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ABSTRACT

MENADIONE (VITAMIN K3) AND DOXORUBICIN LOADED
LIPOSOMES FOR ENHANCED ANTICANCER EFFECT BY DUAL
TREATMENT

Akkad, Suzan
Master of Science, Biotechnology
Supervisor : Prof. Dr. Dilek Keskin
Co-Supervisor: Assoc. Prof. Dr. Can Ozen

September 2022, 94 pages

Chemotherapy is the first line of cancer treatment, but due to its adverse effects, it is
set to be limited. Therefore, liposomes are mainly extensively studied to be employed
as nanocarriers as they are more advantageous than traditional therapy. They
overcome the obstacle of cellular and tissue uptake and improve drugs’
bioavailability, biodistribution and pharmacokinetics. Doxorubicin, an anthracycline
drug, is widely used to treat hematological malignancies and solid tumors, to
ameliorate its usage a liposomal formulation DOXIL, is commercially available and
used in clinical settings. Vitamin K3, also known as menadione, have shown to
possess anticancer effects through the production of reactive oxygen species (ROS)
and mitochondrial damage. To enhance the anticancer effect of both agents,
liposomal formulations of the drugs were synthesized. Both drugs are hydrophilic,
they were encapsulated within the core of PEGylated liposomes to improve their
anticancer effects. Doxorubicin was loaded within liposomes using ammonium
sulfate method, achieving a high encapsulation efficiency (96.2 £1.1 %), vitamin K3
was loaded passively by dissolving it in the hydrating solution its encapsulation

efficiency was around 53.81+14 %. Liposomal formulations produced were ranging



between the sizes 128-150 nm. In vitro release profiles of the liposomal formulations
showed controlled release of the drugs the release of DOX was faster than that of the
VitK3. In vitro cell cytotoxicity was done to evaluate the potency of both drugs on
human breast cancer cells (MCF-7) and mouse fibroblasts (L929), firstly free drugs
were administered alone and then after that in a dual manner. DOX IC50 on MCF-7
cells was lower than that for L929 cells, when Vitamin K3 was administered with
doxorubicin, it inhibited the cytotoxicity of doxorubicin, therefore coloaded
liposomes were not produced. For the anticancer enhancement cells were pretreated
with vitamin K3 for 72 hours prior the treatment with doxorubicin for 24 hours there
was no effect on the cytotoxicity of the drugs. Pretreatment was also done with
liposomal vitamin K3 for 3 days followed by liposomal DOX for another 3 days, the
results were unanticipated, and it showed a decrease in the cytotoxicity. As the
liposomal formulations did not perform as expected, future works might be paved

for trial of simultaneous administration of the liposomal drug formulations.

Keywords: Liposomes, Vitamin K3, Doxorubicin, Anticancer effect, Breast cancer
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IKiLi TEDAVI ILE ANTIKANSER ETKIiSiYI ARTIRMAK ICIN
MENADIONE (K3 VITAMINI) VE DOKSORUBISIN YUKLU
LiPOZOMLAR

Akkad, Suzan
Yiiksek Lisans, Biyoteknoloji
Tez Yoneticisi: Prof. Dr. Dilek Keskin
Ortak Tez Yéneticisi: Dog. Dr. Can Ozen

Eyliil 2022, 94 sayfa

Kemoterapi, kanser tedavisinin ilk basamagidir, ancak yan etkilerinden dolay1
sinirlamalar1 vardir. Bu sorunun {istesinden gelmek i¢in lipozomlar, geleneksel
terapiden daha avantajli olduklar1 i¢in nanotasiyici olarak kullanilmak iizere
kapsamli bir sekilde arastirilmaktadir. Lipozomlar hiicresel ve doku alimi engelinin
istesinden gelirler ve ilaglarin  biyoyararlanimini, biyodagilimimi  ve
farmakokinetigini gelistirirler. Bir antrasiklin ilac1 olan doksorubisin, hematolojik
maligniteleri ve kati tiimdrleri tedavi etmek i¢in yaygin olarak kullanilir. Kullanimim
iyilestirmek i¢in bir lipozomal formiilasyon olan DOXIL, ticari olarak temin
edilebilir ve klinik ortamlarda kullanilabilmektedir. Menadion olarak da bilinen K3
vitamininin, reaktif oksijen tiirlerinin (ROS) iiretimi ve mitokondriyal hasar yoluyla
antikanser etkilere sahip oldugu gosterilmistir. Bu calismada her iki ajanin antikanser
etkisini arttirmak i¢in ilaglarin lipozomal formiilasyonlar1 sentezlendi. Her iki ilag
da hidrofiliktir, antikanser etkilerini iyilestirmek i¢in PEGillenmis lipozomlarin
cekirdegi icinde kapsiillenmistir. Doksorubisin, amonyum siilfat yontemi
kullanilarak lipozomlara yiiklenerek yiiksek bir kapsiilleme etkinligi elde edildi
(%96,2 £1,1 %), K3 vitamini hidratasyon ¢dzeltisi i¢inde c¢oziilerek pasif olarak

vii



yiiklendi, kapsiilleme etkinligi yaklasik %353,81+14'tii. Uretilen lipozomal
formiilasyonlar 128-150 nm boyutlarindaydi. Lipozomal formiilasyonlarin in vitro
salim profilleri, ilaglarin kontrollii salimini gosterdi. Sonuglara gére DOX saliminin
Vit K3'linkinden daha hizli oldugunu gézlemlendi. Her iki ilacin insan meme kanseri
hiicreleri (MCF-7) ve fare fibroblastlar1 (L929) iizerindeki etkisini degerlendirmek
i¢in in vitro hiicre sitotoksisitesi yapildi. Once serbest ilaglar tek basina, ardindan
ikili sekilde uygulandi. MCF-7 hiicreleri iizerindeki DOX IC50, L929 hiicreleri igin
olandan daha disiiktii, Vitamin K3 doksorubisin ile birlikte uygulandiginda,
doksorubisinin sitotoksisitesini inhibe ettigi ic¢in birlikte yiiklenmis lipozomlar
iiretilmedi. Antikanser giiclendirme hiicreleri i¢in, 72 saat siireyle K3 vitamini ile 6n
isleme tabi tutulup daha sonra 24 saat doksorubisine maruz birakilmasina ragmen
sitotoksisitesi degerleri iizerinde herhangi bir etki goriilmedi. 3 giin boyunca
lipozomal vitamin K3 ile 6n tedavi yapilip ardindan 3 giin daha lipozomal DOX
maruz birakilma sitotoksisitede bir azalmaya sebep oldu. Lipozomal formiilasyonlar
beklendigi gibi performans gostermedigi igin, lipozomal ila¢ formiilasyonlarinin

ayni anda uygulanmasiin denenmesi i¢in gelecekteki ¢aligmalar yapilabilir.

Anahtar Kelimeler: Lipozomlar, K3 Vitamini, Doksorubisin, Antikanser etkisi,

Meme kanseri
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CHAPTER 1

INTRODUCTION

1.1  Drug Delivery Systems

Drug delivery systems (DDS) are formulations or devices that act as vehicles for
delivering different therapeutic molecules for treatment and/or regeneration

purposes in a disease or another medical situation.

These molecules can be therapeutic substances such as drugs, genes, and proteins
and can also be diagnostic structures such as quantum dots and radioactive molecules
for imaging (Pati et al., 2018; Xingyong Wu et al., 2003).

These systems improve the pharmacological properties of free drugs by enhancing
their efficacy by controlling the molecule's release rate, time, and location. The
activity of conventional drugs is hindered by their own pharmacology, as a drug must
accumulate at the diseased site to a specific dosage for a medicine to be effectively
functional (Figure 1). Rather than organ accumulation of drugs, systemic drug
administration distributes the therapeutics evenly within the body, limiting its
accumulation at the site of action (Mainardes & Silva, 2004). Throughout the

pharmacokinetic journey of drugs, it passes through different



organs and cell membranes and enters within the cells, which might lead to multiple
undesired effects. Primarily the administered drug might become inactivated by
some organs, or the use of the drug might lower the dose reaching the aimed site.
Secondly, the drug distribution all over the organs means that healthy organs are
exposed to these drugs; for example, a chemotherapeutic will affect them negatively.
Given these conditions, higher dosages of drugs will be required to reach the

therapeutic index, leading to higher toxicity in healthy cells (Torchilin, 2000).

The main aims of drug delivery systems are to protect the drug from the host
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Figure 1: The desired level of drug in the plasma, and the behaviors of drug released
by tradition system, single and multiple dosages (blue curve) and the plasma drug
level in controlled release systems (red curve) (Huynh et al., 2020)

environment, clearance/detoxication mechanisms, and to protect the host from the
drug's side effects. The former enables extending the drug's bioavailability,
increasing its half-life, while to achieve the latter, the drug should accumulate more

at the target site avoiding its widespread, systemic distribution (Torchilin, 2008).

For treating diseases with conventional (free administered) drugs, some of the
properties of these molecules impediment their optimal therapeutic effects. Drug
delivery systems alter these agents' pharmacokinetics and biodistributions,
improving the pharmacological characteristics of direct administration. Free drugs

have poor solubilities, affecting their bioavailability and the usage of the suitable



solvent is usually toxic, which lowers the molecule's efficiency, leading to higher
toxicity. Nanoparticles with lipid basis, such as liposomes, have the capacity to
encapsulate hydrophobic and lipophilic drugs ameliorating the drug's poor solubility
(Mohammadabadi & Mozafari, 2018). Unlike DDS, the distribution of free drugs is
not controlled; in return, this leads to the extravasation of the medications into
surrounding tissues leading to damage and even necrosis. The usage of DDS
regulates drug release and eradicates accidental tissue extravasation. When drugs are
administered freely, they face in vivo degradation and might lose their activity, but
encapsulating them within a carrier would protect them from rapid breakdown,
which means less dosage of the therapeutic agent is needed, which lowers the toxicity
to healthy tissues. Healthy tissues are also affected by the poor biodistribution of
conventional therapeutics, as they are administered freely in the blood where they
circulate in the body, affecting all tissues, diseased and healthy. This biodistribution
requires the providence of higher amounts of drug to reach the needed concentration
in the diseased site, which means healthy cells will be exposed to more damage or
side effects. The utilization of drug carriers is beneficial as they have the mechanism
of selective targeting; these cargos employ the physiology of diseased tissues. They
may passively target them, like accumulation of nanoparticles in cancerous tissue
due to EPR (enhanced permeation and retention) effect of capillaries in most cancer
tissues characteristics of specifically solid tumors such as breast cancer, are high
vascular permeability. Their lymphatic drainage is insufficient to filter out
nanoparticles due to EPR (Figure 2). Another form of passive targeting is using a
pH-labile chemical around nanoparticles or as the carrier for the drug, and these
chemicals tend to degrade in low pH environments such as the microenvironment of
tumors (Taurin et al., 2012). They can also be actively targeted using ligand-
mediated recognition, which is specific to the site of disease, for example, antibody
to an antigen, antigen to a receptor for example: targeting Epidermal growth factor
receptor (EGFR) (Master & Sen Gupta, 2012). Targeting the carriers has helped

solve the problem of adverse side effects on healthy tissues (Peer et al., 2007).



The functionality of drug delivery systems is due to their ability to alter the
pharmacokinetics of free drugs. The efficiency of conventional drugs is limited due
to their unfavorable pharmacokinetics that is expressed in the rapid renal clearance
and lowering of the concentration of available medicine in the bloodstream. To
compensate for this drawback, high drug dosage is administered, or the drug is
repeatedly infused. The introduction of DDS reduces the renal clearance of the drug
molecules (therapeutic agents) to avoid being cleared by the kidneys; these systems
have a size larger than 15nm (Choi et al., 2009) (Allen & Cullis, 2004).
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Figure 2: Tumor microenviroment and nanoparticle distribution (Shinde et al., 2022)

The main specificity of the drug delivery system is that it can also have features for
site-specific release properties; it can respond to the pathological site anatomy, such
as the intrinsic abnormalities, or extrinsic ones, such as the exertion of stimuli such
as magnetic field, heat to the site, or ultrasound effect. The drug in these carries will
be released upon these stimulations, or some drug delivery system can have a
protective layer around the drug, which would be deleted as a response to the stimuli.
Medical advances have allowed the usage of more sensitive molecules such as RNA
as therapeutic agents (Figure 3); a complete drug delivery system would allow

intracellularly delivery of these molecules (Kamaly et al., 2016).
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Figure 3: Different types of nanoparticles used in drug delivery systems (Shu et al.,
2014)

1.1.1 Nanoparticles as nanomedicine devices

Nanoparticles are particulates within 1-100nm in size as defined by the International
Union of Pure and Applied Chemistry (Shi et al., 2017). These particles are
ubiquitously implemented in various fields of life due to their properties; they are
used in electronics and optical fields due to their conductivity and optical assets. But
mostly, the interest in these nanotechnological products is due to their unique
features that offer significant benefits in medical fields such as cancer therapy and
diagnosis, tissue engineering, therapeutics, gene therapy, and vaccine delivery. In
the medical sense, especially in chemotherapy, the favorable use of NPs is attributed
to their loading capacity, where it’s possible to incorporate different types of
molecules and agents into those nanocarriers, such as chemotherapy drugs, imaging
diagnostic agents, siRNA, DNA, proteins, and peptides (Aghebati-Maleki et al.,
2019). Due to their targeting capacity, NPs are extensively researched as an

alternative to conventional chemotherapy, with adverse side effects lowering its



efficiency. As nanoparticles are used to enhance the in vivo efficiency of traditional
drugs, they are expected to solve their limitations. One of the limitations is the rapid
renal clearance, and it has been revealed that molecules with a diameter smaller than
7nm are filtered out of the kidney (Choi et al., 2009). Also, nanoparticles act on
increasing the longevity of drugs in the bloodstream; therefore, these carriers should
escape from reticuloendothelial system (RES) recognition; molecules larger than
300nm are considered foreign bodies and captured by RES. Thus, nanoparticles used
in nanomedicine exist in sizes ranging from 7nm to 100nm (Decuzzi et al., 2009).
Other than size modifications, nanoparticles can be bound or covered with other
molecules that can avoid RES recognition, such as PEG polymer. Nanoparticles in
nanomedicine are advantageous in the sense that they are small in size,
biodegradable, biocompatible, have high encapsulation capacity, and are stable in
the body, offering a high bioavailability (Contini et al., 2018). These nanoparticles
act as a vehicle for the delivery of therapeutics and medical agents. They can be
produced by a plethora of materials, such as polymers, hydrogels, metal particles,
ceramics, and lipids. Liposome, lipid-based nanoparticles and polymeric
nanoparticles are primarily used in nanomedicine due to the ease of their surface
functionalization (Shi et al., 2017).
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Figure 4: Nanoparticle size compared to different objects (Bloemen, 2015)

Cancer cells differ from healthy cells in many aspects. Some receptors are unique

for cancerous cells, while other membrane proteins can be over-expressed on tumors



compared to normal cells. (Bazak et al., 2015) Actively targeting NPs to these
molecules using ligands or antibodies such as anti-CD20mAbs (Bisker et al., 2012)
allows the specific targeting of cancer cells and lowers the exposure of healthy cells
to cytotoxic agents. One of the well-known examples of membrane receptors that are
over-expressed in breast cancer but minimally expressed in healthy cells is HER2
(human epidermal growth factor receptor). It has been found to be a suitable target
for NPs in HER2-positive breast cancer (Wartlick et al., 2004).

Many types of nanoparticulate have been accepted from different kinds of polymer
nanoparticles, nanocrystals, lipid-based NPs, and dendrimer-based and inorganic
NPs for various applications such as chemotherapy, infections, nutrients deficiencies
(Table 1).

Table 1: Nanoparticles approved by FDA and EMA for clinical use (Halwani,
2022) .
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1.11.1 Liposomes

With the extensive need for a drug delivery system to facilitate the treatment of some
diseases, liposomes offered a breakthrough in nanomedicine. Liposomes are
artificial lipid-based vesicles, first discovered by the British scientist Alec Bangham

in 1963 (Bangham, 1963). These vesicles can be produced using natural or synthetic



phospholipids. Phospholipids are amphiphilic molecules having a hydrophilic head
and a hydrophobic tail; when in contact with aqueous mediums, they self-assemble,

forming a bilayer of phospholipids around a hydrophilic core (Figure 5).
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Figure 5. Liposome made from a double bilayer of phospholipids (Allahou et al.,
2021).

Liposomes are widely used in various fields like pharmaceutical, biomedical, food,
and cosmetics (Kapoor et al., 2018; W. Liu et al., 2020; Yadav et al., 2017). One of
their strengths is that due to the structure of the liposome, it can encapsulate both
hydrophobic molecules within the lipid bilayer and hydrophilic molecules within the
aqueous core or on the hydrophilic membrane layer (Figure 6).

As these vesicles have different usages, they are also administered in different routes
to improve the efficiency of the molecules, such as parenteral, oral, transdermal,
topical, and pulmonary (Bozzuto & Molinari, 2015). They were found to have
application in drug delivery by Gregory Gregoriadis in the 1970s; before that, they
were investigated to understand the behavior of phospholipids as mimicking human

cellular membranes (Perrie, 2008).
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Figure 6: Encapsulation compartments of hydrophilic, hydrophobic, and amphiphilic
molecules (Guimaraes et al., 2021).

Liposomes provide most requirements of nanomedicine; they are small in size, made
out of lipids, are biocompatible, biodegradable, and do not evoke adverse reactions
such as antigenic, pyrogenic, allergic, etc. As mentioned before, the advantage of
drug delivery systems is the ability to alter the pharmacokinetics and biodistribution
of drugs. Therefore, liposomes would be a great fit as a drug delivery system as they
can encapsulate hydrophobic drugs, enhance their solubility, and make them more
readily available to be used by the cells. Compared to conventional drugs, liposomes
have lower cytotoxicity to healthy cells due to the sustained and controlled release
property and the targeted drug delivery opportunity liposomal systems offer. When
the drug is not consumed by healthy cells but instead consumed by the targeted,
diseased cells, its blood circulation increases, allowing more dosage to reach the
aimed site. Thus, the half-life of the active pharmaceutical ingredients (APIs)
increases, and less dosage is required to achieve the therapeutic index (Allen et al.,
2008).

Liposomes are categorized according to i) lipid composition, ii) the number of
bilayers, also known as lamellarity, ii) their size, and iv) surface charge. Unilamellar
vesicles (ULV) consist of a singular phospholipid bilayer and can be further
classified by their size as small unilamellar vesicles (SUV) that are in the range of
20-100 nm or large unilamellar vesicles (LUV) which are larger than 100 nm.
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Multilamellar vesicles (MLV) have multiple concentric lipid bilayers and are
separated by a hydrophilic layer; due to the various layers of phospholipids, MLVs
are suitable for encapsulating lipid-soluble molecules. There is also a mixture of
vesicles, multivesicular vesicles (MVV), and one large unilamellar vesicle (LUV)
encapsulating multiple SUVs (Figure 6) (Pattni et al., 2015). Altering the surface
charge of liposomes protects them from being opsonized by the reticuloendothelial
system (RES). Opsonin binds on the surface of the liposomes, eliminating it from
circulation after intravenous administration, thus producing liposomes in the range
of 80nm and 200nm, as well as having a neutral or negative charge that protects it
from RES recognition. SUVs have a longer half-life in blood circulation than MLVs,
due to their smaller size, which makes them not recognized by the mononuclear
phagocytic system (Taurin et al., 2012). Using a phosphatidylcholine mixture of
phospholipids forms neutral liposomes; thus, it is more favorable for the structure of
liposomes. Liposome stability, however, is challenging; their size changes with time,
the molecule entrapped leaks, and vesicle degradation occurs. Adding cholesterol to
the lipid mixture has been shown to increase its stability and provide better control
over the drug release profiles (Nakhaei et al., 2021). Besides that, cholesterol
controls the structure of liposomes, increasing the packing of the phospholipid

molecules (Briuglia et al., 2015).

Suv LUV MLV MvV

Figure 7: Classification of liposomes based on size and lamellarity (Guimaraes et
al., 2021)

Conventional liposomes can be considered plain liposomes and easily opsonized and

eliminated by the immune system as the body finds it a foreign body. Therefore, to
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enhance the efficiency of these therapeutic nanoparticles, the need to increase the
longevity of the particles rises, producing long-circulating liposomes. Steric
stabilization, such as coating molecules with polyethylene glycol (PEG), a
hydrophilic polymer, has been revealed to protect nanoparticles from interacting
with blood cells and lowering plasma protein binding (Milton Harris & Chess, 2003).
PEG's advantages are due to its antifouling property, allowing the resistance of drug
delivery carriers to protein adsorption and cell adhesion (Chen et al., 2010).
PEGylation is the process of attaching PEG to nanocarriers that, in return, hinders
complement activation. PEGylation was first researched as a method to decrease
proteins' destruction in vivo, and then studies have shown that PEG utilization
improves the pharmacokinetics and pharmacodynamics of therapeutic agents and
nanocarriers by making them more hydrophilic due to the steric interactions. Another
property of PEG is that it makes molecules larger by binding to two-three water
molecules, which slows down renal filtration. PEGylated liposomes thus have more
prolonged blood circulation and longer half-life than unmodified liposomes; PEG
reduces their plasma clearance and has better biodistribution toward tissues (Gabizon
et al., 2003).

Another advantage of liposomes is the possibility of targeting the drug carriers to
specific sites by attaching molecules to the surface of liposomes. Liposomes are
targeted either by using antibodies or ligand-mediated approaches. Such liposomes
are defined as immunoliposomes. By binding antibodies from the IgG class to their
membranes, increasing the moiety of liposomes at the specific diseased site and
accumulation of the drug at the site is achieved. As immunoliposomes are beneficial
in terms of controlling drug release at the site, there are also stimuli-responsive
liposomes, where the drug is released at the desired location due to a stimulus such
as pH or temperature changes, that create a difference in the microenvironment

between healthy and diseased cells (Figure 8) (Cao et al., 2022).

To have a better therapeutic index of drugs, it is essential to observe the effect of the
agents selectively on the diseased cells without causing high toxicity to healthy cells.
This enhancement is done by attempting to produce drugs or medical devices that
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can achieve this selectivity. The tumor microenvironment differs from the normal
cellular microenvironment by having an acidic pH, redox potential (glutathione),
extensive vascular permeability, and insufficient lymphatic drainage. Normal tissues'
blood vessels are composed of a single layer of endothelial cells, and the junction
within these cells is tightly closed. When cancerous cells multiply and start
clustering, angiogenesis is initiated, yet the newly formed blood vessels differ from

the healthy ones surrounding normal tissues.
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Figure 8: Liposome types based on their functionality (Guimaraes et al., 2021)

The neovasculatures are leaky and defective and are poorly aligned and loose,

causing the formation of fenestrations within the abnormal endothelial cell
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alignment. Besides the leaky blood vessels, tumors have insufficient lymphatic
drainage, meaning that macromolecules and nanoparticles such as liposomes are
retained within the tumor after leaking from the blood circulation. This process is
called enhanced permeability and retention, and it is exploited by liposomal formulas
of the drugs and is considered as passive targeting of the nanocarriers (Maruyama,
2011).

The liposomal formulations of drugs are currently holding the top on the clinically
approved nanomedicine to be administered, and multiple medications are approved
by Food and Drug Administration (FDA) and European Medicines Agency (EMA).
These liposomes are used to treat various types of cancers such as leukemia, ovarian
cancer, pancreatic, and Kaposi's sarcoma, as well as several types of infections such

as fungal infections and meningitis (P. Liu et al., 2022).

Liposomal doxorubicin was formulated to increase its efficacy, prolong its blood
circulation, enhance the tumor site's accumulation, and escape phagocyte uptake
(Gill et al., 1996). Previous studies showed that PEGylated liposomal doxorubicin
provided a more efficient antitumor effect, prolonged circulation time, and was more
stable. Stealth liposomes do not interact with plasma proteins, making them escape
from mononuclear phagocytes (Northfelt et al., 1996). Liposomal formulation of
doxorubicin is commercially available under the name of DOXIL®, PEGylated
formulation, and it is one of the first nano-drug approved by the FDA in 1995, named
Caelyx® outside the US (Ventola, 2012).

1.2 Cancer and its therapeutic treatment approaches

Cancer is referred to the uncontrollable growth of abnormal cells that can spread to
other organs. Breast cancer is one of the most prevalent cancers among women;
annually, 2.3 million women worldwide are diagnosed (World Health Organization,
2021). The high incidence of mortality caused by this cancer is due to its metastatic

feature, which transfers the cells to different organs such as the liver, lung, and brain
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by lymphatic or hematological spread leading to distant metastasis and poor
prognosis. Chemotherapy is currently the primary option to manage breast cancer;
its advantage over surgery and irradiation is that chemotherapy kills both primary
cancer cells and metastatic tumors. On the other hand, chemotherapy’s
disadvantages are evident in its high dose toxicity and nonselective biodistribution
(Wang et al., 2014).

Breast cancer is classified based on histopathological morphology and hormonal and
growth factor receptors such as estrogen receptors (ER), progesterone receptors
(PR), and human epidermal growth factor receptor 2 (HER2). Some lifestyle factors
such as high body index and physical inactivity increase the risk of breast cancer
incidence, as some other non-genetic risk factors as having early menarche, late
menopause, late childbearing, and short breastfeeding period. Certain people are at
higher risk of developing this cancer, such as having a predisposed mutation in some
high-risk genes such as BRCA1 and BRCA2 (Britt et al., 2020). There are two
approaches to treating breast cancer: systemic therapy, such as endocrine therapy
and chemotherapy, and local treatment, such as surgery and radiation. Surgery can
either be total mastectomy or removal of the cancerous tumor followed by radiation;
surgery is a high-risk operation, has side effects physically and psychologically, and
is not efficient to be used on its own. Radiation is another local approach used to
eradicate cancerous cells but kills healthy tissues surrounding the tumor (Waks &
Winer, 2019). In cases where hormonal receptors are expressed, endocrine therapy
includes using drugs such as tamoxifen, an estrogen receptor modulator, as estrogen
receptors are found in multiple systems; usage of tamoxifen has shown to cause
widespread toxicity, showing adverse symptoms in reproductive, vasomotor, and
musculoskeletal systems (Condorelli & Vaz-Luis, 2018). Chemotherapy is currently
the primary option to manage breast cancer; its advantage over surgery and
irradiation is that chemotherapy kills both primary cancer cells and metastatic
tumors. On the other hand, chemotherapy’s disadvantages are evident in its high dose
toxicity and nonselective biodistribution (Wang et al., 2014). Mostly used

chemotherapeutic drugs belong to the anthracycline family, natural antibiotics, other

15



drugs used in breast cancer are cisplatin, paclitaxel, epirubicin, 5-fluorouracil, and
so on (Jain et al., 2020).

1.2.1 Synthetic drugs used in cancer treatment

Cancer drugs have different mechanisms of action; some are antimetabolites such as
5-Fluorouracil, and others perform their activity on DNA such as anthracyclines
(doxorubicin, epirubicin, daunorubicin...). Monoclonal antibodies are also used in
treating some cancers, such as trastuzumab, a human monoclonal antibody that
targets breast cancer cells biologically. Another mechanism of antineoplastic drugs
is interference with microtubulin dynamics; in breast cancer, taxanes are used
(Nussbaumer et al., 2011).

1.2.1.1 Doxorubicin

Doxorubicin (DOX), also known as Adriamycin, is an anthracycline drug first found
in 1960; DOX was initially isolated from the bacteria Streptomyces peucetius var.
caesius as a bright red pigment. These bacteria also produce another anthracycline,
Daunorubicin (Minotti et al., 2004).
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Figure 9: Doxorubicin structure (Singh & Kaur, 2019).

Anthracyclines are one of the most widely used chemotherapy drugs; they are also

known as antitumor antibiotics, as they are used in the treatment of various cancer
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types (Figure 9). These wide-spectrum anticancer drugs have numerous undesirable
effects, such as kidney and bone marrow damage and, most importantly,
cardiotoxicity strongly connected with Doxorubicin (Waterhouse et al., 2001). To
overcome these drawbacks that limit the usage of doxorubicin, researchers have
formulated a liposomal formulation of doxorubicin that improves the drug's

pharmacokinetics and lowers the undesired effects (Lyseng-Williamson et al., 2013).

Doxorubicin has the molecular formula of C27H29NO11 and a molecular weight of
543.5 g/mol (Figure 9). Nowadays, doxorubicin is used in its synthetic form,
doxorubicin hydrochloride (S. A. Abraham et al., 2005). Studies have shown that
doxorubicin is highly sensitive to light, and it is unstable and subjected to
biodegradation and loss of bioactivity when kept under direct light (Wood et al.,
1990).

Doxorubicin is stable mainly at pH=4.8 and neutral pH=7.4; it decomposes after 3
hours (D. C. Wu & Ofner, 2013). The primary action of these drugs is their ability
to intercalate within the DNA base pairs, which leads to breakage in the DNA
strands, and inhibits the biosynthesis of DNA/RNA. It also interacts with the
topoisomerase Il enzyme, which leads to cell apoptosis (Figure 10) (Rabbani et al.,
2005).

Three pathways metabolize doxorubicin; the primary metabolic pathway is a two-
electron reduction which yields secondary alcohol, doxorubicinol (Mordente et al.,
2009). A one-electron reduction mechanism also metabolizes doxorubicin by being
oxidized into an unstable semiquinone, which is then converted back into
doxorubicin. When doxorubicin accumulates in the mitochondria, it induces
mitochondrial complex | of the mitochondrial respiratory chain to initiate redox
cycling, which transfers single electrons to DOX, which reacts with mitochondrial
complex I to form an unstable semiquinone, a short-lived, toxic metabolite. During
this metabolism, reactive oxygen species (ROS) are produced. ROS cause oxidative
stress, leading to cellular and DNA damage, lipid peroxidation, and membrane

damage, leading to apoptosis (Carvalho et al., 2009). The generation of the free
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radical molecules is proposed to be one of the anticancer mechanisms of doxorubicin
(Doroshow, 1986). The third and minor metabolism pathway in the myocardium is

deglycosidation which forms DOXol hydroxyaglycone (Licata et al., 2000).

Another DOX anticancer mechanism is the interference with topoisomerase.
Topoisomerase is an enzyme that manages the topological state of the DNA; the
enzyme binds to the DNA and cleaves the phosphate backbone of one or both DNA
strands (Figure 10). This cleavage relieves the tangling and allows the resealing of
the DNA strands, maintaining transcription and replication, leading to the
biosynthesis of macromolecules. Topoisomerases are used as a drug target for
treating cancer; these antitumor drugs disrupt the topoisomerase-11-mediated DNA
repair that permanently breaks the DNA strands, thereby leading to cell death.
Doxorubicin is a topoisomerase type Il inhibitor that causes a double-strand break in
DNA, leading to an arrest in the cell cycle at the G2 stage (Buchholz et al., 2002;
Buzdar, 2006). Another proposed mechanism of this drug is that DOX intercalates
itself within the strands, inhibiting DNA and RNA polymerase and halting DNA
replication and RNA transcription (Tacar et al., 2013).
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Figure 10: Anthracycline anticancer action by binding to DNA and topoisomerase Il
(Martins-Teixeira & Carvalho, 2020).

As anthracyclines are broad-spectrum antitumor antibiotics, they are therapeutically

used to treat a variety of cancers; for example, it is used for solid tumors and
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hematological cancers, breast carcinoma, ovarian carcinoma, acute leukemia, lung
cancer, and multiple types of lymphomas (Hodgkin's and non-Hodgkin's) (Cortés-
Funes & Coronado, 2007). DOX also showed antitumor action against bladder
cancer and stomach cancer. Besides these, it has efficiency against multiple myeloma
and AIDS-related Kaposi sarcoma (S. A. Abraham et al., 2005).

Chemotherapy generally has many side effects; they usually manifest as nausea,
vomiting, disturbance to the gastrointestinal system and the neurological system as
dizziness, hallucination, and headaches. Like other chemotherapy drugs,
anthracyclines, and doxorubicin cause general cell toxicity since they are not
explicitly targeted for neoplasms. These anticancer drugs cause nonspecific cell
death and hence halting the growth of different healthy cell types. The hinder of cell
growth would lead to inhibition of bone marrow cell renewal, leading to
immunosuppression in the patient. Also, myelosuppression will lead to extra
bleeding and slower healing of injuries (Tacar et al., 2013). The most prominent side
effect associated with doxorubicin is cardiotoxicity, as the drug causes nonspecific
cell deaths. Cardiotoxicity, alongside other side effects, lead to dose limitation, thus
hindering the treatment of the disease. Eleven % of patients treated with doxorubicin
suffer acute cardiotoxicity within a few days after exposure. Cardiotoxicity is
manifested by chest pain, sinus tachycardia, and myopericarditis. On the other hand,
chronic cardiotoxicity, which is dose-dependent, is only in 1.7% of the patients; it
can occur within a month or after ten years (Chatterjee et al., 2010). This
manifestation is due to the general release of free radicals and reactive species that
are toxic to the cardiac system during drug metabolism and to the interference of

doxorubicin with mitochondrial function (Gewirtz, 1999).
Clinical liposomal formulations of DOX

The first approved NP goes back to 1995, a PEGylated liposomal formulation of
Doxorubicin HCI traded under the name DOXIL by the company Johnson &
Johnson, used for the treatment of metastatic ovarian cancer and HIV-associated

Kaposi's sarcoma (Bobo et al., 2016). Due to doxorubicin's nonspecific toxicity, it
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causes damage to healthy cells, which guided the development of new formulations
of the drug that aims to increase the specificity and decrease its toxicity to other
organs. These efforts focus on solving the dose limitations of this drug by developing
delivery systems, such as hydrogels, nanotubes, nanogels, nanospheres, and lipid
base formulations (liposomes) (Kanwal et al., 2018). Liposomes are recorded as the
most successful formulation of doxorubicin encapsulation. The development of
doxorubicin liposome was based on the mechanism of liposome circulation in the
blood. Liposomes cannot diffuse into tight blood capillaries like those in the heart
muscles; thus, it does not diffuse into the heart, lowering the drug's cardiotoxicity.
Besides that, liposomes cannot leave the circulation to enter other organs with tight
vascular structures. Still, they can penetrate organs where the vessels are loose, like
the ones in tumor tissues, therefore passively targeting tumor cells. Lipid
nanocarriers also employ the defective lymphatic drainage of the tumors to target
them and lead to specific toxicity (Rivankar, 2014). The utilization of liposomes for
these unique solid tumor characterizations is known to be enhanced by permeation
and retention (EPR) (lyer et al., 2006). Liposomes are also biocompatible,
biodegradable, and nonimmunogenic; therefore, they can be ideal for drug delivery

systems.

PEGylated liposomal doxorubicin formulations are used in clinical treatments of
some solid tumors for ovarian cancer, multiple myeloma, AIDS-related Kaposi's
sarcoma, and metastatic breast cancer. DOXIL is the first-line treatment for
metastatic breast cancer, but with the development of a novel formulation of
doxorubicin, new side effects have risen. These were non-hematological and
hematological side effects. The most prevalent side effects associated with the
liposomal doxorubicin were skin toxicity, mucositis, anemia, neutropenia, and
palmar-plantar erythrodysesthesia syndrome (PPE), also known as Hand-Foot
syndrome (HFS). These problems occur at high doses, with short time intervals
(Ansari et al., 2017). These nanocarriers face some challenges as some cancers are
found in body parts surrounded by physiological barriers that make it hard for the

liposome to diffuse into those organs, such as the brain, and peritoneum, causing low
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diffusion into the organs as well as non-uniform drug distribution. Another challenge
liposomal formulation faces the ability to sustain the release of the drug at tumor
sites and prevent the nonspecific toxicity on healthy cells around cancer cells (Niu
etal., 2010).

1.2.2 Vitamins used in cancer treatment

1221 Vitamin E

Vitamin E is a fat-soluble nutrient known as a potent antioxidant and anti-
inflammatory molecule. This vitamin has multiple benefits on the cardiovascular and
immune systems, as well as on the skin and bones. Its anti-inflammatory is exerted
by regulating inflammation, mediating molecules such as COX-2, and suppressing
pro-inflammatory pathways, showing promising effects on diseases such as
inflammatory arthritis. Vitamin E is also used in dermatological and cosmological
products as antioxidant protecting skin from harmful UV rays. This vitamin has also
been shown to induce osteoblast formation, hence having a benefit on bone
formation. In vivo, vitamin E has shown anticancer effects on many cancers by
inhibiting cell proliferation, promoting apoptosis and cell cycle arrest, and
suppressing angiogenesis (A. Abraham et al., 2019). Preclinical studies have shown
promising antineoplastic activity, making it an attractive molecule to study. The
solubility of this molecule attenuates its benefits. Therefore, drug delivery systems
were needed to enhance its effects and bioavailability. Multiple formulas of vitamin
E have been produced, such as solid-lipid nanoparticles, polymer nanoparticles, and
nanoemulsions. These formulas are under preclinical studies (Mohd Zaffarin et al.,
2020). Due to its promising anticancer effects, vitamin E has been studied with other
molecules to enhance its activity, such as vitamin C (Yiang et al., 2021) and in

combination with gemcitabine (Husain et al., 2011).
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1.2.2.2 Vitamin C

Ascorbic acid, also known as vitamin C, is vital in regulating the immune system
and inflammation. It is also an essential cofactor for some enzymes in different
bodily processes (Ang et al., 2018). Vitamin C is also a potent antioxidant, which
facilitates its anticancer effects, allowing it to be a candidate for cancer treatment
(Pawlowska et al., 2019),(Bos, 2019).

1.2.2.3 Vitamin D

Vitamin D, a steroidal hormone, is synthesized in the skin by the induction of
ultraviolet (UV) radiation. This vitamin is essential for the maintenance of healthy
bones by the regulation of calcium and phosphate homeostasis. Vitamin D increases
calcium serum levels by stimulating intestinal absorption and bone resorption. It also
absorbs phosphate from the gut, by these two mechanisms, it facilitates keeping the
skeleton mineralized. Vitamin D deficiency leads to osteoporosis and osteomalacia,
and healthy dietary requirements enhance bone growth through the action of
osteoblasts and osteoclasts (DeLuca, 2004). Many organs express vitamin D
receptors (VDR), including immune system cells, T and B cells, monocytes, and
neutrophils; thus, vitamin D also affects the modulation of the immune system and
has antimicrobial and anti-inflammatory activity (Chun et al., 2014). Other novel
functions have been found for vitamin D, which was evident due to the expression
of VDR on a broad type of cells such as pancreatic islet cells, keratinocytes, ovarian
cells... It has been found that vitamin D has a function in regulating cell proliferation
and differentiation and that high serum levels of it have both chemoprotective and
chemotherapeutic effects. The crucial role of vitamin D is also due to regulating of
genetic expression of cell proliferation and differentiation, and induction of cell cycle
arrest and apoptosis, alongside suppression of inflammation, angiogenesis,
metastasis, and angiogenesis. In vivo and in vitro studies have revealed that vitamin

D administration has reduced the risk of cancer, favorable prognosis, and tumor
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suppression in pancreatic and breast cancer (Gil et al., 2018). Clinical studies
combining vitamin D with other drugs have shown promising anticancer effects;
these combinations included dexamethasone in prostate cancer and docetaxel in
pancreatic cancer (Xu Wu et al., 2019). Vitamin D is a potential anticancer molecule;
nanoparticles formulation of this vitamin has been produced, such as PLGA
nanoparticles, quantum dots, and liposomes (Ramalho et al., 2017). As vitamin D
has shown positive results in combinations of drugs, it has also shown enhanced
effectiveness when coloaded with doxorubicin in liposomal formulations (Dalgic et
al., 2016).

1.2.24 Vitamin K

The coagulation vitamin, vitamin K, was discovered by Henrik Dam in the early
1930s as the antihemorrhagic vitamin, which is an essential factor in maintaining
homeostasis (DAM, 1935). Vitamin K refers to a lipophilic, hydrophobic family that
belongs to the 2-methyl-1,4-naphthoquinone group. A methylated naphthoquinone
ring characterizes the different derivates of this vitamin, and this family consists of
naturally occurring phylloquinone (vitamin K1) and menaquinone (vitamin K2), and
a chemically synthetic derivative menadione (vitamin K3). Phylloquinone is a
naturally occurring vitamin found in plants and green leafy vegetables. Menaguinone
is also a naturally occurring vitamin originating from a microbial source, as animal
and human gut bacteria produce menaquinone by converting other forms of vitamin
K (McKee, R. W. et al., 1939). Menadione, the synthetic form of vitamin K3, is
much simpler in form than other vitamin K compounds. Vitamin K3 is a provitamin,
and Billeter et al. found that mammalian intestinal bacteria could cleave
phylloquinone into menadione that the body will later use; vitamin K3 can be

converted to an active form of vitamin K2 (menaquinone) (Okano et al., 2008).
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Figure 11: Structure of different vitamin K analogs (Kurosu, 2017)

Vitamin K is essential for synthesizing hepatic blood-coagulating proteins, as it is a
cofactor in the post-translational modification of these proteins. These proteins are
also called vitamin K-dependent (VKD) proteins, and they are factors Il
(prothrombin), VII, IX, and X (Rannels et al., 1987). Vitamin K acts as an essential
cofactor in the enzymatic carboxylation of glutamic acid residues into gamma-
carboxyglutamate (GLA) by y-carboxyglutamyl carboxylase. This conversion is
crucial for the biological activity of VKD proteins; therefore, they can also be called
Gla proteins (Furie & Furie, 1990). Proteins C and S belong to the Gla proteins,
which have a role in the negative feedback control of coagulation; hence they are
anticoagulants. Besides being a cofactor in the coagulation cascade, vitamin K plays
a role in bone metabolism, reduces bone loss, and regulates the calcification of blood
vessels. It also acts on cardiovascular mineralization and apoptosis. The
recommended dietary allowance (RDA) is lug/kg/day; this RDA is enough for its
coagulation function, but it is not sufficient for its other extrahepatic operations.
Deficiency in Vitamin K is rare, but it is not only manifested by bleeding
complications but also by an increased risk of bone fractures, osteoporosis,
postmenopausal bone loss, and increased vascular calcification (Berkner & Runge,
2004; Booth, 2012; Chlebowski et al., 1985; Cranenburg et al., 2007; Sweatt et al.,
2003).
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Besides the previously mentioned roles of vitamin K, it has also been observed to
possess anticancer effects and inhibit cancerous growth in vivo and in vitro
(Chlebowski et al., 1985; Ngo et al., 1991; Prasad et al., 1981). (Okayasu et al.,) have
shown that within the family of Vitamin K group, menadione showed the highest
cytotoxicity against tumor cell lines (Dasari et al., 2017), (Okayasu, Ishihara, Satoh,
& Sakagami, 2001).

Anticancer mechanisms of Vitamin K3:

Vitamin K3 (menadione) was found to have anticancer effects against various cell
lines in vitro, such as breast, mammary, bladder, hepatic, lung, pharyngeal, and blood

cancers (Lamson & Plaza, 2003)

Menadione is also named 2-methyl-1-4naphthoquinone; it belongs to the quinone
family. Due to its quinoid structure, vitamin K3 undergoes redox cycling, producing
toxic oxygen species (Smith, 1985). Induction of apoptosis by oxidative stress due
to menadione is phenotypically characterized by cell shrinkage, DNA fragmentation,
and activation of caspase cascades (Lamson & Plaza, 2003). The anticancer action
of vitamin K3 is due to the oxidative stress that occurs during its cellular metabolism,
which leads to the generation of reactive oxygen species (ROS). Redox recycling is
utilized in cancer therapy, as the metabolism of vitamin K3 is through quinone
reductases 1 and 2 (NQO1, NQO2). QR1 leads to a two-electron reduction of
menadione to produce vitamin K hydroquinone, while QR2 lead to a one-electron
reduction, producing semiquinone and ROS as a byproduct (Gong et al., 2008).

This oxidative stress is dose-dependent as menadione can cause apoptosis at low
concentrations and necrosis at higher concentrations (Sata et al., 1997).

The generation of ROS mediated by vitamin K3 treatment has led to single and
double-strand DNA breaks. DNA damage that was demonstrated on MCF-7 treated
cells was topoisomerase-independent DNA breaks based on hydroxyl radical
production (Nutter et al., 1992).
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Another mechanism related to the quinoid structure of vitamin K3 is the direct
arylation of cellular thiols, which results in glutathione depletion. When introduced
to molecules like glutathione (GSH), menadione leads to the alkylation of
intracellular macromolecules, which become inactivated, ultimately resulting in cell
death (Ross et al., 1985).

Menadione specifically binds to peptides at cysteine sulfur residues; some proteins,
such as cdc2A phosphatase, depend on the sulfhydryl domain. Therefore, when
vitamin K3 binds to Cdc25 phosphatase, it leads to the inactivation of cyclin-
dependent kinases, specifically Cdk1, which hinders the cell cycle continuation (F.
Y. H. Wu & Sun, 1999)

Akiyoshi et al. have shown that vitamin K3 cause apoptosis in MCF-7 cell line via
mitochondrial dysfunction in breast cancer cells. Menadione activates the caspase 9
pathway, which causes irreversible apoptosis through direct mitochondrial damage;
then caspase 7 is commenced, which is the conclusive apoptotic factor in MCF-7
cells. Activating caspase 7 and 9 pathways results in mitochondrial damage, thus cell
death. Vitamin K3 also generates ROS due to the activation of the caspase 7 pathway
and causes a decrease in intracellular ATP levels, leading to mitochondria-related
cytotoxicity (Akiyoshi et al., 2009).

An additional antiproliferative action of menadione is through binding to tubulin and
inhibiting the polymerization of microtubules, which are essential for regulating cell
growth and modulating fundamental cellular processes. This interference hinders
cell proliferation and suppresses normal cell miotic progression in human cervical
epithelial cell line (HeLa) and human oral epithelial cell line (KB). (Acharya et al.,
2009).

Another antineoplastic activity of vitamin K3 is through the inhibition of DNA
polymerase gamma activity, which is responsible for mitochondrial DNA replication
and repair. This study has shown that vitamin K3 suppresses angiogenesis in rat

models (Matsubara et al., 2008). DNA polymerases are an essential target for
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anticancer agents as DNA Polymerase is responsible for replicating and repairing

DNA in cells and is the basic need for cell growth.

Chemically synthesized Vitamin K3 (menadione) lead to mitochondrial dysfunction
and produces reactive oxygen species (ROS), which leads to apoptosis and tumor
inhibition. Thus, proving its anticancer effect against hepatic, breast, bladder, and
blood cancers. Vitamin K3, alongside other vitamin K subtypes, vitamins K2 and
K5, hindered the proliferation of colorectal cancer by suppressing cyclin-dependent
kinase 4 (CDK-4), leading to cellular arrest at G1 phase of the cell cycle (Ogawa et
al., 2007).

Previous in vitro and in vivo experiments showed synergistic effects of combining
vitamin K with different chemotherapeutic molecules. Such combinations included
vinblastine (VBL), 5-fluorouracil, mitoxanthine, mitomycin C, ascorbic acid, and
doxorubicin. These studies were successful and progressed into in vivo studies. The
study by (Semkova et al.) showed successfully in vivo results by combining
menadione and ascorbate, and this assembly can be used as a conventional
chemotherapeutic agent (Liao et al., 2000; Semkova et al., 2020). A clinical study
assessing the efficacy of Apatone (Vitamin C and Vitamin K3) has shown promising
results and synergistic effects on prostate cancer patients by lowering cancer

biomarkers (Tareen et al., 2008).

One study showed, pretreated cells with 10 ug/mLof menadione lowered the
concentration of doxorubicin needed to kill 50% of cells from 22.3ug/mL to 5.3
ug/mL, showing the resistance of cells was inversely proportional to menadione
concentration. The action of vitamin K3 on resistant cells was by depleting cellular
glutathione, thus increasing the cells' susceptibility to Doxorubicin (Xu, Zhang,
Wang, & Zhang, 1998).

Natural forms of vitamin K are safe to consume, but its synthetic form of it vitamin
K3 has shown some adverse effects when administered in high doses. It has been

observed to cause allergic reactions, hemolytic anemia, and liver cytotoxicity
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(Hassan, 2013). Therefore, it is necessary to co-administer it with another

chemotherapeutic drug to lower the dosage further to achieve its therapeutic index.

1.3  Aim of the study

Breast cancer is leading as the second reason of death after lung cancer in women.
The first-line treatment for cancer is chemotherapy, yet chemotherapy is clinically
dose limited due to its typical side effects of cytotoxicity of healthy cells, which
lowers its therapeutic index. As an alternative, drug delivery systems such as
nanocarriers are extensively studied to be used clinically. Liposomes are an example
of nanocarriers, which have advantages over traditional chemotherapy with better
solubility, improved bioavailability, pharmacokinetics properties, and lower
cytotoxicity as it passively targets tumor cells. This study aims to develop a drug
delivery system based on liposomes for use in the treatment of cancer. As
doxorubicin and Vitamin K3 have both been seen to have anticancer activity, it is
expected that the liposomal formulation of each of these drugs would have enhanced
activity, lowering the needed dosage for a potent antitumor effect. As combinational
treatments have an advantage over monotherapy, in this study, cancer cell line MCF-
7 will be exposed to the sequential treatment of liposomal vitamin K3, followed by
liposomal doxorubicin, which is expected to increase the effectiveness of the drugs
as well as decrease their side effects. The novelty of this study is that it is the first-
time development and investigation of liposomal formulation of Vitamin K3, and
combination treatment of liposomal vitamin K3 and liposomal doxorubicin, the
pretreatment of L929 by vitamin K3 followed by treatment with doxorubicin was

done for the first time.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

For liposomal synthesis and experiments: L-a-Phosphatidylcholine, hydrogenated

(Soy) (HSPC), mini extruder set, polycarbonate filter membranes, and membrane
supports were purchased from Avanti Lipids (USA). mPEG-DSPE MW:2000 was
bought from Nanocs (USA). Cholesterol (99%) was bought from Sigma Aldrich
(USA). Sephadex G-75, PD-10 Disposable Columns were purchased from GE
Healthcare (UK). Ammonium sulfate, iron (I11) chloride hexahydrate, ammonium
thiocyanate, sodium chloride, potassium chloride, disodium hydrogen phosphate,
potassium dihydrogen phosphate, chloroform, methanol, and absolute ethanol were
bought from Merck (Germany). Sulfuric Acid (95-98%) was purchased from
ISOLAB (Germany).

Menadione Sodium Bisulfite was kindly provided by Oxyvit (Turkey), and
Doxorubicin was kindly provided by Murat Akinci from Deva company.

For cell culture studies: Dulbecco’s Modified Eagle’s Medium (DMEM) high

glucose (4.5 g/L) with L-glutamine, heat-inactivated fetal bovine serum (FBS),
trypsin EDTA, 1%- penicillin/streptomycin, trypan blue (0.5%) and sodium pyruvate
were purchased from Biological Industries (Israel). Thiazolyl Blue Tetrazolium
Bromide (MTT reagent) (3-(4, 5- Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium
Bromide) was bought from Sigma Aldrich (USA). Dimethyl sulfoxide (molecular
grade) was bought from Serva (Germany).
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2.2 Methods

2.2.1 Preparation of liposomes

L-a-phosphatidylcholine, hydrogenated (Soy) (HSPC) based liposomes were
prepared by thin film hydration method. The liposome formulations were composed
of HSPC, cholesterol, and DSPE-mPEG2000, maintaining a molar ratio of 2:1:0.2,
respectively, as done previously by (Dalgic et al., 2016). Prior to weighing, the lipids
and the needed chemicals were incubated at room temperature for 15 mins. The
liposome components were weighted and added to a round bottom eppendorf tube
and dissolved in 100 mL chloroform. The lipid solution was flushed with nitrogen
gas for three hours to evaporate the chloroform. The formed lipid film was kept in a
vacuum oven (Niive EV 018, Turkey) at room temperature overnight to remove any
chloroform residues. After this step, a thin white lipid film was obtained at the
bottom of the tube, which was then rehydrated by 1mL of phosphate buffer solution
(PBS, pH=7.4) to prepare empty liposomes. In order to prepare loaded liposomes,
two different methods were applied (passive and active method) in the hydration
step, as explained in the following sections. Hydration was done by altering the
hydrating solution and lipid film in cycles of vortex (CAT VM3, France) and heating
for 2 minutes each, for approximately 45 minutes. For heating, a water bath was used
at 65°C (transition temperature of HSPC). Thin film hydration produces
heterogenous multilamellar vesicles (MLVs). For homogenization, extrusion was
performed using a mini extruder by pressing the liposomal suspension through
polycarbonate membranes with defined pore sizes. Reduction of MLVs was
achieved by extrusion through 400 nm, 200 nm, and 100 nm membrane filters 11
times for each size, and the heated block was kept at 65°C temperature. Extrusion
controls the size homogeneity and forms unilamellar liposomes in the final
suspension; after extrusion, Sephadex column chromatography was applied to

remove unencapsulated drugs.
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Figure 12: Liposome drug loading methods. (A): Passive loading, (B): Active
loading (Pauli et al., 2019)

2.2.2 Preparation of Doxorubicin loaded liposomes

For doxorubicin loading, an ion gradient method was used (Haran et al., 1993); an
ion gradient was formed by hydrating the lipid film with ammonium sulfate (120
mM). After hydration of the lipid film using ammonium sulfate (pH=5.5) forms a
pH gradient between the intra and extra liposomal environment when dialyzed in
NaCl (pH=7), creating a higher concentration of hydrogen ions inside the liposomes.
Doxorubicin was dissolved in NaCl (pH=7). When added to the liposome
environment, driven by the ionic gradient, doxorubicin accumulates within the core
of the liposome. After dialysis for 20 hours, liposome solution and doxorubicin were
heated to 65°C (HSPC'’s transition temperature), then they were mixed and incubated
for 10 mins at 65°C then quickly dipped in an ice bath.

Size extrusion chromatography is the method of choice to separate the encapsulated
liposomes from the free drug molecules. Therefore, for the removal of
unencapsulated doxorubicin Sephadex G-75 chromatography column was used. In
brief, Sephadex G-75 beads were swollen overnight by 0.9% NaCl and then kept
under vacuum for 2 hours before using to remove air bubbles. Then, the column was

saturated with Sephadex gel with 0.9% NaCl. Liposome solution was introduced to
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the column, and aliquots were collected in fractions of 1mL. The turbidity of the
aliquots was read at 410 nm using a UV-visible spectrophotometer. According to the
turbidity reading, liposome samples were collected and stored at 4°C for further

studies.

Due to doxorubicin photosensitivity, all the doxorubicin steps were carried out in the

dark and covered with aluminum foil.
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Figure 13: Doxorubicin loaded liposome

2.2.3 Preparation of Vitamin K3 loaded liposomes

Menadione sodium bisulfite (MSB) is the water-soluble form of Vitamin K3.
Therefore, using MSB, Vitamin K3 could be loaded into the hydrophilic core of
liposomes. First, 5 mg of VitK3 was dissolved in PBS, which was used as the
hydration solution during the hydration step. Then liposomes, steps described above

in section 2.2.1 were applied to form VitK3-loaded liposomes.

Size chromatography was prepared as described in section 2.2.2. and applied for the
removal of unencapsulated VitK3; briefly, Sephadex G-75 beads were swollen

overnight by PBS, then kept under vacuum for 2 hours prior to usage; the column
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was then saturated with the swollen beads. Then the liposomal VitK3 solution was
introduced to the column, and aliquots were collected in fractions of 1 mL. The
turbidity of the aliquots was read at 410 nm using a UV-visible spectrophotometer.
According to the turbidity reading, liposome samples were collected and stored at
4°C for further studies. The unencapsulated VitK3 solution was also collected for

the measurement of encapsulation efficiency.
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Figure 14: Vitamin K3 loaded liposome
2.3 Detection methods

Spectrophotometric method was utilized to find the absorbance peak by wavelength
scanning of the molecules to be quantified, HSPC, Doxorubicin, and MSB.
Wavelength scan was measured in UV-Vis spectra range was 190-1200 nm on UV-
spectrophotometer (Hitachi U-2800A, Japan). The absorbance peaks for HSPC,
doxorubicin, and vitamin K3 were found at 488 nm, 480 nm, and 520 nm,

respectively, against corresponding solvents.
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2.3.1 Quantification of doxorubicin

Doxorubicin was quantified at the wavelength of 480 nm by UV-Vis
spectrophotometer (Hitachi U-2800A, Japan). DOX calibration curves (Appendix A)
were constructed by triple measurements between 1-100 pug/mL in methanol for
encapsulation efficiency and PBS for release studies. The concentrations of
doxorubicin were determined by optical density measurements with UV-

spectrophotometer (Hitachi U-2800A, Japan) using lambda max = 480nm.

2.3.2 Quantification of vitamin K3

Quantifying Vitamin K3 was done by a colorimetric method (Nagaraja et al., 2002),
briefly in a 25 mL volumetric flask, and 2.5mL of vitamin K3 solution was added.
In the next step, 0.2% alcoholic resorcinol (1mL) was put into the Vitamin solution.
After adding 5mL sulfuric acid (95-98%), the solution was waited for 5 minutes for
the reaction to cool down. After cooling down, distilled water was added to a
complete volume of 25mL. A red complex was obtained, and optical density
measurements were applied at a wavelength of 520 nm with a spectrophotometer
(Hitachi U-2800A, Japan). The formed color complex is stable for up to 3 hours in
the temperature range 5- 65°C. A calibration curve was constructed by triple
measurements between 10 — 50 ug/mL concentrations. The concentrations of MSB
(Vit K3) in loading, encapsulation efficiency, and release experiments were
determined by resorcinol colorimetry at optical density measurements with UV-

spectrophotometer (Hitachi U-2800A, Japan) using lambda max = 520nm.

The Resorcinol colorimetric method of MSB detection is based on, in the presence
of concentrated sulfuric acid, the oxygen atom within the MSB structure undergoes
protonation to produce a carbocation. This carbocation undergoes electrophilic
addition with resorcinol (an electron-rich molecule), then the loss of water molecule
from the product produces a red-colored complex that will be spectrophotometrically
measured at wavelength= 520 nm (Figure 15). Using the MSB constructed
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calibration curve (Appendix A), the concentration of encapsulated MSB was

determined.

Resorcinol

Figure 15: Reaction of MSB (VitK3) with resorcinol and sulphuric acid producing
red color (Nagaraja et al., 2002)

2.3.3 Quantification of phospholipids (HSPC)

The colorimetric method, Stewart assay, was used to calculate the amount of lipids
in the liposome formulations prepared (Stewart, 1980). The principle of the Stewart
assay is based on the ability of phospholipids within the liposomes to form a colored
complex with ammonium thiocyanate. Stewart solution, ferrothiocyanate reagent
was prepared in 100mL of dH20 with 2.7 g of ferric chloride (FeCI3 6H20) and 3g
of ammonium thiocyanate (NH4SCN). In glass tubes, 100uL of liposome solution
was added to 2mL of chloroform and mixed well until liposomes were dissolved.
Then, 2 mL of Stewart reagent was added, vortexed for 20 s, and spun in a centrifuge
for 10 mins at 1000 rpm. After centrifugation, there were two aqueous phases, the
lower phase containing chloroform was removed with a syringe, and its absorbance
at 488 nm was measured on UV-Vis spectrophotometer (Hitachi U-2800A, Japan).
Using the HSPC constructed calibration curve (Appendix A), the concentration of

lipids was measured.

35



2.4  Characterization of the liposomal formulations

24.1 Encapsulation efficiency

Encapsulation efficiency is the parameter that identifies the amount of compound
encapsulated within the liposomes and the amount of DOX and VitK3 to be delivered
to the target site. Encapsulation efficiency is measured in the form of percentage and
expressed as the ratio of encapsulated drug amounts (doxorubicin orVitK3) to the
initial added amount of drug (doxorubicin or VitK3) in triplicate measurement (n=3).
The actual encapsulated amount of the compounds is calculated by the following
equation:

Amount of encapsulated DOX or Vit K3

100
Initial added amount of DOX or Vit K3 x

Encapsulation Ef ficiency (%) =

2.4.1.1  Encapsulation efficiency of doxorubicin

For the measurements of encapsulated doxorubicin,50 uL of liposomal doxorubicin
was ruptured using 950 uL methanol, and the absorbance was calculated by
spectrophotometer against methanol as a blank. The absorbance of lipids was
checked not to interfere with the absorbance of doxorubicin. The utilization of the
calibration curve calculated the encapsulated concentration. Then the encapsulation
efficiency was calculated in percentage by the ratio of the encapsulated concentration
of doxorubicin to the initial concentration of the drug using the equation in section
2.4.1.

24.1.2 Encapsulation efficiency of vitamin K3

For quantification of Vit K3 indirect method, using the unencapsulated drug, the
aliquots from chromatography were collected. Then the method for detection of

VitK3 concentration was applied as explained in section 2.3.2. The constructed
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calibration curve calculated the concentration. The encapsulation efficiency of Vit
K3 was calculated by the ratio of encapsulated Vit K3 to the initially added Vit K3

using the equation in section 2.4.1.

2.4.2 Drug loading measurement

Drug loading is the actual capacity of the liposomes to encapsulate and deliver the
drug. It is expressed as a drug to lipid ratio, as drug loading affects the therapeutic
index of the liposomes. It indicates the actual dosage of the drug that will reach the
target according to amount of liposome that is delivered to the target site. It is
estimated by calculating the ratio of the actual encapsulated drug (DOX, VitK3) to
the amount of present lipids (HSPC) in the formulation. The encapsulated drug is
quantified by the previous spectrophotometric measurements, and lipids are
calculated by Stewart assay. For quantification of Vit K3 indirect method, using the
unencapsulated drug, the aliquots from chromatography were collected. Then the
method for detection of VitK3 concentration was applied as explained in section
2.3.2. The constructed calibration curve calculated the concentration. The
encapsulation efficiency of Vit K3 was calculated by the ratio of encapsulated Vit
K3 to the initially added Vit K3 using the equation in section 2.4.1.

D Loading (%) = Amount of encapsulated DOX or Vit K3 100
Tug Loadingle) = Amount of liposomal lipid x

2.4.3 In Vitro release studies

The release profile of liposomes was studied by the dialysis method. Liposomes were
put in a semi permeable cellulose dialysis bag (12000MW cut-off) in fractions of 1
mL in 15 mL polypropylene tubes containing 10mL phosphate buffer saline PBS.
The setup was placed in an automated water bath shaker maintained at 100 rpm and
37°C (NUVE, ST 30, Turkey). At specified time intervals of 6, 24, 48, and 72 h, 1

mL aliquot was collected from the tube medium. The total media was changed with
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fresh PBS (0.1 M, pH 7.4) at all collection intervals. The released drugs were
measured spectrophotometrically for doxorubicin at 480nm and with a specific
colorimetric method for VitK3 at 520 nm. Cumulative release amounts vs. time
graphs were plotted for each formulation release studies were done in triplicates.

244 Particle size measurement

The particle size and polydispersity index (PDI) were measured using dynamic light
scattering (DLS) by the refractive index of the light by the liposomes. DLS measures
liposome size by measuring the average hydrodynamic diameter. Besides that, it
provides the polydispersity and homogeneity information for the liposome size
distribution. Prior to measurement, liposomes were diluted using NaCl (0.9%) at
1:10 (v:v) ratio. The size distribution of the solution was measured by a particle size
analyzer (Malvern Mastersizer 2000) in Central Laboratory, Middle East Technical
University, METU.

2.4.5 Surface charge measurement

Zeta potential analysis is applied to measure liposomal vesicles' surface charges in a
given suspension medium. Using 0.9% NaCl, liposomal doxorubicin solution was
diluted in a 1:2 (v:v) ratio, and VitK3 and empty liposomes were diluted by PBS at
aratio of 1:2 (v:v), then measured by Malvern Zetasizer 2000 in Central Laboratory,
Middle East Technical University, METU.

2.4.6 Morphology characterization

Transmission electron microscopy (TEM) analysis was used to investigate the
liposomal morphology. A drop of liposomal solution was placed on a mesh copper
grid, left to air dry, and absorbed overnight. Then it was negatively stained by 2%
uranyl acetate. The samples were characterized at 80 kV under a transmission
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electron microscope (Philips, JEM-100CX) in Central Laboratory, Middle East
Technical University, METU.

2.4.7 Liposomes stability studies

Liposome formulations were stored at 4°C for up to 45 days to study the stability of
doxorubicin, and vitamin K3 loaded liposomes. Then particle size determination,
zeta potential, and drug encapsulation efficiencies were determined as a function of

storage time.

25 Cell culture studies

251 Cell culture conditions

Cell culture studies were done to evaluate the cytotoxicity of the drugs, liposomes,
and drug liposomal formulations. In vitro studies were performed on mouse
fibroblast cell lines (L929 cells) as a control cell type and on human breast
adenocarcinoma cell lines (MCF-7 cells). L929 and MCF-7 cells were grown on
tissue culture plates using cell culture growth media consisting of high glucose
Dulbecco’'s Modified Eagle Medium (DMEM), phenol red with 10% (v/v) Fetal
Bovine Serum (FBS), and 1% (v/v) Penicillin/Streptomycin antibiotic. The cells
were incubated in a 5% CO2 — 95% air humidified atmosphere incubator at 37°C
(Panasonic, InCu safe, Japan). Cells' growth media was replaced with fresh media
every two days. When 80% confluency is reached, the cells are passaged onto a new
plate.

25.2 Cytotoxicity assay

MTT [3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide] assay was

used for cell proliferation inhibition experiments to assess the cells’ viability. The
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principle of this assay is based on an MTT reagent, a positively charged tetrazolium
dye capable of penetrating metabolically active cells. These viable cells convert
MTT into formazan crystals, a purple insoluble product (Mosmann, 1983). Then, the
absorbance of this product is measured spectrophotometrically at wavelength=
570nm. The intensity of the purple color produced reflects the amount of cell
metabolic activity as an indicator of the viability of cells. L929 and MCF-7 cell lines
were used to evaluate the cytotoxicity of VitK3 and DOX liposomal formulations
and free forms of VitK3 and DOX separately and together.

MCF-7 and L929 cells were seeded at a density of 4x10° cells/well on 96 wells and
incubated for 24 hours to allow attachment and grow plate in a 5% CO2 — 95% air
humidified atmosphere incubator (Panasonic, InCu safe, Japan) at 37°C. For
cytotoxicity experiments, the media is removed and treated with the different
experimental groups at the end of 24 h. Different concentrations of free drugs and
liposomal formulas were added to the wells, and the cells were treated with these
dug/formulation groups for 24, 48, and 72 h periods. The treatment was followed by
discarding the media. The experimental and control group wells were washed with
sterile PBS (0.01 M, pH 7.4). MTT solution was added to the wells (100 uL/well)
and incubated for 4 hours in darkness. After incubation, the MTT dye solution was
removed, and DMSO was added (100 pL/well) to solubilize the formazan crystals
while shaking the plate for 15 minutes continuously. Then the optical density of the
wells was measured by spectrophotometry with a microplate reader (Molecular
Devices, SpectraMax 1D3, USA) at 570 nm.
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Figure 16: Liposomal pretreatment scheme for cell culture studies

2.6  Statistical analysis

One-way analysis of variance (ANOVA) was used as a statistical analysis to
compare different groups for a single parameter. IBM SPSS 28 software program
was used for Tukey post-hoc pairwise comparisons. Minimum confidence level

that was considered as statistically significant result was 95%, with p-value<0.05.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1  Characterization of liposomal formulations

3.11 Encapsulation efficiency, drug loading and lipid recovery

Encapsulation efficiency (EE) is affected by the choice of phospholipids, cholesterol
amounts, method of synthesis, the encapsulated agent (charge, polarity, size...), and
method of encapsulation (Gonzalez Gomez et al., 2019). Encapsulation of drugs into
liposomes can be done in two ways, passively or actively. In passive methods drug
is added at different steps while producing the liposomes, such as adding it to the
lipid mixture prior to the formation of the lipid film. This method is done mainly for
hydrophobic drugs which get entrapped in the liposomal bilayer. In a study by
(Zhang et al. (2012)), Liposomal docetaxel formulation was produced passively, and
incorporated into the phospholipid bilayer, when mixed with the lipid mixture before
the lipid film formation. They achieved 36.4% encapsulation efficiency. Active
loading of drugs or bioactive agents is another method, and it is used mainly for
hydrophilic drugs. This method is based on diffusion, driven by the formation of an
ionized gradient between the intra and extra environment of liposomes. An example
of such loading is doxorubicin-loaded liposomes by Fritze and co-researchers; the
encapsulation efficiency in their study ranged from 16% to 100% with the usage of
various salt gradients, having the highest EE with ammonium sulfate (98.1%) and
ammonium citrate (100%) (Fritze et al., 2006).

Unencapsulated agents are removed after the production of liposomes by
chromatography, and the obtained eluted solution can be used for the measurement
of EE indirectly by subtracting this concentration from the initial amount of added

drug. Alternatively, measurements can be done directly by disrupting the liposomes
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using organic solvents, and the drug (agent) gets released in the extraction medium

and quantified.

Table 2: Encapsulation efficiency, drug loading and lipid recovery of empty and
drug-loaded liposomal formulations (n=2)

96.75 £1.1 2.82+0.85 72.64
53.81+14 13.47+3.27 68.48
- - 81.13

In this study, DOX was encapsulated using an ammonium sulfate ion gradient, and
the EE (%) was obtained by the direct rupture of liposomes. The advantage of active
loading of drugs is the high EE (%), as seen in Table 2. Here, DOX was encapsulated
at 96.75 +1.1% values. Menadione sodium bisulfite, the hydrophilic form of vitamin
K3, was loaded passively during the hydration step after initial trials and
optimization experiments. For optimization of VitK3 loaded liposomes preparation,
vitamin K3 was dissolved in ammonium sulfate as a rehydration solution and then
continued liposome preparation by film hydration. Upon dialysis in NaCl (0.9%),
chromatography was done, followed by quantification of vitamin K3; encapsulation
efficiency was found to be very low (below measurable units). Another trial was
preparing vitamin K3 liposomes, using ammonium sulfate gradient as DOX-loading,

which also resulted in 0% encapsulation efficiency.

A passive method was used for dual encapsulation of DOX and VitK3; initially
before cell culture studies using DPPC lipids. Both drugs were dissolved in PB
solution (pH=5) and then hydrated the lipid film using the solution containing the
drugs. The encapsulation efficiency of DOX was 58.77% and of VitK3 was 33.75%.
Co-loading of DOX and VitK3 was not continued; after cell culture findings, it was
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revealed that Vitamin K3 inhibits the cytotoxicity effect of doxorubicin; thus, the
liposomal formulation of the coloaded drug is expected to show lower cytotoxicity

than individual liposomal formulations.

Quantifying encapsulated menadione sodium bisulfite, a hydrophilic form of
Vitamin K3 was done indirectly by collecting the eluted solution after
chromatography. EE (%) of Vitamin K3 was found to be around 53.81+14%. In
passive encapsulation methods, hydrophilic molecules are not loaded in the liposome
with high efficiency; due to the exchange surface limitations, the liposomal core is
not as hydrated as the outside medium (Pattni et al., 2015). Passively loading of
hydrophilic antibiotic ciprofloxacin during hydration of the lipid film was 68.5-
70.2% efficient (Feghhi et al., 2020).

Drug loading efficiency was higher for VitK3 liposomes than DOX liposomes. This
might be due to the higher number of added drugs initially; VitK3 was added ten

times more than doxorubicin.

Table 2 shows that the lipid recovery was 72.64 and 68.48 % for Dox and VitK3
loaded liposomes, respectively. So, an 8.5% and 13.13% decrease in lipid recovery

was seen with DOX and VitK3 loading compared to empty liposomes.

3.1.2 In vitro drug release profiles

The purpose of drug delivery systems is to control the encapsulated drug's release,
enhancing its bioavailability. Drug release studies evaluate the amount and pace of
drugs released from the liposome's core, defining the liposomal system's
pharmacological activity. The in vitro release profile provides an idea about the
system's release behavior in vivo. When the active agents are encapsulated within
liposomes, they are not therapeutically active. They are released from the liposomes
expectantly at the target site and become active. The cumulative release profiles were
done by membrane diffusion technique using dialysis tubing in the release medium;

the drug has to diffuse from the liposome and then diffuse through the membrane
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into the release medium, where it will be quantified (Solomon et al., 2017). Figure
12 shows the release profile of doxorubicin, free DOX release from dialysis tubing

was used as a control.
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Figure 17: Liposomal and free doxorubicin release profiles in PBS, pH:7.4, at 37°C
(n=3).

Table 3: Summary of release profiles

Time it took
Drug % Drug %
50% of total
released after released after
drug to be
72h
released (t50)
Liposomal VitK3 20 24 -
Liposomal DOX 10 82 25 hours
Free DOX 33 98 9 hours

Figure 17 and Table 3 show that after 6 hours, 33.5% of free doxorubicin was
released compared to 10% of the liposomal doxorubicin; this initial burst indicates
that the diffusion of drugs out of the dialysis membrane can be neglected (YYamamoto
et al., 2007). In less than 30 hours, around 90% of the initial amount of free
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doxorubicin was released; meanwhile, even after 72 hours, 82% of doxorubicin was
released from liposomes. Our results are like those of (Sabeti et al., 2014); in their
study, about 80% of doxorubicin was released in 70 hours of incubation. This shows
that encapsulating doxorubicin in liposomes controlled the release of the drug and
allowed the slow release, which is expected to increase its bioavailability in blood
circulation. PEGylation of liposomes sustains and stabilizes the release of drugs from

liposomal formulations due increase rigidity of the phospholipid bilayer.
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Figure 18: Liposomal Vitamin K3 release profile in PBS, pH:7.4 at 37°C (n=2)

As Figure 18 shows, the release profile of vitamin K3 liposomes, vitamin K3 was
released in a burst manner after 6h of incubation, 20% of the encapsulated drug was
released. After 24h of incubation, it was apparent that there was a decrease in the
cumulative released amount according to the OD values being less than the previous
(6h reading) from the same release media (only a small fraction was replaced with
fresh media at 6th hour reading). This decrease was not expected to occur since
vitamin K3 was protected from light at each step of liposome preparation and release.
Besides, that VitK3 solution stability upon temperature exposure and incubations at

room temperature was tested during calibration curve settling experiments.
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However, after refreshing the total release media at 24 h, the release of VitK3
continued and gave about 3-5 % of the VitK3 into media each following day.

3.1.3 Liposomal particle size, polydispersity, and zeta potential

measurement

To determine liposome particle size distribution and polydispersity and the effect of
the encapsulated drugs and storage conditions on size distribution, particle size
analysis was performed by dynamic light scattering on the liposomal formulations.
Table 4 shows the structural analysis of the liposomal formulations produced.

Table 4: Size, Pdl and zeta potential determination of liposomal formulations (Pdl:
Polydispersity index)

: Peak Zeta
Liposome Z-Average : :
Diameter Potential

formulation (nm) (
(nm) (mV)

Empt
: o 148.1
liposomes

DOX-loaded

: 128.7
liposomes
VitK3-loaded

: 150.9
liposomes

During the preparation of liposomes by lipid film hydration, samples were extruded

through 400, 200, and 100 nm porous polycarbonate membranes at 65°C, which is
higher than the transition temperature and is enough to resize liposomes to obtain a
100 nm diameter. Particle size is an essential parameter in nanodrug delivery
systems, as it affects molecule clearance, stability, biodistribution, liposome half-life
in blood, and drug release. For enhanced penetration into the tumor blood vessel,

nanoparticles should be able to fit within the range between 40-200 nm (Zein et al.,
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2020). Nanocarriers smaller than 150 nm can penetrate fenestrated capillaries, like
those in the surrounding tumor microenvironment. Larger than 100-150 nm
liposomes can be recognized and taken up by the reticuloendothelial system and
eliminated by the liver’s phagocytes (Kupffer cells) and the spleen (Danaei et al.,
2018). Therefore, for the chemotherapeutic drug (DOX) enhancement for anticancer
effect, liposomes sized less than 150 nm can exploit the EPR effect and accumulate
at the tumor site, releasing the drug locally. Thus, the average sizes of the liposomes
produced mainly were within the required diameter (128-150 nm) for the
administration of drugs in cancer therapy. The polydispersity index (PDI) refers to
the population’s size; if the sizes of liposomes are close to each other, the population
is homogenous; if there is a broad difference between the sizes of the particles, the
population is non-uniform, therefore heterogenous; having high PDI. The formulated
products should be homogenous for a safe and stable administration of nanocarriers
(Danaei et al., 2018). For liposomes, a population is considered monodisperse
(homogenous) when PDI is less than 0.3 and is accepted for administration
(Dragicevic-Curic et al., 2008). The liposomes produced in this study were within

the required range regarding particle size and PDI.
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Figure 19: Size distribution by volume of empty liposomes

Figures (19-21) show the size distribution of the liposomal formulations; since all

were functionalized by adding PEG, a hydrophilic molecule, a higher hydrodynamic
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diameter greater than 100 nm was expected. It was also recognized that doxorubicin
liposomes had the smallest size (average and peak size), and vitamin K3-loaded

liposomes were slightly larger than empty liposomes.
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Figure 20: Size distribution by volume of doxorubicin loaded liposomes.
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Figure 21: Size distribution by volume of vitamin K3-loaded liposomes

Zeta potential is another important physical parameter in evaluating liposomes for
usage. Zeta potential describes the surface charge of liposomes; it is used to predict
the stability of the suspended colloidal system, in this case, liposomes, in the medium
(Hunter et al., 2001). Liposomes can be positive, neutral, or negative, depending on
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the phospholipid used. In this thesis research, phosphatidylcholine was used, which
is a neutral phospholipid (Hamilton et al., 1983). Neutral liposomes have very low
interaction with cells and tend to aggregate over time, reducing their stability.
Negative liposomes have higher lipid-cell interaction, increasing liposome uptake by
target cells (Dicko et al., 2010). The addition of PEG has been shown to lower the
negative charge of zeta potential (Garbuzenko et al., 2005). For liposomes
preparation DSPE-PEG2000 was used, DSPE is a negatively charged molecule that
anchors PEG onto the liposome bilayer, and long PEG chains (2000 molecular
weight) neutralize the charge of the molecule (Holsater et al., 2022). To indicate the
stability of liposomes, zeta potential ranges more than 30mV and lower than -30mV,
liposomes in the range between +30mV and -30mV are considered unstable and will

aggregate over time (Manaia et al., 2017).

Table 4 shows the results of the zeta potential evaluation analysis; empty and
doxorubicin liposomes had close zeta potential, but vitamin K3 liposomes had a
lower higher zeta potential. Due to the negative charge of these liposomes, low
aggregation is expected.

Table 5: Physical characterization of liposomal formulations after storage for 45
days, at 4°C

139.9 0.035 -3.04
125.8 0.080 -1.86
151.6 0.114 -3.98

Table 5 shows the results of particle size measurement, zeta potential and Pdl after

storage of the liposomal formulations for 45 days at 4°C. Particle size of the
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liposomal formulations was somehow stable with simple change in the size, for the
storage period and temperature, but the Pdl of the liposomal vitamin K3, has
increased more than empty liposomes, but it was still less than 0.3 making it
administrable (Dragicevic-Curic et al., 2008). The zeta potential of Vitamin K3-
loaded liposomes did not change much as it initially had a higher zeta value, and due
to the electric repulsion, little aggregation occurred, meanwhile liposomal DOX and
empty liposomes have shown a decrease in the zeta potential as these formulations
initially had a lower zeta potential (Guldiken et al., 2018).

3.2  Cell Cytotoxicity

Determination of effective doses and drug treatment regimens for DO and Vitamin

K3 with in vitro cell culture studies

3.21 Free Doxorubicin and Vitamin K3

Two cell lines were used for in vitro cytotoxicity studies; MCF-7 breast cancer cells
and L929 mouse fibroblasts. MCF-7 cells originate from human epithelial
adenocarcinoma, breast cancer cells. These cells express both estrogen and
progesterone receptors (Comsa et al., 2015). They are commonly used as model cells
for investigating drugs or other agents on breast cancer treatment potency (Lee et al.,
2015). L929 cells originate from murine fibroblast cell lines, the oldest continuous
cell line (Theerakittayakorn & Bunprasert, 2011); L929 cells originate from
noncancerous, normal subcutaneous areolar and adipose tissue (Ma et al., 2012).
L929 cells were used as a standard control to evaluate the specificity of anticancer

agents to cancerous cells (Esghaei et al., 2018; Ghagane et al., 2017).
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3.21.1 Doxorubicin cytotoxicity

To find the concentration of doxorubicin that inhibits 50 % of cell growth in MCF-
7 cell line, cell viability was assessed after treatment with various concentrations (0.4
— 3 ng/mL) for 24 and 48 hours (Figure 22). 1C50 was found to be around 1.5 pg/mL
for 24 h and 0.6 pg/mL for 48 h treatments. In another study studying the effect of
doxorubicin on MCF-7 cells, the IC50 was 0.68 nug/mL after 48 h of treatment; thus,
our IC50 agrees with the literature (Fang et al., 2014). The concentration that caused
50% growth inhibition after 48 h was used as 1C50 value for DOX for further cell
culture studies: dual studies with DOX-VitK3 sequential treatment after pretreatment
by vitamin K3, and liposomal formulations evaluations, as well as cell viability
studies on L929 cell line. The viability percentage was calculated with respect to
untreated MCF-7 cells as a control. As shown in the graph, the viability of MCF-7
was inversely proportional to the time of treatment and DOX concentration;
therefore, the cytotoxicity was dose and time-dependent, but after certain
concentrations, 1.5 pg/mL after 24 h and 0.8 ug/mL after 48 h, cells growth reaches
a plateau and is not responsive to any increase in concentration. This dose effect
stabilization might be due to the cell’s resistance to DOX with the increase in passage

number, the efflux pumps of cells, or cell saturation by doxorubicin.
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Figure 22: MCF-7 cell viability (%) in comparison to untreated cells, after treatment
with various doxorubicin concentrations for 24 and 48 hours.(n=3)

To determine whether the cytotoxicity of doxorubicin was selective towards
cancerous cells or if it will have similar cytotoxicity with used doses on
nonmalignant cells, L929 cells were subjected to the same concentrations (0.4 — 3
ug/mL) of doxorubicin for 24 and 48 h. Figure 23 shows that L929 cells were not
sensitive to doxorubicin between the concentrations (0.4-3 ng/mL) after 48h of
treatment. After 72 h of exposure to doxorubicin, 50% inhibition occurred at 3
ug/mL. In a study by (Pyataev et al., 2019), 50% inhibition occurred at 2.85 ug/mL
after 24 h of treatment, as their concentration is close to ours; just difference in
treatment time might be due to the difference of seeded cells (2000 cells/well in their
study, 4000cells/well in ours). DOX at a concentration of 3 ug/mL caused death in
24% of the L929 cells after 48 h, in contrast to 64% death in MCF-7 cancerous cells.
At MCF-7’s IC50 (0.6 ng/mL), only 17% of L929 cells were inhibited, showing that
MCF-7 cells are more sensitive to DOX compared to L929 cells. The comparison of
cytotoxicity on MCF-7 and L929 cell lines suggests that DOX has potent inhibitory

activity on cancer cells.
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Figure 23: L929 cells viability (%) in comparison to untreated cells, after treatment
with various doxorubicin concentrations after 24, 48 and 72 hours (n=3)

3.2.1.2  Vitamin K3 (menadione) cytotoxicity

MCF-7 and L929 cells were treated with different concentrations of vitamin K3
(MSB) (2.5,5, 6, 10 pg/mL) to evaluate the drug’s cytotoxicity on cells. The cells
were exposed to Vitamin K3 for 24, 48, and 72 hours, with the refreshment of the
drug and media every 24 hours. Figures 24 and 25 show that both cell lines MCF-7
and L929 (respectively) are sensitive to Vitamin K3 cell growth inhibitory effects in
a dose-dependent manner. Figure 24 shows that MCF-7 cells cytotoxicity is also
time-dependent between concentration 2.5 ug/mL and 10 ug/mL, at concentrations
higher than 2.5 pg/mL all dosage demonstrated a significant decrease in cell viability
as early as 24 hours after treatment. Figure 25 shows 2.5 pug/mL did not show any
significance change between 24 and 72 h in terms of cell viability meanwhile, 5
ug/mL demonstrated significant decrease in cytotoxicity as early as 24 hrs at the end
72 hrs Vitamin K3showed the lowest the cell viability at 5 ug/mL. After 5 ug/ml all

of Vitamin K3 concentrations showed statistically significant lower cell viability
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compared to 2.5 pg/mL. At 2.5 ng/mL L929 cell viability decreased from 74.24 %
after 24 hours to 67.71% after 72 hours of treatment, showing at 2.5 pg/mL, MCF-7
were more sensitive to Vitamin K3 with time. Figure 24 shows that after 24 h of
VitK3 treatment, 50% of cell inhibition in MCF-7 cells occurred around 6.5 ug/mL,
assessing this concentration as IC50. In a study by (Yamada et al., 2015), they used
menadione, the hydrophobic form of vitamin K3, the IC50 on MCF-7 was around
4.3 ng/mL, which is equivalent to 6.7 ug/mL of menadione sodium bisulfite (water-
soluble form in this thesis research). At a concentration of 5 pg/mL, L929
cytotoxicity changed on day one from 46.77% to 30% on the second day to 6.11%
on the third day of treatment, showing that at higher concentrations of VitK3 L929
cells are affected by the treatment time. In Figures 24 and 25, it is observed that L929
cells are more sensitive to Vitamin K3 inhibitory effect on the first two days at higher
concentrations (6 ng/mL and 10 pg/mL) in comparison to MCF-7 cells with 53%,
48% after 24 and 48 hours respectively at 6 pug/mL compared to L929 cells viability
of 13% and 11% after 24 and 48 hours respectively.
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Figure 24: MCF-7 cell viability (%) in comparison to untreated cells, after treatment
with different Vitamin K3 (menadione) concentrations for 24, 48 and 72hours (n=3),
asterisks denote statistical significance at p<0.005.
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Figure 25: L929 cell viability (%) in comparison to untreated cells, after treatment
with different vitamin K3 (menadione) concentrations for 24, 48 and 72hours, (n=3),
(p***<0.001)

3.2.1.3  Doxorubicin and Vitamin K3 dual cytotoxicity

To study the combined effect of menadione and doxorubicin on cell viability, MCF-
7 and L929 cells were treated with 0.65 pug/mL of doxorubicin and different
concentrations of menadione (3, 4, 5, 6 ug/mL) together. In the MCF-7 cell line, 0.6
ug/mL was considered the 1C50 after 48hrs, as it caused cytotoxicity to 50% of the
cells, and in L929 cell line, the same concentration caused the same cytotoxicity for
24% of cells. MCF-7 and L929 cells were therefore treated with these doses, and
results were demonstrated in Figures 26 and 27. The results were highly unexpected,
so the entire experiment was repeated with triplicate sets, and the same result was
verified. Accordingly, the two drugs inhibited each other’s mechanism of action in
terms of cytotoxicity. Thus, the cytotoxicity effect of doxorubicin at IC50 dose
(observed for 2nd day with only DOX) was decreased, and it did not cause a 50%
inhibitory effect even after 72 h of treatment for the cancer cell line, and the decrease

in cell viability was statistically significant only after 72 hours of treatment, but there
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was no significant decrease in cell viability with the increase of concentrations of the
drugs on MCF-7 cells.
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Figure 26: Dual treatment of MCF-7 (%) in comparison to untreated cells, cells, with
different vitamin K3 concentrations and doxorubicin at 0.6 ug/mL (DOX IC50 to
MCF-7) (n=3), p*** shows statistically significant at p<0.001

When L929 cells were treated with DOX at a dose of 0.6 ug/mL and menadione (3,
4,5, 6 ng/mL) together, this dual treatment with menadione and DOX decreased the
cytotoxicity effect of single VitK3 but increased it compared to single Dox. With
only Dox (at 0.6 ug/mL), these cells had relatively high viability (>70%) for the 3-
time points. However, it decreased slightly at 4 ug/mLVitK3 during dual use and
more with higher doses (Figure 27). Dual treatment of L929 cells showed that both
time and concentrations increase had a significant effect on cell viability of L929

cells.

In other words, after 48 hrs of treatment with 5 pg/mL of vitamin K3 alone, 70%
cytotoxicity was achieved (with 30% viability), meanwhile when 5ug/mL was added
with 0.6 ug/mL of DOX, cytotoxicity decreased to 46% (with app. 54% viability),

thus showing that DOX has an inhibitory effect on vitamin K3 for these cells.
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Figure 27: Dual treatment of L929 cells, with different vitamin K3 concentrations
and doxorubicin at 0.6 pg/mL (DOX IC50 to MCF-7) (n=3), Asterisks show
statistically significant at p*<0.05 and p**<0.001

3.214 Pretreatment of cells with Vitamin K3 before Doxorubicin

The experiments in this thesis research aimed to evaluate the synergy/additive effect
of VitK3 on doxorubicin. However, inhibitory effects on cancer cells and
enhancement effects on normal cell line was observed. Another study showed that
pretreatment Ehrlich ascites carcinoma cells resistant to doxorubicin with 10 pg/mL
of vitk3 lowered the IC50 from 22.3 pg/mL to 5.3 pg/mL (Xu, Zhang, Wang, &
Zhang, 1998).

Considering these previous approaches for dual treatment, MCF-7 and L929 cell
lines were pretreated for 72hrs with 3 pg/mL and 6 pg/mL of vitamin K3 group 1
and 2, respectively, while refreshing the drug and media daily and then treated with
only DOX at 0.6 pug/mL at the 3" day for only 24 hours. As a control, cells were
treated with 0.6 ug/mLof doxorubicin alone. Figure 28 shows that all the groups are

statistically significantly different than each other. Group 3 has the highest value,
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and group 2 has the smallest value (p***<0.001). Figure 28 shows that pretreatment
of cells with Vitamin K3 before the administration of Doxorubicin, showed no
increase in the cytotoxicity. Comparing free administration of Vitamin K3
(Figure24) showed 11% cell viability on MCF-7 cells after treatment with 6 ug/mL
VitK3, in the pretreatment experiment the cell viability of MCF-7 cells was around
18% after treatment with 6 ug/mL of Vitamin K3 for 72 hours followed by DOX
IC50 for 24 hours. Showing that the pretreatment had no increase in the efficiency
of vitamin K3 and DOX treatment

In Figure 29 the pretreated groups (1-2) showed significant decrease in cell viability
when compared to DOX IC50. In the L929 cell line, 6 ug/mL VitK3 pretreatment
before DOX IC50, had 74% cell viability and when compared to free administration
of VitK3 (Figure 25) 6 ug/mL had only 7% cell viability after 72 hours. Figure 29
also shows that the treatment with DOX IC50 after pretreatment with vitamin K3

inhibited the effect of vitamin K3 on cells.
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Figure 28: MCF-7 cell viability (%) in comparison to untreated cells, cells treated
with different groups. Group 1: 3 ug/mL VitK3 pretreatment then addition of
doxorubicin 0.6 pg/mL. Group 2: 6 ug/mL VitK3 pretreatment then addition of
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Doxorubicin 0.6 pg/mL. Group 3: Doxorubicin 0.6 pg/mL alone on 3" day (n=3),
asterisks show statistical significance at p***<0.001
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Figure 29: 1929 cell viability (%) in comparison to untreated cells, cells treated with
different groups. Group 1: 3 ug/mLVitK3 pretreatment then addition of doxorubicin
0.6 ng/mL. Group 2: 6 ng/mLVitK3 pretreatment then addition of Doxorubicin 0.6
pg/mL. Group 3: Doxorubicin 0.6 pg/mL alone on 3 day (n=3), asterisks show
statistical significance at p*<0.05.

3.2.2 Liposomal formulations cytotoxicity

Vitamin K3 and doxorubicin are both potent drugs against cancer, and their main
drawback is the adverse side effects exerted on the patients. To enhance their
therapeutic index, liposomal formulations of both drugs were produced. Doxorubicin
HCI is hydrophilic, and menadione sodium bisulfite is the water-soluble form of

vitamin K3, so they are entrapped in the aqueous core of liposomes. The cytotoxicity
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of liposomal formulations of each drug was studied, as well as the pretreatment of

liposomal doxorubicin with liposomal vitamin K3.

3.2.2.1  Empty liposomes cytotoxicity

MCEF-7 cells were treated with different concentrations of empty liposomes to assess
the cytotoxicity of HSPC lipids on cells. Cell viability was evaluated after 24, 48,
and 72 hours of treatment with 100 — 200 — 300 — 400 — 500 nmol/mL of empty
liposomes. Figure 30 shows that the cytotoxicity of empty liposomes ranged between
8.3% and 19%; the trend of cytotoxicity was the highest on the first day for all

liposome concentrations, and then maintaining the cytotoxicity was approximately

constant.
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Figure 30: MCF-7 cell viability (%) in comparison to untreated cells, after treatment
with empty liposomes for 24, 48 and 72 release hours (n=3)
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3.2.2.2 Liposomal doxorubicin cytotoxicity

To evaluate the cytotoxicity of liposomal formulation of doxorubicin, MCF-7 and
L929 cells were treated with different concentrations of DOX liposomes. Cells were
treated with 50, 100, 200 nmol/mL of HSPC lipid containing 0.6, 1.2, 2.4 pg/mL of
doxorubicin respectively. These concentrations were chosen as IC50 (0.6 pg/mL)
concentration, 2xIC50 and 4xIC50 concentrations, respectively. Figures 31 and 32
show the treatment results for 24, 48, and 72 hours.

In Figure 31, it is shown that after 24h of incubation of doxorubicin loaded
liposomes, it exhibited a very low level of cytotoxicity. However, with increased
time and concentration, the cytotoxicity also increased; thereby, the cytotoxicity of
doxorubicin loaded liposomes occurred in a dose and time-related manner. In another
study evaluating the cytotoxicity of liposomal formulation of doxorubicin, it also
showed that after 24 hours the cytotoxicity of doxorubicin loaded liposomes was less
than that of free doxorubicin, and with the increase of time the cytotoxicity increased
(Haghiralsadat et al., 2017). The release study of doxorubicin shows that doxorubicin
is released slowly from liposomes. This explains the cytotoxicity increase with time
for liposomes. Considering that after 72 hrs, when 80% of the drug is released to the
cell culture media, approximately 0.5 ug/mL is released from 50 nmol/mL of
liposomes, therefore, nearly 1C50 (0.6 ug/mL) was reached. In treatment with free
doxorubicin, MCF-7 cells showed resistance after the concentration of 1.5 pg/mL,
but when these cells were treated with liposomal doxorubicin, the cells were
responsive to liposomal DOX formulations with 4 times IC50 Concentrations (app.
2.4 ug/mL) and the decrease in cell viability was statistically significantly different

in terms of treatment time and concentrations.

In Figure 32, it is shown that L929 cytotoxicity was also time-dependent, as it
showed 50% cell growth inhibition after 72hrs of treatment, but it was not dose-
dependent, in the range of 0.6 — 2.4 ug/mL of liposomal DOX formulations. After
24 and 48 hours of treatment, cell viability ranged between 82% and 84% for the 3
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concentrations applied. 1C50 of DOX on L929 cells decreased from 3 ug/mL to
around 0.5 pg/mL of liposomal doxorubicin, considering that 80% of the drug is
released after 72hrs. The decrease in cell viability was only significantly after 72

hours of treatment with liposomal doxorubicin.
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Figure 31: MCEF-7 cell (%) in comparison to untreated cells, after treatment with
doxorubicin loaded liposomes in different concentrations for 24, 48 and 72 hours 50
nmol/mL of liposomal DOX contains IC50 of DOX, 100 nmol/mL contains 2x1C50
of DOX, and 200 nmol/mL contains 4xIC50 of DOX (n=3), asterisks demonstrate
statistical significance at p*<0.05.
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Figure 32: L929 cell viability (%) in comparison to untreated cells, after treatment
with doxorubicin loaded liposomes in different concentrations for 24, 48 and 72
hours 50 nmol/mL of liposomal DOX contains IC50 of DOX, 100 nmol/mL contains
2xIC50 of DOX, and 200 nmol/mL contains 4xIC50 of DOX (n=3), asterisks
demonstrate statistical significance at p***<0.001

3.2.2.3  Liposomal Vitamin K3 cytotoxicity

To assess the cytotoxicity of liposomal Vitamin K3, MCF-7 and L929 cells were
treated with different concentrations of Vitamin K3 loaded liposomes, ranging from
liposomal concentrations of 60, 120, and 240 nmol/mL, containing 6, 12, and 24
ug/mL of vitamin K3, respectively. These concentrations correspond to 1C50,
2x1C50, and 4x1C50 doses of VitK3 obtained by previous results, IC50 being around
6 ng/mL.

Figure 33 shows that MCF-7 cells were not responsive to liposomal Vitamin K3 in
a dose-dependent manner, instead only in a time-dependent way, inhibiting growth
the most after 72 hours of incubation. During the first 2 days of incubation with
liposomal Vitamin K3, the cell viability ranged from 86% to 89% for the 3 dosages
administered, but on the third day of incubation, the cell viability ranged from 67%
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to 73%. In Vitamin K3 liposomal formulations, only 24% of vitamin K3 was released
in 72hrs, with the burst being after 6 hours, with 20% release; taking this into
consideration, 1.2, 2.4, 4.8 pg/mL concentrations of Vitamin K3 were estimated to

be released from the liposomal formulations respectively.

Figure 34 shows the cytotoxicity of liposomal Vitamin K3 on L929 cells; when cells
were treated with 60 nmol/mL of liposomal Vitamin K3, containing 1C50 dose, after
24hrs of treatment, cytotoxicity was around 9%, and this cytotoxicity did not increase
with the increase of treatment time. On the other hand, when treated with higher
concentrations of vitamin K3 loaded liposomes, cells were more responsive to the
treatment time. The highest cytotoxicity with liposomal vitamin K3 exerted on L929

cells was 29%, at 240 nmol/mL liposomal vitamin K3 containing app. 4xI1C50 dose.
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Figure 33: MCF-7 cell viability (%) in comparison to untreated cells, after treatment
with different concentrations of VitaminK3 loaded liposomes for 24, 48 and 72 hours
60 nmol/mL of liposomal VitK3 contains IC50 of VitK3, 120 nmol/mL contains
2x1C50 of VitK3, and 240 nmol/mL contains 4xIC50 of VitK3 (n=3)
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Figure 34: L929 cell viability (%) in comparison to untreated cells, after treatment
with different concentrations of VitaminK3 loaded liposomes for 24, 48 and 72 hours
60 nmol/mL of liposomal VitK3 contains IC50 of VitK3, 120 nmol/mL contains
2x1C50 of VitK3, and 240 nmol/mL contains 4xIC50 of VitK3 (n=3)

In both cell lines, inhibition of 50% of cell growth was not reached; this might be
due to the slow release of the drug from the liposomes. This might be advantageous
as liposomal formulations will release most of the drugs when they reach the tumor
site. A study showed that within the first 5 minutes, liposomes have accumulated at
the tumor site and slightly start decreasing after 60 minutes (Viglianti et al., 2004).
Due to the addition of PEG to liposomes, they are enabled to circulate for a more
extended period (3-4 days) in the bloodstream, which means more extended time for
accumulation at the tumor site due to the stealth property of PEG liposomes, avoiding
RES (Olusanya et al., 2018).

3.2.24  Treatment with liposomal VitK3 before liposomal DOX Cytotoxicity

MCEF-7 cells were pretreated with different liposomal groups; all groups were treated
with liposomal vitamin K3 for 3 days, then replaced with liposomal doxorubicin for
3 days. Group 1 was treated with IC50 of VitK3 for 3 days, followed by treatment
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with liposomal DOX for 3 days; group 2 was firstly treated with 2x1C50 VitK3, then
2xI1C50 DOX, and group 3 cells were treated with 4xIC50 of VitK3 followed by
4x1C50 of DOX. Firgure 35, shows that MCF-7 cytotoxicity increased with the
increase of the administered doses, demonstrating that cytotoxicity was dose-
dependent as the decrease in cell viability was statistically significant at p***<0.001.
The results of this regime were similar to the results of liposomal doxorubicin
cytotoxicity on the third day showing no enhancement of its anticancer effects on
MCEF-7 cells. Results did not show high cytotoxicity compared with the pretreatment
regime of free vitamin K3 and doxorubicin. Group 1 of this study and group 2 of the
pretreatment of cells with free drugs both contained VitK3 IC50 and DOX 1C50,
which caused 82% cytotoxicity, and liposomal pretreatment only caused 25%
cytotoxicity. The difference in the experimental setting is that in free drug
pretreatment, vitamin K3 was refreshed every 24h; therefore, cells were exposed to
IC50 of VitK3 on 3 occasions. As seen in the release studies, liposomal formulations
gradually release drugs; after 72h, only 24% of vitamin K3 was released from the
liposomal form, and 82% of DOX from its liposomal form. This slow release,

specifically from VitK3 liposomes, might be the reason for the lower cytotoxicity.
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Figure 35: MCF-7 cell viability (%) in comparison to untreated cells, cells were
pretreated with liposomal VitaminK3, before treatment with liposomal Doxorubicin:
Group 1: IC50 VitK3 + 1C50 DOX, Group 2: 2xIC50 VitK31+ 2xIC50 DOX, Group
3: 4x1C50 VitK3 + 4x1C50 DOX (n=3), asterisks demonstrate statistical significance
at p***<0.001
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CHAPTER 4

CONCLUSION

Liposomes are extensively used in the clinical setting as chemptherapeutic
nanocarries. This study aimed to enhance the development of coadministration of
doxorubicin and vitamin K3, , using liposomal formulations. Vitamin K3-loaded
liposomes and DOX-loaded liposomes were prepared and characterized for
encapsulation efficiencies, loading efficiency, and lipid recovery. The liposomal
formulations were studied for their particle size, zeta potential, and release studies.
After preliminary cell culture studies of dual drug treatment Vitamin K3 seemed to
inhibit doxorubicin cytotoxicity; therefore, dual-loaded liposomes were not
produced. Cytotoxicity studies have revealed that pretreatment of MCF-7 cells with
3 days of vitamin K3, followed by 24h of doxorubicin treatment, had no effect on
increasing the cytotoxicity of the VitK3 but did increase the cytotoxicity of DOX..
Hence, pretreatment of cells with the liposomal formulations of drugs was
conducted, with 3 days of treatment with liposomal vitamin K3 followed by 3 days
with doxorubicin. The results have shown that this liposomal pretreatment has lower
cytotoxicity than the free drug pretreatment; this might be due to the slow release of
drugs from liposomes. Another reason might be that in free drug treatment, cells
were exposed to Vitamin K3 daily for 3 days, followed by doxorubicin treatment for
24h. This regime is inapplicable in clinical settings due to the cytotoxicity of vitamin
K3; this way, the patient would be exposed to a high dosage of Vitamin K3, which
would be unfavourable due to side effects. Thus, even with lower cytotoxicity
outcomes compared to free form, better in vivo achievements might be expected with
VitK3 loaded liposomes alone or together with DOX loaded liposomes considering
passive targeting related enhanced drug delivery with less amount of drug exposure
to overall system and hence less side effects. These results pave the way for future

works by trying dual liposomal administration.
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APPENDICES

A. Calibration curves
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Figure 36: Doxorubicin calibration curve in PBS (0.01M)) (n=3)
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Figure 37: Doxorubicin calibration curve in methanol (n=3)
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Figure 38: HSPC calibration curve (n=3)
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Figure 39: Vitamin K3, menadione (MSB) calibration curve

94

y =0,0034x - 0,0039

30

R*=0,9876

35

40

35

y =0,0017x - 0,0062

45



