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ABSTRACT

DEVELOPMENT OF DOXORUBICIN-LOADED LIPOSOMES SELF-
ASSEMBLED WITH POLYSACCHARIDES FOR BREAST CANCER
THERAPY

This thesis aimed to develop Tariquidar and Doxorubicin-loaded liposomes
decorated by Fucoidan coating for breast cancer treatment. Fucoidan is a negatively
charged polysaccharide with a special affinity to p-selectins expressed on MDA-MB-231
breast cancer cells and, at the same time, possesses anti-cancer activity. Different
liposomes were prepared by extrusion method from the DSPC, Cholesterol, and cationic
lipid DSTAP mixtures for coating negatively charged Fucoidan. The most stable
liposomes with a size of 200 nm were obtained at a molar ratio of
DSPC/Cholesterol/DSTAP:55/30/15, exhibiting a zeta potential above +30 mV.
Tariquidar was encapsulated into the liposome bilayer by passive loading, and
Doxorubicin into the core of the liposome by active loading. In the final step, liposomes
were coated with Fucoidan by electrostatic interaction. Tariquidar loading was
determined by UV-Vis spectrophotometry, indicating an optimum TRQ/Lipid molar ratio
of 0.012 with encapsulation and loading efficiencies of 50% and 20%, respectively.
Fluorescence spectrophotometry determined Doxorubicin loading, showing insignificant
encapsulation efficiency change (exhibiting around 70%) by neither Tariquidar content
in the bilayer nor DSTAP% in the formulation. An optimum amount of Fucoidan was
determined by incubating the liposomes with varying amounts of fucoidan at different
dilutions. Size and zeta potential measurements monitored the coating of liposomes with
Fucoidan. Our finding showed that zeta potentials of liposomes go from positive to
negative with increasing fucoidan, while no trend was observed in the size of liposomes.
However, smaller sizes were observed when incubation was performed in diluted

solutions.



OZET

MEME KANSERI TEDAVISI iCIN POLISAKKARITLERLE
BIRLESTIRILMIS DOKSORUBISIN YUKLU LIPOZOMLARIN
GELISTIRILMESI

Bu tezde, meme kanseri tedavisi i¢in Fucoidan kaplama ile dekore edilmis
Tariquidar ve Doksorubisin yiiklii lipozomlarin gelistirilmesi amaglanmistir. Fucoidan,
MDA-MB-231 meme kanseri hiicrelerinde eksprese edilen p-selektinlere 6zel bir
afiniteye sahip ve aymi zamanda anti-kanser oOzellige sahip negatif yiikli bir
polisakkarittir. Farkli Lipozomlar, DSPC, Kolesterol ve negatif yiiklii Fucoidan'in
kaplanmasi icin katyonik lipid DSTAP karisimlarindan ekstriizyon yoOntemiyle
hazirlandi. En stabil lipozomlar, 200 nm boyutunda ve +30 mV'nin iizerinde bir zeta
potansiyeli sergileyen DSPC/Kolesterol/DSTAP:55/30/15 molar oraninda elde edildi.
Tariquidar, pasif ylikleme ile lipozom ¢ift katmanina ve Doksorubisin, aktif yiukleme ile
lipozomun ¢ekirdegine enkapsiile edildi. Son asamada ise, lipozomlar elektrostatik
etkilesim yardimiyla Fucoidan ile kaplandi. Tariquidar yiiklemesi, UV-Vis
spektrofotometresi ile belirlendi ve sirasiyla %50 ve %20'lik enkapsiilasyon ve yikleme
verimlilikleriyle TRQ/Lipid molar oraninda 0,012'lik bir optimum gosterdi.
Doksorubisin yiklemesi Fluoresence spektrofotometri ile belirlendi ve enkapstilasyon
verimliliginin ne ¢ift tabakadaki Tariqidar i¢eriginden ne de formiilasyondaki %DSTAP
iceriginden onemli Sl¢lide etkilenmeyerek %70 civarinda bir enkapsiilasyon verimliligi
gosterdigi gozlemlendi. Optimum Fucoidan miktari, lipozomlarin farkl diliisyonlarda
degisen miktarlarda fucoidan ile inkiibe edilmesiyle belirlendi. Lipozomlarin Fucoidan
ile kaplanmas1 boyut ve zeta potansiyeli 6l¢iimleriyle izlendi. Elde edilen sonuglar,
lipozomlarin zeta potansiyellerinin, artan fucoidan ile pozitiften negatife gittigini,
lipozomlarin boyutlarinda ise herhangi bir trend olmadigin1 gosterdi. Ancak, seyreltilmis

cozeltilerde inkiibasyon yapildiginda daha kiigiik boyutlar gozlendi.
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CHAPTER 1

INTRODUCTION

Targeted drug delivery systems are prevalent in this century. Chemotherapeutic
chemicals used in conventional cancer treatment are not selective since they spread to
normal cells in addition to the target tumor site, which reduces the effective dose in the
tumor. Nanoparticles can increase the intracellular concentration of drugs in cancer cells
and reduce or inhibit the toxicity of healthy cells. These intelligent drug delivery systems
can also be created to be more specific to provide key-lock compatibility with specific
unique cell receptors. (Ross et al., 2004; Larsen et al., 2000). Liposomes are the kind of
nanoparticles that carry drug and are frequently used for this purpose.

Doxorubicin hydrochloride (DOX-HCI) is a commonly used anticancer agent, an
anthracyclic antibiotic widely used to treat many types of cancer. DOX in the free form
has many side effects, such as Hand—foot syndrome (HFS), cardiotoxicity, etc. However,
liposomal doxorubicin has lower than free form. Several advantages include reducing the
risk of immune system response, allowing the drug to remain in the bloodstream long-
term, and providing a targeted drug delivery to only specific tumor cells but not to healthy
cells (Allen & Cullis, 2004; Torchilin, 2005). Myocardial damage may lead to congestive
heart failure and may occur as the total cumulative dose of doxorubicin HCI approaches
550 mg/m?,

Multidrug resistance (MDR) is acquired resistance to chemotherapy medications
in cancer cells and bacteria characterized by various chemical structures and modes of
action. The overexpression of several proteins that expel chemotherapeutics from cells
and reduce their concentration below the therapeutic level leads to MDR. The targeting
of P-glycoprotein (P-gp), known as transmembrane transporter, mediates MDR in cancer
and is the efflux pump commonly known, as an innovative strategy for overcoming

multidrug resistance. According to research by Matzneller et al. (2018), the third-



generation P-gp inhibitor tariquidar (XR9576) enhances the brain distribution of P-gp
substrate medicines in humans (Matzneller et al., 2018).

Key-lock conformation is an important keyword in targeted drug delivery
systems. This key-lock conformation illustrates receptor—ligand interaction—for
example, CD44 antigen to Hyaluronic acid and p-selectin to Fucoidan. Long-chain
sulfated polysaccharide called Fucoidan is present in some species of brown algae. This
study used the Fucus Vesiculosis form of Fucoidan to target the liposomes to p-selectin
expressed in breast cancer cells.

This study aimed to design a targeted drug delivery system comprising DOX as
an anticancer agent and Tariquidar as a p-glycoprotein inhibitor. Liposomes were used

as Drug delivery agents because of its benefit besides the free form of drugs.



CHAPTER 2

LITERATURE SURVEY

2.1 Cancer

Cancers are linked to improper cell proliferation. The fundamental abnormality
resulting in cancer development is the continual unregulated proliferation of cancer cells.
Rather than responding appropriately to the signals that control normal cell behavior,
cancer cells grow and divide uncontrolled, invading normal tissues and organs and
eventually spreading throughout the body. The generalized loss of growth control
exhibited by cancer cells is the net result of accumulated abnormalities in multiple cell
regulatory systems. It is reflected in several aspects of cell behavior that distinguish
cancer cells from their normal counterparts. Some crucial signals necessary for cell
growth and development have deteriorated, causing this unusual growth. Cell division
that is out of control is the basis of cancer. Cancer is diverse because cancer cells have
complex genotypes and phenotypes. Cancer can result from abnormal proliferation of
any of the different kinds of cells in the body, so there are more than a hundred distinct
types of cancer, which can vary substantially in their behavior and response to treatment.
The most critical issue in cancer pathology is the distinction between benign and
malignant tumors. A tumor is any abnormal proliferation of cells, which may be benign
or malignant. A benign tumor, such as a common skin wart, remains confined to its
original location, neither invading surrounding normal tissue nor spreading to distant
body sites. A malignant tumor, however, can invade surrounding normal tissue and
spread throughout the body via the circulatory or lymphatic systems (metastasis). Only
malignant tumors are correctly referred to as cancers, and their ability to invade and
metastasize makes cancer dangerous.

Figure 1 indicates the various vital changes that occur in a cancer cell are-capacity

3



to proliferate without any growth signals, resistance to growth-inhibiting signals,
resistance to regular cell death mechanisms, formation of new blood supply, ability to
involve surrounding tissues, metastasis to distant organs and failure in the repair of
damaged DNA.

Self-sufficient in Resistance to
growth signals anti-growth signals
Evading programmed Escaping immune
cell death destruction
FEATURES Inflammation
OF encouraging tumor
CANCER formation
Endless replicative Mutation & instability
capability of genome
Tissue invasion & Deregulating cellular
metastasis energetics

Figure 1. Features of Cancer — Major changes occurring in a cell undergoing malignant

change.

At the cellular level, cancer development is viewed as a multistep process
involving mutation and selection for cells with progressively increasing capacity for
proliferation, survival, invasion, and metastasis (Figure 2). The first step in the process,
tumor initiation, is thought to result from a genetic alteration leading to the abnormal
proliferation of a single cell. Cell proliferation then leads to the outgrowth of clonally
derived tumor cells. Tumor progression continues as additional mutations occur within
cells of the tumor population. Some of these mutations confer a selective advantage to the
cell, such as more rapid growth, and the descendants of a cell bearing such a mutation will
consequently become dominant within the tumor population. The process is called clonal
selection since a new clone of tumor cells has evolved based on its increased growth rate

or other properties (such as survival, invasion, or metastasis) that confer a selective



advantage. The clonal selection continues throughout tumor development, so tumors
continuously grow rapidly and become increasingly malignant. Metastasis is the last step.
Cancer cells can spread to other parts of the body through a complicated process called
metastasis, in which they separate from the initial tumor and move through the
bloodstream or lymphatic system. The cells continue to divide into new places, eventually
producing more tumors of cells that resemble the original tissue. The lethality of
malignancies, such as pancreatic and uveal tumors, is largely influenced by their capacity

to spread.
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Figure 2. Stages of tumor development(Mohamed et al. 2021).



2.2 Breast Cancer

Breast cancer is the most prevalent cancer for men and women in most countries
worldwide (Bray et al., 2011).

Breast tissue mainly consists of glands for milk production, called lobules, ducts
carrying milk from lobules to the nipple, and stroma, composed of surrounding fatty
tissue and connective tissue. Invasive and non-invasive breast cancer are both possible.
Breast cancer that has spread to nearby tissues or distant organs is referred to as invasive
breast cancer. Breast lobules or milk ducts are the limits of non-invasive breast cancer.
Breast cancers come in various forms and are categorized according to how they appear
under a microscope.

e Ductal cancer: This is the most typical form of breast cancer.

e Ductal carcinoma in situ (DCIS): This non-invasive malignancy is contained to
the duct alone and has not spread outside.

e Infiltrating or invasive ductal carcinoma: This malignancy has migrated beyond
the ducts or lobules.

e Lobular cancer with invasion: Breast cancer that has migrated outside of the ducts
or lobules is a less frequent kind.

Table 1 shows the subclasses and mutation status of various breast cancer cell lines. As

seen, there are three main subclasses of breast cancer cells.

e Hormone receptor-positive: Tumors expressing ER and PR in the breast are
considered "hormone receptor-positive.” The expression "ER-positive” implies tumors
that express estrogen receptors. Tumors expressing progesterone receptors are referred
to as "PR positive." Estrogen or progesterone may be essential to developing this
particular form of cancer. Progesterone antiandrogen receptors can be found in around
two-thirds of breast tumors. Those cancers that lack these receptors are called "hormone
receptor-negative.” Hormone therapy is frequently utilized to treat breast cancers that

contain hormone receptors.



o HERZ2 positive: The human epidermal growth factor receptor 2 (HER2) gene is
necessary to develop 10% to 20% of breast tumors. The expression "HER2 positive"
applies to particular tumors. The HER2 protein, which is present in cancer cells and is
essential for tumor cell proliferation, is produced by the HER2 gene. Breast tumors that
are HER2-positive spread more quickly. They can also have either positive or negative
hormone receptors. "HER2 negative™ cancers either lack or have meager amounts of the
HER?2 protein and the HER2 gene.

e Triple-negative: A tumor is called "triple negative™ if it lacks the expression of

ER, PR, and HER2. Between 10% and 20% of invasive breast cancers are triple-negative.

Table 1 Breast Cancer Cell Lines (Warchal, Dawson, and Carragher 2016)

Cell line Subclass Mutation Status
PTEN PI3K

MCF7 ER WT E545K
T47D ER WT H1047R
MDA-MB-231 TN WT WT
MDA-MB-157 TN WT WT
HCC1569 HER2 WT WT
SKBR3 HER2 WT WT
HCC1954 HER2 - H1047R
KPL4 HER2 - H1047R

PTEN: Phosphatase and tensin homolog.

PI3K: Phosphoinsitide-3-kinase.

ER: Estrogen receptor.

WT: Wild type.

TN: Triple negative. f

HER2: Human epidermal growth factor receptor 2. (Warchal, Dawson, and
Carragher 2016)



MDA-MB-231 cells are one of the most commonly used breast cancer cell lines
in medical research laboratories. They were first isolated from the pleural effusion of a
51-year-old woman with breast adenocarcinoma, as seen in Figure 3. In a cell with a non-
normal karyotype, the number of chromosomes in the line is unstable. The number of
chromosomes in karyotype analysis is close to triploid values. It has been observed to
have a small number of standard and a very small number of da chromosomes; there are
no N8 and N15 chromosomes. The mentioned chromosomes are used as markers within
the scope of cytogenetic analysis. Karyotype analyses have shown that cell populations
are not homogeneous regarding chromosome numbers and structures. This cell line,
which models specific properties of breast cancer cells, is a very suitable model for
studying invasive cancer in vitro conditions. MDA-MB231 cells, which are ER-negative,
have lost the properties shown by normal breast cells. The changes in MDA-MB-231
cells are related to tumor progression, metastasis formation, and resistance to
programmed cell death.

Figure 3. MDA-MB-231 Breast Cancer Cell.

2.3 Treatment of Cancer

Cancer is sometimes considered not a treatable illness; however, improvements

in Medicine and the invention of modern medicines help overcome cancer more



efficiently. There are many methods, but the main ones are surgery and modern
technologies such as radiation therapy, chemotherapy, immunotherapy, hormonal
therapy, and targeted drug delivery applications (Sudhakar, 2009). Radiation therapy and
surgery are the first options for a treatment method, but both result in misleadings. (Brizel
et al., 1994). Most people have a combination of treatments, such as surgery with
chemotherapy and radiation therapy.

e Surgery: A surgeon performs surgery to eliminate cancer from the body.

e Radiation therapy: High doses of radiation are used in radiation therapy, a type of
cancer treatment, to destroy cancer cells and reduce tumor size.

e Chemotherapy: Drugs are used in chemotherapy, a type of cancer treatment, to
destroy cancer cells.

e Immunotherapy: Immunotherapy is a cancer treatment that supports the immune
system's ability to combat cancer.

e Hormone therapy: Breast and prostate cancers that utilize hormones to grow can
be treated with hormone therapy to delay or stop their growth.

e Targeted therapy: A type of cancer treatment known as targeted therapy focuses
on the alterations cancer cells undergo to multiply, proliferate, and spread.

e Stem cell transplants: Patients with cancer who had their blood-forming stem cells
destroyed by extremely high doses of chemotherapy or radiation therapy can have their
stem cells replaced through stem cell transplant procedures.

e Practical therapy: Precision medicine enables clinicians to choose the most likely

to benefit their patients based on a genetic understanding of their ailment.

2.4  Chemotherapy

Chemotherapy is a commonly used cancer treatment that involves the use of
medication to destroy cancer cells. Chemotherapy drugs come in various forms, but they
all function similarly. They block cancer cells from multiplying, which stops them from
developing and spreading throughout the body. Chemotherapy may be given by mouth,
injection, infusion, or on the skin, depending on the type and stage of the cancer being
treated. Although chemotherapy seems the best option, it also has limitations. Chaplin et



al. mentioned that the success of chemotherapy depends on the reaching tumor site
because only a small amount, about 2% of the drug injected, reaches the target area, and
the rest of the chemotherapeutic drug redistribute throughout the body (Chaplin et
al.,1996).

2.5 Chemotherapeutic Drugs

The majority of chemotherapeutic drugs and pharmaceuticals act by preventing
DNA production or function. Different cell cycle stages are affected differently by each
chemotherapy medication. Chemotherapy medicines can be categorized as cell-cycle-
specific (effective during certain stages of the cell cycle) or nonspecific (effective during
all cell cycle phases), depending on how they work.

There are four main steps in the cytotoxic action of a chemotherapeutic drug on a

cell:

The drug enters or is actively taken up by the cell.

The drug is activated (or its activity is preserved) within the cell.

The drug affects its target(s) within the cell.

If the damage caused is irreparable, cell death may be induced(Redmond
et al.,2008; Stavrovskaya, 2000).

Chemotherapy agents can be classified as alkylating agents, antimetabolites,
anthracyclines, antitumor antibiotics, monoclonal antibodies, platinum, or plant

alkaloids, depending on their properties and kind of therapy seen in

Figure 4. Most cancer medications come from natural sources like bacteria and

plants, while others come from synthetic or semi-synthetic methods.
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Figure 4. Classification of commonly used chemotherapeutics depends on their action
mechanism (Bukowski, Kciuk, and Kontek 2020; Lugmani 2005).

Alkylating agents include the platinum-based substances (cisplatin, carboplatin,
and oxaliplatin), nitrogen mustards (busulfan, chlorambucil, and melphalan), hydrazine
(temozolomide), and novel, still-under-research off-on-type alkylating agents like vinyl-
quinazolinone (VQ). Chemotherapeutics in this family of substances either construct
inter- or intra-strand cross-links or transfer alkyl groups to DNA's guanine residues,
causing mispairing to develop in DNA bases and impeding strand separation during DNA
synthesis (Lugmani, 2005; Nussbaumer et al., 2011).

Inhibitors of pyrimidine synthesis include cytarabine, gemcitabine, capecitabine,
and 5-fluorouracil (5-FU). Purine analogs include fludarabine, 6-mercaptopurine,
azathioprine, and cladribine. Antifolates include methotrexate, pemetrexed, and
pralatrexate. Hydroxyurea is a purine antagonist that inhibits the enzyme ribonucleotide
reductase. By incorporating false structural analogs of pyrimidine/purine into DNA, these
anticancer medications inhibit particular enzymes (dihydrofolate reductase,
ribonucleotide reductase, and DNA polymerase), disrupt DNA/RNA synthesis, or lead to
the development of DNA strand breaks (Bukowski et al., 2020; Lugmani, 2005;
Nussbaumer et al., 2011).

Topoisomerase Il inhibitors (etoposides, teniposide, and anthracyclines, such as
idarubicin, daunorubicin, and doxorubicin (DOX) and topoisomerase | inhibitors

(irinotecan and topotecan) disrupt topoisomerases' activities involved in DNA replication
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and result in DNA strand breaks(Bax et al. 2019; Lara et al. 2018; Nussbaumer et al.
2011; Lugmani 2005).

Mitotic spindle inhibitors, such as taxanes (docetaxel and paclitaxel) and vinca
alkaloids (vincristine (VCR) and vinblastine), affect the function/formation of spindle
microtubules and result in cell death by preventing nuclear division (mitotic arrest in
metaphase) (Lugmani, 2005; Nussbaumer et al., 2011). One of the recently synthesized
N-carbonyl acridines was shown to disrupt tubulin polymerization and have strong
antiproliferative effects on MB-468 human mammary gland/breast cancer cells,

according to recent research by Peng et al. (Peng et al., 2020).
2.6 Doxorubicin

Doxorubicin (DOX), commercially marketed as Adriamycin, is an anthracycline-
containing isolated from Streptomyces peucetius var. caesius in the 1970s, water-soluble,
orange to red colored (at neutral pH), photosensitive chemotherapeutic drug which is

possessing a superior antitumor activity against a wide myriad of solid tumors.

0 OH 0
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Figure 5. The chemical structure of doxorubicin. (Abraham et al. 2005a)
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The chemical structure of the amphipathic DOX molecule illustrated in Figure 5,
is made up of a water-soluble group, amino-sugar (Daunosamine: Ce¢H13NOs3), and a
water-insoluble aglycone (Adriamycin: C21H1809) group. Of note, doxorubicin has
three significant prototropic functions with associated pKas: (1) the amino group in the
sugar moiety (pK1 = 8.15), (2) the phenolic group at C11 (pK2 = 10.16), and (3) the
phenolic group at C6 (pK3 = 13.2).

Mechanistically, Doxorubicin is thought to act on cancer cells by two
mechanisms: intercalation into DNA, which disrupts topoisomerase 11-mediated DNA
repair, and the creation of free radicals, which causes damage to cellular membranes,
DNA, and proteins. Despite its therapeutic efficiency, DOX has negative systemic side
effects such as cardiac cytotoxicity and nonselective death of quickly developing cells.
These issues can arise during therapy or occasionally months or years after receiving
doxorubicin. Heart issues can sometimes be unfixable. Congestive heart failure may
result from myocardial injury, which can happen if the cumulative total dosage of
doxorubicin HCI exceeds 550 mg/m? (Thorn et al. 2011a).

2.7 Multi-Drug Resistance (MDR)

MDR results from the overexpression of various proteins that extrude the
chemotherapic from the cell, lowering its concentration below the effective one. Over
90% of cancer patients receiving conventional chemotherapeutics or cutting-edge,
targeted medicines die due to multidrug resistance (MDR). After prolonged treatment,
MDR commonly develops, leading to resistant malignancy and cancer recurrence.
Another crucial factor to consider is that cancer cells with acquired MDR frequently
develop cross-resistance to chemically unrelated chemotherapy medicines. Theoretical
mechanisms for MDR have been proposed for a variety of cellular and non-cellular
pathways, including decreased uptake of water-soluble drugs, increased enzyme levels
of xenobiotic metabolism (e.g., glutathione-S-transferase), numerous changes in cells
that affect the ability of cytotoxic drugs to kill them, and removal of hydrophobic drugs

from cells due to increased energy-dependent efflux as seen in Figure 6.
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Figure 6. Schematic presentation of possible drug resistance mechanisms in cancer (Gote
et al. 2021).

MDR is mainly related to the expression of the ATP-binding cassette (ABC)
transporters. These proteins actively transport various structurally different substrates,
such as hydrophobic drugs and lipids, from the inner to the outer leaflet of the cell
membrane of the tumor cells, thereby decreasing their intracellular concentrations. The
48 human ABC transporter genes are classified into seven subfamilies (from ABCA to
ABCG). Among them, P-glycoprotein is a well-known protein associated with multi-
drug resistance. It belongs to the human ABCB (MDR/TAP) family and is also known as
ABCBL or breast cancer resistance protein, BCRP (ABCG2). Human ABCBL1 transporter
was the first recognized ABC transporter: its overexpression in cancer cells reduces the
concentration of drugs in the cell and allows it to develop resistance to chemotherapic
several medicines, such as taxanes (paclitaxel), vinca alkaloids (vinblastine), and
anthracyclines (daunorubicin).

Even though resistance is a problem that restricts the use of doxorubicin, it is still
a useful clinical antineoplastic drug, along with issues with cardiotoxicity. ABCB1
(MDR1, Pgp) (Cole et al. 1992) and ABCC1 (MRP1), as well as other transporters
(ABCC2, ABCC3, ABCG2, and RALBP1), are all part of the resistance mechanism. The
amplification of TOP2A (Thorn et al. 2011b), which has been established to impact the

treatment response, is another route of doxorubicin resistance(Oakman et al. 2009).

14



An exponentially growing number of biomedical investigations aims to develop
chemotherapeutics that can avoid or reverse MDR (Fugit et al. 2015).

According to several reports, melatonin affects P-gp expression by enhancing the
sensitivity of colon cancer cells to chemotherapy. The researchers primarily studied
melatonin's impact on the doxorubicin resistance of LoVo colon cancer cells. According
to their findings, various amounts of MLT and DOX enhanced the proportion of cells
expressing P-gp (Fic et al., 2017).

Based on their potency, selectivity, and drug interaction patterns, the numerous
P-gp inhibitors created thus far are now divided into four generations, as shown in Table
2. These inhibitors work in a variety of ways, including blocking ATP hydrolysis,
impairing the integrity of cell membrane lipids, or inhibiting the substrate binding site(s)
by competitive, noncompetitive inhibition, and allosteric modification (Mondal and Ilies
2021).

Table 2. Different generations of P-gp efflux pump inhibitors(Mondal and Ilies 2021)

Generation Drugs
First Verapamil, quinine, quinidine, tamoxifen and
generation toremifen

flupenthixol, chlorpromazine, cyclosporin A,

reserpine,
Second Dexverapamil, valspodar, biricodar, timcodar,
generation dofequidar, dexniguldipine, quinine homodimer Q2
Third Elacridar, tariquidar, zosuquidar, laniquidar, DP7,
generation PGP-4008, CBT-1, annamycin and mitotane
Fourth Natural products
generation Peptidomimetics

Surfactants and lipids

Dual ligands
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In comparison to first-generation P-gp inhibitors like valspodar, tariquidar has a
potency that is ten times greater in vitro and reverses both intrinsic and acquired
resistance to doxorubicin, vincristine, and paclitaxel (Fox et al. 2015).

Tariquidar is one of the most effective P-glycoprotein (P-gp, ABCB1) drug pump
inhibitors (Gillet and Gottesman 2010). As seen from Figure 7, it is a multi-drug resistant
derivative of an anthranilamide that inhibits the transmembrane transport of anticancer
medications by non-competitively binding to the p-glycoprotein transporter. Inhibition
of transmembrane transport may increase anticancer drug's intracellular concentrations,
thereby increasing its cytotoxicity.

In vitro, tariquidar reverses intrinsic and acquired resistance to doxorubicin,
vincristine, and paclitaxel with a potency 10-fold greater than first-generation P-gp
inhibitors, including valspodar (Fox et al. 2015). Tariquidar and structural analogs also
inhibit Breast Cancer Resistance Protein (BCRP/ABCG2) (Mao and Unadkat 2015).

Figure 7. Structure of Tariquidar.

Tariquidar plays a significant role in MDR, as mentioned before, and literature
has numerous research on Tariquidar, Doxorubicin, Tariquidar, and Paclitaxel
combinations for overcoming different cancers. Yuquiong et al. reported a study on
resistant ovarian cancer cells, multidrug resistance, and pH-sensitive liposomes. They
prepared liposomes of TQR and DOX with the drug to lipid ratios of 0.05 and 0.10.
Liposomal formulation with 0.05 almost inhibits the MDR of OVCARS8/ADR cells(Xia
et al. 2018). Zhang et al. employed liposomes to transport paclitaxel and TQR (1/1 w/w)
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and allowed the half inhibitory concentration (IC50) of paclitaxel to decline to nmol level
(2-10 nM) from micromole level (1-2 M), overcoming ovarian cancer cell resistance(Y.
Zhang et al. 2016).

Moreover, Patel et al. reported that the IC50 values for paclitaxel in SKOV-3 and
SKOV-3TR cells were 27.11 nM and 2743 nM, respectively, when cells were treated
with paclitaxel alone. As a result, a 100-fold greater dosage of paclitaxel is required to
cause the same toxicity in SKOV-3TR cells as in SKOV-3 cells. When cells were treated
with tariquidar- and paclitaxel-co-loaded liposomes, the 1C50 values for paclitaxel were
17.68 nM and 34 nM, respectively, in SKOV-3 and SKOV-3TR cells. Their results show
that a similar dosage of paclitaxel induces identical toxicity in both cell lines when
tariquidar and paclitaxel are delivered simultaneously in long-circulating liposomes,
suggesting MDR reversal by liposomal tariquidar (Patel et al. 2011a).

In another study, cancer stem cells (CSCs)-specific targeted mSiO,-dPG
nanocarriers simultaneous delivery chemotherapy drug DOX along with the P-
glycoprotein (P-gp) inhibitor tariquidar for enhanced chemotherapy to overcome MDR
in breast CSCs. The chemotherapeutic effectiveness against breast CSCs was improved
due to the accumulation of DOX supplied by the mSiO.-dPG nanocarriers being
significantly increased in the three-dimensional, drug-resistant mammosphere of breast
CSCs (Pan et al. 2021).

2.8 Drug Delivery Systems

Systems for delivering medications into or throughout the body are known as drug
delivery systems. Drug "packaging"—such as a micelle or a nanoparticle—that shields
the drug from deterioration and enables it to reach wherever it is needed in the body is
referred to as a drug delivery system. A drug delivery system (DDS) is a method or
process that releases the drug at a pre-selected site in a controlled manner to achieve a
therapeutic effect. Drug delivery systems can, in principle, provide enhanced efficacy
and reduced toxicity for a therapeutic agent. However, Conventional drug delivery
systems (DDS) often have systematic side effects due to non-specific biological

distribution and uncontrolled drug release characteristics. An ideal DDS in cancer
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achieves two goals: tumor-specific delivery and tumor-specific drug release from

delivery systems.
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Figure 8. Overview of developing the drug delivery system (DDS) (Park 2014).

Cancer patients typically have significant cytotoxic side effects from anticancer
medications, which restricts their options for therapy. Most anticancer treatments are
administered at the highest permissible dose. Smart drug delivery systems (SDDSSs)
increase the therapeutic window of anticancer treatments by allowing lower drug dosages
while retaining effective intracellular concentrations for longer. As a result, in addition
to having more precise localization, patients' compliance, fewer hazardous side effects,

and regulated biodistribution are also benefits of SDDSs.
SDDSs have the following advantages over conventional systems:

o The possibility of maintaining the plasma drug levels, which is

therapeutically desirable,
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The possibility of eliminating or reducing side effects from systemic

administration

The possibility of improving and facilitating drug administration in areas

with poor medical,

The possibility of prescribing drugs with a short half-life in the body.
Reduction of pain caused by high doses,
The possibility of increasing patient compliance, and

The possibility of producing a relatively low-cost product and fewer drugs

release their load at the targeted site.

Most reported nanocarriers: liposomes, micelles, dendrimers, mesoporous silica

nanoparticles (MSNs), gold nanoparticles (GNPs), superparamagnetic iron oxide

nanoparticles (SPIONSs), carbon nanotubes (CNTs), and quantum dots (QDs), vitamins
(Folic acid (B9) (Rana and Bhatnagar 2021a)and Biotin (B7) (Saha et al. 2013) and

monoclonal antibodies. These systems (Figure 9) can be used for many purposes, such as

cosmetic, gene therapy, treatment of infectious diseases, and dermatological diseases,

especially for drug transportation.
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Figure 9. Types of nanocarriers (Monteiro et al. 2014a).
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2.9 Targeted Drug Delivery

In 1906, Ehrlich first mentioned the target drug delivery (TDD) method based on
the phrase "magic bullet." (Tewabe et al. 2021). The central concept of a targeted drug
delivery system was based on three fundamental principles: identifying the specific target
for the disease, identifying the drug that will effectively treat the disease, and choosing
suitable target vehicles to carry the drug in stable form while avoiding other interactions
and harm to the healthy tissues. Targeted drug delivery is an intelligent method in which
a predetermined quantity of therapeutic material is continuously administered to a
patient's body at a specific location (Valent et al. 2016). Most diseases require efficient,
safe, and specifically targeted medications, including cancers, autoimmune diseases,

neurological disorders, lung diseases, and cardiovascular diseases.

TDD systems should ideally contain the following characteristics;

o physically and chemically stable in vivo and in vitro circumstances,

o biochemically inert (nontoxic), non-immunogenic,

o capability of homogeneous capillary distribution,

o controlled medication delivery to the targeted cells, tissues, or organs.
o should have predictable and regulated drug release rates,

o zero order release kinetics,

o releasing drugs in a therapeutic amount,

o minimize drug leakage during circulation.

The carriers used should be easily and quickly removed from the body by
biodegradation. The delivery system should also be easy to prepare and at least

reasonably simple, reproducible, and economical.

There are six strategies for drug targeting the desired organ/tissue of interest:
Passive Targeting, Active Targeting, Inverse Targeting, Physical Targeting, Dual
Targeting, and Double Targeting. Among these, active and passive targeting are the most
frequently used strategies.
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2.9.1 Passive Targeting

Since the discovery of the Enhanced Permeability and Retention (EPR) effect in
the 1980s by Maeda et al., many efforts have been made to understand the significance
of this phenomenon in tumor targeting. Tumor blood vessels are generally characterized
by abnormalities such as a high proportion of proliferating endothelial cells, pericyte
deficiency, and aberrant basement membrane formation leading to an enhanced vascular
permeability (Figure 10). When the tumor mass begins to develop locally and requires
new blood vessels that can provide nutrition and oxygen, a process known as
angiogenesis starts causing the cancer cells to release growth factors and hormones to
create these new blood vessels (Lopez Mendoza & Alcantara Quintana, 2022). The
extravasation mechanism allows the delivery systems to pass through the leaky pores
(100-800 nm) that result from the fast development of these blood vessels. Particles, such
as nanocarriers (in the size range of 20-200 nm), can extravasate and accumulate inside
the interstitial space. Endothelial pores have sizes varying from 10 to 1000 nm.
Moreover, lymphatic vessels are absent or non-functional in the tumor, contributing to
inefficient drainage from the tumor tissue (Danhier, Feron, and Préat 2010). Delivery
systems accumulate at cancerous sites more than healthy organs or tissues. As a result,
there is an increase in cellular uptake and release into the cellular cytoplasm, which
results in increased toxicity in cancer cells(Alavi and Hamidi 2019).

The weak point in passive delivery is the suggestion that the retention only occurs
in tumor sites (solid tumors); nevertheless, when a liquid tumor or metastasis cancer cells
are treated, there is a lack of such an affinity(Lépez Mendoza and Alcantara Quintana
2022).

Using this EPR effect, it is possible to increase the concentration of anti-cancer
medications in the tumor much more than in healthy human tissue. According to
Kommareddy et al., the passive targeting of gelatin (typeB) -based nanoparticles (NPs)
successfully delivered genes at cancer areas. In another study, NP-based DDSs
containing plasmid DNA (pDNA) were also made using gelatin (type B) for cancer
treatment (Kaul and Amiji 2002).

pDNA-expressed green fluorescent proteins and -galactosidase were more
effectively targeted in vitro and in vivo when DNA was encapsulated with PEGylated

gelatine NPs. Additionally, lung carcinomas' DNA moieties have been targeted using
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PEGylated gelatin nanoparticles, which have been shown to inhibit breast cancer cells'

angiogenesis and tumor growth (Das et al. 2020).
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Figure 10. The enhanced Permeability and Retention effect explains the passive targeting
of nanocarriers by differences between normal and malignant tissues (Danhier
etal., 2010).

2.9.2 Active targeting

Active targeting comprises the detection of cancer cells, which increases drug
accumulation and cellular internalization (Kim et al., 2018). In other words, active
targeting refers to the accurate contact of the drug or drug carrier with the target cells via
ligand-receptor interactions for intracellular localization, which only occurs after blood
circulation and extravasations.

In active drug targeting, peptides, antibody fragments, and pharmaceuticals are
combined to act as homing devices for antibodies, antibody fragments, and receptor
structures expressed in the target area (Figure 11). Nanoparticles with a high surface-
area-to-volume ratio, possible to achieve high ligand density on the surface for targeting

purposes (Tewabe et al. 2021).
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There are three main degrees of targeting for this strategy.
1) First-order targeting, also known as compartmental targeting, refers to the
dispersion of the drug in the capillaries of general target areas, including lymphatics,

peritoneal cavities, multiple cavities, cerebral ventricles, and joints.

2) Second-order targeting, in which drugs are delivered selectively to particular
cell types, such as tumor cells, rather than to normal cells; an example is the delivery of
drugs specifically to the liver's Kupffer cells.

3) Third-order targeting, a particular method of drug delivery, targets the drug
intracellularly by endocytosis or through receptor-based ligand interactions at the
location (Rani, Paliwal, and Kirti 2014).
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Figure 11. Actively targeting cancer stem cells with nanoparticles. The nanoparticles are
made to carry therapeutic drugs attached to NPs via a linker chain and target
molecules (both linked to NPs via a linker chain) that specifically target a
specific CSC marker (Marei 2022)

Water-soluble vitamin B9 folate interacts with the folate receptor to facilitate
cellular absorption. The folate receptor has the benefit of having modest expression in
healthy tissues. Still, it is substantially expressed in various cancers, especially those

affecting women, such as ovarian, breast, and cervical cancer. Compared to healthy

23



epithelial or fibroblast cells, folic acid binds to tumor cells 20 times more strongly. Due
to these desirable characteristics, foliate conjugation has been a prominent strategy used
in drug delivery systems (Rana and Bhatnagar 2021b).

The first targeted nanomedicine to start clinical trials was MCC-465
(immunoliposome-encapsulated doxorubicin). The formulation was a doxorubicin-
encapsulated immunoliposome tagged with an F(ab’)2 fragment of human monoclonal
antibody GAH, allowing malignant stomach tissues to be preferentially targeted over
normal tissues. MCC-465 produced good results in phase | studies (Hamaguchi et al.
2004).

A dominant negative mutation of the human cyclin-G1 gene, which induces cell
death through apoptotic pathways, is carried by the retroviral vector Rexin-G, a
nonreplicated tumor-targeting agent. By decorating the nanoparticles with collagen-
binding peptides, the wounded tissues exposed to collagen, such as malignant lesions, are
given a preference for nanoparticle delivery. A 10-year survivor of gemcitabine-resistant
pancreatic adenocarcinoma demonstrated the efficacy of the nanomedicine in phase I and
phase Il studies against chemotherapy-resistant metastatic sarcoma, pancreatic cancer,

and breast cancer (Chawla et al. 2010).

2.9.3 Liposomes

Dr. Alec D. Bangham discovered liposomes in 1964 at the University of
Cambridge's Babraham Institute. The Greek words "Lipos" (fat) and "Soma" (body) were
combined to form the word liposome(Daraee et al. 2016). These biological structures
have been used as drug carriers, especially for the last 50 years (Sercombe et al., 2015;
Pozzi et al., 1996; Nomura et al., 2001). The liposomal bilayer typically consists of
natural, non-toxic phospholipids, sphingolipids, cholesterol, and hydrophilic polymers.

Phospholipids typically have acyl chains and hydrophobic fatty acid tails, whereas
their head groups are hydrophilic. Due to the hydrophobic impact of hydrophobic acyl
chains when exposed to an aqueous environment, phospholipids have an amphiphilic
character and produce polar shells in aqueous solutions(Monteiro et al. 2014b). Due to
hydrogen bonds, van der Waals forces, and other electrostatic interactions, this process

is thermodynamically advantageous.
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Liposomes are helpful for drug administration because they are biocompatible,
biodegradable, have low toxicity, and can alter the pharmacokinetic profile of the
medication they contain. On the other hand, the potential to resemble cell membranes in
structure and chemistry makes them appealing drug delivery mechanisms. Targeted
medication distribution is made possible by these beneficial characteristics. While
liposomes have been employed as drug-delivery systems for many years, more
development is required to enable specific targeting at the cellular and molecular levels
(Liu, Chen, and Zhang 2022).

The chemical properties of phospholipids used to prepare liposomes significantly
affect the properties of liposomes. The biodistribution, clearance, drug release
permeability, and liposome surface charge depend on phospholipids' chemical properties.
Similarly, liposome encapsulation efficiency, toxicity, and stability are also affected by
the types of phospholipids used in their preparation. Lipophilic hydrophilic balance has
become a valuable index to predict the vesicle-forming ability of amphiphilic liposomes(
Parchekani et al., 2022).

The phospholipid head groups determine the surface charge of
liposomes(Nikolova, Kumar, and Chavali 2022a). In contrast to neutral phospholipids,
negatively charged phospholipids are more quickly detected by macrophages.
Additionally, small negative charges on neutral liposomes stabilize them by enhancing
the repelling electrostatic forces that alter the aggregation-dependent process of
phagocytic uptake(Olusanya et al. 2018). Because the uptake of positively charged
liposomes appeared to be higher than that of negatively charged, most FDA-approved
liposomes are negatively charged(Nikolova, Kumar, and Chavali 2022a). Additionally,
cationic liposomes inhibit interactions with tumor cells, and their accumulation in the
tumor stroma serves as a drug depot (Nikolova, Kumar, and Chavali 2022b).

Sterols are substances found in cell membranes. Their presence in the membrane
alters the bilayer's permeability, fluidity, and stability. One of the most popular sterols

used to increase the stability of liposomes is cholesterol (Figure 12).
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non-polar

Figure 12. Structure of Cholesterol

It is employed because of its capacity to control the fluidity of bilayer membranes.

It also stabilizes the formulation by repelling space and avoiding aggregation due to
electrostatic forces. The permeability of negatively charged, neutrally charged, and
positively charged membranes to CI*, K*, Na*, and glucose is decreased by cholesterol.

When cholesterol stabilizes the cell membrane and prevents temperature changes, the

permeability of the cell membrane decreases as the temperature rises(Nkanga et al. 2019).
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Figure 13. Presentation of “gel” to “liquid” transition (Monteiro et al., 2014b).
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The liposome curvature depends on the lipid content and transition temperature
(T¢). Phospholipids change from a gel to a more fluid liquid-crystalline phase at Te. T¢ is
influenced by the saturation and length of the fatty acid chains (Zamani et al. 2018).

As illustrated in Figure 13, T drops when chain length and the number of double
bonds within it decrease. Through lipid transfer to lipoproteins, disintegration, and
content leakage, the presence of unsaturated lipids within the liposomes jeopardizes the
integrity of the lipid bilayer. As a result, T¢ predetermines the liposome bilayer's
permeability and fluidity. As a result of its aromatic rings resting parallel to the fatty acid
chains, cholesterol improves the fluidity of the bilayer's core. At the same time, its
hydroxyl group, which is located adjacent to the phospholipid headgroups, increases the
viscosity.

Liposomes' physicochemical and drug delivery properties depend on their
composition, surface charge, number of lamellae, bilayer fluidity, surface modification
for targeting, production method, and size Figure 14. Unilamellar vesicles are
characterized by a single lipid bilayer surrounding an aqueous core with sizes between
50 and 250 nm. On the other hand, multilamellar vesicles are characterized by having
dimensions between 1 and 5 micrometers. Liposomal formulations must fall under the
submicron ultra filterable range, be less than 200 nm in size, be regarded as nanostructure

systems, and be used therapeutically.

Small Large Oligolamellar Multilamellar Giant Multivesicular
unilamellar  unilamellar unilamellar
2-100 nm  100-1000 nm > 500 nm >700 nm > 1000 nm > 5000 nm
<1pym € I — >1pum Diameter

Figure 14. Liposome types together with their indicative size(Nikolova, Kumar, and
Chavali 2022a)

There are numerous literature on creation of liposomes. Thin-film hydration,
reverse-phase evaporation, ethanol injection, polyol dilution, freeze-thaw, double

emulsions, pro-liposome method, French press extrusion, detergent removal, and high-
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pressure homogenization are examples of common liposome manufacturing techniques.
Depending on the approach, these procedures often result in LUVs or MLVs. Even
though these techniques may be utilized to create liposomes, only the ethanol injection
method, reverse-phase evaporation, and thin-film hydration are frequently employed.
Hydrophilic drugs with a log P value less than —0.3 are entrapped exclusively
within the aqueous core. In contrast, strongly lipophilic drugs with a log P value greater
than 5 are encapsulated almost entirely within the lipid bilayer. Drugs that are capable of
partitioning between the lipid bilayer and the aqueous core possess an intermediate log P
value between 1.7 and 4 (Immordino ML, Dosio F, and Cattel L. 2006). There are now
many liposomal formulations on the market (Figure 15). Doxorubicine-loaded
PEGylated liposomes were the first FDA-approved nanomedicine (named Doxil®) used
to treat ovarian cancer and AIDS-related Kaposi's sarcoma in 1995. Since then, liposomes
have been promoted for numerous diseases' therapeutic and diagnostic needs, including
breast cancer, macular degeneration, leukemia, hepatitis, etc. (Silverman & Deitcher,
2013). The intriguing Medigene liposomal formulation Endotag-1, which contains neutral
and cationic paclitaxel (PTX) lipid formulations, interacted with the negatively charged

endothelial cells necessary for cancer angiogenesis (Rocca et al. 2004).
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Figure 15. Liposomal formulations are used as anticancer treatments(Olusanya et al.,
2018).
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2.9.4 Liposomal Doxorubicin

Doxorubicin is one of the derivatives of Anthracycline glycosides (antineoplastic
drugs) and remains a staple of medication combinations used in the therapy of most solid
tumors. However, these chemotherapies can give rise to heart toxicity. This toxicity,
especially Cardiomyopathy, is the drug's therapy-limiting toxicity, which can result in
congestive heart failure (CHF) and death. This issue will affect about 2% of individuals
who have received a cumulative (lifetime) doxorubicin dosage of 450-500 mg/m?.

The primary goal of encapsulating doxorubicin in liposomes has been to reduce
nonspecific organ damage. Through liposomes, doxorubicin can be directed away from
locations with tight capillary connections, such as the heart muscle and the
gastrointestinal system. To provide a therapeutic advantage over the free agent,
doxorubicin liposomal formulations must be able to boost antitumor activity at the
maximum tolerated dosage (MTD) without increasing toxicity. More significant
accumulation of liposome-encapsulated doxorubicin in tumors and decreased
accumulation in sensitive nontarget organs can improve the drug's therapeutic index;
however, it is suggested that the principal advantages come from lower toxicity rather
than increased therapeutic power (Gokhalel et al. 1996).

Doxil (approved in the United States) or Caelyx (approved in Canada and Europe)
are two liposomal doxorubicin formulations that have achieved clinical approval, as well
as Myocet, which got community marketing authorization from the European
Commission in August 2000 for the treatment of metastatic breast cancer. The Doxil and
Caelyx liposomal formulations are made up of hydrogenated soya phosphatidylcholine,
cholesterol (Chol), and PEG-modified phosphatidylethanolamine (55:40:5), whereas
Myocet is made up of egg phosphatidylcholine (EPC) and Chol (55:45 molar ratio). Doxil
demonstrated an 8-fold increase in circulation duration and half-life compared to free
doxorubicin. Furthermore, the medication exhibited fewer hazardous side effects than the
free form(Abraham et al., 2005b).

Methods for encapsulating various pharmacological agents within liposomes are
either passive, in which the cargo is enclosed during liposome creation, or active, in
which the loading occurs after empty liposome production. Hydrophobic medications
may be integrated directly into liposome forms during carrier production, and the

trapping efficacy is dependent on the drug's solubility in the liposomal membrane and
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can approach 100% (Gao et al. 2013). On the other hand, Doxorubicin has an amphipathic
molecular structure that contains both hydrophilic and hydrophobic groups. Therefore, it
can be enclosed in the phospholipid tails and liposome core. Passive loading's
effectiveness is only marginally successful; encapsulation happens to a maximum of
80%(Lombardo and Kiselev 2022). Water-soluble medicines are often actively captured
by mixing empty liposomes with a concentrated drug solution that spreads evenly by
diffusion. "Remote loading" is the technique used to generate diffusion gradients. pH
gradients across the bilayer or ion gradients can be employed to increase loading
efficacy(Maria P. Nikolova 2022; Fritze et al. 2006). Transmembrane proton gradients
may be created by either producing liposomes in low pH buffers or integrating
ionophores that connect the outward flow of monovalent or divalent cations with the
inward movement of protons, thus acidifying the liposome interior. Another method is to
make liposomes with a weak base, such as ammonium sulfate. The removal of the
external ammonium salt produces a pH gradient that aids in medication loading (Figure
16).

Figure 16. An ion gradient method for DOX loading(Lewrick & Siss, 2010).
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The well-known remote loading mechanism for Doxil is based on the constant
"escape” (efflux) of ammonia gas, which is produced by the pH-dependent breakdown of
the intraliposomal NH*" to neutral ammonia plus a proton, and which results in a
transmembrane pH gradient (pHiiposome < PHmedium). This mechanism can be visualized in
Figure 16. The intraliposomal-insoluble doxorubicin-sulfate (dox-sulfate) salt is created
when the unionized doxorubicin diffuses from the medium to the intraliposomal aqueous
phase along the gradient. The intraliposomal pH increases as a result of doxorubicin
consuming more protons. To ensure that all of the doxorubicin in the medium is converted
to NHas+, it restarts the dissociation of NH4* to NH3z and H*. The salt of dox-sulfate-
insoluble doxorubicin crystallizes into nanorods when the quantities of intraliposomal
doxorubicin are increased. The transmembrane ammonium gradient acts as a "driving
force" in initiating the cycle in which doxorubicin is nearly entirely remotely and stably
loaded into liposomes, primarily as dox-sulfate nanorod crystals (Barenholz 2012; Haran
et al. 1993; Lasic et al. 1995; Sur et al. 2014). Passive and active encapsulation might be
used when loading two medications into the same liposome system(Maria P. Nikolova
2022).

2.10 Fucoidan

Kylin made the initial discovery of fucoidan in 1913(Kylin 1913). A kind of
polysaccharide called fucoidan is made up of sulfated fucose residues and is derived from
brown algae. In basic research, it has demonstrated a wide range of biological actions,
including many components that are anti-inflammatory, anti-cancer, anti-viral, anti-
oxidation, anticoagulant, antithrombotic, anti-angiogenic, and anti-Helicobacter pylori,
among others. Numerous studies demonstrate that fucoidan may prevent tumor cells from
proliferating and from growing or metastasizing by triggering cell death and obstructing
angiogenesis. Fucoidan is also widely used in functional foods, pharmaceuticals,
cosmetics, and other health-related products (Wang et al. 2019).

A vast collection of marine plants known as "brown algae” includes Sargassum,
Fucus, and other species. They are found in many cold-water environments. The active
compounds found in brown algae include polysaccharides, terpenoids, proteins,

polyphenols, sterols, multi-ring sulfurous sulfide cyclists, macrolides, trace elements, and
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fucoidan (Menaa et al. 2021). Fucoidan’s chemical structure is complicated, and it has
two main backbones made of (1—3)-linked I-fucopyranosyl residues or of alternating
(1—-3)- and (1—4)-linked I-fucopyranosyl residues shown in Figure 17, but also include
sulfated galactofucans with (1—6)-linked backbone. Units containing fucose or fuco-
oligosaccharide may have branching and replacements for glucuronic acid, xylose, or
glucose, as well as -d-galactose and (1—2)-d-mannopyranosyl units(Ale, Mikkelsen, and
Meyer 2011). Fucoidan is insoluble in ethanol, acetone, chloroform, and other organic
solvents but soluble in water. Its aqueous solution has a pH of 6.46, which is slightly
acidic (Shen et al. 2018).

RO OR
HaC- ' ?
3 OR HiC-7— 1
RO ° T OR

’ RO -

Figure 17. Two sorts of homofucose backbone chains of fucoidan (Cumashi et al. 2007).

Many studies have been carried out to assess the relationship between the
chemical structure and bioactivities of fucoidan (FUC). In particular, the sulfate content
of fucoidan is attracting many research efforts due to sulfation being a crucial factor in
improving fucoidan bioactivity. The degree of branching, in addition to sulfation, has a
substantial impact on the bioactivities of fucoidan, with greater degrees of branching
correlating to more significant cytotoxicity in the antitumor effects of fucoidan (Oliveira
et al., 2017). Another important aspect of fucoidan as a bioactive agent is its molecular
weight. According to Cho et al. (2010), although having a lower sulfate concentration
than the F5 kDa and F30 kDa fractions, the F5-30 kDa fraction of fucoidan had the
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greatest tumor growth inhibitory activity. It is well known that fucoidan has antitumor
and anticancer properties. Previous research has shown that fucoidan's anticancer
mechanism primarily consists of four elements. Those elements are Cell cycle arrest,
apoptosis induction, antiangiogenesis, and anti-inflammatory actions. In a study for cell
cycle arrest, Fucoidan was administered to C57 mice bearing transplanted Lewis lung
adenocarcinoma. They found that fucoidan successfully suppressed the metastasis and
proliferation of the tumor cells in vivo since the tumor mass and the number of lung
metastases were much lower than those lacking FUC (Alekseyenko et al. 2007).

Fucoidan can activate cancer cells' apoptosis signals, induce apoptosis through
related pathways, and thus produce an anti-cancer effect. Eun et al. co-cultured HT-29
and HCT116, human colon cancer cells, with fucoidan extracted from Fucus vesiculosus.
From the results of apoptosis detection, fucoidan induced activation of caspase-3, -7, -8,
-9, chromatin condensation, and cleavage of poly (ADP-ribose) polymerase (PARP).
These data indicate that fucoidan can induce HT-29 and HVT116 cells apoptosis through
caspase-8 and -9 dependent pathways (E. J. Kim et al. 2010). In MCF-7 cells, fucoidan
extract enhanced mitochondrial depolarization by upregulating proapoptotic proteins Bax
and Bad and downregulating antiapoptotic proteins Bcl-2 and Bcl-xI expression(Teruya
et al. 2007). The hallmarks of apoptosis, such as PARP breakage and caspase-3/7
activation, are also brought on by fucoidan administration in MCF-7 cells. Interestingly,
Miyamoto et al. (2009) observed that activation of caspase-3 is not required for fucoidan-
induced apoptosis in MCF-7 cells, but the latter requires caspase-7(Yamasaki-Miyamoto
et al. 2009).

In inhibition of angiogenesis, fucoidan can stop the production of Vascular
endothelial growth factor (VEGF), which prevents angiogenesis, stops the flow of
nutrients and oxygen to the tumor, reduces its size, and prevents the spread and transfer
of cancer cells. When Lewis lung cancer cells were transplanted into mice, Tse-Hung et
al. administered fucoidan to the animals. As a result, the levels of VEGF in the blood and
lung tissue were much lower than in the control group(Huang et al. 2015). A large number
of studies have shown that oversulfated fucoidan in brown seaweeds exhibits
antiproliferative activity by inhibiting the angiogenesis around the tumor cells and
blocking the infiltration and metastasis of the tumor cells (Matou et al., 2002; Koyanagi
et al., 2003).

Fucoidan can boost the body's immunological response, improving the capacity

of T cells and natural killer cells (NK cells) to destroy tumor cells. According to research
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by Farzaneh et al. on mice that had NB4 acute promyelocytic leukemia cells implanted
into them, fucoidan might successfully boost the killing activity of Natural killer cells
(NK cells) (W. Zhang et al. 2015).

2.11 P-selectin and Fucoidan Relationship

P-selectin (SELP) is an inflammatory cell adhesion protein that attracts
leukocytes and binds platelets. It is produced constitutively in ECs and stored in Weibel-
Palade bodies, which are intracellular granules. P-selectin translocates to the cell
membrane and into the lumen of blood vessels in response to endothelial activation by
endogenous cytokines or external stimuli like ionizing radiation. Human lung, breast, and
kidney malignancies have been linked to increased P-selectin expression in the vascular
system. In addition, P-selectin encourages the adherence of circulating cancer cells to
activated platelets and endothelium in distant organs, causing initiation of the metastatic
process. These connections to tumors and micrometastases, together with their activation
by radiation, point to P-selectin as a potential target for the administration of cancer drugs
and radiation-guided drug delivery.

Selectins, expressed in leukocytes, endothelial cells (ECs), and platelets, are
known to bind to oligosaccharide ligands containing fucose. Thus, fucoidan serves as an
excellent tool for blocking the action of selectins.

The paper by Jafari et al. illustrates the creation of a fucoidan-based drug delivery
system for Doxorubicin (Dox) adverse effects reduction by active targeting toward P-
selectin. By directly conjugating doxorubicin to the fucoidan backbone, fucoidan-
doxorubicin nanoparticles (FU-Dox NPs) demonstrated a well-controlled size
distribution and sustained release. In comparison to the MDA-MB-468 cell line with low
P-selectin expression, the dynamic targeting capabilities of FU-Dox NPs toward P-
selectin resulted in improved cellular uptake and cytotoxicity against the MDA-MB-231

cell line with high P-selectin expression (Jafari et al. 2020).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

Chemicals used in this study; DSTAP 1,2-stearoyl-3-trimethylammonium-
propane (chloride salt), DSPC (1,2- distearoyl-sn-glycero-3-phosphocholine) lipids were
purchased from Avanti Polar Lipids (Alabaster, AL, United States). Cholesterol and
Chloroform, Tariquidar, Doxorubicin (DOX.HCL, European Pharmacopoeia Reference
Standard), and TritonX-100 were all purchased from Sigma Aldrich (St. Louis, MO,
United States). The dialysis membrane (RC tubing Spectra/Por 6 Dialysis Membranes
with MWCO: 10 kD) was obtained from Repligen (Waltham, Massachusetts, United
States).

3.2 Methods

3.2.1 Plain Liposome Preparation

The first and essential stage in the production of liposomes was the development
of a thin lipid film. The liposomes were prepared from the DSPC, Cholesterol, and
DSTAP mixture, keeping the lipid content constant at 15 (mol) and cholesterol content
at 30 mol% unless otherwise stated. Liposomes with varying percentages of DSTAP (0-
5-10-15-20%) were prepared to determine the most stable liposomes. As mentioned
above, in all liposome formulations, DSPC+DSTAP content was kept constant at 15

umol and cholesterol percentage at 30 mol% out of hundred percent. Plain Liposomes
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were prepared by weighing all components in a 20 ml vial and adding 2 ml chloroform
to dissolve and make a homogenous mixture. A stream of nitrogen gas was used to
remove most of the chloroform while agitating on a spinning table (Yellowline OS10
Basic) at a rate of 200 rpm. After the chloroform's evaporation and the thin film's
formation, the vial was put into the vacuum oven overnight to ensure the complete
removal of the chloroform within the thin film. If the film was stored at -20°C if not used
immediately for further experiment. For Tariquidar-loaded liposomes, a predetermined
amount of Tariquidar was added to the cholesterol and lipid mixture, and the thin film

was prepared, as explained above.

Table 3. Composition of Liposomes

DSPC (mg) Cholestrol(mg) DSTAP (mg)
%0 DSTAP 11.85 2.48 -
%5 DSTAP 11.00 2.48 0.75
%10 DSTAP 10.15 2.48 1.50
%15 DSTAP 9.31 2.48 2.25
%20 DSTAP 8.46 2.48 3.00

The hydration of the thin lipid film was the second stage in the preparation of
liposomes. Because the DOX was to be loaded actively to the liposomes using pH
gradient in the further steps, the lipid film was hydrated with 1 ml of ammonium sulfate
[(NH4)2SO04] (250 mM, pH= 5.4.) buffer solution. It incubated for about 1 hour at 65°C

in an agitating water bath at 150 rpm.
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Figure 18. Liposome preparation steps.

The thin lipid film extrusion was the third stage in the production of liposomes.
The extruder used in this study (mini-extruder obtained from Avanti Polar Lipids, Inc.,
Alabaster, AL, United States) has composed of the following components: polycarbonate
membrane (Whatman Nucleopore Track-Etch filtering product), PTFE filter supports, O-
rings, and a Swagelok connector assembly for retaining the filter system. Extrusion was
done at 65 °C on a hot plate to maintain the lipid solution above the phase transition
temperature of the lipids. To set up the mini-extrusion device seen in Figure 19, the longer
extruder outer casing was used to house the second internal membrane support after
inserting white spherical PTFE into the retainer nut. Then, two filter supports and one
polycarbonate membrane were wetted in the buffer, especially in [(NH4)2SOa] buffer for
DOX loading. The polycarbonate membrane with a pore size of 200 nm was positioned
between the filter supports and then placed on a membrane support equipped with a white
spherical O-ring. Another O-ring was used to seal the retainer nut after it had been fitted
correctly. Before being discarded for lipid extrusion, the Hamilton syringe was filled with
buffer and repeatedly passed through the filter to replace air and fill holes. This step was
crucial for preventing liposome solution loss. The filtration assembly was filled with the

lipid solution using a Hamilton syringe. A mini extruder containing lipids was placed on
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the hot plate and warmed to 65°C for 10 minutes. Lipid solution was passed 11 times
through the polycarbonate membrane to reduce the size of the multilamellar vesicles
formed during the hydration step. The final liposome solution was transferred into a vial

and stored at 4 °C to cool down and stabilize. In Figure 18, all stages were explained.

O-ring
Channel ¢ F";ef . gg:g:
1
O-ring / O- rlng 9
Extruder Internal Internal
Outer Membrane Polycarbonate Membrane Retainer
Casing Support Membrane Support Nut

Figure 19. Assembly of Mini-Extruder Parts (Source: Avanti Polar Lipids Inc., Alabaster,
AL, United States).

3.2.2 Loading Procedure of Tariquidar

The number of studies for Tariquidar-loaded liposomes is very limited in the
literature. Yugiong Xia et al. used a TRQ/lipid molar ratio of 0.012. Tariquidar-
containing liposomes were prepared after determining the optimum DSTAP % for stable
liposomes (15% DSTAP in this study). To the lipid mixture composed of
DSPC/Cholesterol/DSTAP at a molar ratio of 55/30/15, Tariquidar at varying amounts
was added (tariquidar/lipid molar ratio = 0.003, 0.006, 0.012, 0.018, 0.024 where total
lipid content was 0.015 umol). Tariquidar was added to the lipid mixture after it was
dissolved in Acetonitrile. After removing Acetonitrile with the stream of nitrogen, the
lipid mixture chloroform was added, and lipids were homogenized. Bulky chloroform
was removed by a stream of nitrogen while agitating on a spinning table at a rate of 200
rpm. After the chloroform's evaporation and the thin film's formation, the vial was put

into the vacuum oven (Nuve EV 018 Vacuum Oven) overnight to remove the trace
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amounts of solvents remaining within the thin film. Tariquidar-containing liposomes

were prepared like the plain liposomes in 3.2.1, as seen in Figure 20.

DSPC+Chol+DSTAP _l l_ Tariquidar (different molar ratios)
T

— Addition of organic solvent and
evaporation under Nitrogen Stream
and vacuum oven

Thin Film Formation

l Hydration of Thin Film in
(NH,),SO; (pH=5.5)
Multilameller liposomal solution

Extrusion through 200 nm
polycarbonate membrane

Liposomal Solution (~200 nm)

Figure 20. Tariquidar loaded liposomes preparation steps.

Taking DOX loading into account to be done in the next step, hydration of the
thin lipid film was done with 1 ml of ammonium sulfate [(NH4)2SO4] (250 mM, pH=5,4)
buffer solution (to create pH gradient for DOX loading) and heated for about 1 hour at
65°C in an agitating water bath at 150 rpm. After incubation, the liposome mixture was
extruded through a polycarbonate membrane with a pore size of 200 nm 11 times. Size
and zeta potential measurements of Tariquidar loaded liposomes were made by taking 20
pl of liposomal solution and adding 980 pl of 10 mM NaCl solution.
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3.2.3 Loading of Doxorubicin into Liposomes

Before incubation with doxorubicin solution, the liposomal solution was put into
a dialysis membrane with 10 kDa pore size and dialyzed against 2 L of %0.9 NaCl
solution overnight for external buffer exchange. After being taken from the dialysis bag,
500 pl of the liposomal solution was incubated with 500 pl of 1 mg/ml doxorubicin
solution at 65°C for 3 hours at 200 rpm agitation. Liposomal doxorubicin was put into a
dialysis membrane with 10 kDa pore size and dialyzed against 2 L of %0.9 NaCl solution

overnight to remove the nonencapsulated doxorubicin, as explained in Figure 21.

DSPC+Chol+DSTAP ﬁ
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Thin Film Formation

l Hydration of Thin Film in

(NH,),SO; (pH=5.5)

Multilameller Vesicles (liposomal solution)
Extrusion through 200 nm
polycarbonate membrane

e Dialysis  mmmmmmp [nCubation with e Dijglysis

Liposomal Solution (~200 nm)

overnight for Doxorubicin overnight to
buffer exchange  solution remove free
(T=65 °C, t=3 hr) DOX

Figure 21. Doxorubicin loaded liposomes preparation steps.
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3.2.3.1 Loading of Doxorubicin into Liposomes Containing Different

Amounts of Tariquidar

Hydrophilic Doxorubicin (DOX.HCL) is expected to locate in the core of
liposomes. Being hydrophobic and situated in the bilayer of the liposomes, Tariquidar
may affect the loading of DOX into the liposomes by active mode via pH gradient. ,
Liposomes with %15 DSTAP and containing different amounts of Tariquidar at
tariquidar/lipid molar ratios of 0.003, 0.006, 0.012, 0.018, 0.024 were prepared. After
dialysis of the liposomes against 0.9% NaCl solution overnight, to the 500 uL of each
liposome solution containing already, tariquidar was added 500 uL of Doxorubicin
solution at the concentration of 1 mg/ml and incubated at 65°C for 3 hours, resulting in
0.5 mg/ml of Doxorubicin concentration. 290 ul of UPW and 10 ul of liposomal
Doxorubicin were added to the well and diluted five times (5 wells) at a 1:1 volume ratio.
Fluorescence values were read with and without Triton-X before and after dialysis to

calculate the encapsulation efficiency, as explained in materials and methods in 3.3.8.

3.2.4 Coating of Liposomes

3.2.4.1 Conformation of Fucoidan in Different Solutions

Fucoidan is a long-chain polysaccharide that may present different conformations
in different solutions. To identify this, Fucoidan stock solutions were prepared in
ultrapure water and 10 mM NaCl solutions at a concentration of 3.4 mg/ml and diluted
at an 80% volume ratio for the first five dilutions, and after that, 50% volume ratio. The
size and Zeta Potential of stock solutions were measured by Malvern ZetaSizer, by
mixing 20 pl of fucoidan solution with 980 pl of 10 mM NacCl solution in the Size
Cuvette. Then, the mixture was transferred to the Zeta Cell for zeta potential

measurements.
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3.2.4.2 Coating Liposomes by Fucoidan

In the literature, generally, coating materials are added by drop-by-drop method.
Nevertheless, fucoidan solutions were added to the liposomal solution in our study. %15
DSTAP liposomal solution (total of 15 pumol lipid) was diluted with ultrapure water at a
1:1 volume ratio, resulting in a final lipid concentration of 7.5 mM (initial lipid
concentration was 15 mM). Fucoidan stock solutions were prepared by serial dilution (at
80% volume ratio) of the initial Fucoidan solution (3.4 mg/ml in 10 mM NacCl). 20 pl of
Fucoidan stock solutions were added to 200 pl of diluted liposomal solutions, then mixed
for 10 mins at 170 rpm. Each mixture's size and zeta potential measurements were made

by mixing 20 pl of fucoidan-liposome solution with 980 ul of 10 mM NacCl solution.

3.2.4.3 Dilution of Fucoidan Solutions and its Effect on Liposome Sizes

In the above experiment setup, fucoidan-liposome incubations were carried out at
atotal volume of 220 uL. Considering that the total volume of fucoidan-liposome solution
during incubation may be an issue with the size and zeta potential of the coated
liposomes, incubation was carried out at different volumes. For this, the fucoidan stock
solution prepared from the fucoidan solution at 3.4 mg/ml was further diluted with 10
mM NacCl solutions. Dilutions were made by taking 20 pl of fucoidan stock solutions and
mixing them with 30 pul, 80 ul and 180 ul of Ultra Pure Water, resulting in fucoidan stock
solutions with volumes of 50 uL, 100 uL, and 200 uL. These fucoidan stock solutions
were mixed with diluted 200 pl liposomal solutions and mixed for 10 mins at 170 rpm as
before. In this experiment, the fucoidan/lipid molar ratio was kept constant, but the total
incubation volume was varied as 250 uL, 300 uL, and 400 uL. Size and Zeta Potential
measurements were done by taking 20 ul of fucoidan-liposome solutions and mixing
them with 980 ul of 10 mM NaCl solutions.
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3.3 Characterization Methods

3.3.1 Size and Zeta Potential Measurements of Plain and Drug-Loaded

Liposomes

Malvern Zetasizer Nano is used for equipment. The procedure was chosen for
general purpose, done at room temperature. Size and zeta potential measurements were
done by taking 20 ul of liposomal solution and mixing in 980 ul of medium (10 mM NacCl
or 1 mM NaCl was selected for a medium (conductivity less than 5 mS/cm) for using
SFR mode.

3.3.2 Determination of the Optimum Centrifugation Time for

Liposomes

Tariquidar was encapsulated in a liposome bilayer because of its hydrophobic
behavior. Centrifugation is a general method for hydrophobic drugs to determine drug
encapsulation. However, two different methods are proposed in the literature. The first
one is the centrifugation of liposomal solution in much smaller centrifugal forces (rpm'’s),
assuming that unencapsulated drug molecules are precipitated as pellets(Patel et al.
2011b). In the second method, the liposomal solution is centrifuged at a much higher rpm
to pelletize the liposomes with the loaded drug, assuming the unencapsulated drug
molecules remain in a supernatant (C. H. Kim et al. 2022). The second method was
employed in this study because sedimentation of the tariquidar molecules is unlikely
according to Stoke’s law.

To determine the optimum liposome centrifugation time, liposomes were diluted
with [(NH4)2SO4]at a ratio of 1:3 (200 pul of liposome solution with 400 pl [(NH4)2SO4].
Diluted liposomes were subjected to different centrifugal forces, and DLS monitored the
change in liposome properties by measuring the liposome size and derived count rate.

120 pl of the diluted liposomes was aliquoted into Eppendorf tubes for each period of
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centrifugation for each centrifugal force (3000 rpm, 10000 rpm, and 17500 rpm). Before
centrifugation, taking 20 ul of the solution and transferring it into 980 ul medium of 10
mM NaCl, the derived count rate, as well as the size of the liposome solution in each
Eppendorf tube, was measured and noted as the derived count rate at t=0. The remaining
100 ul Sample was put in the centrifuge with refrigeration (Hettich Zentrifugen Mikro
220R) and centrifuged at predetermined centrifugal force (3000 rpm, 10000 rpm, or
17500 rpm) at four °C for the predetermined period. Every sample's supernatant part was
transferred into a new Eppendorf tube with the help of a pipetter. The supernatant was
homogenized by up-and-down mixing of the Eppendorf, and 20 ul was taken for derived
count rate measurements and size. By taking the ratio of the derived count rate at a
particular time point to the one at t=0, a change in the number of liposomes was

determined.

3.3.3 Quantification of Tariquidar by UV-Vis Spectroscopy

UV-Vis spectroscopy was employed to determine the loaded amount of
Tariquidar into the liposomes. UV-Vis spectroscopy is an analytical technique that
measures the number of discrete wavelengths of UV or visible light absorbed by or
transmitted through a sample compared to a reference or blank sample. In an absorption
experiment, as seen in Figure 22, light passes through a cuvette filled with a sample
solution. The intensity of the light passing through the cuvette is compared to the light

passing through a reference cell.
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Figure 22. UV-Vis spectrometer illustration
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The Beer-Lambert law is commonly used in absorption and transmission
measurements on samples. It can be used to determine the concentration of a substance
if a linear relationship exists between a measured set of standard solutions with known
concentrations and their absorbances. The Equation below shows the mathematical
relationships between absorbance, Beer—Lambert's law, the light intensities measured in

the instrument, and transmittance.

I 1
A=¢Lc=log (TO) = logo (?) = —log(T)

Equation 1. Beer—Lambert's law

e= molar decadic extinction coefficient,

lo=the sample's entering light intensity,

| =the strength of the approaching light,

¢ = The concentration of the light-absorbing sample,
d= length of the route

¢ is affected by the wavenumber (v) or wavelength (1.).

According to the manufacturers, Tariquidar is soluble in DMSO and has solubility
>10 mM or > 16.168 mg/mL (Sigma-Aldrich, P.N: SML1790). In this study, we used
Acetonitrile as a solvent because cholesterol and lipids are not soluble, so they can be
easily separated from the Tariquidar. Firstly, to determine the wavelength at which
Tariquidar exhibits the maximum absorbance, the Full Spectrum of Tariquidar in
Acetonitrile was taken using UV-Vis Spectrometer (PerkinElmer Lambda 25). The
calibration curve of Tariquidar in Acetonitrile at that maximum wavelength was
generated using its solution at the concentration of 48.75 pg/ml (0.45 mg tariquidar
dissolved in 9.32 ml Acetonitrile) and employing serial dilution at a 70/30 ratio. In the
experiment, a quartz cuvette (Hellma Micro Cuvette, QS Quartz, 1000 ul) was used to

measure the UV region. The same dilutions were also used in the HPL.C calibration curve.
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To determine the loaded amount of Tariquidar, liposomes were dialyzed first against
water containing 0.9% NaCl to remove the unloaded Tariquidar. This dialyzes step also
helps doxorubicin to be loaded by pH gradient.

To determine the amount of Tariquidar loaded into the liposomes, the procedure
seen in Figure 23 was employed. 100 pul of the tariquidar loaded-liposome solution was
put into the Eppendorf tube and centrifuged for 60 min at 17500 rpm. Phase separation
was observed. A supernatant solution (around 100 pl) was transferred to another
Eppendorf tube, and 500 pl of Acetonitrile was added to dissolve the unencapsulated
Tariquidar (supernatant-1). 600 ul of Acetonitrile was added to the pellet that remained
at the bottom of the first Eppendorf tube. The latter tube was subjected to sonication and
vortex to dissolve Tariquidar and then centrifuged again at 17500 rpm for 60 mins to
pelletize the lipids (lipids are insoluble in Acetonitrile) and take Tariquidar to the
acetonitrile phase. After centrifugation, the supernatant (600 pl) of the pellet (which
contains Tariquidar in Acetonitrile) was taken to a new Eppendorf tube (supernatant-2),
and 600 pul acetonitrile was again added to the pellet. This solution was centrifuged as
before to separate the pellet and the supernatant (supernatant-3). All three supernatants
were analyzed in UV-Vis spectrophotometry between 200-600 nm wavelength, but
absorbance at 240 nm was recorded since it is the unique peak for Tariquidar. The
absorbance of the supernatant-1 was usually high. It was considered that this absorbance
might have been resulting from scattered signal due to the liposomes, which may have
remained in the supernatant as well as tariquidar aggregates in the water-acetonitrile
mixture (supernatant containing 1 part water + 5 parts acetonitrile). As a result, this
absorbance was not counted in calculating the tariquidar amount loaded into the

liposomes.

46



545 pl Acetonitrile (ACN)

\ortex and sonication

Allowed overnight at 4°C

55 pl TQR-
liposome solution

Centrifugation
at 17500 rpm
for 60 minutes

———

i,ii,iii
100 pl TOR- Pellet

liposome solution T=7 Supernatant-3

Figure 23. Procedure for the determination of Tariquidar by centrifugation process.

A) 55 ul Tariquidar-loaded liposome was lysed by 545 ul of ACN.

B) After vortexing and sonication of Tube A, the supernatant (600 ul) was transferred to
Tube B. UV measurements were taken after keeping the sample overnight at 4°C.

C) 100 ul Tariquidar-loaded liposomes.

D) Phase separation of liposomal solution as pellet and supernatant.

E) Supernatant-1 contains free (unencapsulated) Tariquidar dissolved in Acetonitrile
and a non-precipitated lipid mixture. UV measurement was taken after keeping the
sample overnight at 4°C.

F) Pellet remained in the Eppendorf tube after the removal of siipernatant-1.

G) Supernatant-2 contains liposomal Tariquidar from the lysis of liposomes by
Acetonitrile. UV measurement was taken after keeping the sample overnight at 4°C to
allow the Tariqudar entirely dissolve in ACN.

H) Supernatant-3 contains Tariquidar obtained from 2" wash of lipid mixture by
Acetonitrile. UV measurement was taken after keeping the sample overnight at 4°C to

allow the Tariqudar entirely dissolve in ACN.
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I. 600 pl Acetonitrile was added to the pellet.
ii.  Vortex and sonication.

iii.  Centrifugation @17500 rpm for 60 mins.

Encapsulation efficiency and Loading efficiency were calculated as follows :

”’ST
EE(%) = ——
(%) W,

Equation 2. Encapsulation efficiency equation

Wst= Total weight of Supernatant-2 and Supernatant-3 calculated from
absorbance measurements.

W= Total weight of Tariquidar founds in 100 pl Tariquidar loaded liposomes.

w.
DL(%) = WST
MT

Equation 3. Loading efficiency equation

Wsr= Total weight of Supernatant-2 and Supernatant-3 calculated from
absorbance measurements.

W= Total weight of Tariquidar incubated with a liposomal solution.

3.3.4 Quantification of Loaded Amount of Tariquidar by HPLC

Tariquidar is encapsulated in a liposome bilayer because of its hydrophobic
behavior. We also used the HPLC technique to quantify the loaded Tariquidar and

compare the results with UV spectroscopy. In the literature, the Researchers used the
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reversed-phase HPLC (Agilent 1100) technique using the Xbridge C18 (4.6 mm x 250
mm) column (Waters Corporation, Milford, MA). Ammonium acetate buffer (pH 4):
Acetonitrile mixture (40:60 wt ratio) was used as a mobile phase, and UV detection was
performed at 240 nm(Patel et al., 2011a). 100 pl of the tariquidar loaded-liposome
solution was put into the Eppendorf tube and centrifuged for 60 min at 17500 rpm. Phase
separation was observed. All the supernatant solution was transferred to another
Eppendorf tube, and 500 ul of Acetonitrile was added to dissolve the unencapsulated
Tariquidar (supernatant-1). 600 pul of Acetonitrile was added to the pellet that remained
at the bottom of the first Eppendorf tube. The latter tube was subjected to sonication and
vortex to dissolve Tariquidar and then centrifuged again at 17500 rpm for 60 mins to
pelletize the lipids (lipids are insoluble in Acetonitrile) and take Tariquidar to the
acetonitrile phase. After centrifugation, the supernatant of the pellet (which contains
Tariquidar in Acetonitrile) was taken to a new Eppendorf tube (supernatant-2), and 600
pl acetonitrile was again added to the pellet. This solution was centrifuged as before to
separate the pellet and the supernatant (supernatant-3). All three supernatants were
analyzed in HPLC.

3.3.5 Cholesterol Effect on Tariquidar Loading

Tariquidar has a hydrophobic structure, and it is located in the liposomal bilayer.
We hypothesize that decreasing the cholesterol amount will affect the tariquidar
encapsulation efficiency. For this purpose, we made different liposomal formulations.

Each liposome.
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Table 4. Compositions of liposomes used to investigate cholesterol effect on Tariquidar
loading total lipid content (DSPC+DSTAP) was kept constant at 0.015 mmol
lipid.

Mole % 1 2 3 4 5) 6
DSPC 55 55 55 65 75 85
Cholesterol | 42 35 30 20 10 |0
DSTAP 15 15 15 15 15 15

3.3.6 Temperature Stability of Tariquidar

As explained above, tariquidar was loaded into liposomes in passive mode.
Doxorubicin was loaded in active mode at 65 °C for 3 hours. The temperature stability
of tariquidar-loaded liposomes was tested at this temperature to ensure whether tariquidar
was not affected during the DOX loading process due to any reason, such as degradation
or release. Liposomes composed of DSPC/Chol/DSTAP at 55/30/15 and containing
tariquidar at drug/lipid mol ratio =0.012 were prepared as before. The solution was
aliquoted into Eppendorf tubes as 145 pl for each time point (0,30,45,60,90,180 minutes),
and all tubes were placed in a water bath at 65 °C. At predetermined time intervals, 55 pl
of this solution was withdrawn and mixed with 545 pl Acetonitrile to determine the total
amount of Tariquidar. The remaining 90 pl of the solution was used to determine the
encapsulated amount of Tariquidar. This 90 ul of the solution was centrifuged at 17500
rpm for 1 hour, and the supernatant part (supernatant-1) was transferred to another
Eppendorf tube and added acetonitrile up to a total volume of 600 puL. The remaining
pellet after centrifugation was dissolved in 600 ul Acetonitrile and sonicated before the
next centrifugation. After being sure the pellet was fully dissolved, the solution was
centrifuged again at 17500 rpm for 1 hour. Again, this solution was separated as a pellet
and supernatant (supernatant-2). Pellet was washed with 600 puL Acetonitrile, vortexed,

and centrifuged. The supernatant part (supernatant-3) was removed for analysis. All
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supernatants were quantified regarding Tariquidar at UV-Vis spectrophotometry, as

explained in Figure 23.

3.3.7 Determination of Doxorubicin Amount Loaded into Liposomes

There are several methods for determining the encapsulation efficiency of
liposomal Doxorubicin. In this research, two ways were used HPLC and fluorescence

spectrophotometry.

3.3.8 Doxorubicin Quantification by Fluorescence Spectrophotometry

Fluorescence spectrophotometry is a set of techniques that deals with the
measurement of fluorescence emitted by substances when exposed to ultraviolet, visible,
or other electromagnetic radiation. Fluorophores are molecules that absorb light at one
wavelength (excitation wavelength) and emit light at another (emission wavelength).
Fluorescence is mainly used to measure substances in solution. Most spectrofluorometers
can record both excitation and emission spectra. They primarily consist of four parts:

light sources, monochromators, optical filters, and detector Figure 24.

Figure 24. Fluorescence spectroscopy principle(Delfino et al., 2021).
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Doxorubicin has a fluorescence property. It has an excitation/emission at 495 /590
nm wavelength. The amount of drug loaded into liposomes was measured via
fluorescence spectrophotometer (BioTek, Synergy HTX Multi-Mode Reader).

Doxorubicin quantification was performed using 96 wells plate with 350 ul well
volume. Before measurements, the calibration curve of the DOX solution in ultrapure
water was generated by serial dilution (80/100) to the DOX solution at 0.2 mg/ml (0.2
mg Doxorubicin dissolved in 1 ml ultrapure water). During the measurements, 290 pl of
ultrapure water and 10 pl of liposomal Doxorubicin were added to the well, and the
resulting solution was diluted 5 times by serial dilution of 1:1. To each well containing
diluted liposomes, 10 pl of Triton-X (20 wt%) was added. Liposomes were lysed by take-
and-release method of the solution by pipetter. Air bubbles were burst by using a small
needle if there were any. Using the linear relationship between fluorescence and
concentration, the loaded amount of DOX was determined, as shown below. For this
purpose, the fluorescence of DOX-loaded liposomes at different dilutions was read both

before and after dialysis to calculate the encapsulation efficiency.
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(Codafter (kanf:er)
(Co)before _( m )

before

Encapsulation efficiency =

(kbefore)

Encapsulation efficiency % = ————
(kafter)

Equation 4. Determination of Doxorubicin concentration from fluorescence

measurements.

Where,

F: measured fluorescence value,

C: concentration of the sample,

m: the slope of the calibration curve produced with the known concentration of
DOX,

k: the slope of the curve of the measured fluorescence of the unknown sample at
different dilution factors,

DF: dilution factor (=C/Co),

Co: concentration of DOX in the main stock solution,

C: concentration of DOX at the given dilution.

3.3.9 Doxorubicin Quantification by HPLC Method

HPLC (Agilent 1100) method is the second most used method for determining
liposomal Doxorubicin. Firstly, both lipid (DSPC, DSTAP, and Cholesterol) and
doxorubicin HPLC unique peaks were determined by using the mobile phase gradient
method with MeOH (w/%0.1 TFA (Trifluoroacetic acid)) and water (w/0.1% TFA) at a
flow rate of 1.6 ml/min in method with HPLC column Inertsil ODS3 (5um, 4.6 x
250mm), at room temperature. Four main components (DSPC, Cholesterol, DSTAP, and
DOX) had clear and well-separated peaks.HPLC's calibration curve was produced by

diluting 1 mg/ml Doxorubicin in 1 ml Methanol and making serial dilutions by 70/100.
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For further experiments, lipids calibration curves were also obtained by dissolving 3 mg
of each DSPC, DSTAP, and Cholesterol in 1 ml of Methanol for each of them. Methanol
was used as a solvent because lipids, Cholesterol, and Doxorubicin are all soluble in
MeOH.

3.3.10 Analysis of Lipid-Doxorubicin Interaction by HPLC

This study also aimed to understand the lipid (DSTAP, DSPC, Cholesterol)
interaction with Doxorubicin. For this purpose, two different sets of experiments were
designed. In the first experiment set, lipid amounts were kept constant, and DOX amounts
were varied. For this reason, DSPC, Cholesterol, and DSTAP were weighed as 9.33 mg,
2.31 mg, and 2.25 mg, respectively, resulting in a 56.3/28.5/15.3 molar ratio. The lipid
mixture (13.89 mg) was dissolved in 1 ml MeOH. Doxorubicin (1.11 mg) was dissolved
in 1 ml MeOH. Four vials with 100 ul of this lipid solution were taken, and doxorubicin
solution was added into these vials as 50 pl,200 pl,150 pl, and 200 pl.

In the second experiment set, a constant amount of DOX was added to the
varying amounts of the lipid mixture. For this reason, lipids and Doxorubicin solution
were prepared as above. 50 pl of doxorubicin solution was added to each vial containing
50 pl, 100 pul, and 200 ul of lipid solution at a molar ratio of DSPC/Cholesterol/DSTAP:
56.3/28.5/15.3. HPLC analysis was done using the method above (column Inertsil ODS3
(5um, 4.6 x 250mm), mobile phase gradient method with MeOH (w/%0.1 TFA) and

water (w/0.1% TFA) at a flow rate of 1.6 ml/min and at room temperature).

3.3.11 Tariquidar Quantification After Loading of Doxorubicin

Doxorubicin was loaded into already Tariquidar-containing liposomes by the
active method by incubating the mixture for 3 hours at 65 °C in an agitating water bath
at 150 rpm. 65 °C is the phase transition temperature for lipids; however, Tariquidar is

located in the bilayer. Considering the Tariquidar could be affected by extended time
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incubation measurements for Traiquidar was reperformed, using the same procedure
explained above (Figure 23). Briefly, to characterize the tariquidar amount, %15 DSTAP
liposomes which contain Tariquidar with 0.003,0.006,0.012,0.024 drug/ lipid ratio
prepared each liposome incubated with 500 p1 of 1 mg/ml doxorubicin incubated at 65°C
for 3 hours, and the final concentration of Doxorubicin was 0.5 mg/ml. Tariquidar
quantification was done by taking 55 ul of each solution by dissolving it in 600 pl
Acetonitrile; 100 pl of the solution was used to determine the encapsulated amount of
Tariquidar. 100 ul of solution was centrifuged at 17500 rpm for 1 hour and divided into
supernatant and pellet. After centrifugation of supernatant, 100 ul completed to 600 pl
with Acetonitrile. Pellet dissolved in 600 pl Acetonitrile and was sonicated before
centrifugation. After being sure the pellet fully dissolved, the solution was centrifuged at
17500 rpm for 1 hour. Again, this solution is divided into a pellet and supernatant. Pellet
was washed with 600 pl Acetonitrile. To increase the dissolution, the pellet vortexed and
centrifuged. Both supernatants were quantified in terms of Tariquidar at UV-Vis

spectrophotometry.

3.3.12 Interference of Tariquidar and Doxorubicin in Uv-Vis

Spectrofotometry Measurements

To understand the self-interactions between Tariquidar and Doxorubicin, they
were mixed in the same amounts as in the liposomes. Samples were prepared without
lipids. For this experiment, 126 pl of Tariquidar (0.048 mg/ml as dissolved in
Acetonitrile) was taken from the stock solution, and 474 ul of Acetonitrile was added.
Seven vials were prepared. Additionally, 55 ul of Dox solution (1 mg/ml) was taken and
diluted seven times at a 1:1 ratio. These diluted DOX solutions were added to each
tariquidar solution. The mixture was mixed, resulting in a total volume of 655 uL.
Absorbance values were read by transferring 600 uL of this solution to the quartz cuvette

of the UV-spectroscopy.

55



CHAPTER 4

RESULTS AND DISCUSSION

4.1  Liposomes and Their Characterizations

Liposomes composed of DSPC, cholesterol, and DSTAP were prepared by the
thin-film hydration method. Positively charged lipid DSTAP was added to the liposome
formulation in order to coat the liposomes with negatively charged fucoidan for targeting.
Because the repulsive forces between the liposomes determine the colloidal stability of
the liposomes, liposomes containing various amounts of DSTAP were formulated, and
their stability was assessed by zeta potential and size measurements with ZetaSizer. As
shown in Figure 25, the zeta potential of the liposomes increases with increasing DSTAP
and reaches around +35 mV at 20% DSTAP in the medium of 10 mM NaCl. The zeta
potential is a measure of the electrical potential difference between the primary fluid in
which a particle is dispersed and the layer of fluid containing oppositely charged ions
associated with the particle surface; hence, its value varies with the ionic strength of the
medium. Typically, zeta potential is inversely related to the medium ionic strength, i.e.,
a lower ionic strength medium results in higher zeta potential values for the same
particles. Indeed, zeta potentials measured in 1 mM NacCl solution were much higher than
in 10 mM NaCl, reaching roughly +50 mV at 20% DSTAP concentration (Figure 26).
Zeta potential provides information about the stability of colloidal particles, as particles
with higher zeta potential generally repel each other more strongly due to electrostatic
forces, preventing aggregation. Generally, colloids with zeta potential values in the range
of £30 mV are typically considered stable colloids. Therefore, 15% DSTAP was selected
as the optimum concentration for further experiments. 15% DSTAP containing liposomes
exhibited a zeta potential of 32 mV in 10 mM NaCl solution while 43.6 mV in 1 mM

NaCl solution when the hydration process was done in an ammonium sulfate solution.
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The formulation resulted in a zeta potential value of 17 mV when hydrated in 1 mM NaCl
prior to liposome making and then measured in 1 mM NaCl.

As can be seen from both figures, the size of the liposomes did not show a
significant change with increasing DSTAP% in both mediums, exhibiting a monomodal
size distribution around 200£10 nm and 180410 nm in the medium of 10 mM NaCl and
1 mM NacCl, respectively. These sizes suggest that the size of the liposomes is determined
by the pore size of the polycarbonate membrane used in the extrusion. Because the
intervals between endothelial cells range from 100 to 800 nm, these sizes are excellent
for liposome accumulation in tumor sites. Previous works found that accumulation was

greater when the sizes were between 400-200 nm (Sawant & Torchilin, 2012).
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Figure 25. Average size and zeta potential of different DSTAP mole percentages
liposomes made in (NH4)>SO3s buffer and measurements made in 10 mM
NaCl.
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Figure 26. Average size and zeta potential of different DSTAP mole percentages
liposomes made in (NH4)2SOs3 buffer and measurements made in 1 mM NacCl.

In the above liposome formulations, (NH4)2SO3 buffer was used for hydration,
considering doxorubicin loading by pH gradient method in the subsequent experiments.
To understand if the hydration medium also affects the liposome's zeta potential, a thin
film was hydrated in 1 mM NaCl solution, and zeta potential and size measurements were
also performed in 1 mM NaCl solution. As seen in Figure 27, the hydration medium did
not significantly change in size, but much lower zeta potentials were observed. This result
implies that the ions of the hydration medium are adsorbed on the liposome surface,

altering the double layer thickness and, thus, zeta potential.
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Figure 27. Average size and zeta potential of different DSTAP mole percentages
liposomes hydrated in 1 mM NaCl and measurements made in 1 mM NacCl.

The effect of different Mediums on Zeta Potential and Size measurements was
also evaluated (Figure 28). First, salt solutions were prepared in the concentration range
from 1 mM to 62.5 mM to compare the effect of both the concentration and type of the
medium. Measurements were done by mixing 980 ul salt solution with 20 ul of %10
DSTAP containing liposomal solution. As seen in Figure 28, when the salt concentration
increases, the liposomal solution's zeta potential decreases, in agreement with DLVO
theory. On the other hand, the medium does not affect liposome size; as mentioned

before, size is related to polycarbonate membrane pore size.
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Figure 28. Size and Zeta potential measurements of %10 DSTAP liposomes in different

salt mediums (NaCl, (NH4).SO3, NaH,POs4, NaCH3COOH concentration
varying from 1 mM to 62.5 mM).
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4.1.1 Determining the Optimum Centrifugation Time for Liposomes

The centrifugation method is generally used to determine hydrophobic drug
encapsulation efficiency. In literature, Hydrophobic drugs such as Curcumin, Tariquidar,
Calcein, etc., were encapsulated into liposomes, and the centrifugation method was
employed to separate the unloaded drug from the liposomes (Hardiansyah et al., 2017;
Mourtas et al., 2008; Patel et al., 2011b). However, limited research has been done on
optimizing liposome centrifugation time and rpm. This study aimed to determine the
optimum centrifugation force and duration in which liposomes are unaffected and
entirely precipitated.

Patel et al. reported using centrifugation at 10,000 rpm for 10 minutes to
precipitate non-entrapped Tariquidar (Patel et al., 2011) . In a subsequent study by
Montesinos, unloaded elacridar and Tariquidar were separated from the liposomes by
precipitating under centrifugation at 10.000 g for 5 minutes. Mourtas et al. determined
unencapsulated Calcein by centrifugation at 15.000 rpm for 40 mins. These studies
assumed that non-encapsulated free drugs precipitated as pellets upon
centrifugation(Mourtas et al. 2008). Contrary to those studies, Gomez et al. separated the
unencapsulated drug by centrifugation at 30k relative centrifugal force for 2 hours,
assuming the free drug remained in the supernatant phase (Gonzalez Gomez et al. 2019).
Indeed, drug molecules are very small compared to liposomes; therefore, according to
Stoke’s Law, they remain in the supernatant phase, as suggested by Gomez et al. There
are contradictory results in the literature for the separation of hydrophobic drugs by
centrifugation method. Moreover, none of these studies investigated the fates of
liposomes after centrifugation. In our study, firstly, we tried to understand the effect of
centrifugation on liposomes in terms of size and number using an indirect method.
Unfortunately, no method is available to measure liposome concentration directly. In this
study, we indirectly observed the change in size and number of liposomes upon
centrifugation using the derived count rate in dynamic light scattering measurements.

According to Stokes' law Equation 5, a particle will sink in a fluid medium under
the action of gravity when a force is applied to it. The velocity, fluid viscosity, and sphere

radius all directly relate to the force.
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Equation 5.Stokes' law equation

V= rate of sedimentation

ps= density of the particles

pi= density of the liquid

r= radius of the particle

g= acceleration due to the gravity

p= viscosity of the liquid

When the equation is analyzed, precipitation due to density difference seems very
unlikely in our system, considering that our liposomes are stable colloidal systems. One
should keep in mind that this colloidal stability results from the high zeta potentials, not
necessarily similar densities of the liposomes and the medium. On the other hand,
spontaneous precipitation of liposomes with low zeta potential may suggest that
precipitation occurs due to flocculation and coagulation of liposomes under
centrifugation. The sedimentation rate is proportional to the square of the particle's
radius and the acceleration of gravity. Therefore, during the centrifuge process, tariquidar
precipitation is very unlikely due to their small size compared to liposomes, as opposed
to the assumption by Patel, Mourtas and Montesinos (Patel et al. 2011b; Mourtas et al.
2008; Nieto Montesinos et al. 2015).

To understand the fate of liposomes upon centrifugation, liposomes were exposed
to centrifugation at different centrifugal forces (3000 rpm, 10000 rpm, and 17500 rpm)
for different durations (Figure 29). As mentioned in the materials and method chapter,
100 pl of the liposomal solution was put in the Eppendorf tube for each time point and
centrifuged for a predetermined period. Changes in the number and size of the liposomes
in the supernatant phase were monitored by the derived count rate. The derived count rate
is a calculated parameter in the ZetaSizer nano software. It is representative of the
scattering intensity that would be measured at the APD detector in the absence of the

laser attenuation filter. Whereas, in the mean count rate, the attenuator is varied by the
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software to maintain the count rate between 200500 kcps. In 3.000 rpm, derived count
rates do not significantly change with the centrifugation period, as presented in Figure
29, indicating that liposomes are still in suspended form. At 10.000 rpm, however, after
30 mins, the derived count rate decreased by around 30% compared to the initial.
Centrifugation of the liposomes at 17.500 rpm caused a significant decrease in the derived
count rate even at 20 minutes. About in 60 minutes, 70% of the liposomes seemed to
pelletize. Precipitation of liposomes was also observed visually, resulting in a clear
supernatant phase. The derived count rate varies with size and number of the particles in
the solution. A higher number of particles and/or greater size result in higher values of
the derived count rate. Similarly, a lower number of particles and/or smaller sizes result
in lower values of the derived count rate. The derived count rate of the supernatant not
going to lower values when centrifuged further might be explained by breaking down of
the liposomes into smaller ones at the expense of an increase in number and/or not
reaching the liposome clusters to a critical size to precipitate as a result of flocculation
and coagulation (Figure 29). It is important to note that the derived count rate of Ultra-

Pure Water was not close to zero either.
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Figure 29. Derived Count Rate changes during periods at different Revolutions per
Minute (3.000,10.000,17.500 rpm).
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4.2  Tariquidar Loading Liposomes Characterization

4.2.1 Size and Zeta Potential Measurement of Tariquidar Loaded

Liposome

As explained in materials and methods section 3.2.2, lipids were weighed then
TRQ dissolved in ACN solution was added to lipids. Not a good thin film formation was
not obtained when the chloroform was added to Lipid-TRQ- ACN solution because lipids
are not soluble in ACN. On the other hand, when ACN was removed from the mixture
under the Nitrogen gas stream first, and then chloroform was added to the lipid-TRQ
mixture to homogenize. Completely dried film was obtained after keeping the film in a
vacuum oven overnight.

As seen in Figure 30, the size of the liposomes did not change again with the
loading of TRQ, indicating almost similar sizes with plain liposomes. The Zeta potential
of the Tariquidar loaded liposomal did not show a trend. Fluctuations of the zeta potential
might be explained by the adsorption of TRQ on the liposome surface and, thus, a change
in the double layer thickness (TRQ encapsulation efficiency did not show any trend

either, as will be explained later).
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Figure 30. Tariquidar loaded liposome size and zeta potential measurements.

4.2.2 Quantification of Tariquidar loaded Liposomes

Tariquidar is encapsulated in a liposome bilayer because of its hydrophobic
nature. UV-Vis Spectrophotometry and HPLC methods were employed for
quantification. For UV-Vis Spectrophotometry measurements, a full scan of TRQ
dissolved in ACN was taken to determine the maximum absorbance wavelength. As seen
in Figure 31, TRQ exhibits a maximum peak at 240 nm. The calibration curve at 240 nm
was generated by 80% serial dilution of TRQ solution in ACN at a concentration of
48.75ug/ml (Figure 32).
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Figure 31. Full absorbance spectrum of Tariquidar.
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Figure 32. Calibration curve of Tariquidar in UV-Vis Spectrophotometry at 240 nm.

The reversed-phase HPLC technique was used in the literature with the Xbridge
C18 (4.6 cm x 250 cm) column (Waters Corporation, Milford, MA). Ammonium acetate
buffer (pH 4): Acetonitrile mixture (40:60 wt. ratio) was used as a mobile phase, and a
UV detector was used at 240 nm. The authors generated the calibration curve of
Tariquidar in HPLC using concentrations varying from 0 ug/ml to 20 ug /ml (Patel et al.,

2011a). However, they did not mention the solvent they used to dissolve the Tariquidar.
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The calibration curve of the TRQ was produced using the same solution in UV-Vis

Spectrophotometry.
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Figure 33. Calibration curve of Tariquidar in HPLC at 240 nm.

Tariquidar's encapsulation and loading efficiency was determined by HPLC and
UV-Vis absorbance after centrifugation of the samples. Liposomes were prepared with
different amounts of Tariquidar and subjected to a centrifugation process summarized In
Figure 23. To determine the total amount of Tariquidar present in the liposomal solution,
first, 55 pl of the tariquidar-loaded liposomal solution was withdrawn from the original
solution and mixed with 545 pl of ACN. The resulting solution was sonicated and
vortexed to disrupt the liposomes, and the total Tariquidar amount was determined by
both UV-Vis and HPLC. To determine the encapsulated Tariquidar, 100 pl of Tariquidar-
liposomal solution was transferred into an Eppendorf tube from the original solution and
then was centrifuged at 17500 rpm for 1 hour. All of the supernatant phase (supernatant-
1) was transferred to another Eppendorf tube, and it was completed to 600 pul with ACN.
The remaining pellet was dissolved in 600 pul ACN. The solution was sonicated and
vortexed for a few minutes to lyse the liposomes and allow the Tariquidar to dissolve in
the ACN phase. This solution was centrifuged again at 17500 rpm for 1 hour to accelerate
the precipitation of the liposome components (DSPC, Chol, and DSTAP are all insoluble
in ACN). The supernatant of this centrifugation process (supernatant-2) was measured

for Tariquidar content. The pellet of this step was washed one more time with ACN to
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take the remaining TRQ (if there is any) to the ACN phase. The resulting solution was
centrifuged again at 17500 rpm for 1 hour to accelerate the precipitation of the liposome
components. The supernatant phase was taken to a new Eppendorf tube (supernatant-3).
All supernatants (supernatant-1, supernatant-2, supernatant -3) were analyzed by HPLC
and UV-Vis spectrophotometry.
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Figure 34. Comparison of Encapsulation and Loading efficiencies of Tariquidar loaded
liposomes (DSPC/Chol/DSTAP:55/30/15, Total lipid content: 0.015 mmol)

analyzed by HPLC and UV-Vis Spectrophotometry (in the standard
deviations n=2 for 0.006, n=3 for 0.012).
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Both the Loading and encapsulation efficiency of Triquidar were reported in
Figure 34. Loading efficiency indicates the encapsulated amount of TRQ with respect to
the TRQ amount initially added to the lipid mixture. Whereas encapsulation efficiency
indicates the encapsulated amount of TRQ with respect to the total amount in the
liposomal solution determined by UV-vis or HPLC measurement. Loading efficiency
dramatically decreased with increasing TRQ/Lipid molar ratios from 0.003 to 0.006 in
UV-Vis measurements. The change was insignificant at the TRQ/Lipid molar ratio of
0.006 and 0.012 but decreased considerably at the 0.018 molar ratios. Because of the
water-insoluble nature of TRQ, there could be some circumstances in which some of the
TRQ might be lost during the preparation of the liposomal form. For instance, TRQ may
aggregate during the hydration process and settle down at the bottom of the vial, resulting
in some of the TRQ not being withdrawn to a syringe for the extrusion process.
Additionally, the TRQ-lipid mixture withdrawn from the syringe might have caused
clogging in the pores of the polycarbonate membrane. Indeed, the polycarbonate
membrane used during the extrusion process for 0.018 TRQ/Lipid molar ratio was more
yellowish in color than the one used for 0.006 TRQ/Lipid molar ratio, suggesting that
some of the TRQ were remained on the polycarbonate membrane during the extrusion
process (Figure 35). Additionally, as seen from the DLS measurement in Figure 36,
although there is a slight decrease in the size of liposomes, there was a dramatic decrease
in the derived count rate of liposomes with increasing Tariquidar content, also suggesting
a decrease in the number of liposomes passing through the polycarbonate membrane as
a result of this pore-clogging issue. In conclusion, these issues might have caused the low

loading efficiency of TRQ into liposomes.
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Figure 35. Polycarbonate membrane color changes after the extrusion process (left
polycarbonate membrane: 0.018 TRQ/Lipid molar ratio, right polycarbonate
membrane: 0.006 TRQ/Lipid molar ratio).
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Figure 36. Derived Count Rate and Average size of liposomes loaded with different
amounts of Tariquidar (DSPC/Chol/DSTAP:55/30/15, Total lipid content:
0.015 mmol).
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In all TRQ/Lipid molar ratios, HPLC measurements indicated lower loading
efficiencies than UV-Vis measurements. From these results, HPLC analysis might be
misleading for the same amount of sample used in both methods if the loaded amount of
Tariquidar is low because of the reasons discussed above. As a result, measurements may
have fallen below the instrument’s detection limit. Furthermore, as seen from the
chromatograms in Figure 37 and Figure 38, tariquidar peaks consist of shoulders,
resulting in an incorrect reading of the HPLC area. This could be because of unsuitable
column selection, mobile phase properties, and solvent selection. Because of all these

reasons, HPLC results were evaluated as unreliable.

Figure 37. HPLC chromatogram of %15 DSTAP liposomes loaded with Tariquidar at
TRQ/Lipid ratio of 0.006 (after dialysis of liposomes) (SO: before centrifuge,
S: Supernatant-1, PS: Supernatant-2, PS2: Supernatant-3).
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Figure 38. HPLC chromatogram of %15 DSTAP liposomes loaded with Tariquidar at
TRQ/Lipid ratio of 0.018 (after dialysis of liposomes) (SO: before centrifuge,
S: Supernatant-1, PS: Supernatant-2, PS2: Supernatant-3).

Encapsulation efficiency (EE%) indicates the percent of the liposomal TRQ in the
solution. Encapsulation efficiency did not show a trend but showed maximum
encapsulation efficiency at 0.012 TRQ/Lipid molar ratio in both UV-Vis and HPLC
measurements.

Interestingly, this molar ratio used by Patel’s study and loading efficiency was
reported as around 70% (Patel et al., 2011b). Montesinos et al. studied the co-loading of
Elacridar and Triquiadar into liposomes. Liposomes were produced by sonication method
and centrifuged at 10.000 g for 10 mins, assuming nonencapsulated drugs were
pelletized. They reported the loading efficiency as 63.4+2.4%. Montesinos et al. used a
method similar to the one used by Patel et al. (Nieto Montesinos et al., 2015). In these
studies, loading efficiencies were reported higher than ours because they assumed they
removed the unencapsulated Tariquidar by centrifugation. Authors claimed that
unencapsulated Tariquidar precipitated as a pellet, contrary to our assumption. As we
stated before, Tariquidar cannot get precipitated because of its molecular size, according
to Stoke’s Law. In other words, it is very likely that nonencapsulated Tariquidar has not

been removed from their liposomal solution and counted as encapsulated, resulting in
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these high loading efficiencies. However, in our study, liposomes were dialyzed and
centrifugated to remove the nonencapsulated (free) Tariquidar (present in supernatant-1).
Low encapsulation efficiency can be attributed to again insoluble nature of TRQ. TRQ
might have been aggregated in the buffer solution during the hydration,n forming clusters
that can not migrate to the bilayer of liposomes. It is also possible that some of the clusters
that have achieved to go to the bilayer of liposomes causing disorder in the bilayer may
have migrated out from the bilayer during the centrifugation process, leading to the
quantification of low encapsulation efficiencies. In calculating encapsulation
efficiencies, a separate 100 ul was taken from the original solution, and the total amount
(free+ encapsulated TRQ) was analyzed. If there is an inhomogeneity in sampling, this

could be another reason for low encapsulation efficiencies.

4.2.3 Cholesterol Effect On Tariquidar Loading

In the literature, researchers proposed that cholesterol resides in bilayers of
liposomes as hydrophobic drugs. We aimed to investigate if the cholesterol content
affects the tariquidar loading.

We designed two sets of experiments. In the first set, the DSTAP mole percent
was kept constant at %15 and the total lipid content at 0.015 mmol while increasing the
Cholesterol content in the formulation (formulations 3 to 6). In the other set,
DSPC/DSTAP mole percents were kept constant at 55/15, and Cholesterol content was
increased (formulations 1 to 3). In all formulations (Table 5), TRQ/Lipid molar ratio was
constant at 0.012.
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Table 5. Compositions of liposomes used for investigation of cholesterol effect on
Tariquidar loading. Total lipid content (DSPC+DSTAP) was kept constant at

0.015 mmol lipid.
Mole % 1 2 3 4 5 6
DSPC 55 55 55 65 75 | 85
Cholesterol | 42 35 30 20 10 0
DSTAP 15 15 15 15 15 | 15

Tariquidar was added to the lipid mixture as a solution dissolved in ACN.
However, lipids are insoluble in ACN. Therefore, in the thin film preparation step, first,
ACN was removed under a nitrogen stream, and then chloroform was added to the
mixture. When chloroform was added to ACN, removal of the organic solvents’ mixture
took longer, and an even thin film could not have been obtained due to the insolubility of
lipids in ACN. Liposomes were prepared as before and then dialyzed to remove the free
Tariquidar. Tariquidar content was determined by UV-Vis spectrophotometry after
centrifugation, as explained in Figure 23. Liposome films with 0% and 10% cholesterol
were prepared; however, in the extrusion step for both formulations, the hydrated solution
could not get passed through the polycarbonate membrane. In the liposomal solution with
20% Cholesterol content, the extrusion process required more force to push to solution
through the membrane, and therefore only 0.8 ml of liposomal solution was obtained
instead of 1 ml due to the leakage of solution during the extrusion.

There was no problem with the liposomes containing 30% and 35% cholesterol,
producing 1 ml liposomal solution completely. However, liposomes with 35%
cholesterol could not have been reproducibly obtained even though there was no problem
with the thin film. Liposome preparation was unsuccessful when cholesterol content was
increased to 42%. Interestingly, liposomes containing 30% cholesterol were
reproducible, while others were not.

Both Cholesterol and Tariquidar load into the bilayer of liposomes. In the absence
and lower cholesterol content (10%), Tariquidar could not have been loaded in the bilayer
of liposomes. Indeed, it interfered with liposome formation due to its aggregation in the
aqueous solution and clogging the pores of the polycarbonate membrane. When the

Cholesterol content was increased to 20%, liposome production became possible, but
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with some solution leakage (0.2 ml leakage) during the extrusion, perhaps again because
of the Tariquidar aggregation and clogging of the pores of the polycarbonate membrane.
Encapsulation and loading efficiencies increased when cholesterol was increased from
30 to 35% (Figure 39). Nevertheless, with the increase in cholesterol content (42%),
liposome production was unsuccessful again, perhaps due to competition between
cholesterol and Tariquidar migrating to the bilayer. There was visible aggregation in the

solution during the extrusion, as seen in Figure 40.
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Figure 39. Effect of Cholesterol content on Tariquidar loading (TRQ/Lipid molar ratio
=0.012)

Figure 40. Image of the liposomal solution with 42% cholesterol content during the

extrusion process.
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4.2.4 Release Studies Of Tariquidar At Elevated Temperature

The eventual goal of this study was to load both Tariquidar and Doxorubicin into
the same liposomes. Therefore, Tariquidar containing liposomes was prepared in an
Ammonium Sulfate buffer solution (250 mM, pH: 5.5) to be able to load Doxorubicin by
pH gradient. Doxorubicin loading was performed by incubating the mixture of
Doxorubicin solution (1 mg/ml) and Tariquidar-loaded liposomes at equal volumes at
65°C for 3 hours. Therefore, release studies were performed firstly performed at 65°C.
This temperature is even higher than the phase transition temperature of the lipids. Above
the phase transition temperature, lipid molecules become fluidity, causing the release of
Tariquidar molecules from the bilayer. To assess the stability of encapsulated Tariquidar,
Tariquidar loaded liposomes prepared as before (DSPC/Chol/DSTAP:55/30/15, Total
lipid content: 0.015 mmol, TRQ/Lipid molar ratio: 0.012) and dialyzed before UV-Vis
measurements. Tariquidar-loaded liposomal stock solution was aliquoted into glass vials
(6 vials containing 145 pl of stock solution in each vial), and all vials were incubated in

a water bath at 65°C.
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Figure 41. Change of Tariquidar in the liposomal solution after incubation at 65°C

(measurements were performed by withdrawing 55 pl solution).
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Figure 42. Encapsulation efficiencies of Tariquidar in the liposomal solution after
incubation at 65°C (measurements were performed by applying the

centrifugation method).

At indicated times, one of the vials was removed from the water bath and analyzed
by UV-Vis spectrophotometry according to the procedure shown in Figure 23.

As seen in Figure 41, there was no change in the detected amount of Tariquidar,
which shows the temperature stability of the Tariquidar at 65°C. This result shows that
Tariquidar would not be affected by incubation during Doxorubicin loading. The
tariquidar lipid ratio remained constant at around 0.13-0.15 molar ratio. There was a burst
release of Tariquidar in the first 30 mins, and the encapsulation efficiencies decreased
from 54% to 44% and remained almost the same in the rest of the experiment (Figure
42). Since the release is not very significant at this temperature, the study of release at

body temperature was not needed to be performed.
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4.2.5 Tariquidar Quantification After Doxorubicin Loading

Figure 43 shows the absorbance of the liposomes with different TRQ/Lipid molar
ratios, and Figure 44 shows the absorbance of the same liposomes after DOX loading.
Absorbances of the TRQ-loaded liposomes and TRQ-DOX-loaded liposomes were
measured after the disruption of liposomes (55 pl) in 545 ul ACN.

&
o ow»

—0.003 BC

w
I

0.006 BC

N

0.012 BC

Absorbance, a.u

=

0.024 BC

v =, U1 NN 1 W U

o

}

200 250 300 350 400 450 500 550 600 650
Wavelenght,nm

Figure 43. 0.003,0.006,0.012,0.024 TRQ/Lipid ratio liposomes UV absorbance
spectrophotometry (BC: before centrifuge).
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Figure 44. 0.003,0.006,0.012,0.024 TRQ/Lipid ratio doxorubicin-loaded liposomes UV

absorbance spectrophotometry (BC: before centrifuge).

From the comparison of both figures, it can be seen that TRQ-DOX-loaded
liposomes had much higher absorbance values compared to TRQ-loaded liposomes.
These results suggest that doxorubicin interfered with the absorbance of TRQ at 240 nm,

making impossible TRQ measurement after the doxorubicin loading.

4.3  Doxorubicin Loading And Characterization

The Fluorescence spectrophotometry and HPLC method were used in the
literature to quantify Doxorubicin in the liposomes. In this study, both methods were used
for quantification purposes. A calibration curve for Fluorescence measurements
(BioTek, Synergy HTX Multi-Mode Reader) was obtained by 80% serial dilution of 0.2
mg/ml Doxorubicin solution in Ultra Pure Water (UPW) (Figure 45).
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Figure 45. Calibration curve in Fluorescence Spectrophotometer.

To understand if there is an effect of DSTAP on DOX loading, plain liposomes
with different DSTAP percent were prepared. 500 pl of liposomal solution and 500 pl of
1 mg/ml doxorubicin solution were incubated for 3 hours at 65°C in a hot water bath at
150 rpm. After incubation, liposomal doxorubicin (Lipo-Dox) fluorescence was
determined before and after dialysis. For before dialysis, 290 pl of UPW and 10 pl of
Lipo-Dox were added to the well, and the mixture was diluted 1:1 (v/v) 5 times.
Fluorescence reading of the wells was done at excitation/emission: 480/590 nm. For
disruption of liposomes, 10 ul of Triton-X (10%) was added to each well, and the
fluorescence values of the solutions were read again.

After the Lipo-Dox solution (around 2 ml) was dialyzed against 2 L %0.9 NaCl
solution overnight. Fluorescent reading was done, as explained above. Encapsulation
efficiency was determined from the ratio of concentrations measured after dialysis to
before dialysis according to Equation 4. Loading efficiencies were calculated from the
ratio of concentrations measured after dialysis to the initial amount (0.5 mg/ml) added to

incubation.
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Figure 46. Encapsulation efficiency vs. Percentage of DSTAP.
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Figure 47. Loading efficiency vs. Percentage of DSTAP.

Figure 46 and Figure 47 show that both loading and encapsulation efficiencies

were highest in the absence of DSTAP. Encapsulation efficiency decreases from 99% to
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around 70%; loading efficiency decreases from 85% to 70% with the addition of DSTAP.
Further, increased DSTAP content in the liposome did not cause a significant change in
encapsulation and loading efficiencies.

Because of its hydrophobic nature, TRQ must be loaded into liposomes by passive
loading. However, Doxorubicin is loaded into the core of liposomes by pH gradient by
active mode. To investigate if the presence of TRQ in the bilayer affects the encapsulation
of doxorubicin, %15 DSTAP liposomes which contain varying amounts of tariquidar
(0.003,0.006,0.012,0.024 TRQ/ lipid ratio) were prepared and mixed with the
doxorubicin at 1 mg/ml at equal volumes. Fluorescence readings of DOX were done, as

explained above.
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Figure 48. Doxorubicin encapsulation efficiency at various Tariquidar/lipid ratios.

Interestingly, the presence of TRQ in the bilayer enhanced the DOX loading,
causing encapsulation efficiency to increase from 65% to around 70% when TRQ/lipid
molar ratio was increased from 0 to 0.006. This may mean that TRQ created interstitial
pores in the bilayer, allowing DOX to pass through. Further, an increase in the TRQ/L.ipid

molar ratio did not significantly affect encapsulation efficiency.
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DOX quantification was also done by the HPLC method. HPLC’s calibration
curve (Figure 49) was made by serial dilution (70%) of 1 mg/ml Doxorubicin in
Methanol (solvent: MeOH).
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Figure 49. Calibration curve of DOX in Methanol in HPLC.

To determine if there is an interaction between DOX with liposome components
(DSPC, Cholesterol, and DSTAP), calibration curves of the liposome components were
also generated. Each component (3 mg) was added to the same vial, and the mixture was
dissolved in 3 ml Methanol, resulting in a 3 mg/ml solution at a molar ratio of
DSPC/cholesterol/DSTAP: 24/49/27. As seen in Figure 50, elution times of DSPC,
Cholesterol, and DSTAP were 15 mins,13 mins, and 8 mins, respectively. The final
solution was diluted serially by 70% (v/v). As seen, the Elution times of components did
not change with concentration. Calibration curves for each component were generated
from a reading of the areas in Figure 52. Figure 52 and Figure 52 indicates that each

component shows linear behavior in the concentration range studied.
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Figure 50. HPLC chromatogram of lipid mixture at different concentrations.
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Figure 52. DSPC, and Cholesterol calibration curves in MeOH for HPLC analysis.

Using these calibration curves, we attempted to analyze the composition of plain
liposomes; however, when standard 100 pl of liposomal solution was employed, the peak
of DSTAP was very small, causing our efforts to determine the liposome composition to
fail.

85



4.3.1 Lipid- Doxorubicin interaction

Two separate studies were conducted to understand whether any interaction

between DOX and liposome components interferes with the measurements. In the first

study, lipid composition was kept the same, and the DOX amount was varied. In other

words, varying DOX amounts were added to the lipid mixture at constant composition.
For this purpose, DSPC/Chol/DSTAP was mixed at a molar ratio of 56/28/15 at a total
concentration of 13.89 mg/ml in methanol. A varying amount of DOX solution (at 1.11

mg/ml in methanol) was added to the 100 pl of this mixture (

Doxorubicin (uL) |Lipid mix (nL)| Added MeOH (pL) | Total Volume (pL)
50 100 100 250
100 100 50 250
150 100 0 250
200 100 0 300

). Indicated amounts of methanol in Table 6 were added to the solution to prepare

a solution at a total volume of 250 pl. HPLC results of the mixtures are summarized in

Table 7.

Table 6. The volumes used to prepare samples are in Figure 55 (a).

Doxorubicin (uL) |Lipid mix (nL)| Added MeOH (pL) | Total Volume (pL)
50 100 100 250
100 100 50 250
150 100 0 250
200 100 0 300
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Table 7. HPLC results of the samples are prepared in Table 6.

HPLC Area
DOX/Lipid| DOX Unkown
DOX | DSTAP | Cholesterol | DSPC
(nL/pL) | (mg/ml) peak
50/100 0.22 4007 119 5584 412 1322
100/100 0.44 6557 128 5415 400 1955
150/100 0.66 7725 132 5454 395 2666
200/100 0.74 8075 93 4440 325 2776

As seen in Figure 55 (a), lipid molar ratios were not significantly different from primary
liposomal lipid molar ratios. Small differences are thought to be due to the very small
HPLC area of the DSTAP peak. However, Figure 55 (b) shows that the Doxorubicin
HPLC concentration was higher than the theoretical concentration. As seen from Table
7, although DOX amounts used in this study are within the DOX calibration curve (Figure
49), HPLC areas obtained are outside the range of the calibration curve. In the
chromatogram, DSPC was observed at 15 min, Cholesterol at 13 min, DSTAP at 8 min,
DOX at 1.30 min, and an unidentified peak at 2.92 minutes. (Figure 53). It was thought
that the interaction of DOX and lipids caused the unidentified peak that appeared in the
HPLC and thus affected the DOX HPLC areas (Mady et al., 2012). To identify this peak,
a second study was planned. This time, the same amount of DOX was mixed with varying
amounts of the lipid mixture. Table 8 shows the volumes of the DOX, lipid mixture, and
Methanol volumes used in sample preparation. HPLC results of the mixtures are
summarized in Table 9. Although the DOX concentration was 0.222 mg/ml in all
mixtures, the concentrations obtained from HPLC results were much higher than the one
had to be (Figure 56(b)). Therefore, in this study, DOX was preferred to be quantified

using Fluorescence Spectrophotometry.
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Table 8. The volumes used to prepare samples are in Figure 56 (a).

Doxorubicin . ) Total volume
(L) Lipid mix (pL) Added MeOH (pL) (L)
50 50 150 250
50 100 100 250
50 200 0 250
Table 9. HPLC results of the samples are in Table 8.
HPLC Area
DOX/Lipid| DOX Choleterol
DOX (uL) [DSTAP (pL) DSPC ( pL)
(uL/pt) | (mg/ml) (L)
50/50 0.22 1154 64 2363 173
50/100 0.22 985 141 4543 346
50/200 0.22 1092 233 10188 773
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4.4  Fucoidan Coating Studies

Decoration of Liposomes polysaccharides is a widely used method for active
targeting. Chitosan, Alginate, Hyaluronic acid and Xantham Gum are examples of those
polysaccharides. Coating of liposomes is still not a well-studied topic. It contains several
key features such as adding method (at one time or dropwise), chain conformation,
medium, and polysaccharide concentration effect on liposome size and zeta potential.
Mady & Darwish coated DPPC liposomes with 0.5% (w/v) Chitosan (Mw: 15kDa) ratio
added by the drop-wise method under magnetic stirring at room temperature, and the
mixture was kept under stirring for 1 hour. On the other hand, Manca et al. slowly added
Chitosan dispersion and then the Xantham Gum solution under magnetic stirring.
Fucoidan coating onto liposomes is a new study, and few studies are available in the
literature. A similar study was done by Li et al., who coated pH-sensitive liposomes with
fucoidan. However, their paper did not report the details of the coating procedure and
concentration of Fucoidan. Therefore, In our study, we attempted to understand the

conformation of fucoidan in different mediums.

4.4.1 Conformation of Fucoidan in Different Solutions

Fucoidan is a long polymer chain that can acquire different conformations in
different solutions. To identify this, Fucoidan stock solutions were prepared in ultrapure
water and 10 mM NacCl solutions at a concentration of 3.4 mg/ml and diluted by 80%
(v/v) for the first five dilutions. After that, other dilutions were made by 50% (v/v). Size
and Zeta Potential measurements of the solutions were done by Malvern ZetaSizer. 980
pl of 10 mM NacCl solution was put into Size Cuvette, and 20 ul of stock solution was
added. For zeta potential measurements, the same solution was transferred to the zeta
cell ( Figure 57, Figure 58)

When the results in ultrapure water are examined (Figure 57), fucoidan exhibited
a size of 800 nm-1200 nm. The Zeta potential of the solution showed a decrease in

negativity with increasing concentration of fucoidan in the ultrapure water. Negative zeta
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potential results from the sulfate groups (OSOz) in the fucoidan chain. However, when
fucoidan was dissolved in 10 mM NaCl, smaller sizes of the fucoidan chain were detected
(around 500 nm — 800 nm). Zeta potential values also exhibited a decrease in NaCl
solution (Figure 58). The reduction in size and zeta potential can be related to the
screening of the negative charges by the sodium ions, which results in more compact

fucoidan chains.

4.4.2 Coating Liposomes with Fucoidan Dilutions

To coat liposomes with fucoidan, the liposomal solution containing %15 DSTAP
was diluted in half with ultrapure water, yielding a 7.5 uM lipid solution). Fucoidan
solution prepared at 3.4 mg/ml in ultrapure water was also diluted serially. 200 pl of the
liposomal solution was added to these diluted fucoidan solutions dropwise. The resulting
220 ul fucoidan-liposome solution was shaken at 170 rpm for 10 minutes. Each
combination's zeta potential and size were determined by combining 20 pl of fucoidan-
liposome solution with 980 pl 10 mM NaCl solution. As seen in Figure 59, the size of
the liposomes increased first with increasing concentration of fucoidan and decreased
with further increasing concentration. The zeta potential of the liposomes declined and
became more negative values as the Fucoidan/Lipid molar ratio increased, suggesting
that the liposomes were coated with fucoidan chains. The liposomes ' size changes
dramatically when the Fucoidan/Lipid molar ratio is low. This can be attributed to
bridging flocculation. Larger sizes at higher Fucoidan/Lipid molar ratios can be attributed
to depletion flocculation of the liposomes. It is important to note that each sampling of
the fucoidan-coated liposomal solution produced varied findings, showing that the

coating is not homogeneous.
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4.4.3 Dilution of Fucoidan Solutions and its Effect on Liposome Sizes

We attempted to carry out the coating technique at varied volumes to see if the
final fucoidan-liposome solution volume influences the flocculation of the liposomes.
Fucoidan solutions were further diluted with ultrapure water for this purpose. Fucoidan
dilutions were made by adding an additional 30 ul, 80 ul, and 180 ul of ultrapure water
to 20 pul of fucoidan solutions already prepared by serial dilution of stock solution. 200
pl of the liposomal solution was added dropwise to these diluted fucoidan solutions that
had already been diluted in half and then agitated for 10 minutes at 170 rpm. As explained
above, size and Zeta potential measurements were performed (20 pl of fucoidan-
liposome solutions and 980 pl 10 mM NacCl solutions).

In general, there was a decrease in the size of the coated liposomes, confirming
our hypothesis. We believe that the odds of flocculation is lower at diluted volumes.
According to the size results, the amount of fucoidan per lipid amount should be more
than a certain threshold to avoid bridging flocculation. Different samples of fucoidan-
coated liposomes from the same vial yielded a variety of results, indicating that the
solution was not homogeneous. As seen in SEM images in Figure 61, the solution may
potentially include large clusters. The Zeta potential of the coated liposomes, in general,
decreased by an increase in the fucoidan/lipid molar ratio. The change in zeta potential
from positive to negative and the continual reduction in zeta potential demonstrates that

the liposomes were coated with fucoidan.
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4.5 In-Vitro Studies

In-vitro studies were carried out using MDA-MB-231 cells. Cytotoxicity of the
free form of Fucoidan was studied for 24-, 48- and 72 hours in 96 well plates (Figure 62).

As seen in Figure 63, cell viability decreased with increasing Fucoidan concentration.

470ug/mL Fuc

235ug/mL Fuc 117,5ug/mL Fuc

58,75ug/mL Fuc 29,37ug/mL Fuc

Figure 62. Microscopic images of MDA-MB-231 cells after treatment with free Fucoidan

at various concentrations.
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Figure 63.MTT results of the free form of Fucoidan.
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Doxorubicin, being an anti-cancer agent, also affects cell viability (Figure 64). As
seen from the MTT results, DOX did not affect the cell viability up to 1 uM at low
concentrations. But at 10 uM, in 24 h and 48 h, around 40% cell viability was observed.
Cell viability increased to about 70% in 72h, suggesting that DOX acts as nutrition for
the cells at longer incubations. With the further increase in DOX concentration, cell

viability decreased in 24 hours but remained almost unchanged in 48 and 72 hours.

10um 24h

S_Ourn 24h

Figure 64. Microscope images of MDA-MB 231 cells treated with 10 uM, 20 uM, and
50 pM DOX at 24h, 48h, and 72h (hour).

101



180 : 0 24H
160 ] & 48H
140 _ g ] E72H
X120 A
Z
£100 + —
0
g _
S 80 -
S 60 f|
40 § |
CONT 0,001uM 0,01 uM 0,1uM 1uM
Doxorubicin, uM
120
B 24H
100 | —
F @ 48H
801 @ 72H

Cell Viability, %
N o)
o o

N
o
!

CONT 10uM 50uM 80uM 100uM
Doxorubicin, uM

Figure 65. MTT results of the free form of Doxorubicin.

Tariquidar as a p-glycoprotein inhibitor was also tested on the cell viability of
MDA-MB-231 cells. As seen in Figure 66 and Figure 67, free Traquidar does not have a
detrimental effect on cell viability, in agreement with Xia et al. study (Xia et al. 2018).
Indeed, there was a dose-dependent increase in cell viability with the administration of

Tariquidar, especially in the first 24 hours.
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Figure 66. MTT results of the free form of Tariquidar.
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Figure 67. Cell viability of MDA-MB 231 cells treated with tariquidar (444.5 nM, 222.5

nM, 111.1 nM, 55.5 nM, 27.5 nM, 13.6 nM) at 24 hours

On MDA-MB-231 cells, the effects of combinations of Doxorubicin with

Tariquidar and Fucoidan were examined. As shown in Figure 68, when a constant dose

of DOX (10 uM) was combined with different doses of TRQ, there was essentially no

difference in the viability of the cells up to around 110 nM TRQ concentration in the first
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24 hours. Cell viability decreased when TRQ was further increased. However, in 48 and

72 hours, cell viability was approximately 60% for almost all TRQ doses examined. It

was observed a further decline in cell viability after around 220 nM.

13,6nM

CONT

27,5nM 55,5nM 111,1nM 222,5nM 444,5nM

Tariquidar, nM

Figure 68. The combined effect of Doxorubicin (10 uM) with Tariquidar on cell

viability.

Fucoidan is regarded as an anticancer agent in the literature, but we anticipated it

would work synergically with DOX. According to our findings, DOX and fucoidan

together promoted cell proliferation at nearly all fucoidan doses (Figure 69, Figure 70).

It was found that there was a time-dependent decline in cell viability when each dosage

was evaluated separately.
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Figure 69. Cell viability of Fucoidan and Doxorubicin combination
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Figure 70. Microscopic image of Fucoidan and Doxorubicin combination
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CHAPTER 5

CONCLUSION

In this thesis, the development of Tariquidar and Doxorubicin loaded liposomes
composed of DSPC, Cholesterol, and DSTAP was studied. Fucoidan was coated on these
liposomes to target the p-selectins expressed in MDA-MB-231 cells specifically.DSTAP
was used as a cationic lipid to create cationic liposomes since fucoidan is a negatively
charged polysaccharide. Zeta potential measurements were used to identify the most
stable form of the liposomal solution with varying cationic lipid (DSTAP) concentrations
while keeping the Cholesterol mol percent constant at 30%. Our findings showed that
zeta potential increased with the increasing DSTAP percentage, resulting in Zeta
potential values of +30 mV above 15% DSTAP. No matter how much DSTAP was
included in the formulation, all liposomes had a size of about 200 nm, proving that the
polycarbonate membrane's pore size determines the liposome's ultimate size. The Zeta
potential  measurements  determined optimal  liposome  composition  as
DSPC/Cholesterol/DSTAP: 55/30/15.

Optimum Tariquidar loading was observed at a TRQ/Lipid molar ratio of 0.012,
with encapsulation and loading efficiencies of 50% and 30%, respectively.

Doxorubicin was loaded into these liposomes by pH gradient (active loading).The
presence of cationic DSTAP in the formulation decreased the DOX loading efficiency
slightly, but the observed effect was DSTAP percentage independent, exhibiting an
encapsulation efficiency of 70%. Tariquidar is loaded into the bilayer of liposomes, while
DOX is in the core of liposomes. Because of its hydrophobic nature, TRQ is loaded into
liposomes while making them (passive loading). However, Doxorubicin encapsulation
efficiency was not affected significantly by the presence of TRQ in the bilayer. Loading
of liposomes neither TRQ nor DOX did not affect the size and zeta potential of the
liposomes.

Fucoidan was coated with electrostatic interaction onto the liposomes

containing %15 DSTAP liposomes. Our results showed that the ratio of amounts of
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Fucoidan to lipid is very important for successful coating. Agglomeration can occur at
low Fucoidan/Lipid molar ratio because of partially coated liposomes (bridging
flocculation). Agglomeration can also happen at a very high Fucoidan/Lipid molar ratio
because of depletion flocculation. Zeta potential can be used as a guide to obtain the

optimum Fucoidan/Lipid molar ratio.
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