for targeted breast cancer therapy. This
study is most likely to have an impact as a putative treatment method for breast cancer,
which shows a very high incidence in women. Besides, future in vivo studies can be
designed for potential national and international projects based on the results of in vitro

studies performed during this project.

5.2 Societal Impact and Contribution to Global
Sustainability

The potential drug delivery systems developed in this thesis have a significant
societal impact and contribution to global sustainability. Breast cancer is one of the most
prevalent forms of cancer among women, and effective drug delivery systems are crucial
for the successful treatment of this disease. The POEGMA and sulfobetaine-based breast
cancer-targeted CCMs developed in this thesis offer a promising approach to the targeted
and efficient delivery of breast cancer drugs. The use of targeted drug delivery systems,
such as the ones developed in this thesis, can significantly reduce the side effects of cancer

treatment, improve treatment outcomes, and enhance the quality of life for cancer
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patients. By delivering drugs directly to cancer cells, these systems minimize damage to
healthy cells and reduce the risk of systemic toxicity. This approach can also reduce the
need for multiple doses of chemotherapy, which can further minimize the side effects of
treatment and improve patient compliance. Overall, the potential drug delivery systems
developed in this thesis have a significant societal impact and can contribute to global
sustainability by improving the efficacy and safety of breast cancer treatment while
minimizing the existing drugs’ side effects. These systems offer a promising approach as
a targeted and efficient delivery of breast cancer drugs and have the potential to

significantly improve patient outcomes and quality of life.
5.3 Future Prospects

In the future, it is envisaged that the efficacy of targeted and non-targeted drug
delivery systems will be further evaluated in vivo by assessing the toxicities of drug-
loaded and unloaded targeted delivery systems. Moreover, these systems can be tested for
their potential to serve as model delivery systems by loading them with diverse drug
types. The ultimate goal is to obtain successful results that could pave the way for

planning clinical studies in the future.
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