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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF PEG-b-PCL
MICELLES CARRYING ANTICANCER AGENTS

Isik, Giilhan
Doctor of Philosophy, Biotechnology
Supervisor: Prof. Dr. Aysen Tezcaner
Co-Supervisor: Prof. Dr. Nesrin Hasirct

February 2022, 184 pages

Cancer is a disease that decreases the quality of life. Many cancer drugs are either
toxic or not effective due to their fast removal by reticuloendothelial system.
Therefore, nano-sized drug delivery systems, especially the ones carrying the drugs
directly to tumor, gained attention in the last decades. The aim of the study was to
prepare nano-sized drug carrying micelles (drug conjugated and drug loaded) from
methoxy polyethylene glycol-block-polycaprolactone (mPEG-b-PCL). In order to
conjugate drugs, mPEG-b-PCL was activated with hydrazide groups. Doxorubicin
(DOX) was conjugated covalently (at 60°C), and lithocholic acid (LCA) was
conjugated ionically (at 60°C and 25°C) to obtain micelles (coded as DOXconj-M,
LCAs**M and LCA25**M, respectively). Micelles having no conjugation, but
loading of DOX (DOX4-M), and micelles having both drugs together (DL-M) were
also prepared. Micelles demonstrated faster drug release in acidic media than the
neutral media, which is advantageous for the treatment of cancer since cancer tissue
is more acidic than the healthy tissue. Cell culture studies show that micelles having
no drugs are not cytotoxic. Internalization of the micelles into MDA-MB-231 cancer
cells was determined by using coumarin-6 loaded micelles for LCA containing

micelles (LCAgs**M and LCA25**M) and DOX for DOX containing micelles



(DOXconi-M, DOX14-M, and DL-M). All micelles displayed low cell migration and
high anti-proliferative effect on MDA-MB-231 cells. Moreover, the ones having
LCA (LCAso**M, LCA25**M and DL-M) led a decrease in lipogenic activity, but
DOXconj-M and DOXi¢-M did not change lipid droplet formation. An increase in the
number of apoptotic cells, as well as in apoptotic genes of Bax and p53 expressions,
and a significant decrease in anti-apoptotic genes of Bel-2 and Bcl-xL expressions
were observed after the treatment of the cells with DOX14-M and DL-M. All micelles
prepared in this study caused a decrease in the mitochondrial transmembrane
potential of the cells, which results in apoptosis, and an increase in ROS generation,
which was significantly higher in the cells treated with DOXconj-M, DOX14-M, and
DL-M compared to free DOX applied ones. Micelles having LCA caused a
significant decrease in angiogenesis ability of HUVECs. In the future these types of
micelles especially immunomicelles targeted to cancer cells will be the candidate

carriers in cancer therapy.

Keywords: Lithocholic acid; Doxorubicin; pH sensitive; PEG-b-PCL micelles;
MDA-MB-231 cells
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ANTIKANSER AJANLAR TASIYAN PEG-B-PCL MiSELLERIN
GELISTIRILMESI VE KARAKTERIZASYONU

Isik, Giilhan
Doktora, Biyoteknoloji
Tez Yoneticisi: Prof. Dr. Aysen Tezcaner
Ortak Tez Yoneticisi: Prof. Dr. Nesrin Hasirc1

Subat 2022, 184 sayfa

Kanser yasam kalitesini diisliren bir hastaliktir. Birgok kanser ilac1 toksiktir veya
retikiiloendotelyal sistem tarafindan hizla uzaklastirildiklar icin etkili degildir. Bu
nedenle nano boyutlu ila¢ tasiyici sistemler, 6zellikle dogrudan timére hedefli
olanlar dikkat ¢ekmistir. Calismanin amaci, kanser tedavisi i¢in metoksi polietilen
glikol-blok-polikaprolakton (mPEG-b-PCL) miseller (ila¢ konjuge miseller, tek/cift
ilag yiiklii miseller, immiinomikeller) hazirlamak ve karakterize etmektir. ilaglart
konjuge etmek i¢in 6nce karboksilasyon ile mPEG-b-PCL aktive edilmis ve daha
sonra hidrazid gruplart olusturulmustur. Doksorubisin (DOX) kovalent olarak
(60°C’de) ve litokolik asit (LCA) iyonik olarak (60°C ve 25°C’de) polimerlere
konjuge edilerek miseller (sirastyla DOXconj-M, LCAg0**M ve LCA25**M) elde
edilmigtir. DOX ayrica misellere tek bagina veya LCA ile birlikte yiiklenmistir
(strastyla DOXg-M, ve DL-M). LCA ve DOX salimlarinin, asidik ortamda nétr
ortama goOre daha hizli oldugu belirlenmistir. Hiicre kiiltiirii ¢alismalari, ilag
icermeyen misellerin sitotoksik olmadigim1 gostermektedir. Kumarin-6 yiiklii
LCAs0**M, kumarin-6 ytiklii LCA25**M, DOXconj-M, DOX14-M ve DL-M, MDA-

MB-231 hiicrelerinde etkili hiicre internalizasyonuna neden olmustur. Tim
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misellerin MDA-MB-231 iizerinde diisiik hiicre gd¢iine ve yiiksek anti-proliferatif
etkiye sahip oldugu belirlenmistir. Ayrica, LCA igeren miseller (LCAg0**M,
LCA25**M ve DL-M) lipojenik aktivitede azalmaya neden olurken, DOXconj-M ve
DOXj¢-M lipojenik aktiviteyi degistirmemistir. Hiicrelerin, DOXj4-M ve DL-M ile
inkiibasyonundan sonra apoptotik hiicre sayisinda ve ayrica apoptotik gen Bax ve
p53 ifadelerinde bir artis ve anti-apoptotik gen Bcl-2 ve Bcel-xL ifadelerinde 6nemli
bir azalma gozlendi. Tim miseller, hiicrelerin mitokondriyal transmembran
potansiyelini azaltti ve bu da apoptozun basladigin1 gostermektedir. Tiim miseller
ROS olusumunu artirmistir ancak DOXconj-M, DOX1¢-M ve DL-M, serbest DOX ile
karsilastirildiginda ROS iiretiminde 6nemli bir artisa sebep olmustur. LCA igeren
miseller, HUVEC'lerin anjiyogenez yeteneginde 6nemli bir azalmaya neden oldu.
Gelecekte bu tip miseller, Ozellikle kansere hedefli immiinomiseller kanser

tedavisinde aday tasiyicilar olacaktir.

Anahtar Kelimeler: Litokolik asit; Doksorubisin; pH’a duyarli; PEG-b-PCL
miselleri; MDA-MB-231 hiicreleri
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CHAPTER 1

INTRODUCTION

In this study, the aim was to produce polymeric micelles to deliver selected bioactive
drugs to the cancer cells. In order to do this successfully, it is necessary to have some

information about cancer, types of cancer and the properties of cancer cells.

1.1 Cancer

Cancer is uncontrolled cell division of abnormal cells. Cancer cells have some
properties like limitless proliferation, tissue invasion and metastasis. Meanwhile,
they also have high angiogenesis around the tumour tissue and high production of
growth signals. Cancer cells can evade from antigrowth signals by controlling
phosphorylation of them or overexpression of the growth signals like TGF-3. Cancer
cells can also escape from apoptosis and immune cells. They have genome instability
so mutations occur in cancer cells for providing them to live and escape from cell
death. They also cause tumor-promoting inflammation and affect the cell’s energy

metabolism to promote their own survival (Fouad & Aanei, 2017).

Mutations which are mainly caused by some chemicals, infectious agents, radiation,
errors in DNA replication, or heredity may cause cancer. Genes that encode cell
proliferation and survival are mutated in cancer cells and these genes are termed as
‘oncogenes’. Deletion or loss of function in tumor suppressor genes are other reasons
for uncontrolled cell proliferation in cancer cells (Pezzella et al., 2019). The most
important issue in cancer cells is metastasis, which is the spreading ability of the
pathogenic agent's from the initial site to the other parts of the body (brain, bones,

liver, etc.) via the bloodstream or lymphatic system.



1.1.1 Cancer Types

It is known that cancer begins when the orderly process of the cell growth is
disturbed. The cells grow in an uncontrollable way and form a lump called ‘tumor’.
There are different types of cancer. The most common ones are breast, lung and skin

cancers.

Breast cancer is the most common cancer type in women. Almost 20% of these
patients have metastasis. It is the second type of cancer after lung cancer that causes
the highest death among cancer types (H. M. Kim et al., 2017). Breast cancer also
has different types as estrogen receptor positive breast cancer (ERBC), progesterone
receptor positive breast cancer (PRBC), human epidermal growth factor receptor
positive breast cancer (HER2-BC) and triple negative breast cancer (TNBC). TNBC
is about 15-20% of breast cancers, does not contain a cell surface receptor and is a
highly aggressive type of cancer. As the cells do not carry a receptor on the cell
surface, cancer-targeted drug delivery systems are not available for this type (Parvani
& Jackson, 2017). TNBC is also resistant to radiotherapy and therefore, treatment is
quite difficult (W. Chen et al., 2017). In order to develop a targeted drug delivery
system for TNBC, researchers are investigating only highly secreted molecules,

signaling pathways and mechanisms in cancerous tissues (Garmpis et al., 2017).

Lung cancer is the leading cause of cancer deaths in the United States, among both
men and women. There are two types of lung cancer: small-cell lung cancer and non-
small-cell lung cancer. Heavy smoking causes small-cell lung cancer, but non-small-
cell lung cancer is more common than small-cell lung cancer. Non-small cell lung
cancers include squamous cell carcinoma, adenocarcinoma and large cell carcinoma

(Couraud et al., 2012; Subramanian & Govindan, 2008).

Skin cancer generally develops on skin exposed to the sun. There are three types of
skin cancer: basal cell carcinoma, squamous cell carcinoma (known as nonmelanoma
skin cancer) and malignant melanoma. Malignant melanoma has a much higher

mortality rate than the other types of skin cancer (Martinez & Otley, 2001).



1.2 Treatment of Cancer

Treatment of cancer is generally carried out as surgery, chemotherapy and
radiotherapy. If there is no metastasis, complete removal of the tumor tissue from
the body by surgery is done. After the surgery, chemotherapy and/or radiotherapy is
applied to the patient in order to kill the remaining cancer cells on the operational
site. In radiotherapy, high-energy X-rays or ionizing radiation are being used to
destroy the cancer cells. Chemotherapy is the usage of drugs that circulate in the
bloodstream and kill cancer cells or interfere with the ability of cancer cells to
proliferate. Chemotherapy is also used when metastasis occurs. Antimetabolites,
alkylating agents, platinum drugs, topoisomerase inhibitors, mitotic inhibitors,
hormone therapy drugs, antibiotics and targeted therapy are being used in
chemotherapy. Antimetabolites are molecules that are analogs of some molecules
which are generally required in DNA synthesis and repair. Antimetabolites bind to
enzymes in place of the normal molecules and disrupt the metabolic pathways for
DNA synthesis and repair. Methotrexate is an antimetabolite and a folic acid analog.
It binds to the enzyme dihydrofolate reductase which is required for the production
of the reduced form of folic acid and so it inhibits the synthesis of several bases of
DNA. Alkylating agents are highly reactive organic molecules that bind directly to
DNA and cause single strand or double strand breaks in DNA, or they crosslink DNA
molecules. As a result, DNA replication cannot occur. Platinum drugs also inhibit
DNA synthesis by DNA crosslinking. Topoisomerases control the coiling and
uncoiling of DNA during DNA replication. Topoisomerase inhibitors interfere with
the topoisomerase-DNA bond and cause a double strand break in DNA.
Consequently, apoptosis occurs. Mitotic inhibitors like Taxol disrupt the mitotic
spindle during mitosis so cells cannot divide. Hormone therapy is generally used for
patients who have cancer originating from hormone-dependent tissues. Tamoxifen
molecule has some similarities with estrogen molecule, therefore, for estrogen
receptor positive breast cancer patients, if tamoxifen is given, it binds to estrogen

receptor and blocks the receptor activation. Streptomyces species produce



anthracyclines (doxorubicin, daunorubicin, epirubicin, and idarubicin) and non-
anthracycline antibiotics (bleomycin and actinomycin D) which are very cytotoxic
to cells. They act as alkylating agents but also intercalate DNA and inhibit
topoisomerase function. In addition, they can generate free radicals, which cause
oxidative damage to cellular proteins, thus inhibiting their action. But anthracycline
antibiotics cause cardiotoxicity. Doxorubicin (DOX) is an anthracycline antibiotic.
It can act as an alkylating agent and bind directly to DNA and cause single strand or
double strand breaks in DNA or it crosslinks DNA. As a result, DNA replication
cannot occur. Cardiotoxicity is a major problem after treatment with DOX

(Pelengaris & Khan, 2013).

Mutations in the cancer cells cause molecular differences in their structures.
Monoclonal antibodies against these molecules are being used for the treatment of
cancer. Trastuzumab is a monoclonal antibody which targets the HER2 receptor
(epidermal growth factor receptor) on the cancer cell surface and inhibits the
activation of the receptor. Cancer cells overexpress HER2 receptor to stimulate cell
proliferation by binding high amounts of growth factor. Trastuzumab binds to HER2
receptor and blocks the signaling pathway of the receptor by inhibiting the activation
of the receptor. As a result, tumor growth is inhibited. Small molecule inhibitors are
also being used to target specific proteins in the cells. Unlike monoclonal antibodies,
small molecule inhibitors can enter the cell. Imatinib is a Ber-Abl tyrosine-kinase
receptor inhibitor. Ber-Abl is an abnormal protein which is only produced in cancer
cells from the oncogene BCR-ABL. Therefore, imatinib is an ideal targeted drug for
cancers overexpressing BCR-ABL oncogene (Pelengaris & Khan, 2013).

1.2.1 Research on New Drug Candidates

Cancer cells can escape from drug therapy in various ways called as multidrug
resistance. Multidrug resistance occurs due to the presence of cells like cancer
associated fibroblasts and cancer stem cells, and survival factors like fibroblast

growth factor, epidermal growth factor, insulin-like growth factor, platelet derived



growth factor, and vascular endothelial growth factor (VEGF) in tumor
microenvironment (Haider et al., 2020). The overexpression of some genes like P-
gp, MDR1 (multidrug resistance gene) also causes multidrug resistance.(Haider et
al., 2020). Drugs are taken by the cells can throw away from the cell by drug efflux
transporter proteins in cancer cell membrane. The alteration of apoptotic pathways
and changes in cell membrane also decreases the activity of the drugs. Inactivation
of drugs due to changes in the tumor environment can occur. For example, DOX can
be protonated and become inactive due to acidity of the tumor microenvironment
(Haider et al., 2020). Epithelial to mesenchymal transition of cells also causes
multidrug resistance which causes metastasis, cell shape changes (Haider et al.,
2020). Therefore, new drug candidates are being investigated to overcome the
multidrug resistance mechanism of cancer cells. For example, Ozenver et al. (2018)
extracted aloe-emodin from R. acetosella and studied the anticancer effect of aloe-
emodin on CCRF-CEM (acute lymphoblastic leukemia cells). They showed that
aloe-emodin causes apoptosis, ROS generation and cell cycle arrest in S phase. The
ICso value of aloe-emodin was found as 9.872 uM on CCRF-CEM cells. They
proposed that aloe-emodin can be considered as a possible anticancer drug (Ozenver
etal., 2018). Liao et al. (2019) used chaetocin as an anticancer agent for the treatment
of gastric cancer. ICso values of chaetocin on three different gastric cancer cell lines
(AGS, HGC-27, and NCI-N87) were re as 120 nM, 400 nM, and 820 nM,
respectively. They showed that chaetocin induced apoptosis on AGS, and HGC-27
cells. Mitochondrial transmembrane potentials of AGS, and HGC-27 cells were
decreased without increasing ROS levels. Thus, they suggested that chaetocin causes

apoptosis on gastric cancer cells independent from ROS levels (X. Liao et al., 2019).

Lithocholic acid (LCA) is a hydrophobic bile acid and has been reported to have
anticancer effect on breast cancer cells (Luu et al., 2018; Mik¢ et al., 2018), prostate
cancer cells (Gafar et al., 2016), and neuroblastomas (Goldberg et al., 2011), and it
is not toxic to normal cells. It was also shown that LCA suppresses cell apoptosis on
mouse cardiomyocytes by preventing EphA2 phosphorylation which regulates cell

death and differentiation in development and cancer (Jehle et al., 2012). Luu et al.,



(2018) reported that increasing concentrations of LCA decreased cell viability and
lipogenic activity and increased apoptosis of breast cancer cells in vitro (Luu et al.,
2018). Gafar et al. reported that cell death mechanism of LCA on prostate cancer
cells by apoptosis, necrosis and autophagy (Gafar et al., 2016). Singh et al. (2017)
prepared LCA containing polymer-drug conjugate (lithocholic acid-poly(ethylene
glycol)-lactobionic acid; LPL) and loaded with DOX. They observed that free LCA
and free DOX exhibited similar cell viability, and apoptosis. On the other hand, DOX
loaded LPL nanoparticles demonstrated lower cell viability and higher cell apoptosis

on liver cancer cells (Singh et al., 2017).

1.3 Drug Delivery Systems

Drugs used in chemotherapy are usually hydrophobic and toxic chemicals.
Therefore, when injected into the body or orally taken, they cause unwanted side
effects such as hair loss, nausea, vomiting, diarrhea, anemia, defective blood clotting,
and immune deficiency on normal tissues. These drugs are also rapidly removed
from the body by the reticuloendothelial system before reaching the tumor, which
leads to an ineffective drug consumption (Y. Zhang et al., 2014).

Due to genomic instability, cancer cells can become resistant to chemotherapeutic
drugs after a series of treatment with drugs. Some resistant cancer cells may be
present after chemotherapy, which could proliferate and form a new tumor that is
completely resistant to chemotherapy, meaning to the drugs applied previously. This
phenomenon is called as ‘multidrug resistance’. Multidrug resistant transport
proteins are involved in drug efflux mechanism. These transport proteins can traverse
a broad spectrum of drugs resulting in drug resistance in cancer cells by exporting
most of the chemically dissimilar molecules (Pezzella et al., 2019). To minimize the
side effects of drugs, drug carriers as controlled drug release systems and targeted
drug delivery systems are being developed. Drug delivery systems protect the drug

from rapid degradation or renal clearance and enhances drug concentration in the



target tissues, therefore, lower doses of drugs can be applied without causing side

effects (Upponi & Torchilin, 2014).

1.3.1 Targeted Drug Delivery

Drug delivery systems should provide minimum side effects and maximum
therapeutic effect. Therefore, especially for the cancer therapy, targeted drug
delivery systems are being developed. Targeted drug delivery is a method of
treatment that involves the increase in medicament in one or few body parts in
comparison to others. Therefore, it delivers the medication only to areas of interest
within the body. In these systems, drugs are either covalently or ionically conjugated
to polymers or nano carriers or bound with hydrophobic interactions. These systems
deliver the cargo to the cancer cells via two strategies: passive targeting and active

targeting (Figure 1.1).

Passive Targeting: Cancer cells have self-sufficiency in growth factors so they can
overproduce VEGF. Overproduction of VEGF causes disorganized vascular tissue
around the tumor tissue. This vascular tissue is called as ‘leaky vasculatures’ since
they leak more fluid than normal tissue due to larger pore sizes in capillaries around
cancer tissue. Small molecules, and nanoparticles can accumulate in the targeted
cancerous tissue because of leaky vasculatures in tumor and this phenomenon is

called as ‘enhanced permeability and retention (EPR) effect’ in passive targeting.

Active Targeting: In this type of targeting, drug is conjugated with recognition
ligands such as antibodies (Viravaidya-Pasuwat & Naruphontjirakul, 2019), low
molecular ligands e.g., folic acids (Lale et al., 2015), proteins (Schieber et al., 2012),
peptides (Nieberler et al., 2017), hyaluronic acid (K. Kim et al., 2019), carbohydrates
(Venturelli et al., 2016), aptamers (Fu & Xiang, 2020) or recognition ligands (Peiris
et al., 2018), which recognize the specific target molecules like receptors on the
cancer cells, attach to these receptors and the bioactive agents are effective only in

cancer area. Active targeting strategy can also be achieved through a manipulation



with physical or chemical stimuli (e.g., temperature, pH, magnetism, enzymes, etc.)

(Upponi & Torchilin, 2014).

B |. Antibody based targeting Il. Aptamer based targeting
B) Antibody fragment based targeting ATORNA aptamer lll. Ligand based targeting
Fab fragment
single-chain anti-EGFR antibody (scFV) A) Transferrin

A) Monoclonal antibody based targeting

Figure 1.1. A) Passive targeting (Ranganathan et al., 2012). B) Active targeting
(Bazak et al., 2015).



Besides the mentioned two strategies, there are also stimuli responsive delivery
systems, which concentrate the bioactive agent in the tumor area since the properties
and some biological molecules are different in their microenvironment than the

healthy biological tissue.

1.3.1.1 Stimuli Responsive Drug Delivery

Cancer cells can induce angiogenesis by overexpression of angiogenic factors, some
enzymes and cell surface receptors like epidermal growth factor, escape from
apoptosis and immune cells, invade other tissues (metastasis), etc. These metabolic
changes result in lower pH levels, higher intracellular levels of glutathione, higher
reactive oxygen species and ATP levels, and hypoxia in the tumor
microenvironment. Therefore, stimuli responsive (pH, enzyme, redox, temperature,
or photosensitive) drug delivery systems are being developed to effectively release

the anticancer drugs in tumor microenvironment (Faal Maleki et al., 2019).

1.3.1.1.1 Temperature Sensitive Delivery Systems

Temperature  sensitive  polymer-drug systems allow the release of
entrapped/conjugated drug in response to heat shock stimuli. Nanoparticles may be
developed as the temperature-sensitive carriers. Some polymers can show swelling
and collapse transition according to its lower critical solution temperature (LCST)
(Lee et al., 2015). Poly(N-isopropylacrylamide) (PNIPAAm) is a thermo-responsive
polymer with a LCST at 32°C. It swells below LCST and collapse above LCST.
Eskandari et al. (2020) prepared DOX loaded PNIPAAm nanoparticles and showed
higher drug release at 40°C than 25°C. Higher DOX release was observed at 40°C
due to squeezing of PNIPAAm nanoparticles above LCST (Eskandari et al., 2020).
Kitano et al. (2021) synthesized a triblock copolymer made of poly(ethylene glycol)
(PEG), poly(2-ureidoethyl methacrylate) (PUEM) and poly(2-(methacryloyl
oxy)ethyl phosphorylcholine) (PMPC) (briefly PEUM), which has thermo-



responsive properties. Fullerene was added to the nanoparticle structure to add light-
responsive behavior. Upon light irradiation, fullerene generates singlet oxygen and
causes ROS-dependent apoptosis. DOX was added as an anticancer drug and release
of DOX was higher at 50°C than 25°C due to swelling of the nanoparticle at 50°C
(Kitano et al., 2022).

1.3.1.1.2 Magnetism Sensitive Delivery Systems

Magnetism is used as an external stimulus in drug delivery systems. Magnetic
nanoparticles like ferric oxide particles can be added into the carriers or can be used
as carriers after chemical modifications, so that they form particles sensitive to
magnetism. Magnetic field is applied internally of externally to the area of tumor
tissue and so magnetic nanoparticles accumulate in the tumor area. The release and
the efficacy of the anti-cancer drug accumulate over there. Kheirkhah et al. (2018)
prepared magnetic ferric oxide nanoparticles and covered them with gold layer. The
particles were then coated with gellan gum and DOX was loaded to the particles with
electrostatic interaction between DOX and the gellan gum. Then, they studied the
anti-cancer effect of this system on intramedullary spinal cord tumors in vivo by
implanting a neodymium magnet at the tumor site to create magnetic field around
the tumor and to promote accumulation of DOX loaded magnetic nanoparticles at
the desired area (Kheirkhah et al., 2018). Garcia-Hevia et al. (2022) prepared DOX
and Fe3O4 loaded magnetic nanoparticles from Carnauba wax and showed the more
effective cytotoxic effect of these nanoparticles compared to free DOX on melanoma
cells. They used magnetic nanoparticles (Fe3O4) to create hyperthermia around the
tumor tissue to provide a synergistic treatment with DOX. They injected melanoma
cells to C57BL/6 mice subcutaneously to form tumor. It was shown that DOX loaded
magnetic particles more effectively accumulated in tumor tissue and decreased the
volume of the tumor compared to DOX loaded nanoparticles, which did not contain

Fe;04 (Garcia-Hevia et al., 2022).
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1.3.1.1.3 Enzyme Sensitive Delivery Systems

Some enzymes are overexpressed by tumor cells. These enzymes can degrade the
extracellular matrix and allow cancer cells to invade other tissues. Overexpression
of these enzymes can be used to degrade some type of linkers like ester, peptide,
glycoside, etc. This type of linkers can be used to conjugate anticancer drug to the
nanoparticles and overexpressed enzymes around tumor microenvironment attack to
and break these linkers releasing the anticancer drug in the tumor tissue (Chau et al.,
2006). Matrix metalloproteinases (MMPs) are extracellular enzymes that degrade the
extracellular matrix and are remodelling the tissue environment. MMPs are
overexpressed by cancer cells and thus, they are responsible for cancer initiation,
progression and metastasis. Therefore, MMP sensitive peptides can be conjugated to
the anticancer drugs to deliver the drug in tumor tissue by using carrier nanoparticles
with different hydrophobicity/hydrophilicity, structure, conformation, and/or charge
(Yao et al., 2018). Chen et al. (2022) prepared enzymatic nanoreactors from
sulthydrylated polylysine (PL-SH) and 8arm-PEG-MAL with the usage of
millifluidic technology. Glucose oxidase was loaded to nanoreactors as an enzymatic
therapy for cancer. They induced tumor in BALB/c mice by injecting 4T1 cells
subcutaneously. They showed that glucose oxidase loaded nanoreactors decreased
the tumor volume without any change in body weight which indicates that glucose

oxidase loaded nanoreactors are not cytotoxic to normal cells (N. Chen et al., 2022).

1.3.1.1.4 Hypoxia Sensitive Delivery Systems

In tumor microenvironment, oxygen levels are lower than normal tissue. These
causes hypoxia around tumor and hypoxia influences tumors in many aspects
including angiogenesis, epithelial to mesenchymal transition, invasiveness and
metastasis. Hypoxia also increases drug resistance in cancer cells and activates some
factors including hypoxia-inducible factors (HIFs), which could be targeted via their

thiol groups. In tumor microenvironment, glutathione (GSH) levels are higher than
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normal tissue due to hypoxic environment. Thus, GSH targeted drug delivery
systems are gaining interest and being studied to deliver the anticancer drugs in
tumor environment (Zeng et al., 2018). Gdowski et al. (2022) prepared a complex
containing gemcitabine and sickle cell hemoglobin. Sickle cell hemoglobin can
polymerize in hypoxic and acidic conditions and when it polymerizes, sickle cell
hemoglobin can break tumor stroma and decrease the intratumoral pressure. They
induced tumor in mice with the injection of BxPC3 pancreatic cancer cells
subcutaneously and showed that gemcitabine containing sickle cell hemoglobin
resulted in the lowest tumor volume among the free gemcitabine and sickle cell

hemoglobin alone (Gdowski et al., 2022).

1.3.1.1.5 Light Sensitive Delivery Systems

Light is an external stimulus in drug delivery systems. It is also used for imaging
reasons. In photochemical drug delivery, the applied light irradiation can dissociates
chemical bonds and releases the drug in the tumor environment. In
photoisomerization drug delivery, light can cause a reversible change on the bonds.
This means that the release of the drug can be turned on and off. In photothermal
drug delivery, light generates heat that allows the delivery of the drug. A
chromophore or a thermo-responsive polymer can be used in photothermal drug
delivery (Linsley & Wu, 2017). Wang et al. (2022) used flav7 (a fluorophore) and
DOX loaded microneedles prepared from polycaprolactone. Flav7 was loaded to
create a near-infrared light triggered drug delivery system. With the application of
near-infrared light, temperature increases and so polycaprolactone melts. This
provides the delivery of the drug from the microneedles. The researchers induced
tumor in BALB/c mice by injecting 4T1 cells subcutaneously and showed that flav7
and DOX loaded microneedles accumulated in tumor tissue and decreased the tumor
volume compared to free DOX and microneedles that do not contain DOX. They
also showed that there were low signals of flav7 at normal tissues upon near-infrared

imaging compared to tumor tissue (H. Wang et al., 2022).
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1.3.1.1.6 pH Sensitive Delivery Systems

Cancer cells favor glycolysis than oxidative ATP production to supply the required
ATP quickly. This results in hypoxia in the tumor area and pH values decrease to
6.5-7.2, 5.0-6.5, and 4.5-5.0, in the tumor microenvironment, endosomes, and
lysosomes, respectively (Yi Li et al., 2019). In pH sensitive drug delivery, drugs are
being conjugated to polymers with a pH sensitive linker like hydrazone, disulfide,
azo, acetal, ortho ester, vinyl ether, amine, imine etc. (Chang et al., 2016). Amine
derivatives are generally polycations that are positively charged in acidic
environment. Polycation based nanoparticles are positively charged and they swell
in tumor environment. Thus, an anticancer drug loaded in these nanoparticles is
released (Ghaffar et al., 2020). Anticancer drugs can also be conjugated to the
polymer with cis-aconityl linker and the release of the drug can be observed in
lysosomal pH (4.5-5.0) while the polymer-drug conjugate is stable in normal
physiological conditions (pH 7.4) (X. Huang et al., 2018). Thioether derivatives are
protonated in acidic conditions and result in increase in the particle size. Thus, this
phenomenon allows the higher drug release in acidic conditions than normal
physiological conditions (M. Su et al., 2020). Acetal linkers are highly stable in
normal physiological conditions while dissociate in mild acidic conditions.
Therefore, acetal linkers are being used for drug delivery in cancer (Yamin Li et al.,

2020).

Hydrazone derivatives (Figure 1.2) can respond to high levels of hydrogen ions and
low pH levels and hydrazone groups are stable under normal physiological
conditions (pH 7.4) (Faal Maleki et al., 2019). Etrych et al. (2014) conjugated DOX
to N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers via hydrazone bond
and reported that drug release was faster at pH 5.0 than at pH 7.4 (Etrych et al,,
2014). Lale et al. (2015) conjugated DOX to a pentablock copolymer via hydrazone
bond and drug release studies showed that 89% of DOX was released at pH 5.0 and
29% of DOX was released at pH 7.4 (Lale et al., 2015). Zhang et al. (2022)

conjugated DOX to supramolecular organic framework via hydrazone bond and they
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showed that decrease in pH increased DOX release. Drug release studies showed that
80% of DOX was released at pH 4.5, 45% of DOX was released at pH 5.6 and 15%
of DOX was released at pH 7.4 after 72 hours (Y.-C. Zhang et al., 2022).
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Figure 1.2. Hydrazone bond structure.

These results showed that hydrazone linkage causes drug release in acidic conditions
while a slower drug release rate can be obtained under normal physiological

conditions.

1.3.1.1.6.1 Conjugation of Drugs to Polymers or Nanocarriers

Drugs or antibodies can be bound to the polymers or nanoparticles via covalent
bonds or via electrostatic interactions either by forming ionic or hydrophobic
interactions. lonic interactions are constructed between a positively charged group
and a negatively charged group, and hydrophobic interactions form between
molecules having no charged groups. In many cases, antibodies are conjugated to
gold nanoparticles via electrostatic interaction or hydrophobic interaction (Jazayeri
et al.,, 2016). In the literature, there are some studies that show the effect of
electrostatic interaction in drug delivery and antibody conjugation. Murakami et al.
(2021) used NanoAct® nanobeads (cellulose nanoparticles) to conjugate the antibody
of influenza protein NP and showed that antibody was adsorbed onto NanoAct®
nanobeads with a pH dependent manner. Decreasing pH increased adsorbed antibody
amount (Murakami et al., 2021). Gandhi et al. (2019) studied the adsorption of
trastuzumab antibody compared with the adsorption of emtansine conjugated
trastuzumab. Emtansine conjugated trastuzumab is an antibody-drug conjugate

commercially available as Kadcyla. Conjugation of hydrophobic drug emtansine to
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the antibody was governed by increasing electrostatic interaction between the drug
and the lysine residue of the antibody and also increasing hydrophobic protein-
protein interactions. Results showed that drug conjugation increased the
hydrophobicity and lowered colloidal stability of the antibody. As a result, more
adsorption was observed in drug conjugated antibody compared to free antibody
(Gandhi et al., 2019). Zhao et al. (2017) conjugated bovine serum albumin (BSA) to
graphene oxide via electrostatic interaction and then, BSA conjugated graphene
oxide was loaded into chitosan hydrogels. Results showed that increasing pH
decreased BSA release from the hydrogels which had higher graphene oxide
concentration, and explained as; electrostatic interaction between BSA and the
graphene oxide protected the drug at pH 7.4 whereas at pH 6.8 higher BSA release
was observed (Zhao et al., 2017). Nanogels were prepared from poly(ethylene
glycol)-polyethylenimine (PEG-PEI) with different protonation degrees by Mauri et
al. (2017) to investigate the effectiveness of electrostatic interaction in drug delivery
systems. Therefore, they used an ionic (sodium fluorescein) and a nonionic
(rthodamine B) dye to imitate drug loading. First, protonated and uncharged nanogels
were prepared and then, dyes were loaded to nanogels. Results showed the same
release profile for rhodamine B at pH 7.4 and pH 4.5 whether protonated nanogel or
uncharged nanogel was used. On the contrary, protonated nanogel decreased the
release rate of sodium fluorescein due to electrostatic interaction between negatively
charged dye and protonated nanogel at pH 7.4 and pH 4.5 and uncharged nanogel
increased the release rate and initial burst release of sodium fluorescein at pH 7.4
and pH 4.5 compared to protonated nanogel. Sodium fluorescein is weakly negative
and protonated nanogel was highly positive so this may decrease the release rate by
holding the dye with the nanogel due to electrostatic interaction (Mauri et al., 2017).
These findings from the literature indicate that electrostatic interactions can be used
in antibody conjugation and preparation of pH sensitive drug delivery system
without changing the conformational structure of the drug and the antibody since

electrostatic interaction is not a covalent bond.
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1.4  Nanoparticles in Drug Delivery Systems

In drug delivery systems, drugs used in chemotherapy are given to the body with
biocompatible nanoparticles to minimize the side effects of drugs. Nanoparticles are
drug carriers, which have a size smaller than 100 nm in at least one dimension.
Nanoparticles have a high surface area and an ability to cross cells and tissue barriers
because of their small sizes. Liposomes, solid lipids nanoparticles, dendrimers,
polymeric micelles, silicon or carbon materials, and magnetic nanoparticles are being
tested as drug delivery systems (Wilczewska et al., 2012). There are studies showing
that liposome-encapsulated DOX decreases cardiac toxicity of the drug, and
albumin-stabilized paclitaxel allows higher tolerated doses in patients (Bertrand et

al., 2014). Nanoparticles present in the market are shown in Figure 1.3.
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Figure 1.3. Nanoparticles in the market (Z. Li et al., 2017).

1.4.1 Polymeric Micelles

Polymeric micelles are nano-sized particles with a hydrophilic shell and a
hydrophobic core. Due to the hydrophobic core, hydrophobic anticancer drugs can
be loaded into these structures (Wilczewska et al., 2012). These systems are easy to

prepare, can be synthesized in small and uniform particle size, can encapsulate large
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amounts of drugs and provide controlled drug release. Therefore, it is common to
use these nanoparticles in in vifro and in vivo studies (Y. Wang et al., 2017). In
particular, encapsulating hydrophobic drugs into micelles increases bioavailability
of the drug and decreases the side effects, so they are becoming advantageous in
many applications (Torchilin, 2007). The characteristic size of polymeric micelles
ranges from 5 to 50—100 nm, which makes them ideal candidates for the delivery of
therapeutic and contrast agents to the tumor tissue. Amphiphilic copolymers can self-
assemble to form micelles with hydrophobic core and hydrophilic corona. Therefore,
drugs that are poorly soluble in water can be loaded into micelles (Owen et al., 2012).

Micelles used as drug delivery vesicles should have some properties; they should;

e be small enough (~10 — 100 nm) for intravenous injection and penetration
into tumor tissue

e be unrecognizable by the immune system to circulate into the body for a
sufficient time

e accumulate in the target tissue and interact with the target cells

e have adjustable stability

e maintain high loading

e be eliminated from the body after degradation or dissolution

e improve the pharmacokinetic profile of loaded drug

e be produced reproducibly and be inexpensive (Hussein & Youssry, 2018;
Owen et al., 2012).

Methoxy poly(ethylene glycol)-block-polycaprolactone (mPEG-b-PCL) (Figure 1.4)
is a synthetic, amphiphilic, biocompatible and biodegradable polymer that is
approved by FDA (Senevirathne et al., 2016). Poly(ethylene glycol) (PEG) and
polycaprolactone (PCL) are biocompatible polymers and widely used in the
production of drug delivery systems and tissue engineering scaffolds (Xiong et al.,
2015). However, PCL is highly hydrophobic, its degradation is too slow for drug
delivery applications, and it can be recognized by immune system rapidly (Mariani

etal., 2019). On the other hand, PEG is hydrophilic and can escape from the immune
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system. Scientists prepared or used copolymers or tri-block-polymers of PEG and
PCL and produced nanoparticles or micelles as drug delivery vehicles, and evaluated

in vitro and in vivo effects of these systems.

Theerasilp et al. (2017) prepared COOH-PEG-b-PCL micelles by solvent
evaporation method that contain superparamagnetic iron oxide for imaging purposes
and glucose was conjugated to micelle surface by EDC-NHS chemistry to target to
prostate cancer cells. The superparamagnetic iron oxide encapsulation efficiency of
micelles was found as 12%. The size of targeted and non-targeted micelles was found
as 35.5 nm by dynamic light scattering. The non-targeted micelles had a zeta
potential of -24.3 mV whereas targeted micelles’ zeta potential was -17.2 mV, which
confirms the conjugation of glucose on micelle surface. /n vitro cell viability of
prostate cancer cell line (PC-3) cells did not change with the addition of targeted or
non-targeted micelles to the medium but the cellular uptake of targeted micelles

increased compared to non-targeted micelles (Theerasilp et al., 2017).

Ribeiro et al. (2016) synthesized mPEG-b-PCL and NH>-PEG-PCL to prepare
docetaxel loaded polymeric micelles by thin film hydration method. Pyrazolyl-
diamine units were added on amine group of the copolymers to stabilize the micelle
structure. Then prazolyl-diamine units were radio-labeled with fac-
[99mTc(CO)3(H20)3] for imaging. Hydrodynamic diameter of the prepared micelles
(blank non-labeled micelles, docetaxel loaded non-labeled micelles, labeled blank
micelles, docetaxel loaded labeled micelles) varied from 35.5 nm to 66.5 nm. Zeta
potential of the prepared micelles varied from -1.4 mV to -8.4 mV. Drug loading and
encapsulation efficiency of micelles were found as 3.2% and 63%, respectively. In
vitro release of the drug was studied in media at different pH and higher release was
observed at pH 5.0 than that of pH 7.4. The anti-proliferative activity of blank and
docetaxel loaded micelles was assessed by the Alamar Blue assay on different human
cancer cell lines (breast cancer (MDA-MB-231), prostate cancer (PC-3) and
osteosarcoma (MNNG HOS) cell lines), and compared with that of free docetaxel.
The viability of MDA-MB-231 and MNNG HOS cells decreased when docetaxel
loaded micelles were used. On the contrary, the viability of PC-3 cells did not change
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when compared to free drug. It may be due to the drug resistance of PC-3 cells. In
comparison to the free drug, the drug loaded-micelles require lower docetaxel
concentration to induce a similar therapeutic effect with reduced side effects. In vivo
biodistribution studies were carried out with healthy BALB/c mice and researchers
reported that radiolabeled micelles showed prolonged blood circulation time

(Ribeiro et al., 2016).

Sengel-Turk et al. (2016) used PEG-b-PCL copolymers to prepare nimesulide loaded
micelles. The group used nanoprecipitation method (N-method) and solvent
evaporation method using either a homogenizer (H-method), or ultrasonication
device (U-method) to prepare micelles. The mean particle size of the nanoparticles
was 233.3 nm for U-method and 148.5 nm for N-method whereas 307.2 nm particle
size was determined by the H-method. Zeta potential of micelles were found -20.5
mV for H-method, -25.6 mV for U-method and -17.7 mV for N-method. The
encapsulation efficiencies of micelles were found as 97.42% for H-method, 96.19%
for U-method and 73.05% for N-method. The amount of nimesulide released from
micelles was approximately 63% for H-method, 54% for U-method, and 68% for N-
method during the first 24 h. After a period of 7 days, nimesulide release was
obtained nearly 64% for H-method, 57% for U-method, and 72% for N-method. The
cytotoxic effect of the prepared micelles was tested on MCF-7 breast cancer cells.
Nimesulide loaded PEG-b-PCL micelles that were produced by all of the techniques
had a significant toxicity on the viability of MCF-7 cells compared to untreated and

treated with free nimesulide groups (Sengel-Turk et al., 2017).

Hascicek et al. (2017) prepared fulvestrant loaded PEG-b-PCL micelles and PEG-b-
PLGA (poly(ethylene glycol)-block-poly(lactide-co-glycolide)) micelles using
different lengths of PEG, PCL and PLGA polymers, by a combined method of
salting-out and solvent evaporation (Figure 1.4). The particle size of the
nanoparticles ranged between 84.56 and 220.20 nm. Among the micelles, the higher
hydrophilic form of the PEG-b-PCL had the smallest particle dimension. The
dimension of the particles significantly increased when molecular weight of

hydrophobic part (PLGA and PCL polymers) of the micelles was increased. The
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encapsulation efficiencies of fulvestrant loaded PEG-b-PCL and PEG-b-PLGA
micelles were found as 73.56% and 82.06%, respectively. PEG-b-PCL micelles
showed much faster drug release than PEG-b-PLGA micelles, which may be caused
by higher hydrophilic character and the faster degradation rate of PEG-b-PCL
copolymer than those of PLGA. Cytotoxic effect of the free fulvestrant and
fulvestrant loaded micelles were determined by in-vitro MTT assay using MCF-7
breast cancer cells, and the effects on the proliferation of MCF-7 cells was studied
after 24 and 48 h. The highest cytotoxic effect was observed with fulvestrant loaded
PEG-b-PCL micelles. Cellular uptake studies were also achieved with coumarin 6
loaded micelles, and PEG-b-PCL micelles had the higher cellular uptake than PEG-
b-PLGA micelles (Hascicek et al., 2017).

R

Figure 1.4. mPEG-b-PCL structure.

Polymeric micelles are being developed to provide a suitable drug delivery
formulation for the treatment of diseases like cancer, and for imaging purposes.
Drugs or imaging agents are either loaded to the micelles or conjugated to the
polymers that form micelles. Targeting agents like antibodies are conjugated to the
micelles to provide higher accumulation in the disease site. Table 1 summarize some

of the studies related to the use of polymeric micelles for cancer treatment.

1.4.1.1 Polymeric Micelles under Clinical Trials

Polymeric micelles are being investigated with several clinical studies. They are used
to treat several diseases like cancer, sickle cell disease, cystic fibrosis, etc. There are
also some products of polymeric micelles that are in market and being used in the
cancer treatment like Genexol-PM. Table 2 shows the polymeric micelles used in

clinical trials.
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Table 1.1. Studies about polymeric micelles for cancer treatment.

Drug Carrying System Drug or Agent Aim Findings Ref.
COOH-PDLLA-PEG- DOX and DMXAA | - To obtain temperature sensitive | - Sustained release of drugs at pH 7.4 and pH | (Darge et
PDLLA-COOH and hydrogel containing drug loaded 5.5 al., 2021)
NH2-PDLLA-PEG- and/or conjugated micelles for - After induction of tumor with injection of
PDLLA-NH; hydrogel local delivery in tumor tissue HeLa cells subcutaneously to BALB/c mice,
and 5,6- - To increase DOX loading due to | mice were treated with DOX and DMXAA
dimethylxanthenone-4- electrostatic interaction and containing hydrogels. Dual drug containing
acetic acid (DMXAA) hydrogen bonding with DMXAA | hydrogels inhibited tumor growth for five
conjugated or - To provide DMXAA (vascular weeks compared to free drugs and hydrogels
Doxorubicin (DOX) disrupting agent and anti-tumor that do not contain drugs.
loaded mPEG-b-PLGA immune response inducer) release | - Inhibition of vascular formation was also
micelles - To provide synergistic effect on | observed after treatment with DMXAA

the cancer treatment with DOX conjugated hydrogels

and DMXAA
Micelles formed from 1,2- -To evaluate the effect of size of | - Increasing ratio of P(Glu) in copolymer and | (Cabral et
PEG-b-poly(glutamic diaminocyclohexan | micelles on tumor tissue homopolymer increased size of the micelles | al., 2011)
acid) (PEG—b-P(Glu)) e-platinum(II) from 30 nm to 100 nm.
copolymer and the (DACHPY) - Penetration to tumor tissue was affected by

poly(glutamic acid)
(P(Glu)) homopolymer

size of the micelles (Only sub-50 nm (30 nm)
micelles penetrated poorly permeable
pancreatic tumors while sub-100 nm (30 nm,
50 nm, and 70 nm) micelles could penetrate
hyperpermeable colon tumors)
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Table 1.1 (cont’d). Studies about polymeric micelles for cancer treatment.

immunomicelles by
incorporation of pH-
sensitive polyhistidine-
polyethylene glycol
(PHIS-PEG)

- To obtain a micelle system that
is stable at pH 7.4 and pH 6.8 but
disintegrates at pH 5.0
(endosomal pH)

- Increased cytotoxicity due to pH
sensitiveness

- Increased tumor cell killing effect due to
antibody conjugation

Drug Carrying System Drug or Agent Aim Findings Ref.
poly 10- 10- - To obtain a reactive oxygen - Increased hydrogen peroxide levels | (Meng et
hydroxycamptothecin hydroxycamptothec | species (ROS) responsive dual increased HCPT release. al., 2021)
(pHCPT)-PEG micelles in (HCPT) and drug delivery system - Tumor induced BALB/c mice showed higher

dexamethasone - To increase ROS level in tumor | accumulation of keto group containing
(DEX) tissue with DEX micelles in tumor site compared to aliphatic
- To obtain higher HCPT release | micelles
due to reduction of keto groups in | - DEX loaded keto micelles inhibited tumor
micelles with increased ROS growth more than keto micelles without DEX.
ROS-sensitive thioketal Aggregation - To obtain a ROS sensitive - AIE photosensitizer TB increased ROS | (Xuetal.,
(TK) linkage-bridged induced emission micelles generation after light irradiation so increased | 2021)
diblock copolymer of (AIE) - To obtain a targeted drug PTX release.
PEG with polylactic acid- | photosensitizer delivery with the conjugation of - Inhibited tumor growth
glycolic acid (PLGA) TPA-BDTO (TB) cRGD peptide to the micelles - Induced anti-tumor immune response
(PEG-TK-PLGA) and paclitaxel - Upregulated PD-L1 expression to increase
micelles (PTX) the effectiveness of anti-PD-L1 antibody for
abscopal effect
pH sensitive, antibody Paclitaxel (PTX) - To obtain a pH sensitive drug - Destabilization of micelles when pH drops | (Wu et al.,
conjugated DSPE-PEG delivery system to around 5.5 2013)
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Table 1.1 (cont’d). Studies about polymeric micelles for cancer treatment.

succinate (TPGS) and
pluronic F127 (F127)
combined micelles

aqueous solubility of baicalein

- Increased cellular uptake

- Increased anticancer efficiency on MDA-
MB-231 cells

- Enhanced apoptosis on MDA-MB-231 cells
-Increased ROS generation

Drug Carrying System Drug or Agent Aim Findings Ref.
Nanoparticles from mal- | IR825 and - To obtain both pH sensitive and | - Charge reversal at pH 6.8 and so occurrence | (X. Wang et
PAH-PEG-DMMA / poly | docetaxel (DTX) photoresponsive dual drug of micelle disintegration al., 2022)
(ethylene imine) — poly(e- delivery system - Increased drug release at lower pH values
caprolactone) block - Increased temperature due to IR825 release
polymers containing DTX compared to free IR825
and IR825 loaded - Increased cell toxicity and apoptosis on
MPPD/PEI-PCL micelles cancer cells and in vivo anti-tumor efficiency
H>N-PEEP-b-PBYP-hyd- | Doxorubicin - To obtain targeted with a CD147 | - Increased release of DOX at pH 5.0 (Y.-K.
DOX micelles (DOX) monoclonal antibody by compared to pH 7.4 Huang et

EDC/NHS chemistry and pH - Antibody conjugation increased cellular al., 2021)
sensitive drug delivery uptake of micelles
Folic acid conjugated 5-fluorouracil - To obtain a targeted drug - Viability of mouse cardiomyocytes and (Siemiaszko
poly(2-hydroxyethyl delivery system against colon colon fibroblasts did not change upon etal., 2021)
acrylate)-b-poly(N- cancer treatment.
vinylcaprolactam) - Viabilities of colon cancer cell lines (DLD-
micelles 1, CaCo-2, and HT-29) decreased in vitro
D-a-tocopherol Baicalein - To obtain baicalein loaded - Mixed micelles showed high entrapment (Srivastava
polyethylene glycol 1000 mixed micelles to enhance efficiency. etal., 2021)
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Table 1.1 (cont’d). Studies about polymeric micelles for cancer treatment.

micelles of genetically
encoded resilin-/elastin-
like diblock polypeptides

critical micelle concentration
(CMC) to enhance micelle
stability and to target avp3
integrin and DR5 receptors that
are commonly upregulated in
many solid tumors)

guanidinium hydrochloride (GuHCI), a potent
chemical denaturant.

- Decreased viability of Colo 205 cells and
increased cellular uptake by K562 cells at
lower concentrations  compared  to
uncrosslinked micelles

Drug Carrying System Drug or Agent Aim Findings Ref.
Micelles from methoxy- Active complex of | - To obtain antibody fragment - Enhanced antitumor efficiency (Ahn et al.,
poly(ethylene glycol)-b- oxaliplatin, (1,2- (Fab’) conjugated drug loaded - Rapid binding and internalization of Fab’ | 2015)
poly(glutamic acid) diaminocyclohexan | immunomicelles for pancreatic conjugated micelles
(mPEG-b-P(Glu)) e) platinum(Il) cancer treatment - Tumor was induced in BALB/c mice with

(DACHPt) injecting BxPC3 subcutaneously. Fab’
(DACHPt/m) conjugated micelles enhanced targeting
ability of micelles in vivo compared to
untargeted ones while both micelles showed
similar accumulation in tumor tissue.
Core-crosslinkable None - To obtain targeted core- - Core-crosslinking increased the stability of | (Weber et
(photocrosslinking) crosslinkable micelles under micelles that were incubated with | al, 2021)
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Table 1.2. Clinical trials on polymeric micelles (Clinical Trials, 2022).

Small Cell Lung Cancer

castor oil))

Clinical Polymer or Formulation
Trial Clinical Study Title Condition or Disease y Drugs or Agents
Name
Status
Study of NC-6004 in Combination With 5-FU and NC-6004 (PEG-b- Cisplatin
Phase 1 Cetuximab in Patients with Head and Neck Head and Neck Neoplasms poly(glutamic acid) 5-Fluorouracil
Cancer micelles) Cetuximab
A Study to Evaluate the Safety and Ic{:r?t};r?;[gagli(ée— r;f)us fron
Phase 1 Pharmacokinetics of RadProtect® in Healthy Acute Radiation Syndrome g e Amifostine
poly(glutamic acid)
Volunteers .
micelles)
Phase 1 Safety and Efficacy of an Antioxidant-rich - . AquADEK (micelle o
and I . — . Cystic Fibrosis formulation for oral Vitamin supplement
Multivitamin Supplement in Cystic Fibrosis . .
Phase 2 administration)
A Trial of Paclitaxel (Genexol®) and Cisplatin Genexol-PM
Phase 2 Versus Paclitaxel Loaded Polymeric Micelle Advanced Non-Small Cell (Cremophor EL Paclitaxel
(Genexol-PM®) and Cisplatin in Advanced Non- | Lung Cancer (polyoxyethylenated Cisplatin
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Table 1.2 (cont’d). Clinical trials on polymeric micelles (Clinical Trials, 2022).

line Therapy of Advanced NSCLC

Clinical Polymer or Formulation
Trial Clinical Study Title Condition or Disease y Name Drugs or Agents
Status
- Breast Cancer
- Head and Neck Squamous
Cell Carcinoma
A Study to Evaluate ONM-100, an Intraoperative | - Colorectal Cancer r(r)lll\f:l[l_el (c)(())v(:ls r(l)tllymer
Phase 2 Fluorescence Imaging Agent for the Detection of | - Prostate Cancer . ey . Indocyanine green
Cancer _ Ovarian Cancer conjugated to indocyanine
- Urothelial Carcinoma green)
- Non-small Cell Lung
Cancer
Phase 2 D.ose—Flndlng. Study of SC411 in Children with Sickle Cell Disease SC411 (DHA ethyl ester Docosahexaenoic Acid
Sickle Cell Disease formulation)
Pa.chtjdxel. Mlcelle§ for. Injegtlon / Pacliltaxel . Advanced Non-Small-Cell Paclitaxel
Phase 3 Injection in Combination with Cisplatin for First- Cremophor EL . .
Lung Cancer Cisplatin
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Table 1.2 (cont’d). Clinical trials on polymeric micelles (Clinical Trials, 2022).

Clinical Polymer or Formulation
Trial Clinical Study Title Condition or Disease y Drugs or Agents
Name
Status
Phase 3 A Phase III Study of NK105 in Patients With Breast Cancer Nos NK105 (PEG- Paclitaxel
Breast Cancer Metastatic Recurrent polyaspartate micelles)
A Clinical Trial of Paclitaxel Loaded Polymeric
Phase 4 Micelle in Patients with Taxane-Pretreated Recurrent Breast Cancer Genexol-PM Paclitaxel
Recurrent Breast Cancer
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1.4.1.2 Polymeric Micelle Stability

Polymeric micelles used in cancer treatment applications should be biocompatible
and stable. Stability of polymeric micelles is an important issue since they will
expose to some force, like blood circulation shear forces, after injection to body. The
micelles should protect their shape, size as well as the drug that they carry. During
blood circulation, they should withstand dissociation and premature drug release
until they reach to the tumor tissue. The stability of micelles can be determine via
size distribution measurements, zeta potential measurements, morphology
examination with either TEM or SEM, drug release studies under physiological and

acidic (tumor tissue) conditions, etc.

Some factors affect the stability of micelles like hydrophobicity and hydrophilicity
of polymers, hydrophobic chain length, crystallinity of hydrophobic chain, micelle
preparation method, etc. Hydrophobic chain should be long enough to have a stable
micelle formation. Studies showed that increasing hydrophobic chain length results
in larger core size, which means higher drug loading capacity and lower
polydispersity index (PDI). However, there must be a balance between hydrophilic
chain length and hydrophobic chain length. The molecular weight of copolymers
should not exceed 42-50 kDa to escape from renal clearance. Increase in molecular
weight also results in higher micelle size and lower micelle stability. When polymers
form micelles, some hydrophobic and hydrophilic interactions occur between
polymer chains. If polymer chain is too long, these interactions weaken. Thus,

micelle stability decreases. (Hussein & Youssry, 2018).

Hydrophobicity of hydrophobic block of the copolymer affects the stability of
micelles. Increasing hydrophobicity results in increased stability. Studies showed
that when PCL and poly(L-lactic acid) (PLLA) had the same molecular weight, PCL
enhanced thermodynamic stability and decreased drug release rate compared to

PLLA due to more hydrophobic nature of PCL (Hussein & Youssry, 2018).

29



Crystallinity of the hydrophobic chain affects the stability of micelles. Core fluidity
increases above glass transition temperature (Tg) of hydrophobic chain and
increasing core fluidity results in lower stability. Semi-crystalline nature of PCL may

result in enhanced kinetic stability (Hussein & Youssry, 2018).

Drug-core interactions also affect the stability of micelles. Mikhail and Allen (2010)
showed that conjugation and loading cause different effects. Docetaxel conjugated
PEG-b-PCL micelles had higher stability, more uniform and spheroid shape than that
of docetaxel loaded PEG-b-PCL micelles (Mikhail & Allen, 2010). The interaction
of polymer and drug can be interpreted with a dimensionless energy parameter called
Flory-Huggins interaction parameter (). Lower y results in higher compatibility
between the drug and hydrophobic core, thus leading to enhanced solubilization, as

well as slower drug release (Hussein & Youssry, 2018).

Micelle preparation method also influences the polymeric micelle stability. There
are different micelle preparation methods such as dialysis, emulsion-diffusion,
solvent evaporation, co-solvent evaporation, etc. Studies showed that dialysis
method results in larger and disperse particles while co-solvent evaporation method

produces smaller and more uniform particles (Owen et al., 2012).

Miscibility of aqueous phase and organic phase also changes the polymeric micelle
stability. Aliabadi et al. (2007) prepared mPEG-b-PCL micelles with tetrahydrofuran
(THF), acetone and acetonitrile. They reported that THF caused larger particles (109
nm) while acetone and acetonitrile produced smaller particles (88 nm and 83 nm,
respectively) with a lower PDI (0.504 for THF, 0.111 for acetone, and 0.104 for
acetonitrile). Micelles prepared with THF also showed a second peak around 440 nm
which results in higher PDI. Aliabadi et al. (2007) also studied the effect of organic:
aqueous phase ratio on micelle size. Acetone was used as organic phase and organic:
aqueous phase ratios were 1:2 and 1:6. Results showed that lower acetone:water
ratios produced smaller particles (88 nm for 1:2 ratio and 63 nm for 1:6 ratio)

(Aliabadi et al., 2007).
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1.5 Immunomicelles

There are some active targeting strategies in drug delivery systems. In active
targeting, antibodies, small molecules like folic acid, peptides like RGD peptide,
some fragments of antibodies especially Fab’ fragment can be used. Polymeric
micelles, which carry an antibody or antibody fragment can easily recognize the
receptors of the targeted cancer cells and specifically bound them. This type of

micelles are called as immunomicelles.

Trastuzumab is an antibody against HER2 receptor on HER2 positive breast cancer
cells and there are many drug delivery systems that are being studied which carry
trastuzumab as a targeting agent. Bolu et al. (2020) prepared docetaxel loaded
trastuzumab conjugated PEG-4 bis-MPA polyester dendron micelles. Trastuzumab
was conjugated to PEG part of the micelles by EDC/NHS chemistry. They showed
the higher cellular uptake of targeted micelles compared to untargeted micelles on
MCF7 and SK-OV-3 cell lines, which are both HER2 positive cell lines. They also
showed that micelles were located in cell periphery by using fluorophore conjugated
antibody conjugated micelles (Bolu et al., 2020). Leach et al. (2020) prepared
nanoparticles from maleimide functionalized PEG-PLGA and conjugated anti-delta-
like ligand 4 (anti-DLL4) variable new antigen receptor (VNAR) with maleimide-
cysteine chemistry. VNARs were discovered in sharks. They are immunoglobulin-
based proteins and smaller than antibodies in size and show better thermostability
than antibodies. Therefore, they are investigated for diagnostic and therapeutic
applications. Anti-DLL4 VNAR conjugated nanoparticles showed higher cell
internalization in pancreatic cancer cell lines and human umbilical vein endothelial
cells (HUVECs) compared to untargeted nanoparticles. Anti-DLL4 VNAR

conjugated nanoparticles also inhibited angiogenesis in vitro (Leach et al., 2020).

Click chemistry is a very simple and effective way for the conjugation of two
molecules to each other. It is being widely used to modify organic molecules due to
high yield and high selectivity in bioconjugation, drug discovery, materials science,

and radiochemistry. Click reactions are bio-orthogonal, functional groups of
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reactants and products do not interact with functionalized biomolecules. Click
reactions are chosen due to mild conditions that reaction take place (such as room
temperature, in water, etc.). They are also insensitive towards oxygen, and forms
stereospecific products. In general, the conjugate can easily be purified, it is highly

pure with high yield, and has almost no side products (Nwe & Brechbiel, 2009).

Click chemistry can be applied to cycloaddition reactions (such as the 1,3-dipolar
family, and hetero Diels-Alder reactions), nucleophilic ring-opening reactions (e.g.,
epoxides, aziridines, cyclic sulfates, and so forth), carbonyl chemistry reactions
(such as the formation of oxime ethers, hydrazones, and aromatic heterocycles), and
addition reactions of carbon-carbon multiple bonds (such as epoxidation and
dihydroxylation and azide-phosphine coupling; and Staudinger ligation) (Nwe &
Brechbiel, 2009).

In our study, click chemistry was used to conjugate antibody (anti-CD73) by
maleimide-cysteine reaction to the synthesized maleimide functionalized PEG-b-
PCL polymer. Maleimide-cysteine click chemistry have been used by many
scientists to create antibody-drug conjugates (Ravasco et al., 2019; van Leeuwen et
al., 2017). In our case, maleimide functionalized PEG-b-PCL was synthesized to
conjugate the antibody (anti-CD73) to PEG-b-PCL micelles through cysteine residue

of the antibody to target the cancer drugs to the cancer cells.

1.6  Aim of the Study

The aim of the thesis was to develop PEG-b-PCL (poly(ethylene glycol)-block-
polycaprolactone) micelles to carry bioactive agents to the cancer cells. In this study;
controlled delivery of DOX and LCA from the prepared passively targeted micelles
which will provide pH responsive release was aimed. It was aimed to have of DOX

and LCA at the tumor area, so less side effects would occur in the body.

PEG-b-PCL was chosen as the copolymer due to its biocompatibility. DOX was one

of the anticancer agents used due to its highly effective anticancer activity.
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Additionally, LCA was the second anticancer agent used which is a possible

effective anticancer agent.

In accordance with this purpose, mPEG-b-PCL copolymer was synthesized and
characterized. DOX was added into the micelles either by covalent conjugation via
pH sensitive hydrazone bond (DOXconj-M) or by loading into PEG-b-PCL micelles
(DOXig-M). Meantime, LCA was conjugated to the copolymer via ionic bonds with
electrostatic interactions at two different temperatures as 60°C and 25°C and
micelles were prepared (LCAgso**M and LCA25**M, respectively; stars (**) define
the ionic conjugation of the drugs). DOXconj-M and DOXj4-M as well as LCAgo**M
and LCA2s**M were prepared to examine the effects of preparation parameters on
the cytotoxicity of the micelles. The combinational effect of DOXconj-M and
LCA60**M on the breast cancer cells was investigated using different amounts of
micelles loaded with DOX and LCA. Also, micelles having both, DOX and LCA
(loaded at 25°C) micelles were prepared (DL-M) to examine the cytotoxic effect of
both drugs together. Apoptotic effects of the micelles on MDA-MB-231 cancer cells

were determined and compared.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Adriamycin (trade name of DOX) was purchased from Deva Holding (Turkey) as
lyophilized powder of 10 mg of Doxorubicin hydrochloride in injection vials. &-
caprolactone (e-CL) was purchased from Acros Organics, USA. Lithocholic acid
(LCA), methoxy poly(ethylene glycol) (mPEG) (Mn=5000 Da), tin(Il) 2-
ethylhexanoate, succinic anhydride, dimethylaminopyridine,
dicyclohexylcarbodiimide, N-hydroxysuccinimide, hydrazine hydrate, glycine,
sodium bicarbonate, trinitrobenzene sulfonic acid (TNBSA), polyvinyl alcohol, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), coumarin 6,
dimethylsulfoxide (DMSO), paraformaldehyde, crystal violet, and oil red O were the
products of Sigma-Aldrich, Germany. Tetrahydrofuran, diethyl ether, methanol,
trifluoroacetic acid, concentrated sulfuric acid, acetone, and ethanol were purchased
from Merck, Germany. Leibovitz’s L-15 medium, RPMI-1640, DMEM, fetal bovine
serum (FBS), gentamicin, penicillin-streptomycin were the products of Biological
Industries, Israel. MDA-MB-231 cells and A549 cells were taken from Ege

University Bioengineering Department.

2.2 Methods

In the study, the first step was the synthesis and characterization of the polymers
used for the production of micelles. Then DOX and LCA were conjugated to the
polymers and micelles were prepared. The properties of the micelles and their

efficacies on cancer cells were determined. Micelles without any drug addition,
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formed from copolymer mPEG-b-PCL-CO-NH-NH; (M); micelles having DOX
either covalently conjugated or loaded (DOXcon-M and DOXi¢-M, respectively),
micelles having ionically conjugated LCA at 60°C (LCAg¢**M) and at 25°C
(LCA25**M), as well as micelles having both DOX and LCA (DL-M) were prepared.
LCA and/or DOX release under normal (pH 7.4) and acidic (pH 6.8 and pH 5.5)
conditions from LCAg**M, LCA25**M, DOXconj-M, DOXi¢-M, and DL-M were
studied.

In order to show the anticancer effect of LCA and DOX, the half-maximal inhibitory
concentration (ICso) of free drugs was investigated on triple negative breast cancer
cells (MDA-MB-231), non-small cell lung cancer cells (A549) and melanoma cells
(SK-MEL-30).

In vitro cytotoxic effect of micelles was investigated on MDA-MB-231 cells with
MTT assay. Cell internalization of LCAg**M and LCA25**M were studied with
coumarin 6 loaded samples. For cell internalization experiments of DOX containing

micelles, coumarin 6 could not be used since DOX has fluorescence properties.

Cell migration assay and colony formation assay of MDA-MB-231 cells were
conducted with LCA0**M, LCA25**M, DOXconj-M, DOXi4-M, and DL-M micelles.
For all these micelles, lipid droplet formation, qRT-PCR analysis for apoptotic and

anti-apoptotic genes, cell apoptosis in MDA-MB-231 cells were also determined.

For LCAs0**M, LCA25**M, DOXconj-M, DOX14-M, and DL-M micelles, the loss of
mitochondrial transmembrane potential in MDA-MB-231 cells after the treatment of
cells with micelles was analyzed with a fluorescent probe (DiOC6). For these
micelles, also ROS generation in MDA-MB-231 cells after treatment was
investigated. The effects of the same micelles on endothelial cell tube formation of
HUVECs was also studied. Co-cultures of HUVECs and MDA-MB-231 cells were
used to investigate the effect of cancer cells on endothelial cell tube formation with
or without LCAg**M, LCA25**M, DOXconj-M, DOX14-M, and DL-M. The studies,
carried out during this theses content, are schematically shown in Figure 2.1. The

details of the applied methodologies are given in the following sections.
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Figure 2.1. Schematic representation of studies carried out. A) Polymer synthesis.
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Figure 2.1 (cont’d). B) Micelles prepared.

2.2.1 Synthesis and Characterization of mPEG-b-PCL Copolymer

mPEG-b-PCL copolymer was synthesized by ring opening polymerization (Isik et
al., 2020; Shuai et al., 2003). Firstly, e-caprolactone was purified by vacuum
distillation over CaH,. mPEG (Mn = 5000 Da) was dried under vacuum at 105°C for
90 minutes. Predetermined amounts of e-caprolactone were added into a 3-necked
flask containing mPEG and tin(II)-2-ethylhexanoate (0.1% of e-caprolactone in
molar amount). The flask was then filled with argon gas, sealed, and stored in an oil
bath at 120°C for 6 hours. After 6 hours, the product was dissolved in
dichloromethane, precipitated in cold ethanol, and then dried under vacuum at 40°C.
"H-NMR spectra of the copolymer were recorded on a Bruker Avance 400 DPX
(USA) instrument at 400 MHz using deuterated chloroform. FT-IR spectra of the
copolymer were recorded on a Perkin Elmer Spectrum 65 (Perkin Elmer Inc., USA)

instrument. Diblock copolymer was thermally characterized at a heating rate of
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10°C/min by using DSC (Scinco DSC N-650, Seoul, Korea). The number average
molecular weight (Mn) of diblock copolymer was calculated by comparing integrals
of characteristic peaks of the PCL block at 3.99 ppm (triplet) and mPEG block at
3.58 ppm (triplet) in the '"H NMR spectra, by using the formulas given below (M. H.
Huang et al., 2003, 2004). 44 is the molecular weight of the repeating unit of mPEG.

Mn of mPEG

Degree of polymerization (DP) of mPEG = aa

Integral of peak at 3.99 ppm (PCL block)

DP of PCL = (DP PEG
of (DP of m )X Integral of peak at 3.58 ppm (mPEG block)

Mn of copolymer (Mn) = (Mn of mPEG) + 114 x (DP of PCL)

The weight average molecular weight (Mw) and the number average molecular
weight (Mn) of diblock copolymer were also determined by GPC measurements. The
polydispersity index of the copolymer was calculated according to the following

formula (Bansal et al., 2015).

Weight average molecular weight (Mw)

Polydi ity index (PI) =
olydispersity index (PI) Number average molecular weight (Mn)

2.2.2 Preparation of Micelles

Micelles were prepared either by emulsion-diffusion method or by solvent

evaporation method using either distilled water or polyvinyl alcohol.

2.2.2.1 Emulsion-Diffusion Method

In the preparation of micelles, 50 mg of mPEG-b-PCL copolymer was dissolved in
5 mL of acetone and added dropwise into 50 mL of distilled water (Jette et al., 2004).
The suspension was stirred for 6 hours at 200 rpm to form micelles, and then, water
and acetone were evaporated under vacuum with a rotary evaporator. 25 mL of
distilled water was added to the concentrated micelle suspension and passed through

a 0.22 pm syringe filter. The hydrodynamic diameter and zeta potential of these
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micelles (having no drugs) were determined using a Malvern Zetasizer Nano ZS
(Malvern Instruments Ltd., MA). Transmission electron microscopy (TEM) was

used to examine morphology of the micelles.

2.2.2.2 Solvent Evaporation Method

In the preparation of micelles, solvent evaporation method was used either with
distilled water or using polyvinyl alcohol. These are described in the following

sections.

2.2.2.2.1 Solvent Evaporation Method with Distilled Water

In the preparation of micelles, 10 mg of mPEG-b-PCL copolymer was dissolved in
2 mL of dichloromethane and added into 20 mL of distilled water under vigorous
ultrasonication for 5 min (Han et al., 2011). Then, micelle suspension was mixed at
1000 rpm for 1 hour and at 200 rpm overnight to allow slow evaporation of
dichloromethane and formation of the micelles. Micelles were collected by
centrifugation at 14,000 rpm for 20 min at 4°C. Then, micelles were suspended with
5 mL of distilled water and passed through a 0.22 pm syringe filter. The
hydrodynamic diameter and zeta potential of empty micelles were determined using
a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., MA). Transmission

electron microscopy (TEM) was used to examine morphology of the micelles.

2.2.2.2.2 Solvent Evaporation Method with Polyvinyl Alcohol

In the preparation of micelles, 10 mg of mPEG-b-PCL copolymer was dissolved in
2 mL of dichloromethane and added into 20 mL of 1% polyvinyl alcohol solution
under vigorous ultrasonication for 5 min (Sengel Tiirk et al., 2009). Then, micelle
suspension was mixed at 1000 rpm for 1 hour and at 200 rpm overnight to allow slow

evaporation of dichloromethane and formation of the micelles. Micelles were
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collected by centrifugation at 14,000 rpm for 20 min at 4°C. Then, micelles were
suspended with 5 mL of distilled water and passed through a 0.22 pm syringe filter.
The hydrodynamic diameter and zeta potential of these micelles (M) (having no
drugs) were determined using a Malvern Zetasizer Nano ZS (Malvern Instruments
Ltd., MA). Transmission electron microscopy (TEM) was used to examine

morphology of the micelles.

2.23 Activation of mPEG-b-PCL Copolymer to Conjugate DOX

In order to conjugate DOX to the polymer via hydrazone bond, the synthesized
polymer was activated chemically in two steps as described below. In the first step
carboxyl group and then hydrazide group were added and the obtained polymer was

characterized as described below.

In order to add carboxyl groups to polymer and produce mPEG-b-PCL-COOH
polymer, mPEG-b-PCL, succinic anhydride and dimethylaminopyridine were
dissolved (1:2:0.5 molar ratio) in tetrahydrofuran (50 mL) in a three-neck flask and
reacted under N> atmosphere for 24 hours at 30°C (Isik et al., 2021; Lale et al., 2015).
The carboxylated product (mPEG-b-PCL-COOH) was precipitated in cold diethyl
ether, dried under vacuum. The obtained polymer was examined by 'H-NMR (by
Bruker Avance 400 DPX (USA) working at 400 MHz and using deuterated
chloroform), and by Fourier Transform Infrared (FT-IR) (Perkin Elmer Spectrum 65,
Perkin Elmer Inc., USA) analyses.

In order to add hydrazide groups to carboxylated polymer and produce of mPEG-b-
PCL-CO-NH-NH2, mPEG-b-PCL-COOH, dicyclohexylcarbodiimide and NHS
were dissolved (1:1:1 molar ratio) in tetrahydrofuran (50 mL) and reacted under N>
atmosphere for 24 hours at 30°C (Isik et al., 2021; Lale et al., 2015). Hydrazine
hydrate was then added to this mixture and the reaction was continued for 12 hours.

The product (mPEG-b-PCL-CO-NH-NH>) was filtered, precipitated in cold diethyl
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ether, and the precipitate was dried under vacuum. FT-IR spectrum was recorded (by

Perkin Elmer Spectrum 65, Perkin Elmer Inc., USA).

For colorimetric detection of primary amine groups attached to the copolymer,
TNBSA method was used (Isik et al., 2021). 5% TNBSA was diluted 500-fold with
0.1 M sodium bicarbonate buffer. 1 mg/mL mPEG-b-PCL-CO-NH-NH, was
suspended in 0.1 M sodium bicarbonate buffer and 1 part of TNBSA was mixed with
2 parts of mPEG-b-PCL-CO-NH-NH: suspension. The solutions were incubated at
37°C for 2 hours and absorbances were measured at 335 nm using a plate reader
(SpectraMax iD3, Molecular Devices, USA). The amount of primary amine was
determined using the calibration curve constructed with different concentrations of
glycine solutions (4 — 20 pug/mL which is equal to 0.53x107 — 27x1077 mol
amine/mL) prepared in sodium bicarbonate buffer (0.1 M, pH 8.5; Appendix Al
Figure 1).

2.2.3.1 Conjugation of DOX to Activated mPEG-b-PCL Copolymer

For conjugation of DOX to hydrazone group, two different methods were used as

given below:

DMSO method: mPEG-b-PCL-CO-NH-NH; copolymer and DOX were dissolved
(1:1 molar ratio) in DMSO (50 mL) and kept in dark, for 72 hours, under N, gas, at
30°C for reaction (Isik et al., 2021; Lale et al., 2015). The product was purified by
dialysis (MWCO 3500, Spectrum Laboratories, USA) against deionized water at
room temperature for 3 days by changing the water in every 6 hours. DOX
conjugated mPEG-b-PLC-CO-NH-NH> was obtained after lyophilization. The yield

of the synthesis was determined with the equation below;

. Total amount of DOX conjugated polymer
The yield (%) = — X 100
The sum of DOX and the polymer used for the synthesis

MeOH-TFA method: mPEG-b-PCL-CO-NH-NH> copolymer and DOX were
dissolved (1:1 molar ratio) in methanol (15 mL), a drop of TFA was added, left
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overnight at 60°C (Isik et al., 2021; F. Wang et al., 2011). After the removal of
methanol under vacuum, the residue was suspended in water and dialyzed (MWCO
3500, Spectrum Laboratories, USA) against deionized water at room temperature for
3 days by changing the water in every 6 hours. DOX conjugated mPEG-b-PLC-CO-
NH-NH: was obtained after lyophilization. The yield of the synthesis was

determined using the equation given above.

2.2.3.1.1 Determination of Conjugated DOX Content of the Copolymer

Conjugation of DOX to the copolymer was characterized by '"H-NMR (by Bruker
Avance 400 DPX (USA) analyses working at 400 MHz and using deuterated
DMSO). Meanwhile, DOX conjugation efficiency was determined by using the

following two methods:

Dissolution of the drug-polymer conjugate (Ch:MeOH (1:1) Method): DOX (10
mg) was dissolved in chloroform:methanol (Ch:MeOH; 1:1, v/v) and a calibration
curve was constructed (1 - 70 pg DOX / mL; Appendix B1 Figure 1) by measuring
absorbances at 440 nm with UV-visible spectrophotometer (Isik et al., 2021). 10 mg
of pristine mPEG-b-PCL-CO-NH-NH: copolymer (as blank solution) and/or 10 mg
of DOX conjugated copolymer were dissolved in 1 mL of Ch:MeOH (1:1, v/v). DOX
content of the DOX-copolymer conjugate was calculated by using the following
equation;

(Abs of DOX conj poly — Abs poly) / X
10

Conjugated drug content (ug / mg polymer) =

where; Abs of DOX conj poly = Absorbance of DOX conjugated copolymer,
Abs poly = Absorbance of pristine copolymer.
X = The slope of the calibration curve, which is 0.014 for Ch:MeOH

10 = Dilution factor (the samples were diluted 10 times before the measurements).
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Drug conjugation efficiencies of the copolymer was calculated with the equation

given below;

Coni " . Total conjugated DOX to the polymer 100
= X
onjugation ef ficiency DOX content used for the synthesis

Breaking the pH sensitive bond in acidic media: For this method, three different
media (HCI1 (0.1 M), concentrated HCI (12 M) and concentrated H2SO4 (18.3 M))
were used to determine the conjugated DOX content (Isik et al., 2021). HCI (0.1 M)
was used to compare the results with literature (Lale et al., 2015). For each media,
the wavelength having maximum absorbance values was determined, and the
calibration curves were prepared accordingly (Appendix C1 Figure 1, Appendix D1
Figure 1, and Appendix E1 Figure 1). Pristine copolymer (10 mg) having no drug
was also dissolved in the mentioned media and used as blank solution (in order to
eliminate any effect caused by the polymer). DOX-polymer conjugates (10 mg) were
dissolved in the solutions, and the amount of the conjugated drug content on the
copolymer was determined spectroscopically by using the following equation;

(Abs of DOX conj poly — Abs poly) / X

Conjugated drug content (ug / mg polymer) = 10

where; Abs of DOX conj poly = Absorbance of DOX conjugated copolymer,
Abs poly = Absorbance of pristine copolymer.

X = The slope of the calibration curves, which are 0.0211, 0.02 and 0.0415 for HCI1
(0.1 M), HCI (12 M) and H2SOs, respectively.

10 = Dilution factor (the samples were diluted 10 times before the measurements).

Conjugation efficiencies of the copolymer was calculated with using the equation

given below;

Coni . L Total conjugated DOX to the polymer 100
— X
onjugation ef ficiency Total DOX content used for the synthesis

The procedures are given below;
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HCI (0.1 M and 12 M) method: DOX (10 mg) was dissolved in 0.1 M HCI or 12
M HCI, separately (Isik et al., 2021). Wavelengths where the maximum absorption
was observed (A-max) were determined as 480 nm for 0.1 M HCI and at 504 nm for
12 M HCI media. Calibration curves were constructed (using concentrations as 1 -
50 pg DOX/mL for 0.1 M HCI, and 1 - 55 pg DOX/mL for 12 M HCI) by measuring
absorbances with UV-visible spectrophotometer at determined A-max wavelength
(Appendix C1 Figure 1 and Appendix D1 Figure 1, respectively) (Lale et al., 2015).
Similarly, 10 mg DOX conjugated copolymer was suspended in 5 mL of 0.1 M HCI
or in 12 M HCI, separately, and probe sonication was applied with 10% amplitude
for 5 min. Solutions were kept at 37°C for 48 hours to break the hydrazone bonds of
DOX conjugation. Then, copolymers were separated by centrifugation (14000 rpm
for 10 min), and the absorbances of the supernatant at 480 nm for 0.1 M HCI and at
504 nm for 12 M HCI were measured by UV-visible spectrophotometer. As blank
solution, 10 mg pristine copolymer prepared in the same way in 0.1 M HCl or 12 M
HCI was used. The amount of the DOX in the supernatant was calculated from the

formula given above.

H2S04 (18.3 M) method: DOX was dissolved in concentrated (18.3 M) sulfuric acid
(Isik et al., 2021). A calibration curve was constructed with different concentrations
of the DOX (1 - 40 pg/mL) by measuring absorbances at 543 nm with a UV-visible
spectrophotometer (Appendix El Figure 1). 1 mg of DOX conjugated mPEG-b-
PCL-CO-NH-NH: was dissolved in 1 mL of concentrated sulfuric acid. The same
amount of pristine copolymer dissolved in 1 mL of concentrated sulfuric acid was
used as blank solution and the conjugated DOX content was calculated from the

formula given above.

2.2.3.2 Addition of LCA to Activated mPEG-b-PCL Copolymers and

Characterization Studies

Addition of LCA to mPEG-b-PCL-CO-NH-NH:2 polymer was carried out in two

methods: In the first method, exactly similar conditions used for DOX conjugation
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were applied. The copolymer mPEG-b-PCL-CO-NH-NH; (2.2 g), LCA (50 mg) and
a drop of trifluoroacetic acid were added into methanol (75 mL) and mixed overnight
at 60°C. NH; groups of the copolymer and the acid groups of LCA form salt and stay
together by electrostatic interactions. After the removal of methanol under vacuum,
the salt residue was suspended in water and dialyzed against water for 3 days at room
temperature within a dialysis tubing (MWCO 3500 Da, Spectrum Laboratories,
USA). The remaining solution was lyophilized, and the product (mPEG-b-PCL-CO-
NH-NH2**LCA mixture) was obtained. In the second method, the similar steps were
carried out except the reaction was carried out at room temperature. LCA existence
was confirmed by '"H-NMR (by Bruker Avance 400 DPX (USA) working at 400
MHz, using deuterated DMSO). Amount of LCA was determined by using a
calibration curve constructed by dissolving different concentrations of free LCA in
concentrated sulfuric acid (1 — 100 pg/mL which is equal to 2.65 uM — 265 uM;
Appendix F1 Figure 1) and measuring absorbances at 311 nm with a UV-visible
spectrophotometer (Hitachi U-2800A, Hitachi Ltd., Japan). Concentrated sulfuric
acid was chosen since it can dissolve both mPEG-b-PCL-CO-NH-NH> and LCA. As
reference group, mPEG-b-PCL-CO-NH-NH; copolymer (which does not have LCA)

was dissolved in concentrated sulfuric acid and used as reference.

2.24 Critical Micelle Concentration of mPEG-b-PCL Copolymers,
mPEG-b-PCL-CO-NH-NH: Copolymers and DOX Conjugated

Copolymers

Critical Micelle Concentrations (CMC) of mPEG-b-PCL copolymers, mPEG-b-
PCL-CO-NH-NH; copolymers, and DOX conjugated copolymers were determined
using a pyrene fluorescent probe. For this purpose, 20 mg of each polymer was
dissolved in 5 mL of tetrahydrofuran, then 40 mL of deionized water was added, and
the solution was left in fume hood for evaporation of tetrahydrofuran. Dilutions were
made to prepare different concentrations of pyrene solution in 0.6 mM acetone

(0.5x103 — 0.5 g/L). Then, 10 pL of pyrene solution prepared was added to 1 mL of
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polymer solutions and the solutions were kept in an incubator overnight. The
excitation spectra were scanned from 250 to 360 nm at a fixed emission wavelength
of 390 nm with bandwidth 1 nm using a microplate reader. Intensity ratio at 338 and
333 nm (Is38/1333) were measured and plotted against the logarithm of polymer
concentrations. CMC was calculated from the intersection of the two tangent plots

(Mohanty et al., 2015).

2.2.5 Optimization of LCA Ionically Conjugated (LCAs0**M) and DOX
Conjugated (DOXconj-M) Micelle Preparation

In micelle preparation, co-solvent evaporation method was applied. To optimize the
parameters, the method was achieved either with application of sonication or without

sonication, as described in the following sections.

2.2.5.1 Co-Solvent Evaporation Method with Sonication

DOX covalent conjugated and LCA ionic conjugated micelles were prepared as
follows: mPEG-b-PCL-CO-NH-NH>**LCA or mPEG-b-PCL-CO-NH-NH>-DOX
polymers (10 mg) were dissolved in 2 mL of THF or acetone, and added into 20 mL
of 0.5% (w/v), 0.75% (w/v), 1% (w/v), 1.5% (w/v), or 2% (w/v) polyvinyl alcohol
solutions under vigorous ultrasonication for 5 min at room temperature. Then,
micelle suspension was mixed at 1000 rpm overnight to allow evaporation of organic
solvent and formation of the micelles. Micelles were collected by centrifugation at
14,000 rpm for 20 min at 4°C. For washing, micelles were dispersed in distilled water
and centrifuged again. Washing step was repeated twice. Then, micelles were
suspended with 5 mL of distilled water and passed through a 0.22 um syringe filter.
The hydrodynamic diameter and zeta potential of LCA loaded micelles or DOX
conjugated micelles were determined using a Malvern Zetasizer Nano ZS (Malvern

Instruments Ltd., MA).
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2.2.5.2  Co-Solvent Evaporation Method without Sonication

Micelles were prepared co-solvent evaporation method (Aliabadi et al., 2007).
Briefly, 30 mg of mPEG-b-PCL-CO-NH-NH>**LCA or mPEG-b-PCL-CO-NH-
NH2-DOX copolymers were dissolved in 0.5 mL of acetone. Then, 3 mL of water,
1% PVA, 1.5% PVA, or 2% PVA was added dropwise to the organic phase under
vigorous agitation. Then, micelle suspension was mixed at 1100 rpm for 5 hours to
allow evaporation of organic solvent and formation of the micelles. Micelles were
collected by centrifugation at 14,000 rpm for 20 min at 4°C. For washing, micelles
were dispersed in distilled water and centrifuged again. Washing step was repeated
twice. Then, micelles were suspended with 5 mL of distilled water and passed

through a 0.22 pum syringe filter.

During the reaction of the mPEG-b-PCL-CO-NH-NH; polymer with LCA, LCA did
not covalently conjugate to the polymer via hydrazone bond. In the purification step,
dialysis was used. Since LCA did not dissolve in water, a salt of the polymer and
LCA was obtained due to the electrostatic interaction between —NH> group of the
polymer and the -COOH group of LCA (mPEG-b-PCL-CO-NH-NH>**LCA salt)
instead of covalent hydrazone bond formation between two chemicals. After freeze-
drying of this salt, LCA amount was calculated and then micelles were prepared. The
electrostatic interaction can be reconstructed between LCA and the polymer during

micelle preparation step.

Since, LCA does not form hydrazone bond, LCA ionically conjugated micelles were
also prepared at room temperature to examine whether they show the similar
behavior. LCA loaded micelles (LCA2s5**M) were prepared using mPEG-b-PCL-
CO-NH-NH?> as the polymer to create an electrostatic interaction between —NH> of
the polymer and -COOH of LCA. Briefly, 3 mg of LCA and 30 mg of mPEG-b-
PCL-CO-NH-NH; were dissolved in 0.5 mL of acetone. Then, 3 mL of 1% PV A was
added dropwise to the organic phase under vigorous agitation. Then, micelle
suspension was mixed at 1100 rpm for 5 hours to allow evaporation of organic

solvent and formation of the micelles. Micelles were collected by centrifugation at
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14,000 rpm for 20 min at 4°C. For washing, micelles were dispersed in distilled water
and centrifuged again. Washing step was repeated twice. Then, micelles were

suspended with 5 mL of distilled water and passed through a 0.22 pm syringe filter.

Transmission electron microscopy (TEM) was used to examine the physical forms
of the prepared micelles. The hydrodynamic diameter and zeta potential of these
micelles were measured using a Malvern Zetasizer Nano ZS (Malvern Instruments
Ltd., MA). The micelles were freeze-dried (FreeZone 6 Plus, Labconco Corp., USA)

for 1 day and stored in dried form for further experiments.

Encapsulation efficiency of LCA containing micelles was calculated using equation
below. Amount of LCA was determined by using a calibration curve constructed by
dissolving free LCA in concentrated sulfuric acid (1 — 100 pg/mL which is equal to
2.65 uM — 265 uM; Appendix F1 Figure 1) and by measuring absorbances at 311
nm with a UV-visible spectrophotometer (Hitachi U-2800A, Hitachi Ltd., Japan).

B lati o LCA (%) (The amount of LCA inside the micelles) 100
= X
neapsulation ef fictency of ° (The initial amount of LCA)

Drug loading capacities of LCA or DOX containing micelles were calculated using
equation below, after dissolving weighted amount of freeze-dried micelles in
concentrated sulfuric acid, and by measuring the absorbances at 311 nm for LCA
and at 543 nm for DOX with UV-visible spectrophotometer (Hitachi U-2800A,
Hitachi Ltd., Japan). LCA and DOX contents were detected using the calibration
curves. Micelles of copolymers prepared without any drug (having no LCA nor

DOX) were also dissolved in concentrated sulfuric acid and used as background.

D loadi ity (%) (The amount of drug inside the micelles) .
= X
Tug toadtng capactty L4 (The amount of micelles)

2.2.6 Preparation of DOX and/or LCA Loaded Micelles

After the optimization studies, DOX and/or LCA loaded micelles were prepared

using the selected parameters in the section above. For this purpose, 30 mg of mPEG-
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b-PCL-CO-NH-NH: polymer and 3 mg of DOX and/or 3 mg of LCA were dissolved
in 0.5 mL of acetone containing 5 pL of triethylamine. Then, 3 mL of 1% PVA was
added dropwise to the organic phase under vigorous agitation. Then, micelle
suspension was mixed at 1100 rpm for 5 hours to allow evaporation of organic
solvent and formation of the micelles. Micelles were collected by centrifugation at
14,000 rpm for 20 min at 4°C. For washing, micelles were dispersed in distilled water
and centrifuged again. Washing step was repeated twice. Then, micelles were
suspended with 5 mL of distilled water and passed through a 0.22 um syringe filter.
The micelles were freeze-dried (FreeZone 6 Plus, Labconco Corp., USA) for 1 day

and stored in dried form for further experiments.

Encapsulation efficiencies and drug loading capacities of DOX4-M or DL-M were
calculated using equation below, after dissolving weighted amounts of freeze-dried
micelles in concentrated sulfuric acid, and by measuring the absorbances at 311 nm
for LCA and at 543 nm for DOX with UV-visible spectrophotometer (Hitachi U-
2800A, Hitachi Ltd., Japan). LCA contents and DOX contents were detected using
the calibration curves. Micelles of copolymers having no LCA or no DOX were also

dissolved in concentrated sulfuric acid and used as background.

E lati . %) (The amount of drug inside the micelles) .
— X
ncapsulation ef ficiency (% (The initial amount of drug added)

D loadi ity (%) (The amount of drug inside the micelles) 100
= X
rug foading capactty 16 (The amount of micelles)

2.2.7 Release Studies

2.2.7.1 Release of LCA from LCAs0**M or LCA25%*M

Release of LCA from the micelles was studied in three different media having pH
values of 7.4, 6.8 and 5.0. For this study, LCAe**M or LCA2s**M (10 mg) were
suspended in 1 mL of phosphate buffered saline (PBS, 0.1 M and pH 7.4) or 1 mL
of citrate-phosphate buffer (CPB, 0.15 M; pH 5.0 or pH 6.8) (n = 6). Free LCA were
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dispersed in PBS-7.4, or CPB-5 or CPB-6.8 (1 mg LCA/ mL) was used as the control
group. Micelle solutions and free LCA solutions were transferred to a dialysis bag
(MWCO is 3500 Da; Spectrum Laboratories, USA), placed in 4 mL of PBS-7.4 or
CPB-5 or CPB-6.8 and incubated in a beaker thermostatic shaker (37°C, 80 rpm)
(Niive ST-30, Turkey). At predetermined time intervals 2 mL of the release media
was removed and replaced with fresh PBS-7.4 or CPB-5 or CPB-6.8. Drawn samples
were freeze-dried, dissolved in ethanol. The absorbance of the samples was
measured at 238 nm with a UV-Vis spectrophotometer (Hitachi U-2800A, Hitachi
Ltd., Japan). The amount of LCA in the release media was determined using the
calibration curve of LCA prepared in ethanol (Appendix G1 Figure 1). To evaluate
the release mechanism of LCA from micelles, the data obtained were fitted to zero
order (cumulative percent release of LCA versus time plot), first order (log
cumulative percent of LCA remaining versus time plot), Higuchi model (cumulative
percent of LCA release versus square root of time plot), and Korsmeyer-Peppas (log

cumulative percent release of LCA versus log time plot) models.

In zero order release kinetics, the release rate of the drug is constant over a period of

time (Costa & Sousa Lobo, 2001).
Qi=Qo+ Kot

where Q is the cumulative drug amount released at time t, Qo is the initial amount
of drug present in the micelles, Ko is the zero order rate constant and t is the time

(Costa & Sousa Lobo, 2001).

In first order release kinetics, the release rate is dependent on the concentration of

drug (Costa & Sousa Lobo, 2001).
Qi=Qoexp(-Kit)or In Q¢=1n Qo — K t

where Q is the cumulative drug amount released at time t, Qo is the initial amount
of drug present in the micelles, K; is the first order rate constant and t is the time

(Costa & Sousa Lobo, 2001).

In Higuchi model, there are some assumptions;

51



¢ Initial drug concentration in the drug delivery system is much higher than the
drug solubility.

e Diffusion of drug occurs only in one dimension.

e Drug particles much smaller than system thickness.

e Swelling of matrix and dissolution is negligible.

e In the release environment perfect sink conditions are maintained (Shaikh et

al., 2015).
Qt = Qoo + KH \/t

where Qq is the cumulative drug amount released at time t, Q« is the total drug amount
that released, Ky is the Higuchi model rate constant and t is the time (Costa & Sousa
Lobo, 2001).

In Korsmeyer-Peppas model;
M/ Mo =Kp t*

where M / M, is the fraction of drug release at time t, K, is the Korsmeyer-Peppas
model rate constant, t is the time and n is the exponent of release (Costa & Sousa

Lobo, 2001).

There are two models that the release profile of an active agent in a system can be
fitted depending on the value of n (exponent of release): Fickian (n=0.43) and non-
Fickian models (n=0.85). Drug release is governed by diffusion in the Fickian model.
In the non-Fickian model, drug release is governed by swelling and relaxation of
polymer chains. When 0.43<n<0.85, release kinetic is through anomalous transport
and the drug release mechanism is governed by both diffusion and swelling (Bruschi,

2015).

2.2.7.2 Release of DOX from DOXconj-M or DOXia-M

Release of DOX from DOXconji-M or DOXi4-M micelles was studied exactly in the

same way as applied to LCA micelles. Except, the fluorescence of the samples was
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measured using an excitation wavelength of 480 nm and an emission wavelength of
590 nm for DOX release with a microplate reader (SpectraMax iD3, Molecular
Devices, USA). The amount of DOX in the release media was determined using the
calibration curve of DOX prepared in ethanol (Appendix H1 Figure 1). To evaluate
the release mechanism of DOX from micelles, release data were fitted to zero order
(cumulative percent release of DOX versus time plot), first order (log cumulative
percent of DOX remaining versus time plot), Higuchi model (cumulative percent of
DOX release versus square root of time plot), and Korsmeyer-Peppas (log

cumulative percent release of DOX versus log time plot) models.

2.2.7.3 Release of LCA and DOX from DL-M

Release of LCA and DOX from micelles were carried out by following the processes
explained above. Similarly, release data were fitted to zero order (cumulative percent
release of LCA versus time plot), first order (log cumulative percent of LCA or DOX
remaining versus time plot), Higuchi model (cumulative percent of LCA or DOX
release versus square root of time plot), and Korsmeyer-Peppas (log cumulative

percent release of LCA or DOX versus log time plot) models.

2.2.8 In Vitro Cell Culture Experiments

In in vitro cell culture experiments, three types of cells were used. Namely, MDA-
MB-231 Cells, A549 Cells and SK-MEL-30 Cells. MDA-MB-231 cells and A549
cells were kindly supplied by Ege University, Bioengineering Department.

2.2.8.1 Determination of ICso of LCA on MDA-MB-231 Cells, A549 Cells
and SK-MEL-30 Cells

Cytotoxic effects of different concentrations of LCA on MDA-MB-231 triple

negative breast cancer cells, A549 non-small cell lung cancer cells, and SK-MEL-30
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melanoma cells were studied. For this purpose, first MDA-MB-231 cells were
cultured in Leibovitz’s L-15 medium supplemented with 15% FBS, 0.1% gentamicin
and 0.1% penicillin-streptomycin at 37°C in 5% COz atmosphere in CO> incubator.
A549 cells were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum, 0.1% gentamicin and 0.1% penicillin-
streptomycin at 37°C in 5% CO; atmosphere in CO; incubator. SK-MEL-30 cells
were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum,
and 1% penicillin-streptomycin at 37°C in 5% CO2 atmosphere in CO: incubator.
Then, cells were seeded in a 96-well plate at a density of 2500 cells/well in 100 uL.
medium and allowed to adhere overnight. The following day, the media were
changed with media that contained different concentrations of LCA (from 0 uM to
210 uM; prepared from 75 mM stock solution of LCA) in 0.4% ethanol and cells
were incubated for 48 hours. Thereafter, media were discarded and wells were
washed with sterile PBS (0.1 M, pH 7.4). To assess the cell viability MTT solution
(100 uL of 0.5 mg/mL) was added to each well. After 4 hours of incubation, solutions
in the wells were discarded and the formazan crystals formed inside the cells were
solubilized in 100 pL of 10% SDS in 0.01 M HCI overnight. Then, solutions in the
wells were transferred to a new 96-well plate and the absorbance was measured at
550 nm using SpectraMax iD3 (Molecular Devices, USA). Cell viability was
calculated as percentage of the untreated control containing 0.4% ethanol and the
ICso value of LCA was determined by GraphPad Prism 8 (GraphPad Software,
USA). The absorbance values obtained by MTT were entered into the program and
the program calculated the normalized absorbance values by converting the

absorbance values to percentages. The program gave the ICso value from the graph.

Modifications were needed in the MTT method, for the cancer cell lines with low
adhesion properties in cell culture studies. After the cells were incubated for 48 hours
with different concentrations of LCA, the media were not discarded and 10 pL of 5
mg/mL MTT solution was added to each well. As negative control, cells treated with
0.4% ethanol containing medium were used. After 4 hours of incubation, solutions

in the wells were discarded and the formazan crystals were solubilized in 50 puL of
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DMSO for 20 min on an orbital shaker. Then, the solutions in the wells were
transferred to a new 96-well plate and the absorbance was measured at 570 nm
(SpectraMax iD3, Molecular Devices, USA). Cell viability was calculated as the
percentage of the negative control, and ICso value was determined with GraphPad
Prism 8 (GraphPad Software, USA). Morphology of cells was examined with
inverted phase contrast microscope (Nikon Eclipse TS100, Nikon Corp, USA) and
photographed.

2.2.8.2 Determination of ICso of DOX on MDA-MB-231 Cells, A549 Cells
and SK-MEL-30 Cells

Cytotoxic effects of different concentrations of DOX on MDA-MB-231 triple
negative breast cancer cells, A549 non-small cell lung cancer cells, and SK-MEL-30
melanoma cells were studied. For this purpose, first MDA-MB-231 cells were
cultured in Leibovitz’s L-15 medium supplemented with 15% FBS, 0.1% gentamicin
and 0.1% penicillin-streptomycin at 37°C in 5% COz atmosphere in CO> incubator.
A549 cells were cultured in Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum, 0.1% gentamicin and 0.1% penicillin-streptomycin at 37°C
in 5% CO; atmosphere in CO; incubator. SK-MEL-30 cells were cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum, and 1% penicillin-
streptomycin at 37°C in 5% CO: atmosphere in CO; incubator. Then, cells were
seeded in a 96-well plate at a density of 2500 cells/well in 100 uL. medium and
allowed to adhere overnight. The following day, the media were changed with media
that contained different concentrations of DOX (from 0 uM to 90 pM; prepared from
400 uM stock solution of DOX) in 0.4% water and cells were incubated for 48 hours.
Thereafter, 10 pL of 5 mg/mL MTT solution was added to each well. As negative
control, cells treated with 0.4% water containing medium were used. After 4 hours
of incubation, solutions in the wells were discarded and the formazan crystals formed
inside the cells were solubilized in 50 uL of DMSO for 20 min on an orbital shaker.

Then, the solutions in the wells were transferred to a new 96-well plate and the
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absorbance was measured at 570 nm (SpectraMax iD3, Molecular Devices, USA).
Cell viability was calculated as the percentage of the negative control, and ICs value

was determined with GraphPad Prism 8 (GraphPad Software, USA).

2.2.8.3 Cytotoxicity Studies of Micelles

Cytotoxic effects of DOX and LCA carrying micelles as well as empty micelles were

evaluated using cancer cells, as explained in the following sections.

2.2.8.3.1 Cytotoxicity of Empty Micelles (M), LCA¢0**M, and LCA25**M

The cytotoxic effect of different concentrations of LCAgo**M and empty micelles
(M) on the MDA-MB-231 triple negative breast cancer cell line, A549 non-small
cell lung cancer cell line and SK-MEL-30 melanoma cell line was investigated in
Leibovitz’s L-15 medium supplemented with 15% fetal bovine serum, 0.1%
gentamicin and 0.1% penicillin-streptomycin for MDA-MB-231, Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine serum, 0.1%
gentamicin and 0.1% penicillin-streptomycin for A549, and RPMI-1640 medium
supplemented with 10% fetal bovine serum, and 1% penicillin-streptomycin for SK-
MEL-30 at 37°C in 5% COz atmosphere in carbon dioxide incubator. MDA-MB-
231, A549, and SK-MEL-30 cells were seeded in a 96-well plate at a density of 2500
cells/well in 100 pl medium and allowed to adhere overnight. The next day, the
media were replaced with the media containing different concentrations of
LCA60**M (0.125 mg/mL to 5 mg/mL) and M (0.125 mg/mL to 5 mg/mL), and the
cells were incubated with the micelles for 48 hours. Cells not incubated with
LCAs0**M or M were used as the control and the control was considered as 100%
viable when calculating the cell viability. After 48 hours, the media were discarded
and 100 uL. of MTT solution (0.5 mg/mL) was added to each well to evaluate the
cell viability. After 4 hours of incubation, the solutions in the wells were discarded.

Formazan crystals inside the cells were dissolved in 50 uLL DMSO for 20 min on an
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orbital shaker. The solutions in the wells were then transferred to a new 96-well plate
and the absorbance was measured at 570 nm using SpectraMax iD3 (Molecular

Devices, USA).

As mentioned above, modifications were made to the MTT method for healthier
viability measurements. After the cells were incubated for 48 hours with different
concentrations of M (0.0125 mg/mL to 3 mg/mL), the media were not discarded and
10 uL. of 5 mg/mL MTT solution was added to each well. After 4 hours of incubation,
the solutions in the wells were discarded and formazan crystals were dissolved in 50
uL of DMSO for 20 min on an orbital shaker. The solutions in the wells were then
transferred to a new 96-well plate and the absorbance was measured at 570 nm using
SpectraMax iD3 (Molecular Devices, USA). Cells not incubated with blank micelles
were used as the positive control and assumed as 100% viable. Then, cell viability

was calculated.

With the MTT method, studies on dose-dependent cytotoxicity of LCAso**M were
repeated. After the cells were incubated for 48 hours with different concentrations of
LCA60**M (25-550 ng/mL for MDA-MB-231 and 0.125 mg/mL to 2.75 mg/mL for
A549 and SK-MEL-30), the media were not discarded and 10 uL of 5 mg/mL MTT
solution was added to each well. After 4 hours of incubation, the solutions in the
wells were discarded and the formazan crystals were dissolved in 50 uL of DMSO
for 20 min on an orbital shaker. The solutions in the wells were then transferred to a
new 96-well plate and the absorbance was measured at 570 nm using SpectraMax
iD3 (Molecular Devices, USA). Cells not incubated with LCAg**M were used as

the positive control and assumed as 100% viable. Then, cell viability was calculated.

In order to compare the cytotoxic effect of LCA25**M with LCAgo**M, cell viability
studies were carried out. Cytotoxic effect of LCA25**M and LCAg**M on MDA-
MB-231 triple negative breast cancer cells were studied at 37°C in 5% CO:
incubator. MDA-MB-231 cells were seeded in a 96-well plate at a density of 2500
cells/well in 100 pL. medium and allowed to adhere overnight. The next day, the

media were changed and replaced with media containing 1.5 mg/mL micelles
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dispersed in complete medium. Free LCA containing complete medium was used to
check the effectiveness of micelles compared to free drug. MTT assay was carried
out according to the procedure to evaluate cytotoxicity of LCA»s**M and
LCAg0**M. As the positive control, cells incubated only in media were used and

their viability was considered as 100% viability.

2.2.8.3.2 Cytotoxicity of DOXconj-M and DOXia-M on MDA-MB-231 Cells

DOXconj-M, and DOX4-M were treated with MDA-MB-231 triple negative breast
cancer cells at 37°C in 5% CO: incubator to compare the cytotoxic effect of
conjugated drug and loaded drug on triple negative breast cancer cells. MDA-MB-
231 cells were seeded in a 96-well plate at a density of 2500 cells/well in 100 uL
medium land allowed to adhere overnight. The next day, the media were changed
and replaced with media containing 1.5 mg/mL micelles dispersed in complete
medium. Free DOX containing complete medium was used to check the
effectiveness of micelles compared to free drug. MTT assay was carried out
according to the procedure given in the previous section to evaluate cytotoxicity of
micelles. As the positive control, cells incubated only in media were used and their

viability was considered as 100% viability.

2.2.8.3.3 Cytotoxicity of Mixed Micelles (DOXconj-M and LCAg0**M) on
MDA-MB-231 Cells

In order to determine whether there is a synergistic effect of DOX and LCA, the
micelles having each drug (LCAs**M and DOXconj-M prepared under the same
conditions) were mixed in certain proportions and cell viability studies were
performed. Cytotoxic effect of mixed micelles on MDA-MB-231 triple negative
breast cancer cells were studied at 37°C in 5% CO: incubator. MDA-MB-231 cells
were seeded in a 96-well plate at a density of 2500 cells/well in 100 L medium and

allowed to adhere overnight. The next day, the media were replaced with media
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containing 1.5 mg/mL micelles dispersed in complete medium. Micelles were mixed
in 1:1, 1:2, and 2:1 (LCA60**M:DOXconj-M) ratios. Free LCA and/or free DOX
containing complete medium was used to check the effectiveness of micelles
compared to free drugs. MTT assay was carried out according to the procedure given
in the previous section to evaluate cytotoxicity of micelles. As the positive control,
cells incubated only in media were used and their viability was considered as 100%

viability.

2.2.8.3.4 Cytotoxicity of DL-M on MDA-MB-231 Cells

Cytotoxic effect of DL-M on MDA-MB-231 triple negative breast cancer cells were
studied at 37°C in 5% COz incubator. MDA-MB-231 cells were seeded in a 96-well
plate at a density of 2500 cells/well in 100 pL. medium and allowed to adhere
overnight. The next day, the media were changed and replaced with media containing
1.5 mg/mL micelles dispersed in complete medium. Free LCA and/or free DOX
containing complete medium was used to check the effectiveness of micelles
compared to free drugs. MTT assay was carried out according to the procedure given
in the previous section to evaluate cytotoxicity of micelles. As the positive control,
cells incubated only in media were used and their viability was considered as 100%

viability.

2.2.8.4  Determination of Cell Internalization of Micelles Using Coumarin 6

Cell internalization was studied using coumarin 6 dye as the fluorescent probe to
determine if the micelles were taken into the cells by endosomal route. Due to the
hydrophobic structure, coumarin 6 was trapped in the core of the micelles. During
the preparation process of the LCAg**M, and LCA25**M, 1% (w/v) coumarin 6
was added to the organic solvent. Then, coumarin 6 loaded micelles (C6-LCAg**M
and C6-LCA25**M) were freeze-dried. Coumarin 6 was not used for the cell

internalization of DOX containing micelles since DOX has fluorescence properties.
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Cell internalization of free coumarin 6, free DOX, C6-LCAg0**M, C6-LCA25**M,
DOXconj-M, DOXi¢-M and DL-M were studied using MDA-MB-231 cells at 37°C.
The cells were seeded on coverslips at a density of 10° cells/well in 1 mL medium
and allowed to adhere overnight. The next day, the media were changed with media
containing free coumarin 6 (50 ng/mL), or free DOX (80 nM), or C6-LCAg**M
(1.5 mg/mL), or C6-LCA25**M (1.5 mg/mL), or DOXcon-M (1.5 mg/mL), or DOXj4-
M (1.5 mg/mL), or DL-M (1.5 mg/mL) in complete medium. All samples were
incubated for 1, 2, 4 and 6 hours. At the given time intervals, cells were washed with
cold PBS and fixed with 4% paraformaldehyde at room temperature. Cell nuclei
were stained with DAPI and cell internalization of free coumarin 6, free DOX, C6-
LCAs0**M, C6-LCA25**M, DOXconj-M, DOX1¢-M, and DL-M were examined by

confocal microscopy (Zeiss Cell Observer SD, Germany) and images were taken.

2.2.85 Cell Migration Assay

Cell migration was studied using MDA-MB-231 at 37°C in 5% CO> atmosphere in
carbon dioxide incubator by incubating the cells either with M, LCAg**M,
LCA25**M, DOXconj-M, DOXi1¢-M or DL-M. The cell migration assay was carried
out with transwell chambers for 24-well plates that have 8.0 pm porosity (Greiner)
(He et al.,, 2017). Cells were seeded on cell inserts at a density of 60.000
cells/transwell in 200 pL of serum-free medium containing free LCA (108 uM for
MDA-MB-231), or free DOX (80 nM for MDA-MB-231), or M (1.5 mg/mL), or
LCA60**M (1.5 mg/mL), or LCA25**M (1.5 mg/mL), or DOXcon-M (1.5 mg/mL),
or DOXi¢-M (1.5 mg/mL), or DL-M (1.5 mg/mL). 500 pL of serum containing
medium was added in the bottom chambers. After 48 hours, non-migrated cells were
removed with a cotton swab. 4% paraformaldehyde was used to fix the migrated
cells and cells were stained with 0.2% crystal violet. Afterwards, chambers were
washed with water and left to dry. Images were taken with an inverted phase contrast

microscope (Nikon Eclipse TS100, Nikon Corp, USA) and cells were counted from
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three random fields with ImagelJ software. The percentage of migrated cells was

normalized with respect to control (cells only).

2.2.8.6  Colony Formation Assay

Colony formation of MDA-MB-231 cells after incubation with M, LCAg**M,
LCA25**M, DOXconj-M, DOXig-M or DL-M was studied at 37°C in 5% CO
atmosphere in CO> incubator. MDA-MB-231 cells were seeded at a density of 2.000
cells/well in 6-well plate and allowed to grow for 24 h. Then, cells were treated with
free LCA (108 uM for MDA-MB-231) or free DOX (80 nM for MDA-MB-231) or
M (1.5 mg/mL) or LCA60**M (1.5 mg/mL) or LCA25**M (1.5 mg/mL) or DOXconj-
M (1.5 mg/mL) or DOX-M (1.5 mg/mL) or DL-M (1.5 mg/mL) for one week.
Thereafter, colonies were fixed with 4% paraformaldehyde for 20 min and 0.2%
crystal violet was used to stain the colonies. Colonies were counted manually. The
experiment was performed for three times (He et al., 2017). Untreated cells were

used as control.

2.2.8.7  Determination of Lipid Droplets in MDA-MB-231 Cells

In order to determine apoptosis in cancer cells, the number of lipid droplets was
determined for groups having free LCA, free DOX, M, LCAs**M, LCA25**M,
DOXconi-M, DOXig-M and DL-M. For this purpose, MDA-MB-231 cells were
seeded on 24-well plate at a density of 100.000 cells/well in 1 mL medium and
allowed to adhere overnight. The next day, the media were replaced with media that
contained free LCA (108 uM for MDA-MB-231) or free DOX (80 nM for MDA-
MB-231) or M (1.5 mg/mL) or LCAs0**M (1.5 mg/mL) or LCA25**M (1.5 mg/mL)
or DOXcon-M (1.5 mg/mL) or DOXy-M (1.5 mg/mL) or DL-M (1.5 mg/mL)
dispersed in complete medium. The cells were incubated for 48 hours, then, washed
with PBS and fixed with 4% paraformaldehyde for 20 min. After removing the

paraformaldehyde, 60% isopropanol was added to each well and kept for 5 min.
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Later on, the cells were incubated in oil red O staining solution for 30 min, followed
by incubation with Weigert’s hematoxylin for 10 min. Finally, the cells were washed
with water 3 times. Then, cell morphology and lipid droplets inside cells were
examined using inverted phase contrast microscope (Nikon Eclipse TS100, Nikon

Corp, USA) and photographed (Luu et al., 2018).

2.2.8.8  Detection of Apoptosis in Cancer Cells with qRT-PCR

Apoptotic gene expression of MDA-MB-231 triple negative breast cancer cell line
was studied by incubating in media containing M or LCAs**M or LCA25**M or
DOXconj-M or DOXi4-M or DL-M at 37°C in carbon dioxide (5% CO3) incubator for
24 h. For this purpose, first MDA-MB-231 cells were seeded in a 6-well plate at a
density of 10° cells/well in 3 mL medium and allowed to adhere overnight. The next
day, the media were changed with media containing free LCA (108 uM for MDA-
MB-231) or free DOX (80 nM for MDA-MB-231) or M (1.5 mg/mL) or LCAg**M
(1.5 mg/mL) or LCA25**M (1.5 mg/mL) or DOXconj-M (1.5 mg/mL) or DOXj4-M
(1.5 mg/mL) or DL-M (1.5 mg/mL) dispersed in complete medium and incubated
for 24 hours. Untreated cells were used as the control. Next day, total RNA was
isolated with Roche High Pure RNA Isolation Kit (Switzerland) and cDNA was
synthesized using Roche Transcriptor High Fidelity c¢cDNA Synthesis Kit
(Switzerland), both according to the manufacturer’s instructions. For PCR analysis,
LightCycler® FastStart DNA Master SYBR Green I (Switzerland) was used. Gene
expression levels of pro-apoptotic (Bax, p53) and anti-apoptotic (Bcl-2 and Bcl-xL)
genes were calculated relative to the reference B-actin gene using AACT method.

The sequences of the primers are given in Table 2.1.
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Table 2.1. Primers used in qRT-PCR studies.

Primer

Sequence

Bax forward

CCCGAGAGGTCTTTTTCCGAG

Bax reverse

CCAGCCCATGATGGTTCTGAT

p53 forward

CCTCAGCATCTTATCCGAGTGG

p53 reverse

TGGATGGTGGTACAGTCAGAGC

Bcl-2 forward

GGTGGGGTCATGTGTGTGG

Bcl-2 reverse

CGGTTCAGGTACTCAGTCATCC

Bel-xL forward

GAGCTGGTGGTTGACTTTCTC

Bcel-xL reverse

TCCATCTCCGATTCAGTCCCT

B-actin forward

ATGTGGCCGGAGGACTTGATT

[-actin reverse

AGTGGGGTGGCTTTTAGGATG

2.2.8.9  Determination of Cell Apoptosis with Annexin V-FITC Assay

Apoptotic effect of M or LCAg**M or LCA25**M or DOXconj-M or DOX14-M and
DL-M on MDA-MB-231 cells was studied using FITC Annexin V-PI kit. For this
purpose, the cells were seeded in a 6-well plate at a density of 10° cells/well in 3 mL
medium and allowed to adhere overnight. The next day, the media were changed
with media that contained free LCA (108 uM for MDA-MB-231), or free DOX (80
nM for MDA-MB-231), or M (1.5 mg/mL), or LCAg**M (1.5 mg/mL), or
LCA25**M (1.5 mg/mL), or DOXcon-M (1.5 mg/mL), or DOX¢-M (1.5 mg/mL), or
DL-M (1.5 mg/mL) dispersed in complete medium and incubated for 24 hours. Cells
treated with ICso value of LCA (108 pM) or DOX (80 nM) containing medium was
used as the negative control. Then, media were discarded, and wells were washed
with sterile PBS (0.1 M, pH 7.4). Cells were detached with cell scraper and collected
by centrifugation at 2000 rpm for 5 min, and then incubated with FITC Annexin V
and propidium iodide according to FITC Annexin V-PI kit protocol (BioLegend,
USA). Apoptosis analysis was carried out with a flow cytometry (BD Accuri C6,
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USA). First, cells from each group were counted and dilutions were made to obtain
10 cells/ml for each group. The data were gated to exclude debris using unstained
cell suspension. Then cells stained with Annexin V-FITC and propidium iodide were
analyzed with flow cytometry and live and apoptotic cells were determined
according to the gate. The percentages of apoptotic and live cells were determined

according to the untreated control group.

2.2.8.10 Mitochondrial Transmembrane Potential Detection

Change in mitochondrial transmembrane potential is an early indicator in apoptosis.
3,3’-Dihexyloxacarbocyanine iodide (DiOC6) is a membrane permeable fluorescent
probe that dyes mitochondria. But, DiOC6 cannot dye mitochondria if the cell is in
apoptotic stage since the mitochondrial transmembrane integrity is lost. For this
purpose, MDA-MB-231 cells were seeded in a 6-well plate at a density of 10°
cells/well in 3 mL medium and allowed to adhere overnight. The next day, the media
were changed with the media that contained free LCA (108 uM for MDA-MB-231)
or free DOX (80 nM for MDA-MB-231) or M (1.5 mg/mL) or LCAs0**M (1.5
mg/mL) or LCA25**M (1.5 mg/mL) or DOXconj-M (1.5 mg/mL) or DOX4-M (1.5
mg/mL) or DL-M (1.5 mg/mL) dispersed in complete medium and incubated for 24
hours. Cells treated with ICso value of LCA (108 uM) or DOX (80 nM) containing
medium was used as the negative control. Then, media was discarded, and wells
were washed with sterile PBS (0.1 M, pH 7.4). Cells were detached with a cell
scraper and collected by centrifugation, and then incubated with 40 nM of DiOC6
for 30 minutes. Mitochondrial transmembrane potential analysis were carried out
with a flow cytometry (BD Accuri C6, USA). First, cells from each group were
counted and dilutions were made to obtain 10° cells/ml for each group. Then the data
were gated to exclude debris using unstained cell suspension. Cells stained with
DiOC6 was analyzed with flow cytometry. Loss of mitochondrial transmembrane
potential was observed with the decrease of the percentages in VI-R section

compared to control group (Yadav et al., 2015).
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2.2.8.11 Reactive Oxygen Species (ROS) Determination

In the cases where the cells are in the apoptotic stage, ROS concentration increases.
Therefore, ROS determination was carried out to check the status of the cells after
the treatment of micelles, according to Cellular ROS Assay Kit (Abcam) protocol.
The fluorescent probe of 2’,7’-Dichlorofluorescin diacetate (DCFDA) binds to ROS
in the cell. MDA-MB-231 cells were either seeded on coverslips placed in 24-well
plates at a density of 10° cells/well in 1 mL medium for confocal microscopy
imaging, or on 96-well plates at a density of 2500 cells/well in 100 pL medium to
determine the ROS concentration of cells. In each case, cells were incubated
overnight to adhere. The next day, the media were changed with media containing
ICso concentration of free LCA (108 uM for MDA-MB-231) or free DOX (80 nM
for MDA-MB-231) or M (1.5 mg/mL) or LCA6**M (1.5 mg/mL) or LCA»s**M
(1.5 mg/mL) or DOXconji-M (1.5 mg/mL) or DOXi¢-M (1.5 mg/mL) or DL-M (1.5
mg/mL) which were dispersed in complete medium and incubated for 24 hours. After
that, media from the wells were discarded, the cells were stained with 20 uM
DCFDA solution for 30 minutes and washed with PBS. The cells on coverslips were
examined with confocal microscopy (Zeiss), and fluorescence intensity of the cells
in 96-well plates was measured using SpectraMax iD3 (Molecular Devices, USA) to
determine the ROS concentration of cells. Medium in 0.4% ethanol was used as the
negative control. Tert-butyl hydroperoxide (TBHP) control group was incubated
only with 50 uM TBHP for 4 hours prior to staining with DCFDA.

2.2.8.12 Endothelial Cell Tube Formation Assay

Angiogenesis is important for the cell growth. Therefore, tube formation assay was
performed to determine the effects of micelles on reducing angiogenesis of
endothelial cells and thus preventing metastasis (Bielenberg & Zetter, 2015). For this
purpose, human umbilical vein endothelial cells were cultured in endothelial cell

(EC) medium containing 10% FBS. First, 50 uL of Matrigel solution (Corning) was
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put in 96-well plates and incubated for 30-60 min at 37°C in an incubator. Then,
40x10° HUVEC/well and/or 40x10° MDA-MB-231 cells/well were seeded on
Matrigel. Later on, 150 pL of medium was placed and cells were incubated for 2, 4,
8, and 24 hours. After each time point, images were taken with an inverted
microscope and tube formation was examined using Imagel] software (National
Institutes of Health, Bethesda, MD). The total endothelial tube lengths and number
of nodes were measured using ImageJ Software Angiogenesis Analyzer Tool from
three independent experiments and the values were averaged. Groups examined and

the media composition used for the groups are given in Table 2.2.
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Table 2.2. Groups for endothelial cell tube formation assay.

Group name Cells Medium and treatment
Control-1 HUVEC EC medium

Control-2 HUVEC EC:L15 medium (1:1)

Free LCA-1 HUVEC EC medium, free LCA

Free LCA-2 HUVEC EC:L15 medium (1:1), free LCA
Free DOX-1 HUVEC EC medium, free DOX

Free DOX-2 HUVEC EC:L15 medium (1:1), free DOX
Co-culture HUVEC:MDA-MB-231 EC:L15 medium (1:1)

control

Co-culture free
LCA

HUVEC:MDA-MB-231

EC:L15 medium (1:1), free LCA

Co-culture free
DOX

HUVEC:MDA-MB-231

EC:L15 medium (1:1), free DOX

HUVECI-L60 | HUVEC EC medium, LCAg**M
HUVECI-L25 | HUVEC EC medium, LCA2s**M
HUVEC2-L60 | HUVEC EC:L15 medium (1:1), LCAg**M
HUVEC2-125 | HUVEC EC:L15 medium (1:1), LCA2s**M
HUVECI-DM1 | HUVEC EC medium, DOXconj-M
HUVECI-DM2 | HUVEC EC medium, DOXj-M
HUVECI-DLM | HUVEC EC medium, DL-M
HUVEC2-DM1 | HUVEC EC:L15 medium (1:1), DOXconj-M
HUVEC2-DM2 | HUVEC EC:L15 medium (1:1), DOXie-M
HUVEC2-DLM | HUVEC EC:L15 medium (1:1), DL-M
HUVECI-EM | HUVEC EC medium, M

HUVEC2-EM | HUVEC EC:L15 medium (1:1), M

Co-culture L60

HUVEC:MDA-MB-231

EC:L15 medium (1:1), LCAg**M

Co-culture L.25

HUVEC:MDA-MB-231

EC:L15 medium (1:1), LCA,5**M

Co-culture DM1

HUVEC:MDA-MB-231

EC:L15 medium (1:1), DOX¢onj-M

Co-culture DM2

HUVEC:MDA-MB-231

EC:L15 medium (1:1), DOX4-M

Co-culture DLM

HUVEC:MDA-MB-231

EC:L15 medium (1:1), DL-M

Co-culture EM

HUVEC:MDA-MB-231

EC:L15 medium (1:1), M

2.29

Statistical Analysis

All data are presented as mean =+ standard deviation. Results were analyzed using

one-way analysis of variance (ANOVA) and Tukey's multiple comparison test.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 Synthesis and Characterization of mPEG-b-PCL Copolymer

The synthesized mPEG-b-PCL copolymer was examined by '"H NMR and FT-IR.
The chemical structure of the mPEG-b-PCL copolymer is shown in Figure 3.1
(Protons in the chemical structure of the polymer are numbered in order to indicate

peaks in NMR spectra.).

H3CT > 0 : : : H
ot o],
%/\)’ - W i
10
0

mPEG-b-PCL

Figure 3.1. Chemical structure of mPEG-b-PCL polymer (For protons numbered 3
and 10: the number of —CH»— protons in polyethylene glycol is 3. The number of —
CH»— protons where the polyethylene glycol is linked to the polycaprolactone by
ester bond is 10. —CH,— protons numbered as 3 linked to oxygen by ether bond. —
CH»- protons numbered as 10 linked to polycaprolactone by ester bond.).

"H NMR spectra of the copolymer synthesized and the mPEG polymer used in the
synthesis are shown in Figure 3.2-A and Figure 3.2-B, respectively. The protons
belonging to the observed peaks in the '"H NMR spectra and the literature values are

given in Table 3.1.
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Figure 3.2. A) '"H NMR spectra of mPEG, B) '"H NMR spectra of mPEG-b-PCL.
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Table 3.1. Comparison of 'H NMR values of synthesized mPEG-b-PCL copolymer
with those reported in literature.

Proton Synthesized (Gao et al., 2015) (Shuai et al., 2003,
copolymer 2004)
H, 3.31 ppm, singlet 3.35 ppm, singlet 3.38 ppm, singlet
(3H) (3H) (3H)

H; ve 3.58 ppm, singlet 3.65 ppm, singlet 3.65 ppm, singlet
H; (4H) (4H) (4H)

Hy4 2.24 ppm, triplet 2.30 ppm, triplet 2.30 ppm, triplet
(2H) (2H) (2H)

Hs ve 1,54-1.62 ppm, 1.60-1.70 ppm, 1.60-1.70 ppm,
H; multiplet (4H) multiplet (4H) multiplet (4H)
He 1.27-1.35 ppm, 1.30-1.50 ppm, 1.35-1.45 ppm,

multiplet (2H) multiplet (2H) multiplet (2H)
Hs 3.99 ppm, triplet 4.10 ppm, triplet 4.06 ppm, triplet
(2H) (2H) (2H)
Hy 2.11 ppm, singlet 2.05 ppm, singlet -
(1H) (1H)
Hio 4.16 ppm, triplet 4.25 ppm, triplet 4.25 ppm, triplet
(2H) (2H) (2H)

Figure 3.2-A shows the singlet peak of -CH>— protons in the mPEG polymer at 3.58
ppm, and the singlet peak of CHs— protons in the mPEG polymer at 3.31 ppm. Since
there is only one methyl group in the polymer, the intensity of singlet peak at 3.31
ppm is very low. The small and wide singlet peak seen at 1.67 ppm belongs to the —
OH group at the end of the polymer. When these data are compared with the '"H NMR
spectra of synthesized copolymers, the intensity of triplet peak seen at 4.16 ppm was
less than the other peaks because there was only one —CH»>— group that is bonded to
polycaprolactone with ester bond. The singlet peak seen in the synthesized
copolymers at 3.58 ppm is the peak of -CH»— protons of the mPEG polymer (except
for the —CH>— group, which binds the polycaprolactone). The reason for this peak to
have more intensity than other peaks is that all -CH>— protons of mPEG polymer
resonate at the same location. Because all -CH— protons in mPEG are equivalent

protons.
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The '"H NMR spectra of the synthesized copolymer were slightly different in their
peak values compared to the literature (Table 3.1). The reason for this difference
could be due to the different types of mPEG and e-caprolactone used in the synthesis.
Different chemical shift values are reported in the literature for the same copolymer

used in this study (Gao et al., 2015; Shuai et al., 2003, 2004; Tanaka et al., 2010).

FT-IR spectroscopy (PerkinElmer Spectrum 65) was also used to confirm the
chemical structure of the synthesized copolymers. Figure 3.3 shows the FT-IR
spectra of mPEG polymer, g-caprolactone monomer and synthesized copolymer. The
peaks specific to the chemical bonds observed in the FT-IR spectra of the synthesized
copolymer are given in Table 3.2. The reason of the wave number differences in four
characteristic peaks present in the copolymer between the copolymer, the mPEG
polymer, and the e-caprolactone monomer are due to the alteration of the bond
strengths. In addition, the two characteristic peaks observed in the mPEG polymer
and the two characteristic peaks in the g-caprolactone monomer are also present in
the FT-IR spectra of the copolymer, which shows that the synthesis is successful.
According to Tanaka et al. (2010), the absorbance peak at 2875 cm™! was ascribed to
C-H stretching vibrations of the mPEG polymer. The absorbance peak at 2937 ¢cm™!
was ascribed to C-H stretching vibrations of the e-caprolactone monomer. The
absorbance peak at 1725 cm™ was ascribed to C=O stretching vibrations of the &-
caprolactone monomer (Tanaka et al., 2010). Shuai et al. (2003) showed that the
mPEG-b-PCL copolymer had a peak showing stretching vibration of C-H bonds
between 2800 cm™! and 2900 cm™!. The absorbance peak observed at 1726 cm™! was
ascribed the stretching vibration of C=0O bonds in the polycaprolactone part of the
copolymer. The absorbance peak observed at 1105 cm™! was ascribed the stretching
vibration of C-O bonds in the mPEG part of the copolymer (Shuai et al., 2003). In
the mPEG-b-PCL copolymer, these three peaks are observed.
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Table 3.2. Chemical bonds assigned to the peaks in the FT-IR spectra of synthesized
copolymers

Wave number of peaks observed in the FT-IR spectra (cm™)
Bond mPEG ¢ -caprolactone Synthesized
Copolymer
C-H 2889 2936 2894 ve 2946
C-O 1104 - 1106
C=0 - 1732 1725

2036 +——

1732

Transmittance (%)

2889 S s 1104

1725

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave number (em-1)

e-caprolactone —mPEG —mPEG-b-PCL

Figure 3.3. FT-IR spectra of mPEG-b-PCL polymer synthesized, mPEG polymer
and the e-caprolactone monomer.

The number average molecular weight (Mn) of the copolymer synthesized was
determined by integration of the peaks present in the 'H NMR spectra (Table 3.3).
The value found is quite close to the estimated value (15,700 Da) before starting the
synthesis (15,000 Da). The number average (Mn) and weight average (Mw)
molecular weights of the synthesized copolymer were determined by GPC. The
values detected were a bit higher than 'H NMR results, but it is accepted that the

differences were not significant.
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The polydispersity index (PDI) is the ratio of the Mw of a polymer to the Mn and is
always greater than 1, and generally about 1.5 for most of the polymers synthesized
in the lab. When the PDI value is equal to 1 that means all polymer chains in a
polymer sample have the same length and the same weight. This is a hypothetically
ideal case for polymers.

Table 3.3. Molecular weights and polydispersity index of the synthesized mPEG-b-
PCL copolymer.

Mn (kDa) Mn (kDa) Mw (kDa) Polydispersity
(with NMR) (with GPC) (with GPC) index (PDI)
15.7 16.7 24.7 1.49

The differential scanning calorimeter (DSC) was used to determine the thermal
properties of the synthesized copolymers. Figure 3.4-A shows the DSC curve of the
mPEG polymer having a number average molecular weight of 5,000 Da used in the
synthesis. A sharp peak in phase transitions seen in the DSC curve indicates that the
substance is pure. A sharp peak is also observed in the DSC curve of the mPEG
polymer. This curve is the melting curve and the melting temperature of the mPEG
polymer is 67°C. The DSC curve in Figure 3.4-B shows two adjacent melting peaks.
Since the copolymers are composed of two different polymers (PEG and PCL), there
must be a separate melting peak for both. Peng et al. (2015) showed that the melting
temperature of mPEG-b-PCL copolymers with the average molecular weight of 16
kDa was found to be 61°C as a result of DSC measurement (Peng et al., 2015).
Baimark (2009) showed that the melting temperature of the mPEG polymer, with the
average molecular weight of 5000 Da was found to be 61°C. The mPEG-b-PCL
copolymer with an average molecular weight of 40 kDa was found to be 58°C as a
result of DSC measurement (Baimark, 2009). Danafar et al. (2014) showed that the
melting temperature of mPEG-b-PCL copolymer with the average molecular weight
of 22.7 kDa was found to be 58.68°C as a result of DSC measurements (Danafar et
al., 2014). There is few degrees difference with the melting temperatures of the
synthesized copolymers and the data given in the literature, which is not a significant

difference. As a result, the synthesized copolymer is similar to the literature.
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Figure 3.4. DSC curves of A) mPEG polymer and B) mPEG-b-PCL copolymer.

3.2 Characterization of Micelles

Hydrodynamic diameter and zeta potential values of the micelles obtained by
emulsion-diffusion method were found as 85.4+28.3 nm and -2.66+0.27 mV,

respectively. Figure 3.5-A shows the size distribution chart of micelles. It is the zeta
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potential value that determines the stability of micelles in the solution. The micelles
are stable if the zeta potential is far from zero in plus or minus directions. The zeta
potential of the prepared micelles was -2.66 mV. Meanwhile, there are more negative
values reported in literature. For example; Bernabeu et al. (2016) as -31.7 mV
(Bernabeu et al., 2016), and Xiong et al. (2015) as -21.4 mV (Xiong et al., 2015).
This shows that the prepared micelles are not stable. Micelle morphologies can be
seen in Figure 3.6-A and Figure 3.6-B. As seen from TEM images, these micelles do
not have a uniform shape and size. Therefore, we changed the micelle preparation

method.

Solvent evaporation method was applied for micelle preparation. This time,
hydrodynamic diameter and zeta potential values were found as 175.242.4 nm and -
4.76£0.5 mV, respectively. Figure 3.5-B shows the size distribution of micelles. The
size distribution is very wide which shows that there are very small and very large
particles in the suspension. Also, zeta potential was much lower than the values
reported in literature. Micelle morphologies can be seen in Figure 3.6-C and Figure
3.6-D. As seen from TEM images, these micelles have uniform shape but there are
also polymer aggregates. Therefore, solvent evaporation method was slightly
changed and 1% polyvinyl alcohol solution was used as water phase to increase the
stability of micelles. Since PVA is a surfactant, it is used as a stabilizing agent in the
preparation of polymeric micelles (Sengel Tiirk et al., 2009; Xiao et al., 2013).
Hydrodynamic diameter and zeta potential values of micelles were found as
150+24.1 nm and -11.07+£0.8 mV, respectively. Figure 3.5-C shows the size
distribution chart of micelles. These micelles were stable, and as seen from TEM
images, they had a uniform shape and size (Figure 3.6-E and Figure 3.6-F).
Therefore, solvent evaporation method with PV A was chosen as the best method for

micelle preparation.
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Figure 3.5. Size distribution of mPEG-b-PCL empty micelles prepared by A)
Emulsion-diffusion method, B) Solvent evaporation method (Water phase is distilled
water.). C) Solvent evaporation method (Water phase is 1% polyvinyl alcohol.).
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Figure 3.6. TEM images of micelles prepared by A) Emulsion-diffusion method, B)
Emulsion-diffusion method, C) Solvent evaporation method (Water phase is distilled
water.), D) Solvent evaporation method (Water phase is distilled water.), E) Solvent
evaporation method (Water phase is 1% polyvinyl alcohol.). Scale bar is 200 nm in
parts A, C and E. Scale bar is 100 nm in parts B, D and F.

33 Characterization of DOX and LCA Conjugated mPEG-b-PCL
Copolymer

The mPEG-b-PCL copolymer and its carboxylated and aminated forms, mPEG-b-
PCL-COOH and mPEG-b-PCL-CO-NH-NH»>, were synthesized following a
consecutive process to obtain amphiphilic block copolymer ending with hydrazide
groups (Figure 3.7). FT-IR spectra of mPEG-b-PCL, mPEG-b-PCL-COOH and
mPEG-b-PCL-CO-NH-NH; polymers are given in Figure 3.8. The absorbance peaks
observed at 3443 cm™! belong to the stretching vibrations of ~NH; bonds (Isik et al.,
2021; Lale et al., 2015); peaks at 2866 cm™ and 2945 cm™! are belong to C-H
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stretching vibrations. The absorbance peaks at 1722 cm™! were evaluated as C=0O
stretching vibrations of PCL unit, and the peak at 1103 cm™ was ascribed to C-O
stretching vibrations of mPEG unit in the copolymer (Y. Chen et al., 2016; Isik et
al.,, 2021). '"H NMR results of the products obtained in every step showed that
hydrazide functionalization of mPEG-b-PCL copolymer was achieved successfully
(Figure 3.9-A, B, and C). For '"H NMR spectrum of mPEG-b-PCL-COOH copolymer
the peak at 2.64 shows the -CH>—CH>— group from succinic anhydride (Isik et al.,
2021; Lale et al., 2015). The peaks at 1.36-1.43 ppm (multiplet), 1.56-1.70 ppm
(multiplet), 2.31 ppm (triplet), 4.06 ppm (triplet) and 4.23 ppm (triplet) belong to the
methylene protons of PCL block in the copolymer. The peak at 3.65 ppm (triplet)
was assigned to the methylene protons of mPEG block in the copolymer (Y. Chen et
al., 2016; Isik et al., 2021).

DOX conjugation was verified using '"H NMR spectroscopy (Figure 3.10) (Gatti et
al., 2018; Isik et al., 2021; Ye et al., 2015). '"H NMR results also showed that MeOH-
TFA method was more efficient than DMSO method since some impurities were
observed in "H NMR spectrum of DOX conjugated copolymer prepared with DMSO
method The yield for DOX conjugated polymer synthesis was higher in MeOH-TFA
method (92.1%) than DMSO method (78.9%).

LCA conjugation was also verified using 'H NMR spectroscopy (Figure 3.11).
Hydrazone bond can be formed between an aldehyde or ketone group and a
hydrazide. LCA did not have an aldehyde or ketone group on it. But it has a
carboxylic acid group on it and so an electrostatic interaction forming ionic
conjugation can occur between amine group of the polymer and carboxylic acid

group of LCA regardless of the reaction (R. Su et al., 2021).
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To determine hydrazide functionalization in the mPEG-b-PCL-CO-NH-NH>
polymer, colorimetric primary amine detection assay was conducted. The hydrazide
amount in mPEG-b-PCL-CO-NH-NH> polymer was calculated and found as 45.6
mol% (100 mol polymer contains 45.6 mol -NH; group (hydrazide group)). Similary,
other studies used the same TNBSA assay to determine hydrazide groups in the

polymer and found as 8.2 mol%, 5.6 mol%, and 63 mol%, respectively (del Rosario
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et al., 2010; Etrych et al., 2001, 2014). This means that the obtained hydrazide
functionalization was within the acceptable limits. It is even better than the studies

of Etrych et al. (Etrych et al., 2001, 2014).

DOX was conjugated to mPEG-b-PCL-CO-NH-NH:2 copolymer either in DMSO or
in MeOH-TFA solutions. The DOX contents of the DOX-copolymer conjugates
were determined spectroscopically with two different methods: 1. dissolution of the
polymer-drug conjugates in Ch:MeOH (1:1); 2. breaking the pH sensitive bonds
between the polymer and the drug using three different acidic media (HCI (0.1 M),
HCI (12 M) and H2SO4 (18.3 M)). The results demonstrated that, MeOH-TFA was
better than the DMSO for the conjugation of DOX, since the amount of DOX
conjugation was found to be higher. Meanwhile, when two methods were compared,
the results obtained for Ch:MeOH (1:1) and HCI (0.1 M) in DMSO media did not
show any significant difference (Table 3.4 and Table 3.5). On the other hand, when
the medium was changed to MeOH:TFA, a significant difference between Ch:MeOH
(1:1) and HCI1 (0.1 M) was observed. This shows that, using acidic media to
determine the conjugation content and conjugation efficiency resulted in higher
amount of conjugation. In the second method, acidity of the media was changed to
compare the conjugation efficiencies, and stronger acids were used. H2SO4 (18.3 M)
method resulted in higher DOX amount than the ones obtained for HCI (0.1 M) and
HCI (12 M) methods (Table 3.4 and Table 3.5) (Isik et al., 2021). In the literature,
there are also DOX conjugations via hydrazone bond. del Rosario et al. (2010) found
DOX conjugation efficiency to hydrazide group in amphiphilic copolymers as 6.5%
(del Rosario et al., 2010). Etrych et al. (2001, 2014) used N-(2-hydroxypropyl)
methacrylamide polymer to conjugate DOX via hydrazone bond, and reported 12
wt%, and 9 wt% conjugation in two different studies (Etrych et al., 2001, 2014). The
reported values were lower than the ones we found in our study. That might be

because of the differences of the polymers used.

It is highly possible that DOX can degrade in H2SO4 but calibration curve of free
DOX in H2SO4 shows that R? is 0.9936 which means that even if the DOX is

degraded in H2SO4 we can still measure it. Thus, we assumed that degradation
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products of DOX gave max absorption at 543 nm (Isik et al., 2021). It is known that
DOX is not stable in solutions with a pH less than 3; DOX breaks up into a red-
colored, water insoluble aglycone (adriamycinone) and a water soluble, reducing
amino sugar (daunosamine) (National Center for Biotechnology Information, 2022).
For example, treatment of DOX with mild acids (e.g. 1 N HCI) selectively cleaves
the glycosidic bond between the aglycone and the sugar group components. Thus,
quantification of conjugated DOX after mild acid hydrolysis is based on released

adriamycinone component (Configliacchi et al., 1996).

Table 3.4. DOX conjugation content on copolymer synthesized.

Conjugation contents (ug DOX/mg polymer)*
Conjugation
Media* Ch:MeOH HCl1 (0.1 M) HCI (12 M) H2SO4 (18.3
(1:1) Method Method Method M) Method
13)(%\({[30, at 1.91+0.01 2.08 +£0.05 3.24£0.142 3.93+£0.122
MEOLTEA | 4152003 | 64540100 | 7.99£0.05° | 12.87+0.07

* n=3, ? shows the significant differences between conjugation content of DMSO
media, ® shows the significant differences between conjugation content methods of
MeOH-TFA media.

Table 3.5. DOX conjugation efficiencies.

Conjugation efficiencies found with different methods (%)*

Conjugation
Media* Ch:MeOH HC1 (0.1 M) HCI(12M) | H2SO4 (183
(1:1) Method Method Method M) Method
?gfgo’ at 4.59£0.03 5.00+0.13 7.77+0.33* | 9.44 +£0.29*
MEOWTEA 1 1161 40.00° | 1805027 | 2236 0.14° | 36.04:+0.20°

* n=3,  shows the significant differences between conjugation content of DMSO
media, ® shows the significant differences between conjugation content methods of
MeOH-TFA media.
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In order to determine the LCA content in the mPEG-b-PCL-CO-NH-NH>**LCA,
the salt was dissolved in concentrated sulfuric acid since it is a good solvent for both,
mPEG-b-PCL-CO-NH-NH; and LCA (Appendix F1 Figure 1). The amount of LCA
was found as 26.63 + 0.20 pg LCA/mg mPEG-b-PCL-CO-NH-NH2**LCA.

3.4 Critical Micelle Concentration of mPEG-b-PCL Copolymers, mPEG-b-
PCL-CO-NH-NH: Copolymers, and DOX Conjugated Copolymers

After administration of micelles into the body, they should remain their form until
reaching the target site and if the micellar formulation is above its CMC, it means
that micellar formulation will protect its form in the body. Therefore, stability of
micelles is verified by measuring their critical micelle concentration (CMC). Pyrene
is a fluorescent probe and used to determine CMC of micellar formulations. Pyrene
is hydrophobic and due to its hydrophobicity pyrene locates in the hydrophobic
domain of the micelles. Upon the formation of micelles, excitation wavelength of
pyrene changes from 333 nm to 338 nm and the fluorescence intensity ratio at 338
nm and 333 nm (I335/1333) was plotted against the logarithm of polymer concentration
(Mohanty et al., 2015). Our polymer had a 33:67 ratio of hydrophilic to hydrophobic
block length and CMC values of mPEG-b-PCL polymers, mPEG-b-PCL-CO-NH-
NH: copolymers, and DOX conjugated mPEG-b-PCL-CO-NH-NH> copolymers
were found as 14.1x10~ mg/mL, 9.8x10 mg/mL, and 7.1x10.3 mg/mL, respectively
(Figure 3.12). At low concentrations, the intensity ratio did not change and when the
polymer concentration reached to CMC value, which shows the formation of
micelles, the intensity ratio increases. The CMC value is affected by the hydrophilic-
hydrophobic proportion of the polymer and increases with increasing hydrophilic
block length. Increase in CMC value decreases the stability of micellar formulations.
Similar results were reported in the literature. Mohanty et al. (2015) synthesized
mPEG-b-PCL copolymers with different ratios of hydrophilic to hydrophobic block
lengths (80:20, 60:40, 40:60, and 20:80). The CMC values were found as 8.2x10-3
mg/mL, 5.9x103 mg/mL, 4.8x103 mg/mL, and 3.9x10° mg/mL, respectively
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(Mohanty et al., 2015). Shuai et al. (2004) also synthesized mPEG-b-PCL
copolymers with different ratios of hydrophilic to hydrophobic block lengths (50:50,
and 17:83). The CMC values were found as 20x10- mg/mL, and 12x10-* mg/mL,
respectively (Shuai et al., 2004). In our copolymers, hydrophilic to hydrophobic
block length ratio was 33:67, and the detected CMC is acceptable.
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Figure 3.12. Plot of intensity ratio (Is3s/I333) of the excitation spectra of pyrene
against log concentration of A) mPEG-b-PCL copolymers, B) mPEG-b-PCL-CO-
NH-NH; copolymers, and C) DOX conjugated copolymers.
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3.5 Optimization of Preparation Parameters for Micelles

Micelles were prepared by applying co-solvent evaporation method either with
sonication or without sonication in order to optimize the preparation parameters,

which are described in the following sections.

3.51 Co-Solvent Evaporation Method with Sonication

LCA loaded micelles obtained by co-solvent evaporation method with sonication of
mPEG-b-PCL-CO-NH-NH>**LCA mixture (at 60°C) prepared in a solution either
with THF or acetone and different amounts of PVA. The micelles obtained were
characterized by measuring their hydrodynamic diameter and zeta potential. Table
3.6 shows hydrodynamic diameters, zeta potentials and polydispersity index of the
micelles. Figure 3.13 shows the size distribution of micelles.

Table 3.6. Hydrodynamic diameters, zeta potentials and polydispersity index of

LCA loaded micelles (at 60°C) prepared by co-solvent evaporation method with
sonication.

Experiments | ooy |y | index (DD
0.5% PVA — THF 527.4 -3.56 0.457
0.75% PVA — THF 181.6 -22.8 0.301
1% PVA — THF 2210 -21.2 1.000
1.5% PVA — THF 4523 -6.81 1.000
2% PVA — THF 5037 -6.08 1.000
0.5% PV A — acetone 5589 0.594 1.000
0.75% PVA — acetone 2554 -16.9 0.374
1% PVA — acetone 625.3 -18 0.633
1.5% PVA — acetone 2335 -5.37 1.000
2% PVA — acetone 1123 -4.21 0.807
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Figure 3.13. Size distribution of LCA loaded micelles (at 60°C) prepared with A)
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It is the zeta potential value and polydispersity index, which determine the stability
of micelle solutions (Owen et al., 2012). Most of the micelle suspensions had high
zeta potential values (between -16.9 mV and -22.8 mV for 0.75% PV A and 1% PVA
groups, see Table 3.6). However, polydispersity index of all suspensions were quite
high. Although their size distributions were narrow, their average hydrodynamic
diameters were large and this resulted in high PDI. Therefore, micelle preparation
method was changed to obtain better polydispersity index, zeta potential and

hydrodynamic diameter values.

3.5.2 Co-Solvent Evaporation Method without Sonication

Co-solvent evaporation method without sonication was applied to both, LCA

conjugated and DOX conjugated micelles.

3.5.2.1 Co-Solvent Evaporation Method without Sonication for the
Preparation of LCA Conjugated Micelles

In this method, micelles were prepared using mPEG-b-PCL-CO-NH-NH>**LCA
copolymer (at 60°C), by co-solvent evaporation method, but no sonication was
applied. Table 3.7 shows hydrodynamic diameters, zeta potentials and polydispersity
index values and Figure 3.14 shows the size distribution chart of the micelles
obtained.

Table 3.7. Hydrodynamic diameters, zeta potentials and polydispersity index of
LCAs0**M prepared by co-solvent evaporation method without sonication (n=3).

Experiments Size (i—;;erage, Zeta(lp;:)‘t]e)ntial P?;ﬁgis?;;)sli)ty
Water — acetone 101.7+4.3 -5.42 £ 1.74 0.159
1% PVA — acetone 86.9+0.3 -7.54+2.16 0.085
1.5% PVA — acetone 89.9+ 6.8 -9.02 +1.98 0.332
2% PV A — acetone 102.9+13.1 -9.12+3.72 0.355
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Figure 3.14. Size distribution charts of LCAg**M prepared with A) water —
acetone, B) 1% PV A — acetone, C) 1.5% PVA — acetone, and D) 2% PV A — acetone.

Polydispersity index of the micelles prepared without sonication was lower than the
micelles prepared with sonication method. Hydrodynamic diameters were also
smaller than those prepared with the previous method. Therefore, this method was

chosen to prepare micelles having LCA and DOX conjugations.

PVA is a surfactant and used to increase micelle stability. PDI value increased up to
0.355 when PVA concentration was increased to 2%. When water was used instead
of 1% PVA, the size, zeta potential and PDI values of LCAs**M increased. When
1% PVA was used to prepare micelles, PDI was very low (0.085), a uniform size
distribution chart could be obtained with an average hydrodynamic diameter of 86.9
+ 0.3 nm. Its zeta potential was also higher than micelles prepared with water. 1%
PVA gives better results compared to water since PVA is a surfactant and provides
micelle stability during preparation (Sengel Tiirk et al., 2009; Xiao et al., 2013).

Therefore, these conditions were chosen for micelle preparation.
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LCA25**M was also prepared with the same method using 1% PVA. Table 3.8 shows
hydrodynamic diameter, zeta potential and polydispersity index value and Figure
3.15 shows the size distribution chart of the micelles obtained.

Table 3.8. Hydrodynamic diameters, zeta potentials and polydispersity index of
LCA25**M prepared by co-solvent evaporation method without sonication (n=3).

. Size (Z-average, | Zeta potential Polydispersity
Experiments nm) (mV) index (PDI)
1% PVA — acetone 228.2+10.8 -18.83 £0.49 0.036
20
s
=
2
£
= 10
7z
0
0 1 10 100 1,000 10.000
Size (nm)

Figure 3.15. Size distribution chart of LCA25**M prepared with 1% PV A — acetone.

LCA25**M showed higher hydrodynamic diameter than LCAgo**M. On the other
hand, zeta potential of LCAg0**M was lower than LCA25**M and PDI of LCA25**M
was lower than LCAg**M. Zeta potential results suggested that micelles prepared
at 25°C was more stable than at 60°C but micelle preparation at 25°C results in

bigger micelles than at 60°C.
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The encapsulation efficiencies and drug loading capacities of micelles were
calculated (Table 3.9). LCAso™**M prepared with water-acetone showed significantly
higher encapsulation efficiency and drug loading capacity than LCAgo**M prepared
with 1% PVA-acetone. LCAg**M prepared with 2% PVA-acetone showed
significantly higher encapsulation efficiency and drug loading capacity than
LCAg0**M prepared with 1% PVA-acetone. LCA2s**M prepared with 1% PVA-
acetone showed higher encapsulation efficiency than LCAeo**M but their drug
loading capacities were similar.

Table 3.9. Encapsulation efficiencies (EE) and drug loading capacities (DLC) of
LCA60**M and LCA25**M (n=3).

LCAs0**M LCA2**M
Experiments
EE (%) DLC (%) EE (%) DLC (%)
acetone
0 —
1% PVA 5000+ 1.13% | 7.18+1.25 95.19 + 4.66 6.21 +0.30
acetone
0 _
LS%PVA= | sesata44 | 6414085 - -
acetone
0 —
ZHPVA = | (5344505 | 6.80+0.12 - -
acetone

a.and b indjcate statistically significant groups (p<0.05).

3.5.2.2 Co-Solvent Evaporation Method without Sonication for the
Preparation of DOX Conjugated Micelles (DOXconj-M) and DOX
Loaded Micelles (DOXi1a-M)

DOXconji-M obtained by co-solvent evaporation method without sonication from
DOX conjugated copolymers were also characterized with hydrodynamic diameters
and zeta potentials. Table 3.10 shows hydrodynamic diameters, zeta potentials and

polydispersity index. Figure 3.16 shows the size distribution chart of micelles.
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Table 3.10. Hydrodynamic diameters, zeta potentials and polydispersity index of
DOXconj-M prepared by co-solvent evaporation method without sonication (n=3).

Experiments Size (Zn-;\)ferage, Zeta(lp;:)\t/e)ntial P?,:ﬁgis?lff)sli)ty
Water — acetone 165.3 +34.9 -1.04 £ 0.49 0.204
1% PVA — acetone 121.6 £16.3 -6.61 £1.49 0.206
1.5% PVA — acetone 120.2 +21.1 -2.61 +£0.01 0.548
2% PV A — acetone 123.5+23.9 -1.47 £ 0.55 0.741
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Figure 3.16. Size distribution charts of DOXconj-M prepared with A) water — acetone,
B) 1% PVA —acetone, C) 1.5% PVA — acetone, and D) 2% PVA — acetone.

When PV A concentration was higher than 1%, PDI of DOXconj-M increased and zeta
potential decreased. When water was used instead of 1% PVA, zeta potential of
DOXconj-M decreased because PVA is a surfactant and it is used to form more stable
nanoparticles while preparation and higher zeta potential means more stable micelles
(Sengel Tiirk et al., 2009; Xiao et al., 2013). When 1% PVA was used to prepare

micelles, PDI was low (0.206) and a uniform size distribution chart was obtained
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with an average hydrodynamic diameter of 86.9 £ 0.3 nm. Its zeta potential was also

higher than micelles prepared with water, 1.5% PVA, and 2% PVA.

DOXi4-M obtained by co-solvent evaporation method without sonication using 1%
PVA were also characterized with hydrodynamic diameters and zeta potentials.
Table 3.11 shows hydrodynamic diameter, zeta potential and polydispersity index.
Figure 3.17 shows the size distribution chart of micelles.

Table 3.11. Hydrodynamic diameters, zeta potentials and polydispersity index of
DOXi4-M prepared by co-solvent evaporation method without sonication (n=3).

. Size (Z-average, | Zeta potential Polydispersity
Experiments nm) (mV) index (PDI)
1% PVA — acetone 265.3 +£25.60 -10.75 £ 0.78 0.353
60
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Figure 3.17. Size distribution chart of DOXi4-M prepared with 1% PVA — acetone.

DOXi4-M showed higher hydrodynamic diameter than DOXconj-M. On the other
hand, zeta potential of DOXconj-M was lower than DOXj4-M. These results suggested

that drug loading forms more stable micelles than conjugated ones.
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The encapsulation efficiencies and drug loading capacities of micelles were
calculated (Table 3.12). DOXconi-M prepared with water-acetone showed
significantly lower drug loading capacity than DOXconj-M prepared with 1%, 1.5%,
and 2% PV A-acetone. Although some values were higher than the ones prepared by
co-solvent evaporation method without sonication method using 1% PVA, due to
low PDI and high zeta potential of the latter one, that method was chosen for further
studies. Micelle stability is affected by micelle preparation method (Hussein &
Youssry, 2018) and so this affects the drug loading capacities of micelles. This may
cause the lower drug loading capacity when water is used. Loading of DOX also
decreased the drug loading capacity compared to DOXconj-M. This also shows that
micelle characteristics is affected by the micelle preparation technique. Moulahoum
et al. (2022) synthesized carboxylic acid terminated mPEG-b-PCL copolymers and
DOX loading was done. They achieved 38% EE for DOX with a hydrodynamic
diameter of 145.6 nm (PDI = 0.386) and zeta potential of -37.2 mV (Moulahoum et
al., 2022). DOXconj-M is smaller and DOXi4-M is bigger in size compared to those
reported in the literature. Zeta potential of DOXconj-M and DOX14-M was lower than
the literature. This may be due to the differences in the copolymer. For example, the
copolymer synthesized by Moulahoum et al. (2022) was 2510 Da (Moulahoum et
al., 2022) while the copolymer in this study was 16 kDa. But encapsulation efficiency
of DOXj¢-M was found higher than those reported in the literature.

Table 3.12. DLC of DOXconj-M and DOXi4-M an EE of DOX4-M (n=3).

DOXconj-M DOX¢i-M
Experiments
DLC (%) EE (%) DLC (%)
Water — acetone 8.24 + 2.60% - -
1% PV A — acetone 13.54 £ 1.13 83.32+4.54 8.62+0.47

1.5% PVA — acetone 13.71 £ 1.94 - -
2% PV A — acetone 13.82 £1.79 - -

*indicate statistically significant sand lowest group (p<0.05).
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Both LCAg**M and DOXcon-M showed good results in hydrodynamic diameter,

zeta potential, and PDI when they were prepared with 1% PVA compared to water,
1.5% PVA, and 2% PVA.

3.5.2.3 Co-Solvent Evaporation Method without Sonication for the
Preparation of DOX and LCA Loaded Micelles (DL-M)

DL-M obtained by co-solvent evaporation method without sonication were also
characterized with hydrodynamic diameters and zeta potentials. Table 3.13 shows
hydrodynamic diameter, zeta potential and polydispersity index. Figure 3.18 shows
the size distribution chart of micelles. The encapsulation efficiencies and drug
loading capacities of micelles were also calculated (Table 3.14).

Table 3.13. Hydrodynamic diameters, zeta potentials and polydispersity index of
DL-M prepared by co-solvent evaporation method without sonication (n=3).

. Size (Z-average, | Zeta potential Polydispersity
Experiments nm) (mV) index (PDI)
1% PVA — acetone 162.5+15.9 -6.34 £ 0.89 0.502

40

w |

Number (%)

10

0 )

0 1 10 100 1.000 10.000
Size (nm)

Figure 3.18. Size distribution chart of DL-M prepared with 1% PVA — acetone.
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Table 3.14. DLC and EE of DL-M (n=3).

DOX LCA
Experiments

EE (%) DLC (%) EE (%) DLC (%)

1% PVA —acetone | 78.82+4.52 | 8.76 £0.50 | 90.18 £9.63 | 10.02 £ 1.07

DL-M showed smaller hydrodynamic diameter than LCA25**M and DOXi4-M while
lower zeta potential was observed in DL-M than LCA»s**M and DOXi4-M which
suggested that DL-M is less stable than LCA25**M and DOXj¢-M. DOX and LCA
encapsulation efficiencies of DL-M were lower than LCA25**M and DOX¢-M on

the other hand drug loading capacities did not change.

Therefore, for further studies (as drug release and in vitro cell culture experiments)
the micelles were prepared by co-solvent evaporation method without sonication
method using 1% PVA. Figure 3.19 shows TEM images of micelles obtained by co-
solvent evaporation method without sonication. Results showed that LCAe**M and
LCA25**M forms uniform, round micelles. LCAso**M forms more uniform micelles
compared to DOXconj-M because there are some small and big micelles in DOXconj-
M group. DOX4-M seems more uniform than DOXconj-M and there was no
difference in the shape of LCA25**M and DOXi4-M but DOXj4-M was smaller than
LCA25**M. On the other hand, DL-M formed uniform and smallest micelles among

the groups.
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———— 100 nm

Figure 3.19. TEM images of A) LCAs0**M, B) LCA25**M, C) DOXconj-M, D)
DOX-M, and E) DL-M prepared by co-solvent evaporation method without
sonication using 1% PVA as water phase.

3.6 Release Studies

Cancer cells prefer glycolysis rather than oxidative ATP production in order to
provide the required ATP quickly. This results in hypoxia in the tumor
microenvironment. The pH of the tumor microenvironment, endosomes and
lysosomes are 6.5-7.2, 5.0-6.5 and 4.5-5.0, respectively. Therefore, release studies
are carried out in different media having different pH to simulate the tumor

microenvironment, endosomes and lysosomes, respectively (Yi Li et al., 2019).
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3.6.1 Release of LCA from LCAs0**M and LCA25**M

Release studies showed that under acidic conditions LCA release rate was higher
from both micelles, LCAso**M and LCA2s**M, due to the breaking of electrostatic
interactions between LCA and the copolymer (Figure 3.20). There was no significant
difference between the drug release profiles of physiological and acidic release
conditions till 5 hours for LCAg**M, but after 5 hours, the LCA release rate
significantly increased in medium at pH 5 compared to other release media (p<0.05).
The release rate was significantly faster at pH 6.8 and pH 5 than that of at pH 7.4
(p<0.05). On the other hand, there was no significant difference between the drug
release profiles of physiological and acidic release conditions till 4 hours for
LCA25**M, but after 4 hours, the LCA release rate significantly increased in medium
at pH 5 and pH 6.8 compared to physiological conditions (p<0.05). The release rate
was significantly faster at pH 6.8 and pH 5 than that of at pH 7.4 (p<0.05). There
was no significant difference between the drug release profiles at pH 5.0 and pH 6.8
till 8 hours for LCA25**M, but after 8 hours, the LCA release rate significantly

increased in medium pH 5.0 compared to pH 6.8 (p<0.05).

Meanwhile, LCA release rate was lower compared to the free drug for both micelles,
indicating an electrostatic interaction between LCA and the copolymers. Similar
results showing fast release at low pH from the nanoparticles with electrostatic
interaction between the drug and the polymer in acidic media were reported in
literature. For example, Su et al. (2021) conjugated DOX to carbon dots via
electrostatic interaction and then extracellular vesicles were loaded with DOX
conjugated carbon dots. Electrostatic interaction was used to avoid early burst drug
release. They reported that at pH 7.4, DOX stayed in the inner core of the
extracellular vesicles due to electrostatic interaction between DOX and carbon dots.
On the other hand, at pH 5.0, DOX was released from the vesicles due to
electrorepulsion between DOX and carbon dots (R. Su et al., 2021). Similarly, Cha
et al. (2009) prepared paclitaxel loaded mPEG-b-oligo(l-aspartic acid)-b-PCL

micelles. Aspartic acid was used to form ionically stable micelles. Ionically stable
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micelles showed slower drug release compared to unstable micelles at pH 7.4. They
observed 45% of paclitaxel was released from ionically stable micelles after 24 h

(Cha et al., 2009).

In our study, after 24 hours, 46% of LCA was released from the LCA60**M and 52%
of LCA was released from the LCA25**M under physiological conditions while 78%
of LCA was released from the LCAg**M and 77% of LCA was released from the
LCA25**M under acidic conditions (pH 5.0). Similar release behavior was observed
under similar conditions with the literature. Meanwhile, after 48 hours, 48% and 87%
of LCA were released from LCAg0**M and 54% and 84% of LCA were released
from LCA2s**M in media at physiological pH and acidic pH (5.0), respectively.
After 4 days, the amount of LCA released was 100% at pH 5.0 for both micelles,
while it was 83% from LCAg**M and 85% from LCA2s**M at pH 6.8 and only
52% from LCAs0**M and 60% from LCA25**M at pH 7.4. These results showed
that LCA release was faster in acidic media and the data found is similar to the
findings reported in the literature. Results showed that micelle preparation did not
affect the release profile of LCA under physiological and acidic conditions. It was
expected that release should be faster in acidic conditions due to breakage of
electrostatic interactions between the polymer and LCA in acidic media and results
from both micelles showed that behavior so results suggested that pH responsive

drug delivery was achieved with ionic conjugation.
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Figure 3.20. Cumulative drug release profiles from dialysis membrane of A) free
LCA and LCA¢**M and B) free LCA and LCA25**M under physiological
conditions (PBS, 0.1 M and pH 7.4) and acidic conditions (CPB-pH 5.0 and CPB-
pH 6.8; 0.15 M) at 37°C (n=6).

Release data were used to investigate the kinetic model that fitted best for the release
profile of LCA from the micelles (zero order, first order, Higuchi model, and

Korsmeyer-Peppas model). Rate constants (Ko, Ki, Ku, and Kp), n value and
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coefficients of determination (R?) are given in Table 3.15. Korsmeyer-Peppas model

was found as the best fit model for drug release from both micelles at pH 7.4 (PBS,
0.1 M and pH 7.4) and at pH 6.8 (CPB, 0.15 M and pH 6.8). Meanwhile, first order

model was found as the best fit model for the drug release from both micelles in

acidic conditions (CPB, 0.15 M and pH 5.0).

Table 3.15. In vitro release kinetic parameters of LCAg**M and LCA»5**M.

Micelles Release Kinetic Models pH74 | pH6.8 | pHS5.0
Ko 0.430 0.611 0.674
Zero order
R? -1.883 | -1.754 | -2.944
Ki -0.008 | -0.008 | -0.006
First order
= R? 0.793 0.811 0.958
b Kn 7.713 0.074 13.567
g Higuchi model
5 R? -0.516 0.627 0.239
-
Kp 0.132 0.186 0.255
Korsmeyer- n (exponent of 0.185 0.188 0121
Peppas model release)
R? 0.979 0.980 0.865
Ko 0.836 1.133 0.193
Zero order
R? -1.473 | -2.166 | -3.052
Ki -0.008 | -0.007 0.018
First order
= R? 0.682 0.740 0.921
P Ku 8.730 0.067 13.444
& Higuchi model
S R? 0.119 | 0588 | 0.083
-
Kp 0.231 0.362 0.477
Korsmeyer- n (exponent of 0.215 0.176 0382
Peppas model release)
R? 0.932 | 0.9629 0.831
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3.6.2 Release of DOX from DOXconj-M or DOXia- M

Release studies showed that under acidic conditions DOX release rate was higher
from both, DOXconi-M and DOXjg-M micelles (Figure 3.21). There was no
significant difference between the drug release profiles of physiological and acidic
release condition (pH 6.8) till 2 days for DOXconj-M, but after 2 days, the DOX
release rate significantly increased in medium at pH 6.8 compared to pH 7.4
resembling physiological media (p<0.05). The release rate was significantly faster at
pH 5 than other release media after 2 hours (p<<0.05) which showed that pH sensitive
hydrazone bond breaks in acidic media and increases the drug release rate. On the
other hand, there was no significant difference between the drug release profiles of
physiological and acidic release conditions till 2 hours for DOX4-M, but after 2
hours, the DOX release rate significantly increased in medium at pH 5 and pH 6.8
compared to physiological conditions (p<0.05). There was no significant difference
between the drug release profiles at pH 5.0 and pH 6.8 till 5 hours for DOX4-M, but
after 5 hours, the DOX release rate significantly increased in medium pH 5.0
compared to pH 6.8 (p<0.05). This may be due to increasing solubility of DOX in

acidic media.

Meanwhile, DOX release rate was lower compared to the free drug release from
dialysis membrane for both micelles. Similar results showing fast release at low pH
from the nanoparticles in acidic media were reported in literature. For example, Liao
et al. (2021) conjugated DOX to poly(2-(diethylamino) ethyl methacrylate)-
polypropargyl methacrylate via hydrazone bond and prepared micelles from DOX
conjugated polymer. Diethylamino groups in poly(2-(diethylamino) ethyl
methacrylate) become protonated in acidic environment which fastens the release of
the drug. Hydrazone bond between polymer and DOX breaks in acidic environment.
Therefore, they achieved a dual pH responsive with hydrazone bonded DOX and
charge reversible poly(2-(diethylamino) ethyl methacrylate). Results showed that
DOX release was higher at pH 5 than pH 6.8 and 7.4. After 48 h, they observed that
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63.43% of DOX was released at pH 5.0, 28.48% of DOX was released at pH 6.8,
and 13.18% of DOX was released at pH 7.4 (J. Liao et al., 2021).

In our study, higher burst release of DOX occurred in DOX3-M after 8 hours
compared to DOXconj-M. After 8 hours, the amounts of DOX released were 60% for
the DOXconi-M and 79% for the DOXi¢-M at pH 5.0 while it was 40% from the
DOXconj-M and 61% from the DOXi4-M at pH 6.8 and only 41% from the DOXconj-
M and 51% from the DOXi4-M at pH 7.4. Higher burst release occurred in DOXig-
M compared to DOXconi-M because DOX was conjugated to the polymer via
hydrazone bond covalently so this decreased the release rate in DOXconj-M group.
On the other hand, DOX was loaded into the micelles in DOX14-M which resulted in
higher burst release after 8 h. After 24 hours, 47% of DOX was released from the
DOXconj-M and 54% of DOX was released from the DOXi4-M under physiological
conditions while 62% of DOX was released from the DOXconj-M and 86% of DOX
was released from the DOXj¢-M under acidic conditions (pH 5.0). Meanwhile, after
48 hours, 52% and 64% of DOX were released from the DOXcon-M and 57% and
92% of DOX were released from the DOXig-M in media at physiological pH and
acidic pH (5.0), respectively. After 4 days, the amounts of DOX released were 71%
for the DOXconj-M and 100% for the DOXi4g-M at pH 5.0 while it was 64% from the
DOXconj-M and 91% from the DOXi4-M at pH 6.8 and only 58% from the DOXconj-
M and 64% from the DOXi4-M at pH 7.4. Qi et al. (2018) prepared DOX loaded pH
sensitive micelle system with PEG-dihydrazone-PLA. Dihydrazone bond breaks in
acidic environment and fastens the release of the drug. They also prepared DOX
loaded PLA-PEG-PLA micelles to compare the effectiveness of dihydrazone bond
in acidic conditions. Release results showed that at pH 7.4, 40% of DOX was
released from PLA-PEG-PLA micelles while 38% of DOX released from PEG-
Dihydrazone-PLA micelles. At pH 5, 40% of DOX released from PLA-PEG-PLA
micelles while 75% of DOX released from PEG-Dihydrazone-PLA micelles. These
results showed that they achieved a pH sensitive drug delivery system with
dihydrazone bond (Qi et al., 2018). Similar release behavior was observed under

similar conditions with the literature. Our results showed that DOX release was faster
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in acidic media and DOX conjugation resulted in slower drug release compared to
DOX loading. This shows that we achieved a pH sensitive drug delivery system with
hydrazone bond in DOXconj-M. Results showed that conjugation and loading of the
drug affected the release profile of DOX under physiological and acidic conditions.
It was expected that release should be faster in acidic conditions due to breakage of
hydrazone bond between the polymer and DOX in acidic media and results from
DOXconj-M showed that behavior so results suggested that pH responsive drug
delivery was achieved with hydrazone bond conjugation. DOXi¢-M also showed a
pH sensitive behavior due to higher solubility of DOX in acidic media than

physiological media.
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Figure 3.21. Cumulative drug release profiles from dialysis membrane of A) free
DOX and DOXconj-M; B) free DOX and DOXi4**M under physiological conditions
(PBS, 0.1 M and pH 7.4) and acidic conditions (CPB-pH 5.0 and CPB-pH 6.8; 0.15
M) at 37°C (n=6).

Release data were fitted to the different the kinetic models (zero order, first order,

Higuchi model, and Korsmeyer-Peppas model) to determine the best fitted model for

the release profile of DOX from the micelles. Rate constants (Ko, K1, Kn, and Kp), n

value and coefficients of determination (R?) are given in Table 3.16. Korsmeyer-

108



Peppas model which shows that drug release occurs from a polymeric system was
found as the best fit model for drug release from both micelles at pH 7.4 (PBS, 0.1
M and pH 7.4) and at pH 6.8 (CPB, 0.15 M and pH 6.8). Meanwhile, first order
model which shows the faster drug release was found as the best fit model for the

drug release from both micelles in acidic conditions (CPB, 0.15 M and pH 5.0).

Table 3.16. In vitro release kinetic parameters of DOXcon-M and DOXi4-M.

Micelles Release Kinetic Models pH7.4 | pH6.8 | pHS5.0
, | Ko 0.617 | 0.683 | 0.557
€ro oraer
R? -1.387 | -1.741 | -3.210
- J Ki -0.009 | -0.008 | -0.006
irst order
= R2 0.616 | 0.679 | 0.933
; Higuchi Kn 7.8552 | 0.111 | 9.885
8 model R? 0.240 | 0.778 | -0.028
Kp 0.163 | 0.198 | 0.199
Korsmeyer-
Peppas n (exponent of release) | 0.232 0.203 0.130
model R 0.926 | 0.951 | 0.478
, | Ko 0.739 | 1.012 | 1.140
€ro oraer
R2 -1.669 | -1.577 | -0.794
- J Ki -0.008 | -0.008 | -0.10
irst order
= R2 0.612 | 0.598 | 0.919
;—’ Higuchi Ku 8.791 | 0.069 | 14.225
2 model R2 0.097 | 0.647 | 0.095
K Kp 0.208 | 0.278 | 0.254
orsmeyer-
Peppas n (exponent of release) | 0.215 0.222 0.238
model R 0.920 | 0913 | 0.518
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3.6.3 Release of LCA and DOX from DL-M

LCA release studies showed that under acidic conditions (pH 5 and 6.8) LCA release
rate was higher from the DL-M due to breaking of electrostatic interaction between
LCA and the polymer (Figure 3.22-A). There was significant difference between the
drug release profiles of physiological and acidic release conditions (pH 5 and 6.8)
till 1h for LCA release, but after 1 h, the LCA release rate significantly increased in
medium at pH 6.8 and pH 5 compared to physiological media (p<0.05). The release
rate was significantly faster at pH 5 than other release media after 7 h (p<0.05) which
showed that electrostatic conjugation between LCA and the copolymer. Meanwhile,
LCA release rate was lower compared to the free LCA release from dialysis
membrane. After 24 hours, 57% of LCA was released from DL-M and 52% of LCA
was released from the LCA»s**M under physiological conditions while 93% and
77% of LCA were released from DL-M LCA»5**M under acidic conditions (pH 5.0),
respectively. Meanwhile, after 48 hours, 56% and 54% of LCA were released from
DL-M and LCA»s**M at physiological pH, respectively. 95% and 84% of LCA were
released from DL-M and LCA25**M at acidic pH (5.0), respectively. After 4 days,
100% release occurred at pH 5.0 for both micelles, while it was 92% from DL-M
and 85% from LCA»s**M at pH 6.8 and only 63% was released from both types of
micelles at pH 7.4. Release behavior of the micelles at pH 7.4 was not different
between DL-M and LCA2s**M. At pH 5, release rate was faster in DL-M than
LCA2s**M after 24 h and 48 h. But after 4 days, 100% of LCA was released from
both types of micelles under acidic conditions (pH 5). These results showed that DL-
M fastens the LCA release from micelles compared to LCA25**M. This behavior
may be a result of co-loading of DOX with LCA. Since there is another drug in the
micelle, LCA may not conjugate the polymer via electrostatic interaction to the
polymer due to hindrance of amino groups in the copolymer by DOX. DOX may
take place in front of the amino groups of the copolymer so LCA might not have

conjugated efficiently with the copolymer.
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DOX release studies showed that under acidic conditions DOX release rate was
higher from DL-M compared to the physiological condition (Figure 3.22-B). There
was no significant difference between the drug release profiles of physiological and
acidic release condition (pH 6.8) till 8 h, but after 8§ h, the DOX release rate
significantly increased in medium at pH 6.8 compared to physiological media
(p<0.05). The release rate was significantly faster at pH 5 than other release media
after 6 hours (p<0.05). Meanwhile, DOX release rate was lower compared to the free
drug. After 24 hours, 52% and 54% of DOX was released from DL-M and from
DOXi4-M under physiological conditions, respectively while 79% and 86% of DOX
were released from DL-M and DOXig-M under acidic conditions (pH 5.0),
respectively. Meanwhile, after 48 hours, 57% of DOX was released at physiological
pH from both types of micelles whereas 88% and 92% release of DOX were
observed from DL-M and DOX4-M at acidic pH (5.0). After 4 days, DOX release
reached 100% for both micelles at pH 5.0 while it was 81% from DL-M and 91%
from DOX4-M at pH 6.8 and only 61% from DL-M and 64% from DOXi4-M at pH
7.4. Release behaviors at pH 7.4 were similar for DL-M and DOX4-M. At pH 5,
DOX release rate was faster in DOXj4-M than DL-M after 24 h and 48 h. But after 4
days, they both reached 100% release of DOX at pH 5. These results suggest that
DOX release was slowed down after co-loading with LCA. LCA may compete with
the DOX when release occurs. These results are in line with the LCA release
behavior of DL-M since LCA release rate was faster after 24 h and 48 h compared
to LCA25**M and DOX release rate was slower after 24 h and 48 h compared to
DOXig-M.
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Figure 3.22. Cumulative drug release profiles from dialysis membrane of A) free
LCA and DL-M B) free DOX and DL-M under physiological conditions (PBS, 0.1
M and pH 7.4) and acidic conditions (CPB-pH 5.0 and CPB-pH 6.8; 0.15 M) at 37°C
(n=06).

Release data were fitted to the different the kinetic models (zero order, first order,
Higuchi model, and Korsmeyer-Peppas model) to determine the best fitted model for
the release profiles of LCA and DOX from the DL-M. Rate constants (Ko, Ki, Kg,

and Kp), n value and coefficients of determination (R?) are given in Table 3.17.

Korsmeyer-Peppas model was found as the best fitted model for both LCA and DOX
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release from DL-M at pH 7.4 (PBS, 0.1 M and pH 7.4) and at pH 6.8 (CPB, 0.15 M
and pH 6.8). Meanwhile, first order model was found as the best fit model for both
LCA and DOX release from the DL-M in acidic conditions (CPB, 0.15 M and pH
5.0).

Table 3.17. In vitro release kinetic parameters of DL-M for LCA and DOX.

Drugs Release Kinetic Models pH74 | pH6.8 | pHS5.0
Ko 0.627 | 0.982 | 0.766

Zero order R -0.743 | -1.670 | -0.716

_ Ki 20.011 | -0.008 | -0.010

First order R 0.591 | 0.684 | 0.931

§ Higuchi Kn 8.727 | 0.065 | 14.648
model R 0270 | 0.606 | -0.125
Korsmeyer- Kp 0.135 | 0.284 | 0.186
Peppas n (exponent of release) | 0.287 0.203 0.215

model R2 0.910 | 0.924 | 0.607

Ko 0.597 | 0.747 | 0.791

Zero order RZ 0.632 | -0911 | 0.447

_ Ki 0.011 | -0.10 | -0.015

First order R 0.589 | 0.648 | 0.932
§ Higuchi Ku 8.518 | 0.088 | 12.772
model RZ 0.124 | 0782 | 0.771
Korsmeyer- Kp 0.128 | 0.175 | 0.115
Peppas n (exponent of release) | 0.301 0.261 0.344

model R2 0.919 | 0936 | 0.897
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3.7  Invitro Cell Culture Experiments

Cancer cell lines were used to study the anticancer effect of micelles in in vitro
conditions. For this purpose, the first step was to determine ICso values of the drugs

on cells.

3.71 Determination of ICso of LCA on MDA-MB-231 Cells, A549 Cells
and SK-MEL-30 Cells

Different concentrations of LCA in 0.4% ethanol was added to medium and MDA-
MB-231, A549, and SK-MEL-30 cells were incubated at 37°C for 48 hours and MTT
assay was carried out to determine cell viability. Appendix 11 Figure 1 shows cell
viability results. ICso values of LCA on MDA-MB-231, A549, and SK-MEL-30 cells
were calculated with GraphPad Prism 8 software and found as 139.30+9.8 uM,
23.4444.91 uM, and 85.00+6.32 uM, respectively. Appendix J1 Figure 1 shows
normalized absorbance versus LCA concentration graphs that were obtained from
software and R? values were found as 0.919, 0.9491, and 0.9696, respectively. If R?
values are above 0.9, it means that the results are very close to the regression line,

which shows the best fit with the model for calculating ICso values.

After the MTT method was changed, the same method was repeated for the
cytotoxicity studies of free LCA (for MDA-MB-231 Figure 3.23; for A549 and SK-
MEL-30 Appendix K1 Figure 1). With these results, ICso values were calculated in
GraphPad program (for MDA-MB-231 Figure 3.24; for A549 and SK-MEL-30
Appendix L1 Figure 1). The ICso value of free LCA on MDA-MB-231 cells was
found to be 107.5 + 4.6 uM. The R? value of the graph is also 0.9856. The ICso value
was found on A549 cells at a concentration of 79.0 + 20.3 uM. However, the R?
value of the graph is 0.6217. In other words, LCA does not show cytotoxic effects
on A549 cells. Looking at the graph (Appendix L1 Figure 1-A), the normalized
absorbance value increased with the increasing concentrations. This proves that LCA

does not show cytotoxic effects on A549 cells. ICso value on SK-MEL-30 cells was
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found as 132.7 £ 9.0 pM. Luu et al. (2018) found that LCA reduces cell proliferation
and causes cell apoptosis on MDA-MB-231 and MCF7 cells. In addition, they found
the 1Cso values of LCA on MDA-MB-231 and MCF7 cells as 144.8 uM and 104.9
uM, respectively (Luu et al., 2018). He et al. (2017) found the ICso value of LCA on
MCEF7 cells as 150.3 uM (He et al., 2017). Gafar et al. (2016) found the ICso values
of LCA on prostate cancer cell lines (PC-3 and DU-145) as 32.0 uM and 30.4 pM,
respectively (Gafar et al., 2016). When ICso values we found in our study are
compared with the values reported in the literature, similar results were obtained with
MDA-MB-231 and SK-MEL-30 cells. SK-MEL-30 cells showed higher ICso value
than MDA-MB-231 cells. This can be due to SK-MEL-30 cells’ aggressiveness. Cell
morphologies of MDA-MB-231, A549, and SK-MEL-30 cells are shown in Figure
3.25, Appendix M1 Figure 1, and Appendix N1 Figure 1, respectively. Normal cell
morphology can be seen in the control groups of cells. It can be seen from images

that cell number decreases and cell morphology changes at ICso value.
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Figure 3.23. Cell viability results of MDA-MB-231 cells after 48 hours incubation
with different LCA concentrations (n=4). Positive control is the cells not incubated
with LCA or ethanol.
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Figure 3.24. Normalized absorbance against the LCA concentration plots of MDA -
MB-231 cells obtained using GraphPad Prism 8 software after modifying the MTT
method (n=4).

Figure 3.25. Morphology of MDA-MB-231 cells after 48 hours incubation with A)
0 uM (control), B) 108 uM and C) 200 uM LCA. Scale bars are 100 pm.

3.7.2 Determination of 1Cso of DOX on MDA-MB-231 Cells, A549 Cells
and SK-MEL-30 Cells

Different concentrations of DOX was added to cell medium and MDA-MB-231,
A549, and SK-MEL-30 cells were incubated at 37°C for 48 hours and MTT assay
was done to determine cell viability. Figure 3.26 shows cell viability results of MDA-
MB-231 and Appendix O1 Figure 1 shows cell viability results of A549 and SK-
MEL-30. ICso values of DOX on MDA-MB-231, A549, and SK-MEL-30 cells was
calculated with GraphPad Prism 8 software and found as 79.98 +£ 4.37 nM, 1191.24
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+ 10.49 nM, and 384.59 + 4.00 nM, respectively. In the literature, ICso values of
DOX on MDA-MD-231 cells, A549 cells, and SK-MEL-30 cells are 1262 nM, 1146
nM, and 46.96 nM, respectively (Yang et al., 2013). When ICso values are compared
with literature values, ICso values of DOX on MDA-MB-231 cells were found lower
than literature value and ICso value of DOX on SK-MEL-30 cells was found higher
than the value reported in literature. These can be due to the difference in passage
numbers or mutagenicity of cell lines in cell cultures. Figure 3.27 shows normalized
absorbance vs DOX concentration graphs of MDA-MB-231 cells, and Appendix P1
Figure 1 shows normalized absorbance vs DOX concentration graphs of A549 and
SK-MEL-30 cells that were obtained from software and R? values were found as

0.9575, 0.9074, and 0.9705, respectively. This means that data were very close to the

b & O 5

fitted regression line.
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Figure 3.26. Cell viability results of MDA-MB-231 cells after treatment with
different concentrations of DOX (n=4).
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Figure 3.27. Normalized absorbance vs. DOX concentration charts of MDA-MB-
231 cells after data fitting using GraphPad Prism 8 software.

3.7.3 Cytotoxicity Studies of Micelles

3.7.3.1 Cytotoxicity of LCA¢**M and LCA25**M on MDA-MB-231 Cells

Cytotoxic effect of LCAg**M on MDA-MB-231, A549, and SK-MEL-30 cells was
studied with old MTT method and results are presented in Appendix Q1 Figure 1.
Micelles having no drug (M) were also used as the control group. The mPEG-b-PCL
copolymer used in micellar preparation is a polymer known to be biocompatible.
However, as can be seen from the Appendix Q1 Figure 1, it was observed that these
micelles (M) had a cytotoxic effect and these findings were thought to be
experimental errors. While performing MTT, the medium, in which the cells were
incubated, was withdrawn and fresh MTT solution was added into wells. However,
it was realized that the cells adhering to the polymer were also pulled out while the
media were taken out, so the viability was found to be lower than the expected real
values. Therefore, the test was modified and fresh MTT solution was added without
withdrawing the cell media, and cytotoxicity studies of micelles were repeated

(Figure 3.28 for MDA-MB-231; Appendix R1 Figure 1 for A549 and SK-MEL-30).
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As a result, it was found that blank micelles (M) were not cytotoxic on all three cell

types examined in this study.
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Figure 3.28. The cytotoxic effect of different concentrations of M on MDA-MB-231
cells (n=4).

Later, cytotoxicity studies of LCAs**M were performed (Figure 3.29 for MDA-
MB-231; and Appendix S1 Figure 1 for A549 and SK-MEL-30) by applying the
same technique. It was determined that LCAgo**M did not show any cytotoxic effect
on A549 and SK-MEL-30 cells. LCAs0**M reduced cell viability by 50% at a
concentration of 225 pg/mL on MDA-MB-231 cells. 225 ng/mL LCAg**M contain
16 uM LCA. This was lower than the ICso value of free LCA (108 pM) on MDA-
MB-231 cells. In other words, LCAs0**M were more effective than free LCA on
MDA-MB-231 cells. Cancer cells have some drug resistance mechanisms and drug
efflux mechanism is one of them. Free drug enters the cell via diffusion and when
the cancer cell recognizes the free drug in its structure, transports it out from the cell
via drug efflux pumps, which are overexpressed in cancer cells. Therefore, the drug
concentration in the cell cannot reach the cytotoxic levels. On the other hand,

nanoparticles can enter the cell via endocytosis, so the cell cannot recognize the drug
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inside the particle and controlled release of the drug occurs. This increases the drug
concentration in the cell. Thus, lower drug concentration in the nanoparticle can
show cytotoxic effect on cancer cells while higher free drug concentration is needed
to show cytotoxic effect on cancer cells (Zhou et al., 2019). Similar to our results,
Feng et al. (2018) prepared DOX loaded micelles and showed their cytotoxic effect
on MCF-7 and SMMC-7721 cells. They found that DOX loaded micelles were more
cytotoxic than free DOX (Feng et al., 2018). Zhang et al. (2016) prepared DOX
conjugated and arsenite loaded vesicles and showed their cytotoxic effect on MCF-
7 and MCF-7/ADR (DOX resistant) cells. They found that DOX conjugated vesicles
were more effective than free DOX (L. Zhang et al., 2016).
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Figure 3.29. Cytotoxic effect of different concentrations of LCAg**M on MDA-
MB-231 cells (n=4).

Different micelle preparation methods can result in differences in cell viability. To
evaluate the differences in cell viability of LCA¢**M and LCA»s**M, MTT assay
was carried out (Figure 3.30). Results showed that there was no significant difference
between LCAg**M and LCA25**M in cell viability since 1.5 mg/mL LCAg**M
and 1.5 mg/mL LCA25**M contains 108 pM LCA and 93 pM LCA, respectively.

Both micelles caused significant decrease in cell viability compared to free LCA,
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which was an expected result due to higher cell internalization of LCA loaded
micelles than free LCA. Free LCA is highly hydrophobic and therefore to carry them
in micelles increase their solubility in and internalization by the cells. This showed
that micelle preparation method did not affect the cell viabilities of MDA-MB-231

cells since drug loading capacity is one of the important parameters which affect the

cell viability.
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Figure 3.30. Cytotoxic effect of LCAg0**M and LCA25**M compared to free LCA
on MDA-MB-231 cells (n=4). * shows the significant difference between the groups
and # shows the non-significant difference between the groups (p<0.05; n=4).

3.7.3.2 Cytotoxicity of DOXconj-M and DOXia-M on MDA-MB-231 Cells

Viability of MDA-MB-231 cells was assessed after treatment with DOXconj-M and
DOXu-M to see the differences caused by different drug loading mechanisms into
the micelle (Figure 3.31). Results showed that DOX loading or DOX conjugation to
micelles did not cause any difference in cell viabilities. Both DOXconj-M and DOXq-
M decreased the cell viability. 1.5 mg/mL DOXcon-M and 1.5 mg/mL DOXis-M
contained 374 pM and 238 uM, respectively. But this difference did not result a

difference in cell viability between these two groups. This result is similar to ICso

121



study of free DOX. Increasing free DOX concentration did not cause a further
decrease in cell viability after ICso concentration of DOX (80 nM). Cancer cells have
different mechanisms like drug efflux mechanism due to high mutation rate of cancer
cells which multidrug resistance transporter proteins are involved in drug efflux
mechanism during which drugs are sent outside the cell to escape from cell death
(Yakun Chen et al., 2009; Ferreira et al., 2005). DOX enters cell via endocytosis but
can be recognized by the cell and cell can send it to outside by drug efflux
mechanism. Although our MDA-MB-231 cells used in this study are not DOX
resistant cell line, but they were at high passage numbers which were between 25
and 30 and some cells might have become resistant due to mutations. Ciocan-Cartita
et al. (2020) studied the effect of passage number on mutagenicity of MDA-MB-231
cells. They showed that mutations were increased in passage 12 and 24 compared to
passage 0. They also showed that increasing number of passages increases
expression of drug resistance genes (Ciocan-Cartita et al., 2020). On the other hand,
DOXj¢-M caused a significant decrease in cell viability compared to free DOX. But
DOX conjugation and DOX loading had similar effect on MDA-MB-231 cells in
terms of cell viability while DOXcon-M had higher drug loading capacity than
DOXi¢-M. On the other hand, cell internalization studies showed that DOXj4-M
directly localized in the cell nuclei so DOXi¢-M may be a better treatment for breast

cancer treatment.
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Figure 3.31. Cytotoxic effect of DOXconj-M and DOXi1¢-M compared to free DOX
(80 nM) on MDA-MB-231 cells (n=4). * shows the significant difference between
the groups and # shows the non-significant difference between the groups (p<0.05;
n=4).

3.7.33 Cytotoxicity of Mixed Micelles (DOXconj-M and LCAg**M) on
MDA-MB-231 Cells

In order to examine synergistic effect of LCA and DOX together on MDA-MB-231
cells, LCAg**M and DOXconj-M were mixed in certain proportions (1:1 (w/w),
which is 0.75 mg/mL LCAe**M and 0.75 mg/mL DOXconj-M), 1:2 (w/w), which is
0.5 mg/mL LCA¢**M and 1 mg/mL DOXconj-M), and 2:1 (w/w), which is 1 mg/mL
LCAs**M and 0.5 mg/mL DOXconj-M), respectively) (Figure 3.32). Free drug
formulations of these mixtures were also used as control such as: free LCA:free DOX
1:1 (w/w) (which is 54 uM LCA and 107.25 nM DOX), 1:2 (w/w) (which is 36 uM
LCA and 143 nM DOX), and 2:1 (w/w) (which is 72 uM LCA and 71.5 nM DOX).
Results showed that there was no synergistic effect of mixed micelles on cell
viabilities of MDA-MB-231 cells. In fact, LCAs0**M mixing did not affect the cell
viability in 1:1 (w/w) and 1:2 (w/w) ratios. Cell viabilities after treatment with mixed

micelles in 1:1 (w/w) and 1:2 (w/w) ratios were found similar with cell viabilities
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after treatment with same amounts of DOXcon-M (p>0.05). When micelles were
mixed in 2:1 (w/w) ratio, cell viabilities were found similar with cell viabilities
observed after treatment with same amount of LCAgo**M. These results showed that
there was no synergistic effect of LCA and DOX in cell viability. Therefore, mixture
of micelles were not used for further experiments. Instead of mixing micelles, DOX

and LCA were loaded in the micelles when micelles were prepared and DL-M was

obtained.
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Figure 3.32. Cell viabilities of MDA-MB-231 cells after treatment with mixed
micelles compared to LCAg**M and DOXconji-M (n=4).

3.7.3.4  Cytotoxicity of DL-M on MDA-MB-231 Cells

DOX and LCA were loaded together into micelles and cell viability studies were
carried out to see the effectiveness of both DOX and LCA on MDA-MB-231 cells
(Figure 3.33). LCA25**M contains 93 puM LCA. DOXj4-M contains 238 pM DOX.
DL-M contains 242 uM DOX and 400 uM LCA in it.

Results showed that there was no significant difference between DOXi4-M and DL-
M (p>0.05). On the other hand LCA25**M decreased cell viability significantly
compared to DL-M (p<0.05). DL-M had higher LCA concentration than LCA25**M,
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but this did not decrease the cell viability after treatment with DL-M. This may be
due to the multidrug mechanism in MDA-MB-231 cells. Cells may recognize DOX
and since DOX and LCA enter the cells together via endocytosis of micelles, LCA
may exposed to same drug efflux mechanism with DOX. In order to make this part
clear, DL-M was further investigated in terms of cell migration, colony formation,

lipid droplet formation, apoptosis, ROS generation, etc.
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Figure 3.33. Cytotoxic effect of DL-M compared to LCA25**M and DOXj¢-M on
MDA-MB-231 cells (n=4). * shows the significant difference between the groups
and # shows the non-significant difference between the groups (p<0.05; n=4).

3.74 Determination of Cell Internalization of Micelles

Cell internalization of micelles loaded with coumarin 6 was examined with confocal
microscopy. Effect of free coumarin 6 on cells was also examined as the control
group. Results showed that, cell internalization of free coumarin 6 reached highest
in 1 hour, but then decreased after 2 h (Figure 3.34-A). On the other hand, cell
internalization of C6-LCAg**M and C6-LCA25**M occurred after 1 h and reached
to the highest concentration after 4 hours (Figure 34-B and C). After 6 h, it started to

decrease. Similar to our study, Gu et al. (2020) prepared coumarin 6 loaded polymer-
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lipid hybrid nanoparticles to study their cellular uptake and found that cellular uptake
of nanoparticles reached a peak after 3 hours and then decreased (Gu et al., 2020).
Jannu et al. (2021) prepared LCA conjugated tryptophan based micelles to deliver
niclosamide for the treatment of prostate cancer and they conjugated a ligand that
targets EphA2 receptor on cells to micelles to target prostate cancer cells. They used
two cell lines: PC-3 cells (high expression of EphA2 receptor) and H4 cells (low
expression of EphA2 receptor). They observed that fluorescence intensity of
coumarin 6 loaded, targeted micelles increased with time up to 24 h in PC3 cells
while H4 cells showed lower fluorescence intensity of coumarin 6 than PC3 cells
and cellular uptake of micelles reached a peak after 3 hours for H4 cells (Jannu et
al., 2021). In our case, LCAs0**M and LCA25**M demonstrated similar behavior as

the ones reported in literature.

Figure 3.34-D shows the cell internalization of free DOX. Cell internalization of free
DOX occurred after 1 h and reached the highest concentration at 4 h. Similar to free
DOX, DOXconj-M was also internalized after 1 h by the cells and reached the highest
at 4 h (Figure 3.34-E). Figure 3.34-F shows the cell internalization of DOXj4-M and
Figure 3.34-G shows the cell internalization of DL-M. Both DOX4-M and DL-M
showed that micelles are localized in cell nuclei after 1 h because DOX fluorescence
and DAPI (dye for cell nuclei) were overlapped in the images and cell nuclei was
observed as purple. Cai et al. (2014) prepared DOX conjugated hyaluronan
nanoparticles and they also observed the localization of DOX conjugated
nanoparticles in cell nuclei (Cai et al., 2014). Okur et al. (2016) prepared DOX
loaded PEG-dextran nanoparticles and they also observed that DOX loaded
nanoparticles were localized in cell nuclei (Okur et al., 2016). It is also known that
DOX cause DNA damage in cells (Shin et al., 2015) so cell nuclei internalization of
DOXj¢-M and DL-M shows that these micelles may possess much better efficiency

in the treatment of breast cancer.
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Figure 3.34. Cell internalization after 1h, 2h, 4h and 6h of A) free coumarin 6 and
B) C6-LCAs0**M, C) C6-LCA25**M, D) free DOX, E) DOXconj-M, F) DOXId-
M, and G) DL-M. Cell nuclei was stained with DAPI. Blue is DAPI, green is
coumarin 6, and red is DOX in images. In the B and C sections green color in the
cells designate cell internalized coumarin 6 loaded micelles. In the E, F, and G
sections red color in the cells designate DOX conjugated or loaded micelles inside
the cells.
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3.7.5 Cell Migration Assay

Metastasis occurs in the late stages of cancer. Cancer cells separate from the primary
cancer site, enter the lymph or blood system, locates a new place in the body and
forms new tumor there. To simulate the migration of cancer cells in vitro, transwell
migration assay was carried out (Figure 3.35). MDA-MB-231 cells are metastatic
breast cancer cells. The effect of free LCA, free DOX, LCAs**M, LCA25**M,
DOXconj-M, DOX-M, and DL-M treatment on the migration behavior of MDA-

MB-231 cells was investigated. M and untreated cells were used as control.

Results showed that LCAg0**M and LCA25**M were more effective than free LCA.
DOXconj-M, DOXi4-M, and DL-M inhibited cell migration compared to free DOX
significantly. Inhibition of cell migration of DL-M did change compared to
LCA25**M. on the other hand, there was a significant decrease in cell migration after

treatment with DL-M compared to treatment with DOXconj-M, and DOXi4-M.

He et al. (2017) synthesized amide derivatives of LCA to find the most potent LCA
derivative on cancer cells. They used the most potent derivative in cell migration
assay. 10 pM of LCA derivative inhibited the MDA-MB-231 cell migration by 50%
compared to control group (untreated group) (He et al., 2017). Their LCA derivative
concentration was lower than the LCA concentration used in this study because they
synthesized a derivative which was more cytotoxic than LCA. In our studies, results
also showed a 60% decrease in cell migration for free LCA, LCAs**M, and

LCA25**M.
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Figure 3.35. A) Images of MDA-MB-231 cells migrated from the top of the
transwell to the bottom of the transwell after treatment. B) Normalized plot of
migrated cells after transwell migration assay. ICso concentration of LCA (108 pM)
and DOX (80 nM) was used in free LCA and free DOX groups. Transwell migration
assay was carried out for 48 hours and then, cells were fixed with 4%
paraformaldehyde and stained with 0.2% crystal violet. After that, cells were counted
from three independent experiments. * shows the significant difference between the
groups and # shows the non-significant difference between the groups (p<0.05; n=3).
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3.7.6 Colony Formation Assay

Cancer cells have the ability to form a tumor from single cell. To simulate this
behavior in vitro, colony formation assay was carried out. After treatment, it was
expected that cell proliferation ability of cancer cells would decrease. To determine
anti-proliferative effects of micelles prepared (LCAg0**M, LCA25**M, DOXconj-M,
DOXi¢-M, and DL-M), colony formation assay was carried out (Figure 3.36). The
results showed that all drug containing micelles showed the similar anti-proliferative
effect with the free LCA and free DOX while the control (nothing applied) and M
(empty micelles) groups showed the highest proliferation. He et al. (2017)
synthesized amide derivatives of LCA to find the most potent LCA derivative on
cancer cells. They used the most potent derivative in colony formation assay at 2.5
uM and 5 uM concentrations on MCF-7 and MCF-7/ADR cells. Similarly, they
showed that increasing concentrations of LCA derivative decreased colony number
and colony size of MCF-7 and MCF-7/ADR cells. At 5 puM concentration of LCA
derivative they found that colony formation decreased to 20% compared to control
(100%) (He et al., 2017). Their LCA derivative concentration was lower than the
LCA concentration used in this study because they synthesized a derivative which is
more cytotoxic than LCA. Our results also showed a 50% decrease in colony
formation for free LCA, free DOX, LCAg**M, and LCA25**M, DOXconj-M,
DOXj¢-M, and DL-M.

Xie et al. (2019) prepared hybrid micelles from polyethylenimine-polycaprolactone
and gadolinium(II)-conjugated polyethyleneglycol-polycaprolactone and DOX and
miR-34a were co-loaded into micelles. Colony formation assay was carried out on
MDA-MB-231 cells and results showed that 15 uM DOX containing micelles
decreased colony number by approximately 30% while 15 uM DOX and miR-34a
containing micelles decreased colony number by approximately 55% (Xie et al.,
2019). DOXconj-M, DOXi4-M, and DL-M contained 374 uM, 238 uM, and 242 uM
DOX, respectively, which contains much higher DOX than the micelles prepared by
Xie et al. (2019). DOXconj-M, DOX4-M, and DL-M also decreased the colony
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formation ability of MDA-MB-231 cells by 50%. This might be resulted by the
higher inhibition of colony formation with DOXconj-M, DOXi¢-M, and DL-M,
compared to the literature values because they reached 55% inhibition with the usage

of miR-34a together with DOX.
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Figure 3.36. Normalized plot of colonies after colony formation assay. 1Cso
concentration of LCA (108 uM) and DOX (80 nM) was used in free LCA and free
DOX groups. Colony formation assay was carried out for a week and then, colonies
were counted manually from three independent experiments. * shows the significant
difference between the groups and # shows the non-significant difference between
the groups (p<0.05; n=3).

3.7.7 Determination of Lipid Droplets in MDA-MB-231 Cells

In breast cancer cells, lipogenic activity is prominent for cell survival and
proliferation (Luu et al., 2018). High number of lipid droplets in control and M
groups was observed (Figure 3.37). Lipid droplets were lower in free LCA,
LCAs0**M, and LCA2s**M groups compared to control and M groups and
morphology of cells also changed after the treatment. It seems like cells lost their
cytoplasm and shrinked after treatment with free LCA, LCAg**M, and LCA25**M.
It was observed that LCAg**M and LCA25**M inhibited lipid droplet formation
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more than free LCA group and cell morphology changed more compared to free
LCA group. These results showed that treatment with LCAg**M and LCA2s**M
decreased lipogenic activity of MDA-MB-231 cells. Similarly, Luu et al. (2018)
showed that treatment with increasing concentrations of free LCA from 0 to 200 pM
decreased number of lipid droplets of MDA-MB-231 cells (Luu et al., 2018). On the
other hand, free DOX, DOXconji-M, and DOXi¢-M did not change lipid droplet
formation but changed the cell morphology. Cells appeared to be enlarged in DOX
containing groups. Lower number of lipid droplets was observed after treatment with
DL-M. Anti-lipogenic activity of LCA was studied and it was shown that LCA
reduces SREBP-1c expression of breast cancer cells. Some lipogenic enzymes like
FASN also were shown to be downregulated after treatment with LCA (Luu et al.,
2018). Therefore, it was thought that LCA containing micelles inhibit lipogenesis

while DOX containing micelles had no effect on lipogenesis in vitro.
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Figure 3.37. Images of MDA-MB-231 cells stained for lipid droplets with oil red
after treatment. Hematoxylin was used to counterstain the cells. ICso concentration
of LCA (108 uM) and DOX (80 nM) was used in free LCA group and free DOX
group. Black arrows show the lipid droplets. They are seen as small gray dots inside
the cells (in the cytoplasm).
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3.7.8 Detection of Apoptosis in Cancer Cells with qRT-PCR

Expression of pro-apoptotic genes as Bax and p53 increases if cells are in apoptotic
stage, meanwhile expression of anti-apoptotic genes Bcl-2 and Bcel-xL decreases if
cells are in apoptotic stage. LCA causes cell death by apoptosis, necrosis and
autophagy in prostate cancer cells (Gafar et al., 2016). Therefore, we investigated
the apoptotic effect of free LCA, LCAg0**M, LCA25**M, free DOX, DOXconj-M,
DOX4-M and DL-M on MDA-MB-231 cells.

In our study, after the treatment with free LCA, LCAg**M, and LCA25**M,
expression of Bax gene significantly increased in LCAso**M, and LCA2s**M
groups compared to free LCA group, which shows that LCAs**M and LCA2s**M
had better anticancer efficacy than that of free LCA.

Free DOX demonstrated higher Bax gene expression than all groups. On the other
hand, there was no significant difference in Bax gene expressions of DOXconj-M,
DOXj¢-M and DL-M groups. In all these groups Bax gene expression was higher
compared to the control (untreated cells) and M groups (Figure 3.38-A). There was
no significant difference in the expression of p53 gene between free LCA,
LCA60**M, and LCA»s**M groups but the expression of p53 gene in free LCA,
LCAs0**M, and LCA25**M groups was significantly higher than control (untreated
cells) and M group. Free DOX provided more p53 gene expression than all groups.
The p53 gene expression of DOXconj-M, DOXig-M and DL-M increased compared

to the control and M groups.

For the micelles containing DOX, the order for p53 gene expressions was as follows:
DOXconi-M, the highest, followed by DL-M and DOX4-M, the lowest (Figure 3.38-
B). The expression of Bcl-2 gene was significantly higher in free LCA, LCAg**M,
and LCA»s**M groups compared to control (untreated cells) and M group. Free
DOX and DOXconj-M likewise increased Bcl-2 gene expression. On the other hand,
DOXi4-M and DL-M significantly reduced Bcl-2 gene expression (Figure 3.38-C).
There was no change in the gene expressions of Bel-xL of free LCA, LCAg**M,
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and LCA25**M groups compared to control group (untreated cells), but was higher
compared to M group. Free DOX and DOXconj-M likewise increased Bcl-xL gene
expression. On the other hand, DOXj¢-M and DL-M significantly reduced Bcl-xL
gene expression (Figure 3.38-D). These results were in line with the literature. For
example, Luu et al. (2018) reported no change in Bcl-2 gene expressions in MDA-
MB-231 cells when used free LCA in concentrations between 0-200 uM (Luu et al.,
2018). But our results of p53 and Bax gene expressions were higher than reported in
literature (Luu et al., 2018). Our results showed that LCAs**M and LCA2s**M
were highly effective and induced apoptosis in MDA-MB-231 cells. On the other
hand, DOXj4-M and DL-M were more effective than other groups.
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Figure 3.38. qRT-PCR results of A) Bax, B) p53, C) Bcl-2, and D) Bcel-xL genes of
MDA-MB-231 cells after free LCA, LCA¢**M, LCA25**M, free DOX, DOXconj-
M, DOXi¢-M, DL-M, and M treatment for 24 hours (n=3). ICso concentration of LCA
(108 uM) and DOX (80 nM) was used in free LCA group and free DOX group. *
shows the significant differences between the groups (p<0.05) and # shows non-
significant differences (p>0.05).
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3.7.9 Determination of Cell Apoptosis with Annexin V-FITC Assay

Apoptosis of MDA-MB-231 cells after treatment with free LCA, LCAg**M,
LCA2s**M, free DOX, DOXconi-M, DOXj¢-M and DL-M was determined by
Annexin V-FITC assay (Figure 3.39-A, B, C, D, E, F, G, H, and I). Results showed
that free LCA, LCA¢**M, LCA25**M, and DL-M induced higher apoptosis in
MDA-MB-231 cells compared to the control (untreated cells) and M groups. Free
DOX, DOXconj-M and DOXi¢-M increased the apoptosis compared to control, M,
free LCA, LCAs**M, LCA25**M, and DL-M groups. Results indicated that
LCAg**M, LCA2s**M, and DL-M caused about 10-fold increase in the number of
total apoptotic (early and late) cells (Figure 3.39-J). Total number of apoptotic cells
in LCAg**M, LCA25**M, and DL-M was significantly higher than free LCA group.
These results indicated that LCAgo**M, LCA25**M, and DL-M formulations are
more effective on MDA-MB-231 cells than free LCA. Similarly, Luu et al. (2018)
reported that 150 and 200 pM free LCA caused apoptosis in MDA-MB-231 cells
due to inhibition of lipogenesis after treatment with LCA. Lipogenesis inhibition
decreases cell proliferation so cell death occurs but this pathway has not proven for
MDA-MB-231 cells yet (Luu et al., 2018). According to our results, 108 uM free
LCA, or LCAg**M, LCA25**M and DL-M containing 108 uM LCA also caused
apoptosis of MDA-MB-231 cells. The highest apoptotic cell number was observed
in DOX4-M group. There was no significant difference between free DOX and

DOXconj-M but they caused the second highest apoptotic cell number.

Gao et al. (2017) prepared honokiol and DOX loaded mPEG-b-PCL micelles.
Honokiol was used due to its anti-oxidative, anti-inflammatory, and anti-depressant
effects as well as possible anticancer activity. Annexin V-FITC analysis results
showed that honokiol loaded micelles did not cause apoptosis on C6 glioma cells.
On the other hand, DOX loaded micelles and DOX and honokiol co-loaded micelles
increased apoptosis (Gao et al., 2017). In our study, DOX containing groups also
caused more apoptosis than LCA containing micelles. These results are in line with

our qRT-PCR, and ROS generation results.
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Figure 3.39. Annexin-V/FITC apoptosis assay results of MDA-MB 231 cells A)
without treatment (control group: untreated cells). Annexin-V/FITC apoptosis assay
results of MDA-MB 231 cells after treatment with B) M, C) free LCA, D)
LCAs0**M, E) LCA25**M, F) free DOX, G) DOXconj-M, H) DOXj¢-M, and I) DL-
M for 24 h. Q1-LL: viable cells. Q1-UL: dead cells. Q1-UR: late apoptotic cells. Q1-
LR: early apoptotic cells. J) Percentage of apoptotic cells after 24 h incubation (n=3).
ICso concentration of LCA (108 uM) and DOX (80 nM) was used in free LCA group
and free DOX group and LCA¢**M containing the same amount as the ICso
concentration. All micelles were added in the same amount with LCAgo**M. * shows
the significant differences (p<0.05) between the groups and # shows the
nonsignificant differences (p>0.05).
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3.7.10 Mitochondrial Transmembrane Potential Detection

DiOC6 is a cell membrane permeable dye which can stain intact mitochondria. In
apoptosis, loss of mitochondrial transmembrane potential occurs and therefore
DiOC6 cannot stain the mitochondria. In Figure 3.40, mitochondrial transmembrane
potential analysis results are given. M did not change the mitochondrial
transmembrane potential, while treatment with free LCA, LCAs**M and
LCA25**M caused a loss of mitochondrial transmembrane potential as a result of
cell apoptosis. Free LCA, LCA¢**M and LCA2s**M decreased mitochondrial
transmembrane potential by 41.8 + 3.0%, 30.4 = 0.9%, and 57.1 + 0.5, respectively.
LCA2s**M decreased mitochondrial transmembrane potential more than the
LCA6**M. On the other hand, there was no significant difference between
LCA60**M and LCA25**M in other apoptosis determination assays like qRT-PCR,

annexin-V analysis and ROS determination.

Yadav et al. (2015) showed that a LCA derivative induced loss of mitochondrial
transmembrane potential in MDA-MB-231 cells, whereas it did not change
mitochondrial transmembrane potential in MCF-7 cells, suggesting that LCA
derivative can has selective activity against MDA-MB-231 cells (Yadav etal., 2015).
Our results showed that LCAq**M and LCA2s**M caused decrease in
mitochondrial transmembrane potential related to apoptosis. Treatment with free
DOX, DOXcomi-M, DOXi-M, and DL-M also decreased mitochondrial
transmembrane potential by 44.4 +0.7%, 41.8 £2.8%, 43.0+ 1.7%, and 38.8 £ 1.3%,
respectively. All micelles containing DOX and/or LCA decreased mitochondrial

transmembrane potential, which lead to apoptosis of the cells.
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Figure 3.40. Mitochondrial transmembrane potential measurements of MDA-MB-
231 cells A) without treatment (control group: untreated cells) using DiOC6.
Mitochondrial transmembrane potential measurements of MDA-MB-231 cells after
treatment with B) M, C) free LCA, D) LCAg0**M, E) LCA25**M, F) free DOX, G)
DOXconj-M, H) DOXi4-M, and 1) DL-M for 24 h using DiOC6. V1-L: viable cells.
V1-R: dead cells.

3.7.11 Reactive Oxygen Species (ROS) Determination

DCFDA is a fluorescent probe and used to detect ROS in the cell. In this study, ROS
was determined with confocal microscopy and results showed that free LCA,
LCAs0**M, LCA25**M, free DOX, DOXconi-M, DOXiy-M, DL-M, and TBHP
increased ROS levels in cells compared to control and M groups (Figure 3.41-A).
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TBHP was used as the control group since it increases ROS levels of cells because
TBHP forms radical species which increase ROS in the cell. ROS also determined
with measuring fluorescence intensity (Figure 3.41-B). Results showed that free
LCA, LCAs0**M, and LCA25**M significantly increased ROS generation compared
to control and M. Effect of LCA on ROS was also reported by Sreekanth et al. (2013),
where they synthesized tamoxifen conjugated LCA and showed that tamoxifen
conjugated LCA caused an increase in ROS level when treated with MDA-MB-231
cells (Sreekanth et al., 2013).

In our study, the highest ROS generation was observed in DOXconj-M group. There
was no significant difference between DOX14-M, and DL-M in ROS generation but
both DOXi4-M, and DL-M significantly increased ROS generation compared to free
DOX group. These results showed that DOX conjugated or DOX loaded micelles
had higher effect on ROS generation than free DOX, which may result in higher
apoptotic activity since ROS generation is an early indicator of apoptosis. Cheng et
al. (2020) prepared DOX loaded mixed micelles from Pluronic F127 and
phenylboronic ester grafted Pluronic P123. Phenylboronic ester was used to give
ROS sensitivity to micelles. They observed that ROS unsensitive and ROS sensitive
DOX loaded mixed micelles increased ROS generation in DOX resistant MCF7 cells
compared to free DOX by 5.49 fold and 8.96 fold, respectively (Cheng et al., 2020).
In our study, DOXcon-M, DOX4-M, and DL-M increased ROS generation compared
to free DOX by 3.37 fold, 2.47 fold, and 2.30 fold, respectively. These results
showed that treatment with DOXcon-M, DOXi¢-M, and DL-M can increase the
effectiveness of DOX on DOX resistant cells.
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Figure 3.41. A) ROS determination with confocal microscopy after treatment with
TBHP, M, free LCA, LCAs**M, LCA25**M, free DOX, DOXconj-M, DOX14-M,
and DL-M for 24 h (TBHP: Tert-butyl hydroperoxide). B) ROS determination by
measuring fluorescence intensity using microplate reader after treatment with TBHP,
M, free LCA, LCA6**M, LCA25**M, free DOX, DOXconi-M, DOXi1¢-M, and DL-
M for 24 h (n=4). * shows the significant differences between the groups (p<0.05)
and # shows non-significant differences (p>0.05). DCFDA is a green fluorescent dye
that stains ROS 1in cells.
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3.7.12 Endothelial Cell Tube Formation Assay

Cancer cells overexpress vascular endothelial growth factors to stimulate the
formation of new blood vessel so the cancer cells can easily access to the nutrients.
Tube formation assay was carried out to determine the effect of LCA and DOX
carrying micelles on the new vessel formation ability of endothelial cells. Results
showed that co-culture of MDA-MB-231 cells with HUVECs stimulated tube
formation (Figure 3.42, Figure 3.43, Figure 3.44 and Figure 3.45). Tube formation
was suppressed after treatment with free LCA at ICso concentration (108 uM) and
LCAs**M and LCA2s**M that contained the same amount with the ICso
concentration of LCA. On the other hand, free DOX increased tube formation
compared to control groups. DOXconj-M, DOXig-M and DL-M reduced tube
formation relative to free DOX. There were more meshes in co-cultures of MDA-
MB-231 cells and HUVECs compared to the control groups (untreated cells) which
means that cancer cells increased the vessel formation of endothelial cells. Co-
culture of endothelial cells with cancer cells increases angiogenesis of endothelial
cells, because cancer cells overexpress some growth factors like VEGF. Breast
cancer cells also overexpress VEGF, which results in increased new blood vessel

formation and increased permeability of vessels. This causes metastasis.

There is a system called ‘blood-brain barrier’ in brain and there are vessels in the
blood-brain barrier, which decrease permeability. This prevents brain from
components as well as bioactive agents and drugs in the circulating blood. Metastatic
breast cancer cells increase the permeability of these vessels in the blood-brain
barrier so this causes metastasis in the brain. Treatment with M resulted in similar
mesh formation as the control groups (untreated cells). Free LCA in ICso
concentration (108 uM) treatment inhibited the tube formation of HUVECs (Figure
3.46-A and B). A significant decrease was observed in tube length and number of
nodes after treatment with LCA. Free DOX significantly increased the number of

nodes and total tube length compared to the control and co-culture control groups.

141



For the DOX containing micelles, DOXconj-M caused the highest number of nodes
and DOX4-M caused the lowest number of nodes. In fact, DOXi4-M resulted in lower
number of nodes than LCAgo**M and LCA»s**M. However, co-cultures treated with
DOXj¢-M resulted in a higher number of nodes than LCAs**M and LCA25**M.
Micelles containing DOX did not differ in total tube length compared to the control.
Co-cultures after free LCA treatment showed tube formation but a significant
decrease in tube length and number of nodes was observed compared to untreated
co-culture control. Micelles containing DOX in the co-culture groups did not differ
from the control in the number of nodes and total tube length. There was no
significant difference in number of nodes between the co-culture control and co-
cultures treated with empty micelles (M) after 2h and 8h incubations. Meantime,
after 4h incubation, co-culture control group had significantly higher number of
nodes than the co-culture treated with empty micelles (M). Total tube length of co-
culture control group was significantly higher than the co-cultures treated with M
after 2h, 4h, and 8 h. Tube formation significantly decreased after treatment with
LCAs**M and LCA25**M that contained the same amount with the ICso

concentration of LCA.

Kundu et al. (2017) studied the effects of hydrophobic and hydrophilic bile acids on
angiogenesis to investigate the liver repair after cholestatic liver disease. They
examined the effect of LCA on angiogenesis. After overnight incubation, it was
observed that LCA inhibited tube formation even at low concentrations (12.5 and 25
puM). Due to the hydrophobic and toxic nature of LCA they did not use
concentrations higher than 25 uM and a significant decrease was observed in tube
length and number of nodes after treatment with LCA. They observed approximately
2-fold decrease in number of nodes and total tube length compared to control (Kundu
et al., 2017). Free LCA of ICso concentration (108 uM) was used in this study and a
significant decrease in tube length was also observed. On the other hand, LCAg**M
and LCA25**M caused a 2-fold decrease in number of nodes and a 1.5-fold decrease
in total tube length compared to M. These results showed that micelle formulation

of LCA and free LCA were both effective in inhibition of angiogenesis. Zhu et al.
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(2017) prepared curcumin loaded methoxy polyethylene glycol-polylactide micelles
and showed their effect on angiogenesis using HUVECs. They observed that
curcumin loaded micelles inhibited tube formation compared to free curcumin group
(Zhu et al., 2017). Our results also showed that LCAg**M and LCA»s**M

significantly inhibited the tube formation compared the control group.
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Figure 3.42. Images of tube formation assay after 2 hours of incubation. Scale bar
is 500 pm. 40x103 HUVECs and 40x10° MDA-MB-231 cells were used in the
experiments. 1: EC medium, 2: EC:L15 medium (1:1), EM: mPEG-b-PCL micelles
(M), L60: LCAs0**M, L25: LCA25**M, DM1: DOXconi-M, DM2: DOX14-M, DLM:
DL-M.
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Figure 3.43. Images of tube formation assay after 4 hours of incubation. Scale bar
is 500 pm. 40x10°* HUVECs and 40x10> MDA-MB-231 cells were used in the
experiments. 1: EC medium, 2: EC:L15 medium (1:1), EM: mPEG-b-PCL micelles
(M), L60: LCAg0**M, L25: LCA25**M, DM1: DOXconj-M, DM2: DOX14-M, DLM:
DL-M.
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Figure 3.44. Images of tube formation assay after 8 hours of incubation. Scale bar
is 500 pm. 40x10° HUVECs and 40x10° MDA-MB-231 cells were used in the
experiments. 1: EC medium, 2: EC:L.15 medium (1:1), EM: mPEG-b-PCL micelles
(M), L60: LCAg0**M, L25: LCA25**M, DM1: DOXconj-M, DM2: DOX1¢-M, DLM:
DL-M.
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Figure 3.45. Images of tube formation assay after 24 hours of incubation. Scale bar
is 500 pm. 40x103 HUVECs and 40x10° MDA-MB-231 cells were used in the
experiments. 1: EC medium, 2: EC:L15 medium (1:1), EM: mPEG-b-PCL micelles
(M), L60: LCAg0**M, L25: LCA25**M, DM1: DOXconj-M, DM2: DOXi¢-M, DLM:
DL-M.
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Figure 3.46. A) Quantification of tube formation in terms of number of nodes. B)

Quantification of tube formation in terms of total tube lengths. IC50 concentrations

(108 uM and 80 nM) were used in the free LCA and free DOX groups and
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CHAPTER 4

CONCLUSIONS

In this study, mPEG-b-PCL copolymer was synthesized and micelles (M) were
prepared by solvent evaporation method without sonication. DOX was covalently
conjugated via pH responsive hydrozone bonds to the copolymer, and the
conjugation efficiency was 36.04%. LCA was ionically conjugated to the copolymer
at two different temperatures as 60°C and 25°C, and the encapsulation efficiencies
were 53% and 95%, respectively. The micelles prepared from these copolymers were
coded as DOXconj-M, DOXig-M, LCAg**M, and LCA»s**M, respectively. Also,
micelles loaded with DOX without conjugation (DOXi¢-M). and micelles having
both drugs together (DL-M) were prepared

Characterization studies showed that all micelles had uniform shape with nano size
structures about 80 — 200 nm, which is suitable for intravenous injection. Zeta
potential and polydispersity index results showed that micelles were very stable.
Drug release studies demonstrated faster LCA and DOX release under acidic
conditions (pH 5.0) than under normal physiological conditions (pH 7.4). LCA
release profile showed that LCAso**M, LCA25**M, and DL-M favors first order
release under acidic conditions, while under normal conditions release follows
Korsmeyer-Peppas kinetic model. DOX release profile also showed that DOXconj-M,
DOXy4-M, and DL-M favors first order release under acidic conditions, while under

normal conditions release follows Korsmeyer-Peppas kinetic model.

All micelles demonstrated higher cytotoxic effect on MDA-MB-231 cells compared
to control group having only micelles without any drug. Migration of micelles was
lower in all groups. Lipogenic activity was lower in LCAgo**M, and LCA»5**M than
DOX containing ones as DOXconi-M, DOXi4-M, and DL-M groups. Apoptotic
activity of micelles was evaluated with qRT-PCR and Annexin V-FITC analysis and

results demonstrated that DOXj¢-M and DL-M was even more apoptotic than other
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groups. Increased ROS generation in all micelles is an indicator of apoptosis. Loss
of mitochondrial transmembrane potential of the cells tretaed with all types of
micelles showed that cancer cells were in apoptotic stage. Endothelial cell tube
formation was also inhibited after treating cells with LCAg0**M and LCA25**M,

showing the prevantion of the proliferation of the cancer cells.

Upto this point, all micelles prepared and loaded with anticancer drugs (DOX or
LCA of both as DOX + LCA) demonstrated very high efficiency in preventing the
growth and proliferation of cancer cells. These micelles demonstrating pH
responsive delivery of the anticancer drugs can be good candidates as carriers for the

therapy of cancer patients.
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APPENDICES
A. Calibration Study of Glycine in Sodium Bicarbonate Buffer (pH 8.5)
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Appendix Al Figure 1. Calibration curve constructed with different concentrations
of glycine in 0.1 M sodium bicarbonate buffer (pH 8.5) for determining the primary
amine amount in the mPEG-b-PCL-CO-NH-NH; polymer.
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B. Calibration Study of DOX in Chloroform:Methanol (1:1, v/v)
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Appendix B1 Figure 1. Calibration curve constructed for DOX in
chloroform:methanol (1:1, v/v) to determine the conjugation efficiency of DOX to
the copolymer. Blank solution was chloroform:methanol (1:1, v/v).
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C. Calibration Study of DOX in HCI (0.1 M)
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Appendix C1 Figure 1. Calibration curve constructed with different concentrations
of DOX in hydrochloric acid (0.1 M HCI). Blank solution was 0.1 M HCI.
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D. Calibration Study of DOX in HCI (12 M)
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Appendix D1 Figure 1. Calibration curve constructed with different concentrations
of DOX in concentrated hydrochloric acid (12 M HCI). Blank solution was
concentrated hydrochloric acid.
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E. Calibration Study of DOX in H2S04 (18.3 M)

1.8

iy y = 0.0415x .

s i
. RIS o

1.2

0.8
0.6 e
o o

0.2 )

Absorbance

0 10 20 30 40 50
Concentration (ug/mlL)

Appendix E1 Figure 1. Calibration curve constructed with different concentrations
of DOX in concentrated sulfuric acid (18.3 M). Blank solution was concentrated
sulfuric acid.
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F. Calibration Study of LCA in H2S04 (18.3 M)
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Appendix F1 Figure 1. Calibration curve constructed with different concentrations
of LCA in concentrated sulfuric acid.
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G. Calibration Study of LCA in Ethanol
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Appendix G1 Figure 1. Calibration curve constructed with different concentrations
of LCA in ethanol (n=3).
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H. Calibration Study of DOX in Ethanol
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Appendix H1 Figure 1. Calibration curve constructed with different concentrations
of DOX in ethanol (n=3).
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I. Determination of ICso of LCA on MDA-MB-231, A549, and SK-MEL-30
Cells with Old MTT Method
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Appendix H1 Figure 1. Cytotoxic effect of different concentrations of free LCA on
A) MDA-MB-231, B) A549, and C) SK-MEL-30 (n=4).
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J. GraphPad Results for ICs0 Determination of LCA on MDA-MB-231, A549,
and SK-MEL-30 Cells with Old MTT Method

A S 1207 R2=0.9190
1°°*>—i—§\§\

L ]
80 ®
60
40} -
20-
0 L) ] 1 1
5 10 15 20 25

0.0 0.

Normalized absorbance

log (lithocholic acid)

BE 120 R2= 0.9491
S 1009
s s
2 80+ \
o
a 60+
©
E 40-
©
204
5
z 0 T T T T T
0.0 0.5 1.0 1.5 2.0 25

log (lithocholic acid)

R?=0.9491

I S

-

N

o
|

@]

Normalized absorbance (%)
(<23
o
1

-
<] o
o o
1 &

S
T T

. ; Bawo—

I |
0.5 1.0 1.5 2.0 2.5
log (lithocholic acid)

o

S
=)

Appendix I1 Figure 1. Normalized absorbance against LCA concentration graphs
of A) MDA-MB-231, B) A549 and C) SK-MEL-30 cells obtained using GraphPad
Prism 8 software (n=4).
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K. Determination of ICso of LCA on A549, and SK-MEL-30 Cells with New
MTT Method
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Appendix J1 Figure 1. Cell viability results of A) A549 and B) SK-MEL-30 cells
after 48 hours incubation with different LCA concentrations (n=4). Positive control
is the cells not incubated with LCA or ethanol.
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L. GraphPad Results for ICso Determination of LCA on A549, and SK-MEL-
30 Cells with New MTT Method
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Appendix K1 Figure 1. Normalized absorbance against the LCA concentration
plots of A) A549 and B) SK-MEL-30 cells obtained using GraphPad Prism 8
software after modifying the MTT method (n=4).
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M. Morphology of A549 Cells After Treatment with LCA

Appendix L1 Figure 1. Morphology of A549 cells after 48 hours incubation with
A) 0 uM (control), B) 40 uM, and C) 80 uM LCA. Scale bars are 100 um.
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N. Morphology of SK-MEL-30 Cells After Treatment with LCA

Appendix M1 Figure 1. Morphology of SK-MEL-30 cells after 48 hours incubation
with A) 0 uM (control), B) 60 uM, and C) 133 uM LCA. Scale bars are 100 pm.
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O. Determination of ICso of DOX on A549, and SK-MEL-30 Cells with New

MTT Method
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Appendix N1 Figure 1. Cell viability results of A) A549 cells and B) SK-MEL-30

cells after treatment with different concentrations of DOX (n=4).
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P. GraphPad Results for ICso Determination of DOX on A549, and SK-MEL-
30 Cells with New MTT Method
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Appendix O1 Figure 1. Normalized absorbance vs. DOX concentration charts of
A) A549, and B) SK-MEL-30 cells after data fitting using GraphPad Prism 8
software.
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Q. Determination of Cytotoxicity of LCA60**M and M on MDA-MB-231,
A549, and SK-MEL-30 Cells with Old MTT Method

A 120
&
P
< 100
‘E.
=z 80
K]
z 60
=
=)
o 40
£
= 20
-1
0
‘;0\ S B S ‘.t“ A S DS S S S
TSNS VS NS & ‘S & & &
Y& ¢ ¢ F & T ¢F
N Y A Y ¥ < A% A% N
> v 2. ) > v ) ™ “
% o N o
Micelle concentration (mg/ml)
B 120
2 100
S
<
£ w0
=
3 =
Z 60
3
o
2
= T
]
2 20
0
PO S «“-b SIS S S S S
& B ) o 5 )
TEE T S SO L
& & &Y O N v Y [\ s
Peid [\ o Q
Micelle concentration (mg/ml)
€ 140
=
S 120
<
E' 100
=
= 8
-
3 60
=]
@
= 40
]
2
@ 20
-
0
S (_;\b o~ AR o \\4\ o R & R o S
FFe IS e NM§ & ) o & "
YFoF ¢ F F F o gF gF
R R N o V) W Y V V
> ~ o Y N v ™ o)
o N N
Micelle concentration (mg/ml)

Appendix P1 Figure 1. Cytotoxic effect of different concentrations of LCAgo**M
compared to M on A) MDA-MB-231, B) A549, and C) SK- MEL-30 (n=4).
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R. Determination of Cytotoxicity of M on A549, and SK-MEL-30 Cells with
Old New Method
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Appendix Q1 Figure 1. The cytotoxic effect of different concentrations of M on A)
A549 and B) SK-MEL-30 cells (n=4).
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S. Determination of Cytotoxicity of LCA60**M on A549, and SK-MEL-30
Cells with Old MTT Method
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Appendix R1 Figure 1. Cytotoxic effect of different concentrations of LCAgo**M
on A) A549, and B) SK- MEL-30 (n=4).
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