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Say, "I am only a man like you, to whom has been revealed that your god is one God.
So whoever would hope for the meeting with his Lord let him do righteous work
and not associate in the worship of his Lord anyone." (Qur'an 18:110)

“Katakanlah: ‘Sesungguhnya aku ini hanya seorang manusia sepertimu, yang
diwahyukan kepadaku: ‘Bahwa sesungguhnya Ilahmu itu adalah Ilah Yang Esa.’
Barangsiapa yang mengharapkan perjumpaan dengan Rabbnya, maka hendaklah ia
mengerjakan amal yang shalih dan janganlah ia mempersekutukan seorang pun
dalam beribadah kepada Rabbnya.” (QS. Al-Kahfi: 110)

I

Summary
Ovarian cancer is the most lethal gynecologic malignancy, it ranks the eighth
cause of cancer death in women of worldwide. The standard treatment of progressive
ovarian cancer is surgical resections followed by systemic chemotherapy. The National
Comprehensive

Cancer

Network

(NCCN)

guideline

shows

as

first

line

chemotherapeutic agents for ovarian cancer the carboplatin, paclitaxel (PTX) or the
administration in combination of these two
PTX acts as an anti-cancer agent preventing cells division by promoting and
stabilizing the assembly of microtubule structures. Because PTX is highly
hydrophobic the mixture of Cremophor EL® and ethanol has been adopted as solvent
for the commercial formulation known as Taxol. Nonetheless, administration of Taxol
may cause side effects such as hypersensitivity reactions, nephrotoxicity and
neurotoxicity. Therefore, the disadvantages of Taxol treatment should urgently be
ameliorated by the development of proper drug delivery system of PTX. The highly
hydrophobic nature of PTX hinders the loading efficiency into the liposomes resulting
in a poor encapsulation yield. Recently, we successfully developed liposomes
encapsulating glycosylated paclitaxel (gPTX) in the hydrophilic core. gPTX is a PTX
derivative with a glucose moiety coupled at the 7-OH radical. This modification
enhanced the hydrophilicity of PTX allowing its solubility in different solvents CEP
(Cremophor EL®, ethanol, and PBS; in 12:12:76 ratio) and EG (40% Ethylene Glycol).
Exploiting the difference of the solubility we could prepare stable gPTX liposome
(gPTX-L) with sufficient amount of encapsulated drug.
The outer layer of liposomes can be modified with coupled ligands targeting
molecules localized on the cell membrane surface. Targeted-drug delivery
nanosystems with coupled ligands have been actively utilized to optimize therapeutic
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efficacy and minimize systemic toxicity. Ligands for cell surface receptors highly
expressed in tumor cell populations have provided a great specificity. The cell
membrane receptor CD44 could be one of the most promising candidates to be targeted.
CD44 is a receptor for hyaluronic acid type-1 transmembrane glycoprotein that is
implicated in cell–cell and cell–matrix interactions and is associated with malignancy,
particularly with metastasis promotion. CD44 has also been considered as a cancer
stem cell (CSC) marker in several malignancies of hematopoietic and epithelial origin,
and is closely related with tumor progression and drug resistance in several tumors
including ovarian cancer. Collectively, CD44 could be a suitable candidate molecule
to be targeted by the drug delivery nanosystem as ovarian cancer therapeutic.
In this study, we have optimized the loading efficiency of gPTX achieving
higher encapsulation yields of gPTX-L, and have also designed the immunoliposome
CD44-targeted gPTX-IL. To generate gPTX-IL, the anti-human CD44 monoclonal
antibody (anti-hCD44 MAb) was conjugated to the gPTX-L and its efficacy was
evaluated under in vitro and in vivo conditions.
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CHAPTER 1
General Introduction
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Ovarian Cancers
Ovarian cancer causes more deaths in the United States than any other type of
female reproductive tract cancer, with an estimated 22.240 new cases and 14.070
deaths in 2018 [1]. Ovarian cancer accounts for just 2.5% of all female cancer cases,
but 5% of cancer deaths because of the disease’s low survival. This is largely because
4 out of 5 ovarian cancer patients are diagnosed with advanced disease that has spread
throughout the abdominal cavity. Overall ovarian cancer incidence rates have been
decreasing since the mid-1980s, with the pace of the decline accelerating in the early
2000s[1,2].

Figure 1. Normal female reproductive anatomy. (originally published by the
National Cancer Institute)

The ovaries are a pair of reproductive glands, each about the size of a grape, located
on either side of the uterus (Figure 1). They produce eggs that travel through the
4

fallopian tubes into the uterus, where they are fertilized for reproduction. In
premenopausal women, the ovaries are the primary source of the hormones estrogen
and progesterone, which maintain the health of the female reproductive system. The
three major types of ovarian cancer are epithelial, accounting for 90% of cases, germ
cell (3%), and sex cord-stromal (2%). Epithelial cancers are further subdivided into
serous (52%), endometrioid (10%), mucinous (6%), and clear cell (6%) tumors[3,4].
Ovarian cancer is not easily diagnosed because the most common presenting
symptoms of persistent abdominal distension — pain and pressure in the pelvis — can
be attributed to a number of causes[5]. Patients may be asymptomatic until an
abdominal mass is discovered during routine pelvic examination or until the tumour
has metastasised [6], consequently, progression to late stage before diagnosis is seen
in the majority of presenting women. Approximately 75% of patients are at
International Federation of Gynecology and Obstetrics (FIGO) stages II–IV at the
time of diagnosis [5].

Ovarian Cancer Treatment
Surgery is currently the intervention of first choice in ovarian cancer [5]. In
advanced cases, tumour debulking is recommended to improve the efficacy of
adjunctive therapies. Optimal debulking can be achieved in the majority of patients,
and prognosis is directly related to the success of such cytoreductive surgery [6].
Chemotherapy for ovarian cancer has progressed considerably over the past two
decades, with treatment for advanced disease moving from the use of alkylating agents
to current recommended regimens based on taxanes and platinum compounds [5,6].
Clinical trials performed in the late 1970s demonstrated that cisplatin was an active
chemotherapy in advanced or recurrent ovarian cancer with a single agent response
rate in the range of 13–30% [7,8]. The next generation of research studies evaluating
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combination chemotherapy with cisplatin plus cyclophosphamide revealed that the
time to progression and the duration of survival were markedly improved compared
with single agents [9]. As the result, the standard combination chemotherapy in the
late 1980s and early 1990s was cisplatin plus cyclophosphamide. Carboplatin was
introduced in the 1990s as an analog of cisplatin with similar single-agent activity in
terms of response and survival rates, but with a significantly improved toxicity profile.
Paclitaxel, an active chemotherapeutic agent introduced in the 1990s, changed the
standard of care in ovarian cancer yet again. Two randomized clinical trials comparing
cyclophosphamide and cisplatin with paclitaxel and cisplatin demonstrated that the
investigational arm had an improved outcome compared with the previous standard
combination of cyclophosphamide and cisplatin [10,11].
From the past 20 years, the standard of care in advanced ovarian cancer for ovarian
cancer encompasses administration of platinum, paclitaxel, or the combination of
platinum plus paclitaxel.

Paclitaxel (PTX)
Between 1960 and 1981, the National Cancer Institute (NCI) and the U.S.
Department of Agriculture (USDA) collaborated on a plant screening program that
collected and tested 115,000 extracts from 15,000 species of plants to identify
naturally occurring compounds with anticancer activity. In 1963, a crude extract from
the bark of the Pacific yew Taxus brevifolia, a scarce and slow-growing evergreen
found in the old-growth forests of the Pacific Northwest, was found in preclinical
studies to have cytotoxic activity against many tumors [12]. PTX was identified as the
active constituent of this extract in 1971 by Mansukh Wani and Monroe Wall. They
had isolated and identified the active ingredient and named it taxol (generic name of
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PTX), based on its species of origin and the presence of hydroxyl groups [13] and it
entered the NCI drug development program.

Figure 2. Structure of PTX (Rowinsky EK, Donehower RC. N Engl J Med
1995;332:1004-1014)
In 1979, Susan Horwitz at Albert Einstein College of Medicine (New York, NY),
reported that PTX promotes the assembly of microtubules—polymers composed of
repeating subunits of α- and β-tubulin heterodimers. PTX reduces the critical
concentration of purified tubulin subunits necessary for polymerization into
microtubules in vitro and increases the percentage of tubulin subunits that assemble.
Furthermore, microtubules polymerized in the presence of PTX are protected from the
disassembly normally induced by cold or calcium treatment [14]. These effects were
in stark contrast to previously identified microtubule poisons, including colchicine and
vinca alkaloids, which prevent microtubule polymerization [15]. Similar to its effects
on purified tubulin, PTX promotes microtubule polymerization and stabilization in
living cells, where it is capable of antagonizing the effects of colchicine and vinca
alkaloids [14].
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PTX-induced mitotic arrest occurs due to activation of the mitotic checkpoint (also
known as the spindle assembly checkpoint), the major cell cycle control mechanism
acting during mitosis to prevent chromosome missegregation. The mitotic checkpoint
delays separation of the chromosomes, which enter mitosis as replicated pairs of sister
chromatids, until each pair has made stable attachments to both poles of the mitotic
spindle. This arrangement ensures that each daughter cell will receive one copy of
every chromatid. Chromatids connect to spindle microtubules through their
kinetochores, protein complexes that assemble on centromeric regions of DNA.
Unattached kinetochores, which have not made stable attachments to microtubules,
activate a signal transduction cascade that delays mitotic progression by inhibiting the
anaphase-promoting complex/cyclosome [16]. PTX treatment arrests cells in mitosis
due to the presence of a small number of unattached kinetochores [17].
In spite of its promising anticancer activity, the development of intravenous PTXs
formulation has showed several difficulties due to its poor solubility in water.
According to this, the first commercially available formulation containing PTX
(Taxol®) is formulated in a vehicle composed of polyoxyethylated castor oil
(Cremophor® EL) and dehydrated alcohol in equal parts. Thus, the current clinical
dosage form contains in each millilitre 6 mg of PTX, 527 mg of Cremophor® EL
(CrEL) and 49.7% (v/v) of absolute ethanol. This vehicle is associated with a variety
of side effects such as hypersensitivity, nephrotoxicity and neurotoxicity, attributable
mainly to Cremophor® EL. Importantly, these effects are shown in 25–30% of treated
patients [18]. Thus, the amount of CrEL administered (for an average patient for a
single dose administration) with these drugs averages 5 mL, whereas the amount of
CrEL in Taxol® per administration is the relatively higher, approximately 26 mL [19].
Consequently, all patients receiving Taxol® must be premedicated with corticoids, H2
antagonists and antihistamines to prevent, sometimes fatal, hypersensitivity reactions.
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Moreover, CrEL has a direct influence over the cells of the pulmonary and vascular
endothelium, causing respiratory difficulties and vasodilatation. Severe reactions as
bronchospasms and hypotension have been reported [20]. Furthermore, since both
ethanol and CrEL solubilize the plasticizers, Taxol® requires the use of nonplasticized solution containers such as di(2-ethyl-hexyl) pthalate (DEHP) in the
polyvinylchloride (PVC) infusion bags/sets (Rowe et al., 2009).
Since CrEL can cause hypotension and hypersensitive reactions, Taxol® should
be slowly infused over a period of 3 to 24 h for doses of 135–175 mg/m2 every 3
weeks, respectively [21]. It should be previously diluted at a final concentration of 0.3
to 1.2 mg/mL, thus depending on the dose volumes ranging from 250 to 1000 mL of
physiological solution or dextrose 5% may be required. Also, due the risk of drug
precipitation upon dilution, Taxol® should be administered using an in-line filter
(≤0.22 μm). A considerable number of clinic studies with Taxol® have been
performed to date and have revealed highly variable pharmacokinetics [22]. The halflife was found to be in the range of 1.3 and 8.6 h and a large volume of distribution of
about 55 L/m2 was also reported [23]. PTX is more than 90% bound to plasma proteins.
The main pathways of elimination are hepatic metabolism followed by biliary
excretion. In the liver, metabolism is mediated by the cytochrome P450 (CYP3A4 and
CYP2C8) and less than 10% of the dose is excreted intact by urine [24]. This drug has
shown a variable pharmacokinetic pattern depending on the infusion time. Early
studies for prolonged infusion times (6 or 24 h) were generally suggestive of linear
pharmacokinetics, but become nonlinear for shorter durations infusion (3 h) due to
saturable elimination [25]. The clinical relevance of nonlinear deposition of the drug
is based on the fact that small changes either in dosage or infusion duration might
result in systemic exposure levels of PTX too large, thereby increasing the risk of
toxicity. For example, 3-h infusions of PTX at 135 mg/m2 resulted in a mean Cmax
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of 3.3 mM and a mean AUC of 10.4 μMh, whereas at 175 mg/m2, the mean Cmax and
AUC values were 5.9 and 18.0 μMh, respectively [26]. Moreover, various studies have
shown that CrEL alters the pharmacokinetics profile of the drug and contribute to the
reduction in plasma clearance observed at higher PTX doses. Indeed, PTX may be
entrapped within hydrophobic interior of CrEL micelles in plasma, which tend to
diminish the free fraction of PTX and, thus making it less available for distribution to
tumor [27].
Generally, the main reason for discontinuation of PTX is not the lack of efficacy,
but toxicity [28]. Peripheral sensory neuropathy is the most commonly reported
neurotoxic effect of PTX which is dose- and infusion-duration related [29]. The
symptoms may begin as early as 24–72 h after administration and include numbness,
paresthesias and burning pain in a glove and-stocking distribution. Because CrEL can
also cause neurotoxicity, PTX-induced neuropathy may be at least, in part, contributed
by the vehicle formulation [19]. The other major adverse effect is myelosuppression,
which mainly consists of neutropenia and usually becomes the dose-limiting toxicity
[30].

Glycosylated Paclitaxel (gPTX)
Side effects of PTX in the cancer treatment due to its highly hydrophobicity
resulted in massif research on the development or modification of PTX, including our
laboratory. We developed glycosylated PTX (gPTX), a PTX derivative with a glucose
moiety coupled at the 7-OH, this modification enhanced the hydrophilicity of PTX
allowing practically different solubility in the solvents CEP (Cremophor EL®, ethanol,
and PBS; in 12:12:76 ratio) and EG (40% Ethylene Glycol)[31].
The preparation of gPTX is occupied commercially available PTX. It was treated
with TESCl and N, N- diisopropylethylamine as a base in methylene chloride,
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providing 20- triethylsilyloxyPTX (20-TES-PTX) at 97% yield, which was reacted
with protected glucosyloxyacetic acid [32,33] using EDCI/DMAP/CH2Cl2 to furnish
an inseparable mixture of 20- TES-7-a-gPTX and 20-TES-7-b-gPTX (20-TES-7gPTX) at 78% combined yield. Triethylsilyl, trityl and benzyl groups were cleanly
removed in a single step through a catalytic hydrogenation as described earlier,
providing gPTX at 83% yield (Figure 3A). The 20-TES-7-gPTX was condensed with
protected a-glucosyloxyacetic acid or protected b-glucosyloxyacetic acid [33] using
EDCI/DMAP/CH2Cl2 to give 20-TES-7-a-gPTX at 78% yield or 20-TES-7-b-gPTX
at 76% yield. Deprotection of triethylsilyl, trityl, and benzyl groups was accomplished
in the same manner as described earlier providing 7-a-gPTX at 83% yield and 7-bgPTX at 80% yield, respectively (Figure 3B and C)
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Figure 3. Synthesis of 7-glucosyloxyacetylPTXs (gPTX). (A) scheme of gPTX as a
mixture of 7-a-gPTX and 7-b-gPTX. (B) scheme of 7-a-gPTX. (C) scheme of 7-bgPTX (Shigehiro,T, et al, Journal of Microencapsulation, 2016, 33:2, 172-182).

Liposomes Based Drug Delivery System
Drug delivery is the method or process of administering a pharmaceutical
compound to achieve a therapeutic effect in humans or animals. Recently,
nanotechnology and nanoscience based drug delivery present a highly positive
prospective of bringing benefits to many research areas and applications. Nanosized
vehicles have received considerable attention over the past 30 years as pharmaceutical
carriers with a wide range of applications, including drug delivery vehicles, adjuvants
in vaccinations, signal enhancers/carriers in medical diagnostics and analytical
biochemistry, solubilizers for various materials, as well as their role as a support matrix
for chemical ingredients and as penetration enhancers in cosmetic products.
More recent developments have reported on the field of liposomal drugs, from the
viewpoint of clinically approved products, with cancer therapy representing the main
area of interest [34,35]. In this context, liposomes can be used to improve current
cancer treatment regimens due to their capacity to increase the solubility of poorly
water-soluble antitumor drugs. Moreover, these also act to decrease the mononuclear
phagocyte system’s (MPS) uptake by using long-circulating liposomes which promote
a passive directing toward the tumor region and can lead to an active directing toward
the tumor site by connecting specific ligands to the liposome surface [36]. These
strategies minimize drug degradation and inactivation upon administration, as well as
increase the drug’s bioavailability and the fraction of drug delivered within the
pathological area, thus improving efficacy and/or minimizing drug toxicity.
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Alongside, in cancer chemotherapy, liposome as nanomedicine has a special
interest, it enables the preferential delivery of drugs to the tumoral site, introducing the
concept of Enhanced Permeability and Retention (EPR) effect, a particular
phenomenon of solid tumors as a result of their anatomical and physiopathological
characteristics that makes them different from normal tissues (Fig. 4). The endothelial
cells from malignant blood vessels present larger gaps than normal blood vessel
junctions (5–10 nm), that range from 100 nm to several hundred nanometres between
them. In consequence, solid tumors exhibit selective extravasation and retention of
drug-loaded liposomes. Moreover, these liposomes are cleared by the lymphatics in
healthy tissues. However, in solid tumors most of these lymphatic vessels are collapsed
and compressed, therefore the liposomes are selectively retained [37]. Ideally,
nanocarriers, such as micelles or liposomes, by virtue of their size, can escape from
the vasculature through the leaky endothelium overlying the tumor and then
accumulating preferentially in solid tumors [38].

Figure 4. Schematic representation of enhanced permeability and retention (EPR)
effect. Typical blood vessels from solid tumor contain pores of various sizes,
13

which allow nanoparticles and molecules of drug to enter into the interstitium of
tumor tissue. (A) However, due to their small size, anticancer drugs can diffuse
freely in and out of the tumor site, hence, only low levels of the drug accumulate
in tumor. At the same time, significant concentrations of the agent are found in
normal tissues. (B) The size of nanoparticles allows them to extravasate through
gaps into the extravascular spaces and accumulate inside the tumor where the
carrier releases the drug. (Bernabeu, Ezequiel, et al. International journal of
pharmaceutics 526.1-2 (2017): 474-495).[39]
• Definition and structure of liposomes
Liposomes are spherical vesicles composed of one or more lipid bilayers,
involving an aqueous compartment (Figure 5). These are formed spontaneously
when the lipids are dispersed in an aqueous medium by stirring, in turn giving rise
to a population of vesicles which may reach a size range from dozens of nanometres
to dozens of microns in diameter [40]. The lipid molecules possess head groups
which are attracted to water molecules and organize them‐ selves in such a way as
to point toward the aqueous cavity, whereas the hydrocarbon tails are repelled by the
water molecules and point in the opposite direction.
The head groups of the inner layer point in the direction of the intravesicular
fluid, with the tails pointing away from it. As such, the hydrocarbon tails of one layer
point toward the hydrocarbon tails of the outer layer, in turn forming the normal
bilipid membrane [35]. Once the liposomes have reached both the aqueous and lipid
phases, they can encapsulate drugs with widely varying lipophilicities in the lipid
bilayer, in the entrapped aqueous volume, or at the bilayer interface [41].
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Figure 5. Basic structure and composition of liposomes. (Frézard, Frédéric,
Neila M. Silva-Barcellos, and Robson AS dos Santos. Regulatory peptides
138.2-3 (2007): 59-65.) [42]
• Liposome Composition
Liposomes are composed mainly of natural and/or synthetic phospho- and sphingolipids with other membrane bilayer constituents, such as cholesterol and hydrophilic
polymer conjugated lipids positioned randomly around each liposomal vesicle [43].
Phosphatidylcholine (PC; also known as lecithin) and phosphatidylethanolamine (PE)
are the most common phospholipid found in both plants and animals and constitute
the major structural parts of biologic membranes [44]. In contrast, the membranes of
liposomes and other lipid- based drug delivery systems consist mostly of PC with
little PE present [44]. This is because PE has the ability to form non-bilayer
structures under physiologic conditions, destabilize membranes, and induce
membrane fusion [45]. Other phospholipids, such as phosphatidylserine (PS),
phosphatidylglycerol (PG), and phosphatidylinositol (PI), can also be used in the
preparation of liposomes, depending on the desired liposomal characteristics [44].
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Cholesterol is also an important component in the preparation of liposomes. Once
it is incorporated into the liposomal membrane bilayer, cholesterol arranges itself
among the phospholipid molecules with its hydroxyl group facing toward the water
phase, whereas its tetracyclic ring inserts itself between the first few carbons of the
fatty acyl chains into the hydrocarbon core of the membrane bilayer [44]. The
incorporation of cholesterol into liposomes helps to decrease the fluidity of the
liposomal membrane bilayer, reduce the permeability of water soluble molecules
through the liposomal membrane, and improve the stability of the liposomal
membrane in biologic fluids, such as blood and plasma [44]. In the absence of
cholesterol, liposomes often interact with blood proteins, such as albumin, transferrin,
macroglobulin, and high density lipoprotein [43,44,46]. These proteins tend to
destabilize liposomes, and thus, decrease their capacity as a drug delivery system
[46]. Although cholesterol has the ability to protect liposomes from being
destabilized by blood proteins, the loss of liposomal phospholipids cannot be
prevented completely [46].
Apart from cholesterol, a small fraction of polymers containing hydrophilic groups,
especially polyethylene glycol (PEG), are at times conjugated to the surface of
liposomes. PEG is often used for its stealth functions in nanoparticle formulations
because it is a hydrophilic and flexible polymer [47]. The conjugation of PEG to the
surface of the liposomal phospholipid bilayer reduces the interaction of liposomes
with plasma proteins through steric hindrance [48,49]. As a result, this prevents
plasma proteins, such as opsonin, from adsorbing to the surface of liposomes, which
reduces opsonization and uptake of liposomes by the reticuloendothelial system
(RES) [48]. The conjugation of PEG or PEGylation allows liposomes to circulate
within the body for a longer period of time, extending their circulation half-life and,
consequently, increasing the accumulation of liposomes within tumors [49].
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• Methods of liposomes preparation
As mentioned before, liposomes are spontaneously formed when phospholipids
are hydrated. Additional steps are often necessary to modify the size distribution and
lamellarity of liposomes. Liposome preparation involves three major steps: vesicle
formation, vesicle size reduction, and purification. Several preparation methods have
been established based on the scale of the production and other considerations, such
as drug encapsulation efficiency, the drug’s physicochemical characteristics, and the
administration route.
The most commonly used methods for liposome preparation are lipid hydration
and the replacement of organic solvents by an aqueous media (reverse-phase
evaporation and organic-solvent injection). The lipid hydration followed by vortex
or manual stirring, also known as Bangham’s method, consists of dissolving the
lipids in a suitable organic solvent, such as chloroform or methanol [50]. This
process is then followed by removing the solvent under reduced pressure, by rotary
evaporation, until a thin film has been formed. After, the thin film is hydrated in an
aqueous medium, above the phase-transition temperature, resulting in the formation
of MLV liposomes (Figure 6). This is the simplest method of vesicle formation;
however, it is limited in use due to its low encapsulation ability [51].
All methods based on the replacement of an organic solvent by an aqueous media
show that the solvents, whether miscible or immiscible with water, are replaced by
an aqueous solution. First, the water-immiscible organic solution containing lipids is
injected into the aqueous phase (reverse-phase method), or the stepwise addition of
the organic phase (specifically, ethanol) is injected into the aqueous phase (organic
solvent injection method), followed by the removal of the solvent. These methods
are able to form liposomes with a high encapsulation percentage of both hydrophilic
and lipophilic substances. Generally, the incorporation of lipophilic drugs is
17

performed through their co-dissolution with the lipids [51]. Hydrophilic drugs are
dissolved in the aqueous medium, whereas amphiphilic drugs can be dissolved in
both mediums. The processes of liposome preparation can result in the formation of
large vesicles (MLV) with heterogeneous size distribution; therefore, it is important
to calibrate the formulation using a vesicle size reduction method.

Figure 6. Representation of liposome production by lipid hydration followed by
vortex or manual stirring. (Lopes, S.; Giuberti, C.; Rocha, T.; Ferreira, D.; Leite,
E.; Oliveira, M. Conv. Innov. Approaches -b. 2013, 85–124) [52]
• Characterization of liposomes
The behaviour of liposomes in storage conditions and biological mediums is
determined by specific factors, such as the size and surface charge of vesicles,
chemical composition, membrane permeability, quantity of entrapped solutes, as
well as the quality and purity of raw materials. Thus, it is of utmost importance to
have as much information as possible regarding these parameters [40].
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Bilayer constituents are responsible for the shelf-life; interactions with biological
components, such as specific tissues, cells, and proteins; as well as the kinetics of
the release of the entrapped drug in liposomes. The size of the liposomes influences
it’s in vivo distribution, as this factor can determine the amount of time that the
liposomes will remain in the bloodstream before being removed. By contrast, the
surface charge of vesicles influences their physical stability due to the possible
occurrence of fusion and/or aggregation phenomena [40]. Therefore, detailed
chemical, physical, and physicochemical characterizations are important in an
attempt to ensure the efficacy and stabilization of the liposome formulation.
Physical characterization consists of determining the size, surface charge, and
lamellarity of the liposomes. As the performance of liposomes in vivo and physical
stability strongly depend on the vesicle size, liposome size distribution should be
determined during the preparation process and storage. On the other hand, the nature
and density of the charge on the liposome surface are important parameters that
influence the mechanism and extent of liposome-cell interaction. Furthermore, the
retention of the superficial charge for long periods during storage contributes to the
high physical stability of the formulation
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CHAPTER 2
CD44 As Target Receptor
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CD44
CD44, the lymphocyte homing receptor, as described by [1], attracted
considerable interest when it was first described that expression of splice variants of
the molecule suffice to confer the metastatic phenotype to locally growing tumour
cells [2]. There is ample evidence for the importance of CD44 expression in the
progression of many tumour types, as well as for its expression on cancer-initiating
cells (CICs; also known as cancer stem cells, CSCS)
CSCs have been defined as a selected population of tumour cells that grow on
serial transplantation in xenogeneic models. These assays revealed that CSCs can
self-renew, and that tumours derived from purified CSCs recapitulate the
heterogeneous phenotype of the parental. tumour, reflecting the differentiation
capacity of CSCs [3–5]. CSCs, like stem cells, are highly resistant to apoptosis and
are thought to be essential for metastasis formation after prolonged dormancy [5].
Distinct from stem cells, CSCs might not be genetically stable [6] and can be
heterogeneous [7] .
• The structure of CD44
CD44 was cloned in 1989 and identified as a member of the cartilage link
protein family [8]. CD44 is an important receptor that binds hyaluronan (HA) [9].
CD44 glycoproteins, which are encoded by a single gene [10], vary in size owing
to N-glycosylation and O-glycosylation [8] and the insertion of alternatively spliced
exon products in the extracellular domains of the molecule [10]. The smallest,
standard or haematopoietic isoform (CD44s) is present on the membrane of most
vertebrate cells [11]. CD44 has seven extracellular domains, a transmembrane
domain and a cytoplasmic domain [12]. The cytoplasmic domain can be encoded
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by exons 9 or 10 (Ref. [13]). Between domains 5 and 6, up to ten variant exon
products can be inserted by alternative splicing [10] (Fig. 1).
The five amino-terminal exons encode a globular structure that contains two
binding domains, the link domain (amino acids 32–132) and a basic motif outside
the link domain (amino acids 150–158) to which HA binds [9]. Binding sites within
the globular structure for collagen, laminin [14], fibronectin [15] and cell surface
receptors such as CD62E and CD62L [16] have also been characterized. CD44 has
two active binding sites for other glycosaminoglycans (GAGs)22. Four conserved
cysteines are important for the stability of the extracellular domain, and two
cysteines in the flanking region are important for correct folding of the link domain
[17]. Between the N-terminal globular domain and the transmembrane domain
there is a stretch of 46 amino acids that form a stalk-like structure [18]. This
structure contains putative proteolytic cleavage sites and is heavily glycosylated
[19]. This stretch can be enlarged by the insertion of variable exon products [20].
O-glycosylation and the cytoplasmic tail of CD44 can affect membrane subdomain
localization and so influence the interaction of CD44 with HA [21].

29

Figure 1. (a) CD44 consists of several exons, some of which are constant region
exons that are used in every CD44 mRNA and protein (green bars) and others are
variant exons (red bars) that are used in the CD44 variant proteins and are selected
by alternative splicing. (b) Examples of alternatively spliced CD44 proteins. (c)The
CD44 protein is composed of an extracellular link domain, a stalk-like region in the
extracellular domain close to the transmembrane region, where the variant exon
products (red) are inserted, the transmembrane region (TM) and the cytoplasmic
tail (CP). There are multiple sites for N-glycosylation (brown circles) and Oglycosylation (orange circles) and two active glycosaminoglycan (GAG)-binding
sites (yellow circles), one located in the v3 exon product. The link module contains
the binding site for hyaluronan (HA). The cytoplasmic tail has binding motifs for
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cytoskeletal linker proteins, as well as for SRC kinases. ERM, ezrin, radixin and
moesin; S–S, disulphide bonds. (Zöller, M. Nat. Rev. Cancer 2011, 11, 254–267)
[22]
• CD44 as target receptor
As mentioned before CD44 has been identified as one of the most established
and common biomarkers associated with CSCs that exhibit highly malignant and
chemo-resistant properties in a variety of tumors. CD44 is also expressed on
hemopoietic, epithelial, and neuronal cells at low levels and known to participate
in a wide variety of cellular functions including regulation of cell adhesion,
proliferation, migration, growth, survival, angiogenesis, differentiation, and matrixcell signalling processes in collaboration with other cellular proteins [23]. Clinical
studies have shown a positive correlation between expression of CD44 and the
tumor biological behaviors such as prognosis, tumor genesis growth and metastasis
[22]. These findings stress the importance of CD44 as a potential attractive receptor
for therapeutic targeting especially in tumors over expressing CD44 [24].
Among different strategies, antibody-based cancer treatments represent the
major anti-CSC approach [25]. It has been shown that anti-CD44 antibodies can
inhibit tumor progression and induce differentiation or apoptosis of leukemic cells
[26]. Other studies showed that activating anti-CD44 monoclonal antibody (MAb)
induces CD44 signalling, which can cause apoptosis [27] and suppress leukemic
CSCs [28]. Based on this concept, we cultured hybridoma Hermes-3 cells (HB9480) to produce anti-hCD44 MAb. Anti-hCD44 MAb functioned as ligand to
target CD44. Furthermore, this ligand would be bound to liposome encapsulated
gPTX targeting CD44 positive ovarian cancer cells.
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Result and Discussion
Anti-hCD44 MAb obtained from conditioned medium culturing HB-9480
cells. HB-9480 cells were adapted from normal medium (RPMI 1640 medium
supplemented 10% FBS) to PFHM II medium, a serum free medium to get optimum
purity of produced MAb. We could confirm the purity of produced Anti-hCD44
MAb from Figure 2 B. Two bands were appeared on fraction 1-5, first band was
about 50 kDa and second band was about 28 kDa. Those are showed as heavy chain
and light chain from IgG2a of Anti-hCD44 MAb. Western blot result of conditioned
medium of HB-9480 cells culture for 0 to 10 days in Figure 1A, confirmed AntihCD44 MAb as mouse IgG with comparable protein expression more than 100 ng
in 10 days culture. Prior to the result, we cultured HB-9480 cells in the bioreactor
for 10 days. We could obtain 4-5 mg/ml in 1.5 -2 ml protein from 50 ml conditioned
medium cultured 10 days.
Next, we evaluated the protein expression levels of CD44 positive and negative
cancer cell lines detected by obtained of Anti-hCD44 MAb by western blot assay.
This step could assessed whether our obtained MAb could detect or immuno-react
to CD44 in cancer cells. We observed CD44 expression in the ovarian cancer cell
lines SK-OV-3, OVCAR-3, and OVK18 (Figure 3A) and glioblastoma cell lines
U251MG and U251MG-P1 (Figure 3B). Protein expression of CD44 detected by
anti-hCD44 MAb, was found high in SK-OV-3, U251MG, U251MG-P1cells
whereas was barely undetectable in OVCAR-3 and OVK18. The anti-hCD44 MAb
showed the immunoreactive protein approximately at 85 kDa [29,30] which is
attributed to the predominant isoform of CD44 known as the standard form. The
presence of CD44+ within the SK-OV-3, U251MG, U251MG-P1cells were
confirmed by flow cytometric analysis (Figure 3C). Since the expression of CD44
found consistent from western blot assay and flow cytometry assay, anti-hCD44
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MAb was considered as suitable ligand to target CD44 in CD44 positive cancer
cells.

Figure 2. Anti-hCD44 MAb preparation. (A) Western blot result of conditioned
medium of HB-9480 cells culture for 0 to 10 days detected by goat anti-mouse IgGHRP (Santa Cruz Biotechnology Inc., CA, USA), 100 ng of Mouse IgG as positive
control. (B) CBB staining of SDS PAGE of anti-hCD44 MAb eluted from protein
A column.

33

Figure 3. Anti-hCD44 MAb could detect CD44 protein expression in ovarian cancer
and glioblastoma cells. Western blot analysis of human ovary cancer derived cells (A)
and (B) human glioblastoma derived cells probed with anti-hCD44 MAb and human
beta-actin antibody. (C) Cells contain CD44+ population analyzed by flow cytometry
by staining for CD44. The margins CD44 for each cell line were set up by non-stained
cells as the negative control shown at the bottom of each analysis.
After conjugation to liposome encapsulated gPTX, the expression of antihCD44 confirmed in Figure 4. Further immunoliposome based drug delivery to CD44
positive cancer cells could be confirmed using anti-hCD44 MAb obtained as the
ligand.
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Figure 4. Dot blotting analysis of liposomes conjugated to ligands. Liposomes
containing approximately 6 µg of gPTX in 2 µL were blotted onto PVDF membrane
and probed with peroxidase-labelled Protein A (KPL, USA) (red dashed circle
indicate the positions of dots). The immunoreactivity indicates that anti-hCD44
MAb was conjugated to liposome.
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Materials and Method
• Materials
RPMI 1640 medium and DMEM were obtained from Sigma-Aldrich (St Louis,
MO, USA).
• Cells Culture and Experimental Animal
The human ovarian cancer cell lines SK-OV-3 cells (HTB-77, ATCC, VA),
OVK18 cells (TKG 0323, Cell Bank, Tohoku University, Sendai, Japan),
and U251MG-P1 was isolated from a xenograft tumor of human glioblastoma cell
line U251MG cells in mouse were cultured in DMEM medium supplemented with
10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA),
containing 100 U/mL penicillin (Nacalai tesque, Kyoto, Japan), and 100 μg/mL
streptomycin and OVCAR-3 (HTB-161, ATCC, VA) were cultured in RPMI 1640
medium supplemented with 10% FBS containing 100 U/mL penicillin, and 100
μg/mL streptomycin.
• Preparation of anti-hCD44 MAb
To produce anti-hCD44 MAb, hybridoma Hermes-3 cells (HB-9480, ATCC,
VA) cells were cultured using a bioreactor, miniPERM (SARSTEDT, Nümbrecht,
Germany). Twenty million of the cells were suspended in 50 mL of PFHM-II
(Gibco, NY, USA) medium and were transferred into production module. The
production module was connected to nutrient module containing 350 mL of
PFHM-II. The bioreactor was rotated for 10 days at 37˚C in 5% CO2. The medium
in production module was then collected and centrifuged at 150 xg for 5 min at 4˚C
to remove the cells. The supernatant was re-centrifuged at 10,000 xg for 5 min at
4˚C. The supernatant was then passed through 0.20 µm filter (Sartorius Stedim
Biotech GmBH, Geottingen, Germany) to completely remove cell debris. Anti-
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hCD44 MAb was then purified as follows. The supernatant was passed through a
0.5 mL of Protein A Sepharose (GE Healthcare, Uppsala, Sweden) equilibrated
with PBS. After washing the column with PBS, anti-hCD44 MAb was eluted using
0.1 M sodium-acetic buffer at pH 2.6. Five hundred µL of each fraction was readily
neutralized with 10 µL of 2 M sodium phosphate buffer, pH 8.0. The fraction
containing anti-hCD44 MAb was detected by western blotting using polyclonal
anti mouse IgG HRP (DAKO, Denmark) and the protein concentration was
determined using a BCA assay kit (Pierce Biotechnology, Rockford, IL, USA).

• Expression of CD44 in Ovarian Cancer Cells line.
o

Western blotting
Proteins following the SDS-PAGE were transferred to polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Burlington, MA, USA). To
detect CD44 epitope, the blot was probed using anti-hCD44 MAb (2 mg/mL,
1:2000) followed by polyclonal anti-mouse IgG HRP (1:4000) (DAKO, Denmark).
Quantitative assessment of relative intensity of the blots were analyzed using
ImageJ. The actin immunoreact to anti-beta actin Rabbit MAb (1:1000, 4970S,
Cell Signalling Technology, Inc., Beverly, MA, USA) was used as a normalization
control.

o

3.4.2 Flow cytometry analysis
SK-OV-3, OVCAR-3, OVK18, U251MG, U251MG-P1 cells were harvested
at logarithmic growth phase, followed by being re-suspended in 100ul PBS, stained
with APC labelled mouse anti-human CD44 MAb (BD Science Pharmingen, San
Diego, CA, USA) and analyzed by BD AccuriTM C6 plus flow cytometer (Becton
& Dickinson, Franklin Lakes, NJ, USA). Data of each experiment was analyzed
using FlowJo software (FlowJo, LLC, Ashland, OR, USA).
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CHAPTER 3
Targeting Ovarian Cancer Cells Overexpressing
CD44 with Immunoliposomes Encapsulating
Glycosylated Paclitaxel
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LIST OF ABBREVIATIONS AND ACRONYMS

PTX

Paclitaxel

gPTX

Glycosylated Paclitaxel

anti-hCD44 MAb

Anti-human CD44 Monoclonal Antibody

gPTX-L

Glycosylated Paclitaxel-Liposome

gPTX-IL

Glycosylated Paclitaxel-Immunoliposome (anti-hCD44 MAb)

FAM

6-Carboxyfluorescein

FAM-L

6-Carboxyfluorescein -Liposome

FAM-IL

6-Carboxyfluorescein-Immunoliposome (anti-hCD44 MAb)

CEP

Cremophore, Ethanol, PBS

CEP-IL

Cremophore, Ethanol, PBS-Immunoliposome (anti-hCD44 MAb)

PBS

Phosphate Buffer Saline

43

ABSTRACT
Paclitaxel (PTX) is one of the front-line drugs approved for the treatment of ovarian
cancer. However, the application of PTX is limited due to the significant
hydrophobicity and poor pharmacokinetics. We previously reported target-directed
liposomes carrying tumor-selective conjugated antibody and encapsulated
glycosylated PTX (gPTX-L) which successfully overcome the PTX limitation. The
tubulin stabilizing activity of gPTX was equivalent to that of PTX while the cytotoxic
activity of gPTX was reduced. In human ovarian cancer cell lines, SK-OV-3 and
OVK18, the IC50 for gPTX range 15-20 nM, which was sensitive enough to address
gPTX-L with tumor-selective antibody coupling for ovarian cancer therapy. The cell
membrane receptor CD44 is associated with cancer progression and has been
recognized as a cancer stem cell marker including ovarian cancer, becoming a
suitable candidate to be targeted by gPTX-L therapy. In this study, gPTX-loading
liposomes conjugated with anti-CD44 antibody (gPTX-IL) were assessed for the
efficacy of targeting CD44-positive ovarian cancer cells. We successfully
encapsulated gPTX into liposomes with the loading efficiency more than 80% in both
of gPTX-L and gPTX-IL with a diameter of approximately 100 nm with efficacy of
enhanced cytotoxicity in vitro and of convenient treatment in vivo. As the result,
gPTX-IL efficiently suppressed tumor growth in vivo. Therefore gPTX-IL could be
a promising formulation for effective ovarian cancer therapies. .
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Introduction
Ovarian cancer ranks the eighth cause of cancer death in women worldwide and
annually estimated 151,900 in 238,700 of new cases[2]. In the US as one of the typical
developed countries, it ranks the fifth cause of lethal tumors among women,
accounting for the seriousness in female gynecological cancers[1]. The standard
treatment of progressive ovarian cancer is surgical resections followed by systemic
chemotherapy[3,4]. The National Comprehensive Cancer Network (NCCN) guideline
shows the first line of chemotherapy for ovarian cancer encompasses administration
of carboplatin, paclitaxel (PTX), or the administration of these two.
PTX acts as an anti-cancer agent preventing cells division by promoting and
stabilizing the assembly of microtubule structures[4–6]. Because PTX is highly
hydrophobic, the mixture of Cremophor EL® and ethanol has been adopted as solvent
for the commercial formulation known as Taxol. However, Cremophor EL® may
induce anaphylactoid and/or anaphylactic reactions in vivo[7]. Taxol treatment itself
is followed by side effects such as hypersensitivity reactions, nephrotoxicity and
neurotoxicity[8,9]. Therefore, these disadvantages of Taxol treatment should urgently
be ameliorated by the development of proper drug delivery system of PTX.
During the past half-century, liposome has been considered one of the most
promising drug carrier system of PTX due to its versatility, intrinsic biocompatibility
and potential variability[10]. The highly hydrophobic nature of PTX hinder the loading
efficiency into the liposome to establish efficient liposomal formulation. Recently, we
successfully developed liposomes encapsulating glycosylated paclitaxel (gPTX) in the
hydrophilic-core[11]. gPTX is a PTX derivative with a glucose moiety coupled at the
7-OH radical[12], this modification enhanced the hydrophilicity of PTX allowing
practically different solubility in the solvents CEP (Cremophor EL®, ethanol, and
PBS; in 12:12:76 ratio) and EG (40% Ethylene Glycol). Exploiting the difference of
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the solubility we could prepare stable gPTX liposome (gPTX-L) with sufficient
amount of encapsulated drug. The outer layer of liposomes can be modified with
coupled ligands targeting molecules localized on the cells membrane surface.
Active-targeting drug delivery with ligands as nanosystem have been utilized to
optimize therapeutic efficacy and minimize systemic toxicity. Ligands for cell surface
receptors highly expressed in tumor cell populations have provided a great
specificity[13,14]. The cell membrane receptor CD44 could be one of the most
promising candidates to be targeted[15–18]. CD44 is a receptor for hyaluronic acid
type-1 transmembrane glycoprotein that is implicated in cell–cell and cell–matrix
interactions and is associated with malignancy, particularly with metastasis
promotion[19,20]. CD44 has also been considered as a cancer stem cell (CSC) marker
in several malignancies of hematopoietic and epithelial origin[20], and is closely
related with tumor progression and drug resistance[21–23] in several tumors including
ovarian cancer[15,16]. Collectively, CD44 could be a suitable candidate target
molecule in ovarian cancer to apply drug delivery and minimize side effects.
In this study, we improved preparation of gPTX-L to achieve higher encapsulation
efficiency and designed gPTX-IL, gPTX-L bound to anti-human CD44 monoclonal
antibody (anti-hCD44 MAb) to target CD44 overexpressing ovarian cancer cells
evaluating the physical parameters of liposome and the efficacy of gPTX-IL targeting
CD44 positive ovarian cancer cells.
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Results
• Expression of CD44 in human ovarian cancer derived cells
First, we assessed the protein and mRNA expression levels of CD44 in the ovarian
cancer cell lines SK-OV-3, OVCAR-3, and OVK18. Protein expression of CD44
detected by anti-hCD44 MAb, was found high in SK-OV-3 cells whereas was barely
undetectable in OVCAR-3 and OVK18 (Figure 1A-B). The anti-hCD44 MAb showed
the immunoreactive protein approximately at 85 kDa[24] (Figure 1 A), which is
attributed to the predominant isoform of CD44 known as the standard form. The
mRNA expression of CD44 by reverse transcription-polymerase chain reaction (qRTPCR) shown in Figure 1C confirm the result of CD44 protein expression in the same
manner. Since the overexpression of CD44 was only found in SK-OV-3 cells line, we
considered it as representative of CD44-positive cells. Likewise, the anti-hCD44 MAb
was considered as suitable ligand to target SK-OV-3 cells.

Figure 1. SK-OV-3 cells are overexpressing CD44. (A) Western blot analysis
of human ovary cancer derived cells probed with anti-hCD44 MAb and
human beta-actin antibody. (B) Relative intensity of the bands of CD44 to
beta-actin in Western blot was densitometrically analyzed by ImageJ. (C)
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Relative gene expression levels of CD44 to GAPDH were analyzed by rtqPCR. The data presented as the mean ± SD from three independent
experiments. The statistical significance in mean values of more than two
groups was determined using one-way analysis of variance (ANOVA) and
Dunnet multiple comparison test using CD44 expression of SK-OV-3 cells as
control; (****) p < 0.001.
Next we confirmed the presence of CD44+ within the SK-OV-3 cells. The SKOV-3 cells were characterized by CD44 and CD24 through flow cytometric analysis
being compared with OVCAR-3 and OVK18 cells. The expression two antigens CD44
and CD24 has recently been used to explain CSC population in breast cancer and
ovarian cancer. The most population of SK-OV-3 cells exhibited CD44+, consisting of
both CD44+/CD24− and CD44+/CD24+ population while OVK18 cells showed only
CD44−/CD24− population and OVCAR-3 cells showed most CD44-/CD24+ population
(Figure 2).

Figure 2. SK-OV-3 cells contain CD44+/CD24- population as well as
CD44+/CD24+ population. SK-OV-3, OVCAR-3, and OVK18 cells were
analyzed by flow cytometry by staining for CD44 and CD24. The margins of
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CD24 and CD44 for each cell line were set up by non-stained cells as the
negative control shown at the bottom of each analysis. Most of the population
in SK-OV-3 cells were found CD44 positive.
• Sensitivity of human ovarian cancer derived cells to gPTX.
We assessed the anticancer effect of gPTX toward SK-OV-3 cells as CD44
positive cells and OVK18 cells as CD44 negative cells. In our previous report, gPTX
showed 3-fold weaker than PTX in breast cancer derived cells[11]. This observation
was also consistent in ovarian cancer cells (Figure 3A-B). The reduced cytotoxicity
should be caused by the increased of hydrophilicity of gPTX hindering penetration
efficiency into the lipid bilayer of the cell membrane. However, IC50 value of gPTX
toward both cell lines is in the range of 15-20 nM, which means the cells are sensitive
enough to give feasibility of using gPTX for ovarian cancer treatment. Moreover,
Encapsulation of gPTX into liposomes, which should confer gPTX with penetrability
into cytoplasm, and specific ligand grafted on the liposome surface could help enhance
the targeting potential minimizing systemic toxicity.

49

Figure 3. SK-OV-3 cells and OVK18 cells sensitive to paclitaxel and
glycosylated paclitaxel. (A) PTX and gPTX sensitivity graph, cytotoxicity of
both drug was assessed on SK-OV-3 and OVK18 cells by MTT assay after
72h drug treatment. (B) IC50 value of gPTX and PTX detemined by graph
(A). The data presented as the mean ± SD from three independent experiment.
• Potential uptake of liposome conjugated with anti-hCD44 MAb
To assess the amount of anti-hCD44 MAb conjugated to the liposomes, we first
prepared encapsulated 6-carboxyflourescent (FAM) into liposomes (FAM-L), which
was conjugated with varying amount of anti-hCD44 MAb (FAM-IL) such as 5, 10,
and 15 nmol/48 µmol DPPC, respectively. After 1h exposure of FAM-IL, flow
cytometric analysis showed the population of SK-OV-3 cells stained with FAM were
52.7% by 5 nmol formulation, 52.9% by 10 nmol formulation, and 53.6% by 15 nmol
formulation (Figure 4A). These results imply the efficiency of immunoliposome
uptake should be related with receptor density on the cell surface but not on the ligand
on liposome [25]. The minimum amount of 5 nmol appeared enough to prepare FAML providing no difference in the efficiency of uptake when compared with 10 and 15
nmol formulation. Based on the result, anti-hCD44 MAb was conjugated with gPTXL at 5 nmol and 10 nmol/48 µmol DPPC while 15 nmol nmol formulation was not
considered anymore because the amount of antibody was too much consuming. The
IC50s of the two formulations were assessed and 10 nmol formulation showed slightly
lower IC50, which was statistically significant than 5 nmol formulation (Figure 4B) We
further tried the potential targeting of liposome by using anti-hCD44 MAb at 10 nmol
formulation as same as amount that used in our previous reports yet by different
ligands[11,18,26]
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Figure 4. The uptake of liposomes conjugated with anti-hCD44 MAb was
optimal at 10 nmol/48 µmol DPPC. (A) FAM-IL treatment with the amount
of antibody varying from 5 to 15 nmol anti-hCD44 MAb in SK-OV-3 cells.
Data are representative of three replicates. (B) IC50 of gPTX encapsulated in
liposomes conjugating various amount of anti-hCD44 MAb against SK-OV3 cells. The data presented as the mean ± SD (n = 3) from independent
experiments. The statistical significance in mean values of more than two
groups was determined using one-way analysis of variance (ANOVA) and
Dunnett's multiple comparisons test were applied using gPTX-IL (0 nmol) as
control, (*) p < 0.05; (NSD) no significant difference.
The targeting potential of the liposome conjugated with anti-hCD44 Mab 10 nmol
formulation toward CD44 overexpressing cells, SK-OV-3, was further assessed by
confocal microscopic observation and flow cytometric analysis. The green
fluorescence intensity of FAM between FAM-L and FAM-IL was equivalent and the
green fluorescence observed in the cytoplasmic area was correlated with the
intracellular uptake levels of liposome. After 2 h incubation at 37˚C of FAM-L and
FAM-IL in the culture of SK-OV-3 cells, the uptake of FAM was evaluated under
confocal microscopy (Figure 5 A, B). Strong green fluorescent intensity of FAM was
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observed in SK-OV-3 cells when exposed to FAM-IL. According to the validation by
flow cytometric analysis, SK-OV-3 cells incorporated FAM-IL in 1 h and kept up to
3 h (Figure 5 C, D). In contrast, FAM-L did not show FAM fluorescence in OVK18
cells, which showed no expression of CD44. These results imply that
immunoliposomes targeting CD44 could effectively enhance the cellular uptake as
compared with non-targeted liposomes.

Figure 5. Immunoliposome enhanced cellular uptake in CD44 postive cells.
(A,C) Confocal Microscopy image after 2h treatment FAM-L and FAM-IL.
(B,D) Flow cytometry analysis after 1h and 3h treatment FAM-L and FAMIL. FAM-L and FAM-IL were evaluated for the cellular uptake in SK-OV-3
(A,B) and OVK18 (C,D). Data are representative of three replicates.
• Preparation and characterization of gPTX-L and gPTX-IL
Preparation of liposomes encapsulating gPTX (gPTX-L) and those conjugated
with anti-hCD44 MAb (gPTX-IL) followed the method previously described[11]
except for the down-sizing procesure of liposomes. Liposomes containing CEP were
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prepared by hydrating lipid film with CEP, which consisted of Cremophore, ethanol
and PBS at the ratio of 12 : 12 : 76. Due to the high ratio of PBS, the hydrophobicity
of CEP is not significant and we reported the similar ratio was sufficiently effective to
encapsulate gPTX into liposomes, likewise CEP in our formula of liposome did not
impair the stability of liposomes for 4 weeks after encapsulation of gPTX[11]. Then
the liposomes encapsulated with gPTX were prepared by remote loading method to
facilitate efficient encapsulation of gPTX into the inner aqueous core of liposomes.
This method is exploiting the difference of solubility of gPTX in the two solvents,
40% EG and CEP. The gradient between the two solvents makes gPTX penetrate into
liposomes efficiently because CEP increased the solubility of gPTX when compared
with water and 40% EG. This remote loading process has previously been described
as a driving force for active encapsulation of gPTX[11]. The down-sizing liposome
process employed freeze-thawing process followed by extrusion through 100 nm
polycarbonate membrane filter in place of sonication with a probe. We also modified
gPTX-IL

preparation

by

adding

L-cysteine

to

block

excess

uncoupled

maleimide[27,28]. We experienced this blockade was effective to stabilize gPTX-IL
preventing drugs from leakage. We could successfully prepare both gPTX-IL and
gPTX-L as nanoparticles with homogeneous diameters of approximately 100 nm with
polydispersity indexes less than 0.3, with negative zeta potential, and an improved
encapsulation efficiency of gPTX inside with/without anti-hCD44 MAb (70-90%).
The characters for the liposomes encapsulating gPTX in this study are summarized in
Table 1
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Table 1. Characters of the liposomes encapsulating gPTX.
Loading

Efficiency (%)

Efficiency (%)

6.9±1.5

86.8±10.1

9.4±1.1

0.26±0.01

7.8±1.2

80.9±10.6

8.9±1.2

*

NSD

NSD

NSD

Polydispersity

(nm)

Index

gPTX-L

115±29

0.20±0.02

gPTX-IL

99.8±12

t-test

NSD

Formulation

Zeta

Encapsulation

Diameter

Potential (mV)

• Each experiment was performed in triplicate and the values are given as mean ± SD.
• The statistical significance in mean values between gPTX-L and gPTX-IL was performed by
two-tailed students t-test. *, p < 0.05; NSD, no significant difference.

Both gPTX-L and gPTX-IL were observed under transmission electron
microscopy (TEM) (Figure 6). The images consistently indicated the diameter of
gPTX-IL and gPTX-L at around 100 nm as measured by dynamic light scattering and
the shape of each particle was spherical with fairly smooth surface.

Figure 6. TEM images of liposome encapsulating gPTX. gPTX-IL showed
unilamellar vesicles with diameter of approximately 100 nm similarly to
gPTX-L . Each scale bar shows 100 nm.
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• Cytotoxicity of gPTX, gPTX-L, gPTX-IL In Vitro
First, we assessed IC50s of gPTX as naked gPTX, gPTX-L, and gPTX-IL on SKOV-3 and OVK18 cells comparing the two different exposure time 24 h (Figure 7A)
and 72 h (Figure 7B). We found the exposure for 72 h of the three different
formulations in vitro was too long to evaluate the IC50s since liposomes would fuse
with cellular membrane independent of the antibodies of immunoliposomes when
exposure time was long enough. In this context, gPTX-IL feasibly showed the IC50 of
19 nM in SK-OV-3 cells while naked gPTX and gPTX-L showed IC50s ranging in 20
to 22 nM, which were found in the small difference one another. To demonstrate the
CD44 dependency of the immunoliposomes reducing the effect of the membrane
fusion of liposomes, we thought that the drug exposure time should be shorter than 72
h. Antibody oriented targeting of gPTX-IL successfully observed to be accumulated
on the surface of SK-OV-3 cells due to the affinity of the antibodies in 24h exhibiting
the lowest IC50 of 23.4 nM while the IC50s of gPTX-L and naked gPTX were ranging
between 30 and 50 nM. These results suggest that gPTX-IL should target CD44expressing cells more efficiently than gPTX-L. Meanwhile, in both cells, naked gPTX
an gPTX-L were still cytotoxicic even though they do not have targeting ability. As
for the cytotoxicity of naked gPTX, the molecule is possibly internalized into the cell
via passive diffusion due to its poor hydrophilicity.

55

Figure 7. gPTX-IL exhibited the lowest inhibition concentration (IC50) in
SK-OV-3 cells. In vitro cytotoxicity IC50 of gPTX in different formulation
after 24h (A) and 72 h (B) of exposure to SK-OV-3 cells and OVK18 cells
was evaluated. The data presented as the mean ± SD (n = 3). The statistical
significance in mean values of more than two groups was determined using
one-way analysis of variance (ANOVA) and Dunnet multiple comparison test
using IC50 value of gPTX-IL treatment as control, (*) p < 0.05; (**) p < 0.01;
(***) p < 0.005; (****) p < 0.001; (NSD) no significant difference.
• Suppression of tumor growth In Vivo
The suppression of tumor growth by gPTX-IL was evaluated in BALB/c nude
mice bearing tumors of transplanted SK-OV-3 cells (Figure 8-10).
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Figure 8. In vivo treatment scheme in BALB/C Nude mice bearing ovarian
cancer of SK-OV-3 cells.

Figure 9. gPTX-IL suppressed tumor growth in the most effective manner in
vivo. gPTX- IL (open circle), gPTX-L (open triangle), naked gPTX (open
square), CEP-IL (closed circle), CEP (closed square), or PBS (cross) was
intravenously injected at day 0, 4, 8, 12, 16, and 20 (indicated by vertical
arrows). (A) The effect of different formulations of gPTX on the volume of
tumors. (B) Relative tumor volume at day 30. gPTX-IL was the most effective
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formulation to suppress the growth of tumor. The statistical significance in
mean values of more than two groups was determined using one-way analysis
of variance (ANOVA) and Dunnet multiple comparison test using relative
tumor volume of gPTX-IL treatment as a control, (*) p < 0.05; (**) p < 0.01;
(****) p < 0.001. (E) The tumors from the experiment (A) representing each
group were displayed exhibiting the effect of each formulation of gPTX. Data
are expressed as the mean with ±SD where n =4.
Naked gPTX, gPTX-L, and gPTX-IL were injected intravenously (i.v.) 6 times at
the dose of 50 mg/kg of gPTX with 4-day intervals (Figure 9 and Figure 10). We were
administered PBS, CEP, and CEP-IL as control. PBS as the vehicle of liposome, was
injected in equivalence to the maximum volume of injected liposome. CEP as the
solvent of naked gPTX, was injected in equivalence to the gPTX volume. CEP-IL as
the representation of immunoliposome conjugated to anti-hCD44 MAb which
encapsulates CEP alone, was injected based on the amount of lipid equivalent to that
contained in gPTX-IL at dose 50 mg/kg. The tumor growth was observed for 30 days
and the relative tumor volume was measured at every 3-day being normalized to the
initial tumor volume at day 0. In our previous report, gPTX-IL conjugated to antiHER2 MAb, was administered at 150 mg/kg as single dose injection in nude mice
bearing HT-29 tumors and targeted with gPTX, it injected for 3 times in the 10 days
interval [11]. This was an experiment to investigate the maximum tolerated dose to
demonstrate effective high dose administration was possible.
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Figure 10. gPTX-IL treatment showed no significance side effects. gPTX- IL
(open circle with line), gPTX-L (open triangle), naked gPTX (open square),
CEP-IL (closed circle), CEP (closed square), or PBS (cross) was intravenously
injected at day 0, 4, 8, 12, 16, and 20 (indicated by vertical arrows). (A) Change
of body weight of mice bearing tumors. (B) Relative body weight at day 30.
The statistical significance in mean values of more than two groups was
determined using one-way analysis of variance (ANOVA) and Dunnet
multiple comparison test using relative body weight of PBS treatment as a
control, NSD, no significant difference. (C) H&E staining of some vital organs
of the drug treated animal groups.

59

In contrast, we evaluated the effect of repeated i.v. injection of gPTX equivalent
to 50 mg/kg in this study. All tumors from mice treated with five different formulations
were excised at day 30 and were compared by tumor size and volume (Figure 9 A-C).
Loss of body weight was not observed for any of the formulations (Figure 10 A,B).
Moreover, pathological observation of liver, kidney, and spleen showed that gPTX-IL
did not cause significant damage to the tissues during the experiment while naked drug
and non-targeting liposome appeared to damage the tissues (Figure 10 C). In gPTX
treatment, liver showed a cytoplasmic vacuolation. Simultaneously, kidney exhibited
atrophied glomeruli and necrotic area. In addition, spleen had enlargement of
lymphoid follicles of white pulp. In gPTX-L treatment, elongated trabeculus were
found in spleen. Meanwhile, no damages were found in any of those tissues in gPTXIL treatment. Of note, the tumor growth appeared completely suppressed solely by the
administration of gPTX-IL. As a result , gPTX-IL showed excellent anti-tumor activity
with less side effect.
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Discussion
In this study, we designed a drug delivery system targeting ovarian cancer
overexpressing CD44. CD44 is known as common CSC marker and considered
critically related with the migration and adhesion of CSCs and during the formation of
tumor tissue [20]. CSCs are thought to be resistant to chemotherapy and responsible
for metastasis and recurrence. CD44 positive epithelial ovarian cancer stem cells were
also found correlated with drug resistance and recurrence[22,29]. Therefore, we
consider that the drug delivery targeting CD44 in ovarian cancer could lead to
successful results in suppressing specifically CSC population in the tumor site. The
screening of three ovarian cancer derived cell lines showed SK-OV-3 cells
overexpressing CD44 while CD44 expression in OVCAR-3 and OVK18 cells was less
or deficient (Figure 1). Consequently, SK-OV-3 cells were selected as the target of the
drug delivery. Double staining of CD44 and CD24, which are both correlated with
CSC markers, exhibited two different populations of CD44+/CD24− and
CD44+/CD24+ within SK-OV-3 cells, and only CD44−/CD24+ in OVCAR-3 cells and
CD44−/CD24− in OVK18 cells (Figure 2). The phenotype of CD44+/CD24− in ovarian
cancer cells has been reported to exhibit CSC-like properties of enhanced
differentiation,

invasion,

and

resistance

to

chemotherapy[30,31],

while

CD44+/CD24+/Epcam+ exhibited stem cell characteristics in other report [32].
Therefore, SK-OV-3 cells display highly phenotype which should be a suitable
candidate for the purpose to design drug delivery targeting CSC-like population in
ovarian cancers.
In the present study, we successfully improve the encapsulation efficiency of both
gPTX-L and gPTX-IL up to approximately 70-90% (Table 1) by replacing the process
of down-sizing liposome from sonication to extrusion. The liposomes diameter,
approximately 100 nm, of gPTX-L and gPTX-IL could be practical for the drug
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delivery i.v. since particle size between 50 and 200 nm is considered sufficient for the
accumulation of the drug in tumor via enhanced permeability and retention effect
(EPR)[33].
The design of targeting CD44 is already employed to enhance drug efficacy and
reduce systemic toxicity in ovarian cancer[34,35]. In this study, we employed antihCD44 MAb to design the liposome to target ovarian cancer. FAM-IL could
successfully allow FAM uptake in the CD44 positive ovarian cancer in one hour
exposure of FAM-IL (Figure 5). This result suggests that CD44-targeted liposomes
involve receptor-mediated endocytosis with additional membrane fusion of lipid
bilayers, resulting in a higher cellular uptake, as previously described that CD44
upregulation in the cancer cells assisted endocytosis via independent of clathrin-coated
vesicles, the caveolae or macropinocytosis pathway[36–38]. As the result, gPTX-IL
found to exhibit the most efficient target-oriented cytotoxicity in SK-OV-3 cells when
compared to gPTX-L and naked gPTX in 24-hour treatment (Figure 7). We further
evaluated the antitumor effects of gPTX-L and gPTX-IL in vivo with repeated
administration at total dose of 300 mg/kg gPTX. gPTX-IL exhibited the most effective
antitumor activity without side effect, which was evaluated by a loss of body weight
and H&E staining of liver, kidney, and spleen (Figure 10). These results are consistent
with those previously reported, liposome conjugated to anti-HER2 antibody efficiently
accumulated and internalized into the HER2 positive cells in tumor tissue while nontargeting liposomes localized in the stroma [11,39]. In this context, gPTX-IL is
conceivable superior to gPTX-L in the inhibition of tumor growth due to the retention
time in tumor site.
We included CEP-IL as additional control in the in vivo experiment to see the role
of CD44 antibody intrinsically, as stated antibody bound to empty liposome is able to
improve the therapeutic efficacy and inhibit tumor growth even without cancer
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drug[40]. CEP-IL did not show significant inhibition on tumor growth, although
antigen dependent cellular cytotoxicity should be expected by the phagocytic
activation of macrophages targeting the IgG molecule bound to antigens.
In summary, gPTX-IL was successfully demonstrated reduction of the tumor
volume of the therapeutic efficacy against CD44-overexpressing ovarian cancer cells
in vivo. Therefore, gPTX-IL should have a potential of advantageous strategy of drug
delivery targeting cell surface molecules specific to ovarian cancer cells.
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Conclusions
The cytotoxicity of gPTX, a derivative of PTX with a glucose moiety, exhibited
the cytotoxicity equivalent to one fifth of the cytotoxicity by PTX against ovarian
cancer derived cells. This cytotoxicity was considered due to the hydrophilicity from
the glucose moiety. However, the IC50 of gPTX toward the cells was found still low
enough to target ovarian cancer. Down-sizing of liposome by extruder and
supplementing cysteine masking unreacted radicals improved the procedure of
immunoliposome preparation to achieve practical encapsulation efficiency for gPTXL and gPTX-IL. As the results, the preparation of sufficient quantities of both gPTXL and gPTX-IL became practical.
gPTX-IL should quickly recognize the CD44 positive cancer cells and retain on
the cell surface due to the antibody, implying that the potential of therapeutic effect
should be high. As expected, gPTX-IL exhibited distinguished inhibition of tumor
growth with less apparent side effects in vivo. Targeting CD44 in the ovarian cancer
should be attributed to targeting CSC population, since overexpression of CD44 in
SK-OV-3 could correlate with CSC–like character. Taking these into consideration,
the immunoliposomes encapsulating practical amount of gPTX should be a promising
formulation of anticancer drugs as a positive targeting drug delivery systems in ovarian
cancer.
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Materials and Methods
• Materials
Dipalmitoylphosphatidylcholine

(DPPC),

1,2-distearoyl-sn-glycerol-3-

phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000] (mPEG–DSPE), and
1,2-distearoyl-sn-glycerol-3-phosphoethanolamine-N-[maleimide

(polyethylene

glycol)-2000] (Mal–PEG–DSPE) were obtained from NOF Co. (Tokyo, Japan).
Cholesterol (Chol) was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan).
Thiazolyl blue tetrazolium bromide (MTT), RPMI 1640 medium and DMEM were
obtained from Sigma-Aldrich (St Louis, MO, USA).). gPTX was synthesized as
previously described[12].
• Cells Culture and Experimental Animal
The human ovarian cancer cell lines SK-OV-3 cells (HTB-77, ATCC, VA) and
OVK18 cells (TKG 0323, Cell Bank, Tohoku University, Sendai, Japan) were cultured
in DMEM medium supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher
Scientific, Waltham, MA, USA), containing 100 U/mL penicillin (Nacalai tesque,
Kyoto, Japan), and 100 μg/mL streptomycin and OVCAR-3 (HTB-161, ATCC, VA)
were cultured in RPMI 1640 medium supplemented with 10% FBS containing 100
U/mL penicillin, and 100 μg/mL streptomycin.
Four-week-old female BALB/c nude mice from Charles River (Kanagawa, Japan)
were bred at 23˚C and fed with sterilized food and water during the experiments. All
animal experimental protocols were reviewed and approved by the ethics committee
(Animal Care and Use Committee) of Okayama University under the project
identification code IDs OKU-2016078 (Date of approval: 1 April 2016).
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• Preparation of anti-hCD44 MAb
To produce anti-hCD44 MAb, hybridoma Hermes-3 cells (HB-9480, ATCC, VA)
cells were cultured using a bioreactor, miniPERM (SARSTEDT, Nümbrecht,
Germany). Twenty million of the cells were suspended in 50 mL of PFHM-II (Gibco,
NY, USA) medium and were transferred into production module. The production
module was connected to nutrient module containing 350 mL of PFHM-II. The
bioreactor was rotated for 10 days at 37˚C in 5% CO2. The medium in production
module was then collected and centrifuged at 150 xg for 5 min at 4˚C to remove the
cells. The supernatant was re-centrifuged at 10,000 xg for 5 min at 4˚C. The
supernatant was then passed through 0.20 µm filter (Sartorius Stedim Biotech GmBH,
Geottingen, Germany) to completely remove cell debris. Anti-hCD44 MAb was then
purified as follows. The supernatant was passed through a 0.5 mL of Protein A
Sepharose (GE Healthcare, Uppsala, Sweden) equilibrated with PBS. After washing
the column with PBS, anti-hCD44 MAb was eluted using 0.1 M sodium-acetic buffer
at pH 2.6. Five hundred µL of each fraction was readily neutralized with 10 µL of 2
M sodium phosphate buffer, pH 8.0. The fraction containing anti-hCD44 MAb was
detected by western blotting using polyclonal anti mouse IgG HRP (DAKO, Denmark)
and the protein concentration was determined using a BCA assay kit (Pierce
Biotechnology, Rockford, IL, USA).
• Expression of CD44 in Ovarian Cancer Cells line
o

Western blotting
Proteins following the SDS-PAGE were transferred to polyvinylidene difluoride

(PVDF) membranes (Merck Millipore, Burlington, MA, USA). To detect CD44
epitope, the blot was probed using anti-hCD44 MAb (2 mg/mL, 1:2000) followed by
polyclonal anti-mouse IgG HRP (1:4000) (DAKO, Denmark). Quantitative
assessment of relative intensity of the blots were analyzed using ImageJ. The actin
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immunoreact to anti-beta actin Rabbit MAb (1:1000, 4970S, Cell Signalling
Technology, Inc., Beverly, MA, USA) was used as a normalization control.
o

RNA Isolation and Reverse Transcriptional Quantitative PCR (rt-qPCR)
RNAeasy Mini kit (QIAGEN, Hilden, Germany) was used to isolate total RNA

from cells and the extracted RNA was treated with DNase I (Promega, Fitchburg, WI,
USA). One µg of RNA was reverse transcribed using GoScript™ Reverse
Transcription System (Promega, Fitchburg, WI, USA). qPCR assays were done by
LightCycler 480 II (Roche Diagnostics GmbH, Mannheim, Germany) using
LightCycler 480 SYBR green I Master Mix (Roche Diagnostics GmbH, Mannheim,
Germany) according to the manufacturer’s instructions. Gene expression level was
normalized with Glyceraldehyde-3-phosphate dehydrogenase GAPDH mRNA. The
primers used for the rt-qPCR analysis are listed in Table 2 below.
Table S1. List of primers used in the experiments.
No Names

Forward primer Sequence (5'->3')

Reverse primer Sequence (5'->3')

1

CD44s

TGGGTTCATAGAAGGGCACG

AGGTGGAGCTGAAGCATTGAA

2

GAPDH CAACGACCACTTTGTCAAGCTC GGTCTACATGGCAACTGTGAGG

o

Flow cytometry analysis
SK-OV-3 cells and OVK18 cells were harvested at logarithmic growth phase,

followed by being re-suspended in 100ul PBS, stained with APC labelled mouse antihuman CD44 MAb (BD Science Pharmingen, San Diego, CA, USA) and FITC
labelled mouse anti-human CD24 MAb (BD Science Pharmingen, San Diego, CA,
USA), and analyzed by BD AccuriTM C6 plus flow cytometer (Becton & Dickinson,
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Franklin Lakes, NJ, USA). Data of each experiment was analyzed using FlowJo
software (FlowJo, LLC, Ashland, OR, USA).
• Preparation of Liposome Encapsulating gPTX
o

Preparation of gPTX-L
This preparation was conducted with modified of previous method[11].

Liposomes composed of DPPC and Cholesterol (by ratio 3:1) with 5 mol% mPEG–
DSPE were prepared by the thin-film hydration method. In brief, DPPC and Chol with
5 mol% mPEG–DSPE were dissolved in an organic solvent of chloroform/methanol
(9:1 v/v) in an egg flask. The flask was connected to a rotary evaporator (Eyela,
Shanghai, China), which was maintained at 50˚C under aspirator vacuum. The
resulting lipid film was left overnight under vacuum to remove remaining organic
solvent. The fully dehydrated lipid film was suspended in CEP by vortexing at 60˚C,
resulting in the formation of multilamellar vesicles (MLVs).
MLVs were frozen and thawed for five cycles. A single freeze-thaw cycle
consisted of freezing at -196˚C liquid nitrogen for 1 min and thawing at 55˚C water
bath for 1 min. The liposomes were then extruded 10 times through a single stack of
one 100 nm Whatman polycarbonate membranes (GE Healthcare, Carlsbad, CA,
USA) using the Mini Extruder (Avanti Polar Lipids, Inc., Alabaster, AL, USA) to form
small lamellar vesicles (SLVs). The extruder was kept warm at 55˚C on hot plate prior
to extrusion. The outer solvent of the liposomes was replaced CEP with PBS by
ultrafiltration with a 100K-membrane filter (Merck Millipore Ltd., Billerica, USA) at
5000 xg for 20 min for five times. Then, gPTX (1 mg/mL) in 40% EG was added into
the solution of liposome encapsulating CEP (CEP-L) at 60˚C. gPTX-L was then
concentrated to the volume before added drug by ultrafiltration. This encapsulation
process was conducted three times. Finally, residual gPTX was removed by washing
the liposomes with PBS followed by ultrafiltration at 5000 xg for 20 min for five times.
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o

Preparation of gPTX-IL
CEP-L composed of DPPC and Chol (by ratio 3:1) with 4 mol% mPEG–DSPE

was incubated with 0.5 mol% Mal–PEG–DSPE at 50˚C for 10 min to introduce
maleimide functional groups into liposome to conjugate antibodies. Then, gPTX was
encapsulated using the solubility gradient method described above. To immobilize
antibody on the surface of the liposomes, SH groups were introduced into anti-hCD44
MAb by treatment with 2- iminothiolane (Sigma–Aldrich, St. Louis, MO, USA) at a
molar ratio of 1:50 in 25 mM HEPES, pH 8.0 containing 140 mM NaCl. The mixture
was subsequently incubated for 1 h at room temperature in the dark. After removing
unreacted 2-iminothiolane gel filtration with a G25 PD-10 column (GE Healthcare,
Uppsala, Sweden), the modified anti-hCD44 MAb was incubated with liposomes
containing Mal–PEG–DSPE overnight at 4˚C. To block free maleimide groups,
liposomes were then incubated with L-Cystein (0.5 mM final concentration) for 15
minutes at 25 ˚C. Residual of L-Cystein was removed by ultrafiltration with a 100Kmembrane filter 5000 xg for 20 min for five times and followed by removing free antihCD44 MAb by ultrafiltration with a 300K membrane filter (Sartorius Stedim Biotech
GmbH, Gottingen, Germany) at 6000 xg for 20 min at 4˚C.
• Evaluation of Cellular Uptake
o

Preparation of Fluorescent Liposome
Lipid composition and hydration step as same as gPTX-L preparation for

fluorescent liposome. gPTX replaced by solution of 5 mmol 6-Carboxyfluorescein
(FAM) (Molecular Probes Inc, Eugene, OR, USA) in PBS. The fully dehydrated lipid
film was suspended by the FAM solution in PBS to produce FAM- liposome (FAML) by the direct encapsulation. To prepare FAM Immunoliposome (FAM-IL), AntiCD44 MAb was conjugated by the same procedure used for conjugation in gPTX-IL.
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o

Confocal Microscopic Observation
SK-OV-3 cells and OVK18 cells were seeded on gelatin-coated 18 mm coverslip

(Iwaki, Japan) in 12-well plates. The cells were incubated with 1μM FAM-L and
FAM-IL in serum free medium for 2 hour at 37˚C in an atmosphere of 5% CO2. The
cells were washed three times with cold PBS and fixed with 4% paraformaldehyde in
PBS. The coverslips were placed on the slide that already mounted with mountingsolution reagent containing DAPI (Vector Lab, Burlingame, CA, USA) then visualized
under a confocal microscope (Fluoview FV-1000, Olympus, Tokyo, Japan).
o

Flow Cytometry Observation
SK-OV-3 cells and OVK18 cells were seeded 1x105 cells/well at the 12-well

plates. After incubation at 37˚C in 5%CO2 for 24 h, 1μM FAM-L and FAM-IL were
applied for 1 hour and 3 hours in serum free medium. Cells were trypsinized, washed
by PBS three times, followed by being re-suspended in 300µl PBS and analyzed by
BD Accuri C6 plus flow cytometer (Becton & Dickinson, Franklin Lakes, NJ, USA).
Data of each experiment was analyzed using FlowJo®software (FlowJo, LLC,
Ashland, OR, USA).
• Characterization of Liposome
o

Size Distribution of Particle and Zeta Potential
The size and zeta potential of liposomes were determined by dynamic and

electrophoretic light scattering using an ELS-8000 (Photal Otsuka Electronics, Osaka,
Japan).
o

Evaluation of Encapsulation efficiency (EE) and loading efficiency (LE)
EE was calculated as the ratio of the amount of gPTX encapsulated into liposomes

to the initial amount of the drug. LE was calculated as the molar ratio of the drug
encapsulated into liposomes to the total lipid and chol. The amount of encapsulated
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drug was evaluated by C18 reverse-phase HPLC (Hitachi Elite LaChrom L-2400,
Tokyo, Japan) under an isocratic condition of 60% (v/v) methanol at a flow rate of 1
mL/min. Ten µL of each sample were injected and the drug was detected at 227 nm.
o

Transmission electron microscopy (TEM)
A 400-mesh copper grid coated with formvar/carbon films was hydrophilically

treated. Liposome suspension (5 to 10 μL) was placed on Parafilm, and the grid was
floated on that suspension and left for 15 min. The sample was negatively stained with
2% uranyl acetate solution for 2 min. liposome on the grid were visualized with 20,000
times magnification with an H-7650 transmission electron microscope (Hitachi,
Tokyo, Japan) at Central Research Laboratory, Okayama University Medical School.
• Cytotoxicity Assay
o

Drug Sensitivity Evaluation
Prior to the evaluation, we tried to optimize the conditions to observe the drug

sensitivity. For SK-OV-3 cells, we compared two conditions after exposure of drugs
for 72 h. One is to add MTT directly after the exposure and the other is to add MTT
following the incubation for 48 h after the drug exposure (Figure S1). Evaluation of
IC50 was not possible when MTT was directly added after 72 h of drug exposure.
Extended incubation for 48 h without drug just after the treatment allowed to evaluate
the IC50. For OVK18 cells the evaluation was possible to evaluate the IC50 when MTT
was added just after the treatment with drug for 72 h. The extended incubation of
further 48 h was not adequate for the evaluation of cytotoxic effect on OVK18 cells
because the survived cells reached to overgrowth, which affected on the cell growth.
Drug sensitivity was checked by MTT assay after 72 h (OVK18) and 120 h (SK-OV3). Cells were seeded in a 96-well plate at 5000 cells/well. After incubation at 37˚C in
5%CO2 for 24 h, different concentrations PTX and gPTX were added to each well. For
OVK18, after incubation for 72 h, 4.25 mg/ mL MTT solution was added at a final
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concentration of 0.5 mg/mL in each well and the plate was incubated for 4 h. The
initially seeded cell number (5000 cells/well) and the drug exposure time (72 h) were
fixed in both SK-OV-3 cells and OVK18 cells therefore, the extended of incubation
time should not induce any biases. For SK-OV-3 cells, after incubation for 72 h,
medium with drug were replaced with fresh medium without drug, and incubation
were continued until 48 h, 4.25 mg/mL MTT solution was added at a final
concentration of 0.5 mg/mL in each well and the plate was incubated for 4 h. Formed
formazan crystals were dissolved with 10% (w/v) SDS in 0.02 N HCl and incubated
overnight. Finally, the absorbance of each well was measured at 570 nm using an
MTP-800 Lab microplate reader (Corona Electric, Ibaraki, Japan). The experiment
was performed in triplicate. IC50s were estimated from the survival curve.

Figure S1. Drug sensitivity evaluation of SK-OV-3 cells (A, B) and OVK18 cells
(C,D) after 72 hours drug exposure (closed circle is MTT reagent directly added after
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drug treatment, closed square is MTT added after 48 hours drug replaced by fresh
medium). (A, C) Cells were treated with PTX. (B, D) Cells were treated with gPTX.
• Evaluation of cytotoxic effects of liposome formulation by 24h and
72h treatment.
In vitro cytotoxicity was evaluated by the MTT assay after 72 h (OVK18) and 120
h (SK-OV-3) of cells were seeded in a 96-well plate at 5000 cells/well. After
incubation at 37˚C in 5%CO2 for 24 h, different concentrations gPTX were added to
each well. After incubation of drug for 24 h and 72 h, MTT assay was performed as
described above.
• Evaluation of Antitumor Effects of Drugs In Vivo
The xenograft of SK-OV-3 cells in mice was prepared by a subcutaneous injection
of 7.5 × 106 cells/mouse. Tumor volume was measured by a Vernier caliper and
calculated as [length × (width)2]/2. Anti-tumor effect of each formulation was
evaluated when the tumor volume reached 50–200 mm3. Mice were randomly assigned
to five groups (n = 4); group 1 for PBS, group 2 for CEP, group 3 for CEP-IL, group
4 for naked gPTX, group 5 for gPTX-L and group gPTX-IL. 50 mg of gPTXequivalent per kg body weight was injected six times via tail vein at the intervals of 4
days. Tumor volumes and body weights were measured at 3 or 4-day intervals. Paraffin
embedded liver, kidney, and spleen sections (5-μm thick) were stained with
Hematoxylin (Sigma Aldrich,USA;0.5%) and Eosin Y (Sigma Aldrich, USA) (HE)
for histological analysis then visualized under FSX100 Inverted Microscope
(Olympus, Tokyo, Japan).
• Statistical Analysis
All the experiments were repeated at least three-time. Data were depicted as
means ± standard deviation. The statistical significance in mean values between two
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groups was determined by 2-tailed student’s t-test. The statistical significance between
the mean values of more than two groups was determined using one-way analysis of
variance (ANOVA) and Dunnett's multiple comparisons test. P<0.05 was considered
statistically significant.
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