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Abstract

Plumbagin, a naphthoquinone mainly extracted from Plumbaginaceae plants, has been
shown to have promising anti-cancer properties. However, its therapeutic potential is
hampered by its failure to specifically reach tumours at a therapeutic concentration after
intravenous administration, without secondary effects on normal tissues. Its use is further
limited by its poor aqueous solubility and its rapid elimination in vivo. To overcome this
limitation, we hypothesised that the entrapment of plumbagin within a delivery system
conjugated to transferrin, whose receptors are overexpressed on many cancer cells, would
result in a selective delivery to tumours after intravenous administration and a
subsequently enhanced therapeutic efficacy. The aim of this study was to prepare and
characterise transferrin-targeted delivery systems entrapping plumbagin.

In this work, we demonstrated that plumbagin could be formulated in transferrin-bearing
liposomes, PLGA-PEG nanoparticles and lipid-polymer hybrid nanoparticles. The
entrapment of plumbagin in these tumour-targeted nanomedicines led to an increase in
plumbagin uptake by cancer cells, and improved its anti-proliferative and apoptosis
activity in B16-F10, A431 and T98G cell lines compared to that observed with the drug
solution. The intravenous injection of transferrin-bearing lipid-polymer hybrid
nanoparticles entrapping plumbagin led to the complete tumour suppression for 40% of
B16-F10 tumours. In addition, the intravenous treatment of B16-F10 tumours with
transferrin-bearing liposomes and polymeric nanoparticles led to 10% tumour
suppression. By contrast, all the tumours treated with plumbagin solution or left untreated
were progressive. The animals did not show any visible signs of toxicity.

In conclusion, plumbagin entrapped in these transferrin-bearing nanomedicines are
therefore highly promising therapeutic systems that should be further optimised as

therapeutic tools for cancer treatment.
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CHAPTER 1

Introduction



1.1 Natural derived compounds for cancer chemotherapy

Cancer is a group of diseases that arise from uncontrolled growth of abnormal cells. These
malfunctioning cells have the potential to invade surrounding tissues and other organs,
and can be life-threatening (Senapati et al., 2018). The development of cancer is a multi-
step process, involving the accumulation and acquisition of oncogenic signals through
genetic and epigenetic mutations that enable normal cells to become tumorigenic and
ultimately malignant. Most cancers acquire six essential functional capabilities during
their development, called ‘the hallmarks of cancer’: self-sufficiency in growth signals,
insensitivity to anti-growth signals, evasion of programmed cell death, limitless
replicative potential, sustained angiogenesis, and tissue invasion and metastasis
(Hanahan and Weinberg, 2000). Two emerging hallmarks of cancer (reprogrammation of
energy metabolism and evasion of immune destruction) and two enabling characteristics
(genomic instability and mutation, and tumour-promoting inflammation) were later added

to this list (Hanahan and Weinberg, 2011) (Figure 1-1).
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Figure 1-1: Schematic representation of the hallmarks and key features of cancer

(adapted from Hanahan and Weinberg, 2011)

Recently, it has been reported that cancer is the second leading cause of death in the
world, following heart disease (Bray et al., 2018). Cancer accounted for 9.6 million
deaths in 2018 and continues rising worldwide, with an estimated 16.4 million deaths in
2040. The treatment of cancer requires close cooperation from a team of experts (e.g.
oncologist, pathologist and radiologist) and usually involves various types of treatments.
Although local therapies (e.g. surgery and radiotherapy) can be efficacious against
localised cancers, chemotherapy remains the most common method for treatment of
metastatic and blood cancers. It may also be used alone or in combination with surgery

and/or radiotherapy, depending upon the specific tumour situation (Palumbo et al., 2013).



Natural derived compounds have gained a considerable interest among cancer researchers
for the potential to affect multiple cancer hallmarks. A recent survey by Newman and
colleagues (2016) indicated that approximately 55% of the approved anti-cancer drugs
(from the late 1930s to 2014) were derived from natural sources. For example, paclitaxel
(from the Pacific yew tree), doxorubicin (from Streptomyces peucetius bacterium),
vincristine (from the periwinkle plant), topotecan (from the “happy tree” Camptotheca
acuminate) and etoposide (from the mayapple plant Podophyllum peltatum) are well-
established drugs commercially available for cancer treatment (Newman et al., 2016). In
addition, several nature-derived compounds, such as isoflavones (from soy bean),
curcuminoids (from turmeric) and resveratrol (from grape seed), are currently being
investigated in clinical trials (Cragg et al., 2016). Table 1-1 shows a list of some nature-

derived chemotherapeutic agents used in cancer treatment or under development.



Table 1-1: List of the main anti-cancer compounds that are derived from natural sources

Compound Natural Common Oncology indication
source name
Doxorubicin Streptomyces - Breast, lung, gastric and ovarian
peucetius cancer, non-Hodgkin’s and
Hodgkin’s lymphoma, multiple
myeloma, sarcoma (Thorn et al.,
2011)
Cytarabine Cryptotheca Caribbean | Leukaemia and lymphoma
crypta sponge (Schwartsmann et al., 2001)
Gemcitabine Cryptotheca Caribbean | Pancreatic, breast, bladder and
crypta sponge non-small-cell lung cancer
(Schwartsmann et al., 2001)
Irinotecan Camptotheca “Happy Colorectal cancer (Igbal et al.,
acuminate tree” 2017)
Topotecan Camptotheca “Happy Ovarian and lung cancer (Igbal
acuminate tree” etal., 2017)
Docetaxel Taxus Pacific yew | Breast, ovarian, prostate and
brevifolia non-small-cell lung cancer (Seca
and Pinto, 2018)
Paclitaxel Taxus Pacific yew | Breast, ovarian and lung cancer
brevifolia (Seca and Pinto, 2018)




Table 1-1: List of the main anti-cancer compounds that are derived from natural sources

(Continued)

harringtonii

Compounds Natural Common | Oncology indication
source name
Vinblastine Catharanthus | Madagascar | Breast cancer, testicular cancer
roseus periwinkle | and non-Hodgkin lymphoma
(Hait et al., 2015)
Vincristine Catharanthus | Madagascar | Acute lymphoblastic leukaemia,
roseus periwinkle | Hodgkin’s and non-Hodgkin
lymphoma and
rhabdomyosarcoma (Hait et al.,
2015)
Etoposide Podophyllum Mayapple | Small cell lung cancer and
peltatum testicular cancer (Kwok et al.,
2017)
Combretastatin A-4 | Combretum | Bushwillow | Ovarian cancer (Grisham et al.,
caffrum tree 2018)
Flavopiridol Dysoxylum | White cedar | Leukaemia, lymphoma, multiple
binectariferum myeloma, breast, oesophageal,
pancreatic, prostate and liver
cancer (Peyressatre et al., 2015)
Ingenol mebutate Euphorbia Petty spurge | Melanoma (Seca and Pinto,
peplus 2018)
Homoharringtonine | Cephalotaxus | Plum yew | Chronic myeloid leukaemia

(Seca and Pinto, 2018)




1.2 Plumbagin

Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) is a natural naphthoquinone
mainly found in three families of plants, Plumbaginaceae, Droseraceae, and Ebenaceae
(Panichayupakaranant and Ahmad, 2016). It has a wide spectrum of pharmacological
properties, for example anti-inflammatory, antibacterial and antifungal activities (Padhye
et al., 2012). Moreover, plumbagin has recently gained considerable attention for its
chemopreventive and therapeutic efficacies in vitro against many types of cancer,
including breast (Yan et al., 2013), lung (Li et al., 2014), prostate (Zhou et al., 2015),
ovarian (Sinha et al., 2013) cervical (Srinivas et al., 2004b), liver (Wei et al., 2017),
pancreatic (Wang et al., 2015), brain (Niu et al., 2015), colon (Eldhose et al., 2014),
oesophageal (Cao et al., 2018) and melanoma (Wang et al., 2008).

The history of the medical use of plumbagin stretches back for several hundred years with
the oldest reference to a Plumbago plant called “Chitraka” found in the ancient Indian
Ayurvedic texts of Charaka (second century B.C.). The medical usage of the Plumbago
root has been recognised as a treatment of dyspepsia, piles, diarrhoea and skin diseases
(Checker et al., 2018). The plant extract was also used to treat tuberculosis and leprosy
(Padhye et al., 2012). In Thai traditional medicine, the root of Plumbago indica (known
as Chettamun-phloeng-daeng (Thailand) or officinal leadwort (English)) (Figure 1-2)
can be used as carminative drug, appetite stimulant and for the treatment of haemorrhoids.
However, this plant must be used cautiously in pregnant women, as plumbagin can

stimulate uterus contraction, leading to abortion (Saralamp et al., 1996).
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Figure 1-2: Plumbago indica (Plumbaginaceae): (A) Stem, (B) Flower, (C) Dried root

1.2.1 Physico-chemical properties of plumbagin

Chemically, plumbagin is one of the simplest hydroxy-naphthoquinones isolated from
the root of Plumbago species where its name derived from. It usually appears as yellow-
orange, needle-shaped crystalline powder with a molecular formula of C11HgOs and a
molecular weight of 188.18 g/mol. It is a lipophilic compound (log P 3.04) with poor
solubility in water (79 ug/mL), but good solubility in organic solvents such as alcohols,
acetone, chloroform, dimethyl sulfoxide (Panichayupakaranant and Ahmad, 2016; Pawar
et al., 2016). The chemical structure of plumbagin and its physico-chemical properties

are shown in Table 1-2.



Table 1-2: Physico-chemical properties of plumbagin

Chemical structure

0]

CHs

OH o
plumbagin

Chemical name

5-hydroxy-2-methyl-1,4-naphthoquinone

Chemical class

1,4-naphthoquinone

Molecular formula

C11HgO3

Molecular weight

188.18 g/mol

Appearance yellow-orange, needle-shaped crystalline powder with
irritating odour

Purity > 95%

Melting point 78-79 °C

log P 3.04

pKa 9.48

Solubility Poorly soluble in water (79 ug/mL)

Slightly soluble in hot water
Soluble in methanol, ethanol, isopropanol, acetone,

chloroform, DMSO, pyridine and acetic acid

(adapted from Rajalakshmi et al., 2018)




1.2.2 Pharmacology of plumbagin

1.2.2.1 Pharmacokinetic and pharmacodynamic properties

Due to the promising pharmacological activities of plumbagin, especially its anti-cancer
property, its pharmacokinetic and pharmacodynamic properties have been extensively
investigated in different models. Sumsakul and Na-Bangchang (2016) have demonstrated
that plumbagin has a moderate permeability across Caco-2 human epithelial colorectal
adenocarcinoma cell monolayer via a passive transport mechanism. In addition,
plumbagin did not interfere with the function of the P-glycoprotein drug transporter and
the expression of multidrug resistance protein 1 (MDR-1) gene (Sumsakul and Na-
Bangchang, 2016). A study by Hsieh and colleagues (2006) reported that the
bioavailability of plumbagin after a single oral dose (100 mg/kg body weight) in
Sprague—Dawley rat was 38 + 5%, with 49 % of drug excreted through feces. Plumbagin
reached a maximum serum concentration (Cmax) of 0.35 + 0.10 mg/mL at the time to
maximum concentration (Tmax) of 150 + 46 min (2.5 + 0.8 h), then its serum concentration
declined rapidly with an elimination half-life (ti2) of 1028 + 323 min (17.1 £ 5.4 h). The
authors also suggested that plumbagin is metabolised through phase | aliphatic
hydroxylation and phase Il glucuronidation pathways, as the metabolites of plumbagin
were also detected in rat urine. However, different pharmacokinetics of plumbagin given
by oral administration were also observed when using other rat species. A single oral
administration of plumbagin (100 mg/kg body weight) in a Wistar rat model found that
the drug absorption was delayed (Tmax Of 5 h), and the elimination half-life (ti. of 9.63
h) was relatively short compared with that previously reported in Sprague—Dawley rats
(Sumsakul et al., 2016). In addition, Kumar and colleagues (2011) reported that the
plasma levels of plumbagin decreased rapidly after the intravenous injection of

plumbagin at the dose of 6 mg/kg body weight (solubilised in PBS containing 25% PEG-
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200 at a final concentration of 1.2 mg/mL) in C57BL/6J mice bearing B16F1 melanoma
with the elimination half- life of 35.89 £ 7.95 min and a plasma clearance of 0.03 £ 0.01
L/min. The ability of plumbagin to modulate the activities of human and rat hepatic
metabolising cytochrome P450 (CYP) enzyme was also investigated. Plumbagin was
found to be an inhibitor of human hepatic microsomal enzymes CYP2B6, CYP2C9,
CYP2D6, CYP2E1 and CYP3A4, with the inhibitor constant (Ki) values (the
concentration required to produce half maximum inhibition; a small Ki means that the
inhibitor is more potent) about 2.16 uM. Plumbagin was also found to be an inhibitor of
rat hepatic microsomal enzymes CYP1A2 and CYP2D1, CYP2B1, CYP2C11 and
CYP2E1 enzymes, with Ki values less than 9.93 uM. Based on these findings, the authors
concluded that plumbagin would be highly likely to cause toxicity and drug interactions

due to its impact on these cytochrome P450 enzymes (Chen et al., 2016).

1.2.2.2 Plumbagin toxicity

The toxicity of plumbagin has been studied by several research groups. Sumsakul and
colleagues (2014) reported that plumbagin has relatively low toxicity at the dose levels
up to 100 (single oral dose) and 25 (daily doses for 14 days) mg/kg body weight for acute
and sub-acute toxicity testing in mice. The same research group also studied the toxicity
of plumbagin in Wistar rats and found that the maximum tolerated doses in acute and
sub-acute toxicity studies were 150 (single oral dose) and 25 (daily doses for 28 days)
mg/kg body weight. The 50 % lethal dose (LDso) of plumbagin was 250 mg/kg body
weight for acute toxicity and 50-100 mg/kg body weight for sub-acute toxicity. In
addition, a daily oral administration of plumbagin (25 mg/kg body weight) for 28 days
did not change the haematological and blood biochemistry profiles of animals (Sumsakul

et al., 2016). In other studies, however, oral administration of plumbagin has been
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reported to cause diarrhoea, skin rashes, drowsiness, lethargy, increased white blood cell
and neutrophil counts (Singh et al., 1997), cardiotoxicity (Shimada et al., 2012) and
hepatotoxicity (Sukkasem et al., 2016). The increased systemic toxicity was further
evidenced in an intravenous administration of plumbagin. Pawar and colleagues (2016)
reported that the intravenous injection of plumbagin (2 mg/kg body weight for 15 days)
caused abnormal tissue toxicity such as myocardial necrosis and degeneration,
hepatocellular inflammation and necrosis as well as severe necrosis of tubules and
glomeruli. Furthermore, plumbagin was found to prolong bleeding time in Wistar rats
(daily doses of 2 mg/kg body weight for 31 days) by decreasing platelet adhesion and
coagulation. This may be due to the structure of plumbagin, which has been reported to
closely resemble the vitamin K3 (menadione or 2-methyl-1,4-naphthoquinone)

(Vijayakumar et al., 2006).

1.2.2.3 Anti-inflammatory activity

Inflammation is the response of cellular and humoral defence mechanisms to injury or
infection. The symptom of acute inflammation is characterised by five symptoms: pain,
swelling, redness, heat and tissue injury (Ricciotti and FitzGerald, 2011). These
symptoms occurred from the interaction between granulocytes, macrophages,
lymphocytes as well as cell- and tissue-derived mediators (e.g. histamine, prostaglandins
and leukotrienes). An increase in temperature is caused by cytokines derived from
leukocytes, while pain indicates an inflammation of injured tissues (Schror, 2009). If
acute inflammation cannot resolve, it may lead to chronic inflammation which is involved
in almost all chronic diseases such as cancer, cardiovascular diseases and autoimmune

diseases (Ricciotti and FitzGerald, 2011).
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A study by Checker and colleagues (2009) revealed that plumbagin inhibited mitogen-
induced T-cell activation and proliferation, and secretion of pro-inflammatory
cytokines such as interleukins (IL)-2, IL-4, IL-6 and interferon (IFN)-y. In addition,
it also prevented translocation of Nuclear factor-kappa B (NF-xB) by inhibiting the
degradation of an inhibitor of NF-kB transcription factor (IkBa) in vitro. The anti-
inflammatory activity of plumbagin was further confirmed by Luo and colleagues
(2010). In their study, the oral dosing of plumbagin (10 to 20 mg/kg body weight) reduced
the rat paw oedema caused by carrageenan and various pro-inflammatory cytokines,
including histamine, serotonin, bradykinin and prostaglandin E». It also reduced the
number of writhing episodes induced by the intraperitoneal injection of acetic acid in
animals. Further examination demonstrated that plumbagin significantly decreased the
production of IL-1p, IL-6 and Tumour necrosis factor alpha (TNF-a.), and inhibited the

expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2).

1.2.2.4 Antimicrobial activity

Numerous studies have found that plumbagin exhibited antimicrobial activities against
many types of human pathogenic microorganisms, including Gram-positive and Gram-
negative bacteria, antibiotic-resistant bacteria, fungi and yeast. A study by Paiva and
colleagues (2003) revealed that plumbagin showed antimicrobial activity against
Staphylococcus aureus with a minimum inhibitory concentration (MIC) of 1.56 pug/mL
and minimum bactericidal concentration (MBC) of 25 pg/mL, as well as against Candida
albicans with a MIC of 0.78 pg/mL and a minimum fungicidal concentration (MFC) of
1.56 pg/mL. In another study, plumbagin exerted an inhibitory effect against nine strains
of S. aureus, including methicillin- and multidrug-resistant strains with MICs ranging

from 4 to 10.67 pg/mL. Further studies demonstrated that a combination of plumbagin at
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2 ug/mL with oxacillin exhibited a synergistic effect against two epidemic methicillin
resistant strains of S. aureus, EMRSA15 and MRSAL, resulting in a reduction of oxacillin
MICs by 32-fold and 42-fold respectively (Rondevaldova et al., 2015). Dzoyem and
colleagues (2007) evaluated the antifungal activity of plumbagin against 5 strains of yeast
pathogens (Candida albicans, Candida glabrata, Candida krusei, Candida tropicalis and
Cryptococcus neoformans) and 7 strains of filamentous fungi (Aspergillus flavus,
Aspergillus niger, Alternaria sp., Cladosporium sp., Geotrichum candidum, Fusarium
sp., and Penicillium sp.). They found that plumbagin inhibited the growth of these fungi
with MICs ranging from 0.78 to 6.25 pg/mL, which are close to the MICs of ketoconazole

(0.25 to 5 pg/mL) used as a control antifungal treatment.

1.2.2.5 Anti-cancer activity

Plumbagin has demonstrated its anti-cancer potential against many types of cancer both
invitro and in vivo. Several studies suggested that plumbagin exerted its chemopreventive
and anti-cancer properties by alteration of various signalling pathways which play a
crucial role in cancer cell proliferation, survival, invasion, metastasis and angiogenesis.
It is well established that these underlying activities of plumbagin are mainly due to the
ability to modulate cellular redox cycle, resulting in the generation of reactive oxygen
species (ROS) (Liu et al., 2017; Checker et al., 2018; Jaiswal et al., 2018). The potential
of plumbagin as a therapeutic agent for cancer treatment will be further studied in this

thesis.

1.2.2.6 Other pharmacological activity of plumbagin
Other pharmacological activities of plumbagin have been investigated by several research

groups as summarised in Table 1-3.
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Table 1-3: Other pharmacological activities of plumbagin

SYBR Green |

assay

Pharmacological Assay method Result
activity
Antioxidant Comet assay Plumbagin (at non-DNA damaging
concentrations of 0.25 ng/mL) significantly
reduced the catechol-induced oxidative
DNA damage in mouse lymphoma
L5178Y cells (Demma et al., 2009)
In vitro assay in the | Plumbagin exhibited a protective effect in
nucleus pulposus NP cells by decreasing the generation of
(NP) cells ROS and lipid peroxidation induced by
hydrogen peroxide (Chu et al., 2016)
In vivo assay in ROS and lipid peroxide levels were found
C57BL6/J mice to be decreased in mice treated with
with myocardial plumbagin (5 mg/kg, i.p.) (Wang et al.,
injury 2016)
Antimalarial In vitro assay using | Plumbagin inhibited 3D7 chloroquine-

sensitive and K1 chloroquine-resistant
Plasmodium falciparum with 1Csg of 580
and 370 nM, respectively (Sumsakul et al.,

2014)
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Table 1-3: Other pharmacological activities of plumbagin (Continued)

Swiss albino mice
infected with
Plasmodium

berghei

Pharmacological Assay method Result
activity
Antimalarial In vivo assay in Oral dosing of plumbagin (30 mg/kg for 4

days) significant reduced parasitaemia and
increased in mean survival time compared

with untreated group (Gupta et al., 2018)

Hepatoprotection

In vivo assay in
carbon
tetrachloride-
induced

liver fibrosis in
Sprague Dawley

rats

Oral dosing of plumbagin (4 and 8 mg/kg
three times a week for 8 weeks)
significantly decreased liver functional
enzymes (ALT, AST, ALP, TBIL) and
inflammatory cytokines (IL-6, TNF-a.),
and improved hepatocellular impairments

(Wei et al., 2015)

Hepatoprotection

In vivo assay in
Wistar rats induced
with obesity and
non-alcoholic fatty
liver disease
(NAFLD) by
chronic
consumption of

fructose

Oral administration of plumbagin (1 mg/kg
from Weeks 9 to 16) exhibited anti-fibrotic
effects, reduced the hepatic lipids and the
hypertrophy of adipocytes (Pai et al.,

2019)
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Table 1-3: Other pharmacological activity of plumbagin (Continued)

Pharmacological

activity

Assay method

Result

Antidepressant

In vivo assay in
depression-like
behaviour induced
Swiss albino mice,
by using tail
suspension and
sucrose preference

tests

Mice treated with high dose of plumbagin
(16 mg/kg, p.o.) significantly decreased
the immobility of stressed mice and
restored their normal sucrose preference.
Plumbagin was found to inhibit brain
MAO-A activity, decreased plasma
nitrite, brain malondialdehyde and
catalase levels while increasing reduced
glutathione levels in stressed mice. It also
reversed stress-induced increase in
plasma corticosterone levels. These
results were comparable with imipramine
used as standard treatment in this study

(Dhingra and Bansal, 2015)
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1.2.3 Plumbagin and cancer

The first evidence for the anti-cancer effect of plumbagin was reported by Melo and
colleagues (1974), when it was used to treat patients with skin cancer. However, the
authors found that plumbagin also caused high skin irritation. In 1980, Santhakumari and
colleagues (1980) have demonstrated that plumbagin at lower concentrations slowed the
growth of chick embryo fibroblasts by inhibiting entry of cells into mitosis, while the
compound at high concentration exhibited cytotoxic effects to the cells. Furthermore,
Krishnaswamy and Purushothaman have shown that plumbagin could inhibit chemically-
induced fibrosarcoma in rats as well as P388 leukemia in mice (Krishnaswamy and
Purushothaman, 1980). Since then, plumbagin has gained much attention for its anti-
cancer properties. Numerous studies have shown that plumbagin exhibited in vitro anti-

proliferative effects on several types of cancer cell lines, as summarised in Table 1-4.

Table 1-4: Overview of in vitro anti-proliferative effects of plumbagin in various types

of cancer
Types of cancer Cell lines References
Brain cancer Al72, KNS60, U251-MG, Khaw et al., 2015
U251 and ONS76
Breast cancer MCF-7, MDA-MB-231 and Ahmad et al., 2008;
MDA-MB-436 Lee et al., 2012;
Yan et al., 2013;
Somasundaram et al., 2016
Cervical cancer ME-180, SiHa and HelLa Srinivas et al., 2004b;
Jaiswal et al., 2018
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Table 1-4: Overview of in vitro anti-proliferative effects of plumbagin in various types

of cancer (Continued)

Colorectal cancer

HT29, HCT15, HCT116,

SW480 and SW620

Subramaniya et al., 2011;
Eldhose et al., 2014;

Raghu et al., 2014

Liver cancer

HepG2, SMMC-7721 and

Hep3B

Shih et al., 2009;

Wei et al., 2017

Lung cancer

A549, H460, H23, L9981 and

NL9980

Gomathinayagam et al., 2008;
Li et al., 2014,

Yuetal., 2018

Melanoma

A431, A375.S2 and

SK-MEL 28

Wang et al., 2008;

Duraipandy et al., 2014

Oesophageal cancer

ESCC, KYSE-150 and

KYSE-450

Cao et al., 2018

Ovarian cancer

BG-1, OVCAR-3, OVCAR-5

and SKOV-3

Srinivas et al., 2004a;

Kapur et al., 2018

Pancreatic cancer

PANC-1 and BxPC-3

Wang et al., 2015

Prostate cancer

PC-3, LNCaP, C4-2 and

DU145

Powolny et al., 2008;

Zhou et al., 2015

In vivo, intravenous administration of plumbagin (2-6 mg/kg of body weight, dissolved

in alcohol then in buffer saline) was found to delay the growth of Ehrlich ascites tumours

and increase the lifespan of BALB/c mice by 10.0 to 47.8%. However, a progressive loss

of body weight was observed in the animals treated with a dose of plumbagin higher than

3 mg/kg of body weight, which is a sign of severe toxicity (Naresh et al., 1996). A study
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by Singh and colleagues (1996) showed that the intratumoral injection of plumbagin (6
mg/kg of body weight/day for 14 days) to BALB/c mice showed limited efficacy in
slowing down the growth of sarcoma-180 tumours compared to the untreated group
(volume-doubling times (VDT) of 7.2 £ 0.9 days for plumbagin and 3.5 £ 0.5 days for
the untreated group). Lai and colleagues (2012) investigated the anti-tumour effect of
plumbagin on human colon carcinoma (HCT116) and prostate cancer (PC-3) xenograft
mouse models. They found that, following intratumoral injection of plumbagin (dissolved
in DMSO) at the dose of 6 mg/kg (for HCT116 group) and 10 mg/kg (for PC-3 group) to
mice for 20 days, the tumour volume significantly decreased in both treated groups in
comparison with the control group. In another study, Hsu and colleagues (2006)
demonstrated that plumbagin (2 mg/kg of body weight/day for 60 days, prepared in 25%
polyethylene glycol, intraperitoneal injection) inhibited tumour growth and induced the
apoptosis of A549 mouse xenograft model compared with the control group. The
intraperitoneal administration of plumbagin (1 mg/kg of body weight/day for 26 days,
dissolved in DMSO then in polyethylene glycol 30% wi/v to reach a final DMSO
concentration of 0.05% v/v) has been reported to slow down the growth of PTEN-P2
mouse prostate tumours compared to the untreated group, but did not cause regression
(Abedinpour et al., 2013). In addition, intraperitoneal injection of plumbagin (2 mg/kg
of body weight, 5 times a week for 24 days) to mice bearing subcutaneous U87 glioma
tumours, was found to inhibit the growth of glioma by 54.5%, compared with the control
group (Niu et al., 2015).

Although some studies have demonstrated the promising anti-cancer properties of
plumbagin in vitro, its therapeutic potential in vivo has been limited so far, even after
intratumoral administration. This is because plumbagin has a short half-life with rapid

elimination, resulting in a decreased plasma concentration and a shortened duration of
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action. Another obstacle to the widespread development of plumbagin is its high
lipophilicity. Poor water solubility of plumbagin is a major problem encountered with the
design of formulation, which often requires the use of vehicles containing organic
solvents or excipients that may cause toxicity by themselves. Moreover, the chronic or
high dose administration of plumbagin also has a tendency to cause systemic toxicity
such as cardiotoxicity and hepatotoxicity. In this context, the introduction of
nanotechnology could provide a novel approach to overcome the crucial hurdle of

plumbagin’s limitations to enhance its therapeutic efficacy.

1.2.4 Mechanisms of action

Several in vitro and in vivo experiments have supported the hypothesis that plumbagin
could be a promising chemotherapeutic agent for cancer treatment. VVarious mechanisms
and cell signalling pathways have been proposed for the anti-cancer properties of
plumbagin, such as generation of reactive oxygen species (ROS), induction of cell cycle
arrest, apoptosis and autophagy, and inhibition of cell invasion, metastasis and
angiogenesis (Figure 1-3) (Lai et al., 2012; Sinha et al., 2013; Checker et al., 2018;

Jaiswal et al., 2018; Liu et al., 2017; Zhou et al., 2015).
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Figure 1-3: A summary of mechanisms and cell signalling pathways associated with the

anti-cancer activities of plumbagin (adapted from Liu et al., 2017)

1.2.4.1 Generation of reactive oxygen species

Plumbagin has been reported to exert its anti-cancer effects primarily by promoting
generation of ROS, such as hydroxyl radical (HO¢), superoxide anion (O2") and
hydrogen peroxide (H202), as well as causing alkylation reactions that disrupt the
structure and/or the function of lipids, proteins and DNA (Powolny et al., 2008; Seshadri
etal., 2011; Klotz et al., 2014; Jaiswal et al., 2018).

In mammalian cells, one-electron reduction (mediated by NADPH-cytochrome P450
reductase) and two-electron reduction (mediated by NAD(P)H: quinone oxidoreductase-
1 (NQO-1 or DT-diaphorase)) convert plumbagin to a semi-quinone radical or quinol
(also known as hydroquinone), respectively. These reactions lead to the auto-oxidation

of the semi-quinone radical and quinol by molecular oxygen (O2) to generate superoxide
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anion (O2) which subsequently undergo disproportionation to oxygen (O2) and
hydrogen peroxide (H203), causing oxidation of lipids, proteins and DNA. Alternatively,
quinones may cause the alkylation (also termed arylation) of reduced glutathione (GSH)
as well as cysteine residue of proteins, resulting in the depletion of GSH levels and
modification of protein structure and function (Figure 1-4) (Inbaraj and Chignell, 2004;

Klotz et al., 2014; Widhalm and Rhodes, 2016).
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Figure 1-4: Potential mechanisms of plumbagin and other quinones by modulation of
cellular redox, generation of reactive oxygen species and alkylation reaction with

cysteine-rich proteins and DNA (adapted from Widhalm and Rhodes, 2016)

1.2.4.2 Modulation of cell signalling pathways

Plumbagin has been reported to inhibit cell proliferation and induce apoptosis by
targeting multiple cell signalling pathways such as NF-xB, adenosine monophosphate-
activated protein kinase (AMPK), phosphatidylinositol-3-kinase (P13K)/protein kinase B
(Akt)/mechanistic target of rapamycin (mTOR), Mitogen-activated protein kinase
(MAPK)/ Extracellular signal-regulated kinases (ERK), Wnt/B-catenin including

caspase-3, -8 and -9 (Liu et al., 2017).
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A study by Li and colleagues (2012a) revealed that plumbagin can inhibit cell growth
and induce apoptosis through downregulation of the nuclear factor-kappa B (NF-«xB)
regulated gene products expression. The role of NF-«B, a family of cellular
transcription factors, is involved in inflammatory responses and regulation of anti-
apoptotic genes expression in various types of cancers (Lee et al., 2007). Generally,
translocation of NF- kB to the nucleus occurs due to its sequestration in cell
cytoplasm mediated by inhibitory kappa B (1xB) proteins that are phosphorylated by
kB kinase complex (IKK; consisting of two highly homologous catalytic subunits,
IKKa and IKKp) and then degraded by the 26S proteosome. In cancer, the activation
of NF-«xB activity leads to aberrant IKK activity and a shorter half-life of 1B proteins
(Lee et al., 2007). Plumbagin-inhibited NF-«B activity was further supported by
Kawiak and Domachowska (2016), which demonstrated that plumbagin suppressed
IKKa activity in HERZ2-overexpressing breast cancer cells and inhibited IkBa
phosphorylation and degradation (Kawiak and Domachowska, 2016). In addition, an in
vitro study by Khaw et al. (2015) showed that plumbagin can induce DNA damage and
apoptosis in human brain tumour cells by upregulation of phosphatase and tensin
homolog (PTEN), a tumour suppressor gene. As the activation of NF-kB can suppress
PTEN expression and prevent apoptosis (Vasudevan et al., 2004), the inhibition of NF-
kB activity and upregulation of PTEN gene by plumbagin may improve apoptosis and
reduce tumorigenesis (Figure 1-5).

In addition, the AMPK and mTOR kinase signalling pathways which played critical roles
in controlling cell growth and proliferation, regulating metabolism, apoptosis and
autophagy, are considered to be defective signalling pathways in cancer. Indeed, the
activation of AMPK leads to the mTOR suppression (Shaw et al., 2009; Li et al., 2015).

An in vitro study in colorectal cancer cells showed that plumbagin can induce
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apoptosis through activation of AMPK, which directly leads to phosphorylation of
Raptor protein, and then inhibition of mMTOR complex 1 (mMTORC1) activation (Chen
et al., 2013). Plumbagin was also found to inhibit PISBK/Akt/mTOR signalling
pathways, a key regulator of cell survival under stress condition, which eventually
promoted apoptosis and autophagy in cancer cells (Li et al., 2014; Wang et al., 2015;

Zhou et al., 2015) (Figure 1-5).
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Figure 1-5: Effect of plumbagin on NF-xB and PI3K/Akt/mTOR signalling pathways

Furthermore, it was reported that plumbagin can inhibit the activation of ERK pathway
(also known as the Ras-Raf-MEK-ERK pathway) (Lai et al., 2012). This pathway is one
of the MAPK pathways that control diverse cellular processes such as growth,
proliferation, differentiation, migration and apoptosis (Dhillon et al., 2007; Kohno et al.,
2011; Dovizio et al., 2012). Particularly, upregulation of ERK pathway is associated with

mutation or overexpression of Ras and Raf proteins, as well as the epidermal growth
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factor (EGF), vascular endothelial growth factor (VEGF) and their receptors (Lai et al.,
2012; Ding et al., 2016). This led to the stimulation of MEK and ERK, resulting in
angiogenesis and cancer cells survival (Roberts and Der, 2007). Lai and colleagues
(2012) have demonstrated that plumbagin inhibited proliferation of human umbilical vein
endothelial cells (HUVEC) by blocking VEGF-stimulated Ras activation and
phosphorylation of MEK, ERK. In addition, an in vitro study by Gomathinayagam et
al. (2008) showed that plumbagin downregulated the expression of EGFR in non-small
cell lung cancer (H460 cells). This result was similar to that previously reported by
Hafeez and colleagues (2012). In their study, plumbagin was able to inhibit the growth
of pancreatic cancer cells both in vitro and in vivo via the suppression of EGFR (Figure

1-6).
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Figure 1-6: The ERK signalling pathway which is suppressed by plumbagin (adapted

from Roberts and Der, 2007)
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The Wnt/B-catenin signalling pathway which normally plays a role in various stages of
cell division and growth, is another aberrant pathway established in some cancers such
as colon, lung, breast, prostate cancer, melanoma, glioblastoma and osteosarcoma. An
abnormal stimulation of Wnt signalling in this pathway leads to an accumulation of B-
catenin in cytoplasm. It is then translocated into the nucleus and forms a complex with
T-cell factor (TCF)/lymphoid enhancing factor (LEF), causing upregulation of some
proto-oncogene transcriptions such as c-Myc and cyclin D1 and enhancing cell
proliferation (Lin et al., 2014). Plumbagin was found to downregulate Wnt/B-catenin
signalling and decrease the expression of c-Myc and cyclin D1 in human colorectal
cancer cells (Subramaniya et al., 2011; Raghu and Karunagaran, 2014; Yan et al., 2015).
In addition, an in vivo study by Niu and colleagues (2015) have demonstrated that
plumbagin also inhibited the growth of gliomas via the suppression of forkhead box M1
(FOXML1) transcription factor and downstream its target genes including cyclin D1

(Figure 1-7).
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Figure 1-7: Effect of plumbagin on Wnt/B-catenin signalling pathway

Several studies have reported that plumbagin inhibited tumorigenesis by induction of
apoptosis via caspase-activation pathways. An experiment by Chen and colleagues (2009)
indicated that plumbagin triggers the mitochondrial apoptotic pathway by upregulation
of Bax pro-apoptotic protein, increasing the release of cytochrome ¢ from mitochondria
to cytosol and cleaving procaspase-9. As a result, the release of cytochrome c associated
with caspase-9 and apoptotic protease activating factor-1 (Apaf-1) can form the
apoptosome, leading to the activation of caspase-3 (Figure 1-8). This outcome shows
similarities with a study by Reshma et al. (2016) which demonstrated that plumbagin
induced apoptosis through the activation of caspase-3, caspase-8 and caspase-9. In
addition, plumbagin has been demonstrated to downregulate anti-apoptotic protein Bcl-2
expression (Seshadri et al., 2011) and to activate apoptosis inducing factor (AIF), a

caspase-independent apoptotic pathway (Srinivas et al., 2004b).
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1.3 Nanomedicines in cancer therapy

The aim in cancer treatment is to completely remove the tumour from the body, while
maintaining a good quality of life for the patient (Brundage, 2013). In early state disease,
although almost all types of solid and localised tumours can be treated with surgery
and/ or radiation, these treatments cannot cure cancer patients who have haematological
cancers (leukaemia, lymphoma and multiple myeloma) or metastases (Arruebo, et al.,
2011). Systemic chemotherapy then becomes a crucial therapeutic modality, as a
chemotherapeutic agent can reach all tumour sites through blood circulation system
(Bhosle and Hall, 2009; Fernando and Jones, 2015). Unfortunately, the chemotherapeutic
agents also lack specificity in their action, are associated with significant cytotoxicity to
normal cells, particularly among high growth rate cells such as bone marrow cells (Caley
and Jones, 2012). This issue was also the case with plumbagin, as it failed to specifically
reach tumours after intravenous administration, thus resulting in a lack of efficacy on
tumours and secondary effects on healthy tissues (skin rashes, cardiotoxicity,
hepatotoxicity, increased risk of bleeding) (Singh et al., 1997; Vijayakumar et al., 2006;
Shimada et al., 2012; Sukkasem et al., 2016). Furthermore, as a result of its rapid
metabolism and elimination, plumbagin has a short half-life of 35.89 + 7.95 min in the
blood (Kumar et al., 2011), leading to plasma plumbagin concentrations much lower than
those necessary to exert effective anti-cancer activity (Sagnella et al., 2014).

To overcome these drawbacks, the use of nanotechnology along with tumour targeting
would be a promising strategy (Lammers et al., 2008; Bertrand et al., 2014; Sagnella et
al., 2014). Nanomedicines are mostly referred to structures with a size range of 1- 1000
nm (Hartman et al., 2008; Alexis et al., 2010; Grobmyer et al., 2010; Egusquiaguirre et
al., 2012). The size of nanomedicines is an important parameter that drives several

biological phenomena with discrete cut-off size ranges, including circulation half-life,
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extravasation through leaky vasculature and macrophage uptake. It is suggested that
nanomedicines in the range of 100-200 nm have the ability to effectively extravasate
through the leaky vasculature of tumours, escape recognition by macrophages, as well as
avoiding filtration by liver and spleen. Nanomedicines with a diameter less than 5 nm are
rapidly cleared by renal clearance upon intravenous administration, while particles
ranging from 50-100 nm may accumulate in a non-specific manner in the liver.
Moreover, nanoparticles larger than 200 nm have been shown to accumulate in the spleen
and are rapidly recognised by macrophages (Blanco et al., 2015).

Nanomedicines have the ability to carry one or more drugs and to release them at specific
locations, thus enhancing drug accumulation. They also improve the solubility of drugs,
reduce biodegradation, prolong blood circulation, enhance the bioavailability and reduce
toxicity (Peer et al., 2007; Bertrand et al., 2014; Wicki et al., 2015). The characteristics

of an ideal tumour-targeted nanomedicine are shown in Table 1-5.

Table 1-5: Characteristics of an ideal tumour-targeted nanomedicine (Lammers et al.,

2008)

(1) Increase drug localisation in the tumour through:

(@) passive targeting

(b) active targeting
(2) Decrease drug localisation in sensitive or non-target tissues
(3) Ensure minimal drug leakage during transit to target
(4) Protect the drug from degradation and from premature clearance
(5) Retain the drug at the target site for the desired period of time
(6) Facilitate cellular uptake and intracellular trafficking

(7) Have good biocompatibility and biodegradability

Note that not all characteristics apply to all types of nanomedicines
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1.3.1 Nanomedicines in clinical practice

Doxil® (PEGylated liposomal doxorubicin, Figure 1-9) was the first nanomedicine
approved by the FDA in 1995 for the treatment of AIDS-related Kaposi's sarcoma and
then for the treatment of recurrent ovarian cancer in 1998 (Anselmo and Mitragotri,
2014). The development of Doxil® was based on various aspects of liposome technology
to overcome limitations of doxorubicin, such as increase of drug stability, prolongation
of blood circulation time and controlled drug release, as well as targeted delivery of
doxorubicin to cancer cells. In vivo, Doxil® administration resulted in an increase of
circulation time as well as a decrease of murine macrophage uptake. In clinical trials,
Doxil® exhibited a longer half-life (2-3 days) compared to free doxorubicin (around 10
hours), and 4- to 16-fold increase of doxorubicin accumulation in tumours (Wang et al.,
2013; Anselmo and Mitragotri, 2014; Weissig et al., 2014). Importantly, Doxil® also has
a better toxicity profile, with reduced alopecia, nausea, vomiting, myelosuppression,
mucocutaneous toxicity, and more importantly, decreased cardiotoxicity, compared to
that of doxorubicin solution (Cagel et al., 2017; Zhao et al., 2018). The successful
translation from research to clinical use of Doxil® led to the rapid development of
traditional anti-cancer drugs into liposomal systems. Some of them are available in the
market, such as Myocet® (non-PEGylated liposomal doxorubicin), DaunoXome®

(liposomal daunorubicin), DepoCyt® (liposomal cytarabine) and AmBisome® (liposomal

amphotericin B) (Slingerland et al., 2012; Weissig et al., 2014).
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However, some problems still exist regarding the clinical translation of nanomedicines.
For instance, two adverse reactions that were rarely found with doxorubicin solution were
observed in Doxil®. The first one is a grade 2 or 3 radiation dermatitis called palmar-
plantar erythrodysesthesia, or hand-foot syndrome, which corresponds to redness,
tenderness and peeling of the skin. This toxicity resulted from the accumulation of Doxil®
in the skin due to its long circulation property (Solomon and Gabizon, 2008; Barenholz,
2012). The second one is an infusion-related reaction, such as flushing and shortness of
breath. This acute hypersensitivity immune reaction is called complement activation-
related pseudo-allergy, and results from the treatment with several cancer nanomedicines,
including Doxil®. However, this issue can be solved by reducing the infusion rate and by
premedication with antihistamines and corticosteroids (Barenholz, 2012; Doessegger and
Banholzer, 2015).

To improve the performance while minimising the side effects and distribution of
nanocarriers to healthy tissues, several strategies and advanced functionalities of
nanomedicine platforms (i.e. use of targeted ligands and triggered release of the drug)

have been used to modify the physico-chemical properties of nanomedicines and their

33



interactions with the human body (Figure 1-10) (Wicki et al., 2015). Some of these
nanomedicines have been commercialised, such as lipid- based nanocarriers (Margibo®
and Mepact®), polymer- based nanocarriers ( Eligard® and Genexol®), protein—drug
conjugates (Abraxane®, Kadcyla® Mylotarg® and Ontak®) and inorganic nanoparticles
(NanoTherm®) (Weissig et al., 2014; Wicki et al., 2015). To date, 50 nanomedicines
have been approved by the FDA and are available on the market for a wide range of
indications (Ventola, 2017) (Figure 1-11). So far, 2,723 nanomedicine formulations are
currently registered for clinical trials on ClinicalTrials.gov (search terms ‘liposome’/

‘nanoparticle’/ ‘micelle’) (Clinical Trials.gov, 2019).
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1.3.2 Biological barriers to nanomedicines

Nanomedicines have emerged as a promising strategy to overcome the limitations of
conventional chemotherapy, such as poor water solubility, non-specific tissue
distribution, systemic toxicity, rapid clearance and low therapeutic index (Sun et al.,
2014). However, the nanocarriers have to overcome numerous biological barriers before
they can specifically reach tumour sites and achieve their therapeutic effects. These
complex obstacles include opsonisation and recognition by the mononuclear phagocyte
system (MPS), non-specific distribution, haemorheological limitations, intratumoral
pressure, cell membrane internalisation/endosomal escape and multiple drug resistance
via drug efflux pumps (Figure 1-12) (Barua and Mitragotri, 2014; Sriraman et al., 2014;

Blanco et al., 2015).
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Figure 1-12: Framework of sequential biological barriers to nanomedicine-based drug

delivery (adapted from Blanco et al., 2015)

Generally, nanomedicines for cancer treatment are administrated by intravenous injection
(Sriraman et al., 2014; Sun et al., 2014). Once they have reached the systemic circulation,

they are subjected to rapid sequestration by the MPS. The sequestration process begins
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with opsonisation of nanocarriers by adsorption of plasma proteins (opsonins), such as
albumin, fibrinogen, apolipoproteins, immunoglobulins, as well as complement
components, onto their surface to form the protein corona. After opsonisation, the protein
corona may trigger recognition of nanomedicines by the MPS, and readily undergo
phagocytosis by phagocytic cells as well as predominantly resident macrophages in the
spleen, lymph nodes and liver (Sriraman et al., 2014; Blanco et al., 2015). Several studies
have demonstrated that the formation of nanocarrier-protein corona complex depended
on the size, shape, charge and surface properties of nanocarriers, and the MPS is
responsible for the clearance of most nanoparticles larger than 10 nm (Sun et al., 2014).
Another significant barrier is the vascular endothelial layer, along with the glycocalyx
coat, which represents a semi-permeable layer to control solutes and macromolecules
across the blood vessels. Generally, particles larger than 5 nm cannot cross tight inter-
endothelial junctions of the normal vasculature. Moreover, the negative charge of
glycocalyx coat layer can interact with cationic particles, resulting in preventing them
from extravasation into tissues (Sriraman et al., 2014).

Following extravasation, the nanoparticles have to navigate through the tumour
microenvironment (TME) to reach cancer cells. The main characteristics of TME, such
as abnormal tumour vasculature, abnormal extracellular matrix (ECM) and high
interstitial fluid pressure (IFP), have been recognised as the key features for cancer
progression, invasion, metastasis and drug resistance (Tsai et al., 2014; Khawar et al.,
2015). Although the enhanced permeability and retention (EPR) effect is associated with
leaky vasculature and leads to accumulation of nanomedicines, it can be negated by the
irregularity of tumour vessels (Sriraman et al., 2014). The diameter, length, shape and
networks of tumour vessels are highly heterogeneous, which results in turbulence flow,

decreased blood flow, and subsequently hypoxia and acidic pH (~6.8) in tumours (Tozer
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et al., 2005; Blanco et al., 2015; Klemm and Joyce, 2015). It has been demonstrated that
hypoxia contributed to chemoresistance to anti-cancer drugs such as etoposide, cisplatin,
anthracyclines, paclitaxel, mitoxantrone and topotecan (Shannon et al., 2005; Sriraman
et al., 2014). In addition, nanomedicines are able to cross the ECM, which is composed
of a cross-linked network of collagen, fibronectin, elastin fibres and proteoglycans. A
highly developed ECM may result in high tumour rigidity and high IFP (Sriraman et al.,
2014). These characteristics counteract the transportation of nanomedicines and
substantially decrease the delivery of chemotherapeutic drugs to target regions (Blanco
etal., 2015).

For tumour target cells, nanocarriers are expected to deliver drugs upon cellular
internalisation ( Sriraman et al., 2014). Normally, small or hydrophobic drugs can enter
the cells by simple diffusion (Blanco et al., 2015), while nanomedicines require active
transport via endocytosis, which is classified into two major pathways: phagocytosis and
pinocytosis (Figure 1-13) (Kou et al., 2013). However, the endocytosis of nanomedicines
may result in trafficking to a non-target organelle. For example, the nanomedicines
entrapped in intracellular vesicles (phagosomes, macropinosomes and endosomes) can
fuse with lysosomes that can degrade their payloads due to their highly acidic

environment and lysosomal enzymes (Sriraman et al., 2014; Blanco et al., 2015).
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Yameen et al., 2014)

Although nanocarriers can enter the tumour cells and release the chemotherapeutic agents
they carry, they may be eliminated from the cells by the efflux action of ATP-dependent
transporters, such as P-glycoprotein (P-gp) and multidrug resistance-associated protein 1
(MRP1). These transporters are members of the superfamily of ATP-binding cassette
transporters that are overexpressed on cancer cells and are involved in MDR. One key

consequence from MDR is the failure of treatment as well as the toxicity to healthy cells

(Blanco et al., 2015).
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1.3.3 Types of nanocarriers

1.3.3.1 Liposomes (Lipid-based vesicles)

Liposomes are lipid bilayer-based nanovesicles formed by self-assembly of amphiphilic
lipids (such as phospholipids) by continuous parallel packing of hydrophobic tails, with
hydrophilic head groups pointing towards the aqueous phase (Figure 1-14). This bilayer
structure allowed hydrophilic solutes to be encapsulated in the inner cavity while
hydrophobic solutes can be incorporated into the hydrophobic layer (Alexis et al., 2010;
Kalra and Bally, 2013). Liposomes can range from 50 nm to larger than 1 um, depending
on the types of vesicles: multilamellar vesicles (MLVs, ranging from 500 to 5 000 nm),
large unilamellar vesicles (LUVs, ranging from 200 to 800 nm) and small unilamellar
vesicles (SUVs, around 100 nm or smaller). In addition, the encapsulation efficacy and
release of drugs from vesicles rely on lipid composition, preparation methods and size
and surface charge characteristics (Torchilin, 2010). Liposomes have become important
delivery systems in drug development since their discovery by Alec Bangham in 1965
(Bangham et al., 1964; Bangham et al., 1965; Barenholz and Peer, 2012). They are
biocompatible, biodegradable, cause no or very little allergic and toxic reactions, while
protecting encapsulated drugs from physiological environments (Torchilin, 2010).
Liposomes have already been studied for the entrapment of plumbagin. For example,
Tiwari and co-workers (2002) prepared temperature-sensitive liposomes loaded with
plumbagin for the treatment of melanoma. These liposomes encapsulated about 19% of
plumbagin, with particle size ranging from 62 nm to 192 nm. In vitro, 51% of plumbagin
was released from these liposomes at 42°C, while only 9% was released at 37°C.
Moreover, the intravenous administration of these liposomes combined with localised
hyperthermia (43°C for 30 min or 1 h) has been shown to slow down the growth of

subcutaneous B16F1 tumours in mice, compared to that observed in animals treated with
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free plumbagin solution (with or without hyperthermia). In another study, Kumar and
colleagues (2011) have prepared PEGylated liposomes entrapping plumbagin, which
showed sustained release of the drug (with a cumulative drug release of 58.27 + 3.42 %
in 24 h). Following intravenous administration, these liposomes significantly delayed
tumour growth of B16F1 melanoma without any sign of tissue toxicity, unlike free
plumbagin.

Although liposomes have many advantages, some problems still exist. For example, they
are less stable, due to hydrolysis of their fatty acids and peroxidation of their unsaturated
lipids, and have therefore a limited half-life and high leakage of encapsulated drugs.
Adding cholesterol as a stabiliser in liposomes formulation has been shown to improve
their stability (Anderson and Omri, 2004). Upon intravenous administration, liposomes
are rapidly opsonised and sequestered by the reticuloendothelial system (RES), mainly
from Kupffer cells in liver within 15-30 min, which decreases their circulation half-life
and accumulation of drugs in the target cells (Torchilin, 2010; Briuglia et al., 2015). One
key strategy to increase the efficacy of liposomes is targeting, by modifying their surface
with targeting moieties such as small ligands, peptides and monoclonal antibodies. These
can improve systemic circulation, enhance drug accumulation at specific sites, and

increase specific cellular internalisation (Deshpande et al., 2013).

Hydrophilic o Hydrophilic drugs

head groups A Hydrophobic drugs

Hydrophobic core

Figure 1-14: Structure of liposomes
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1.3.3.2 Niosomes (Non-ionic surfactant-based vesicles)

Niosomes have been developed as an alternative vesicular delivery system analogue to
liposomes, by using non-ionic surfactants instead of phospholipids (Figure 1-15). They
offer several advantages over liposomes, for example higher stability, longer shelf-life,
cost-effectiveness and large-scale production (Uchegbu and Vyas, 1998; Sahin, 2007).
They are formed by self-assembly of non-ionic amphiphilic surfactants with some input
of energy, such as physical agitation or heat (Uchegbu and Vyas, 1998; Sahin, 2007;
Marianecci et al., 2013). Several categories of non-ionic surfactants, such as alkyl esters,
alkyl amides, alky! ethers (Brij®) and fatty acid esters (Tween® and Span®), can be used
to prepare niosomes (Marianecci et al., 2013).

Niosomes have attracted a lot of attention for delivering drugs, due to their
biocompatibility, biodegradability, low immunogenicity and low toxicity. Moreover,
they can encapsulate a wide range of hydrophilic and hydrophobic drugs, including
genes, proteins and vaccines, to treat many diseases (Moghassemi and Hadjizadeh, 2014).
For example, transferrin-bearing niosomes encapsulating tocotrienol-rich fraction (TRF)
improved cellular uptake (~3-fold) and in vitro cytotoxicity (more than 100-fold) against
A431 epidermoid carcinoma, T98G glioblastoma and A2780 ovarian carcinoma,
compared to TRF solution (Fu et al., 2009). Shaker and colleagues (2015) developed
niosomes loaded with tamoxifen, that exhibited high cytotoxicity against MCF-7 breast
cancer cells, both in vitro and in vivo. In case of plumbagin, Naresh and colleagues (1996)
developed niosomes loaded with plumbagin, which slowed the growth rate of sarcoma-
180 and Ehrlich ascites tumours in BALB/c mice as compared with the drug solution.
Oommen and co-workers (1999) prepared niosomes encapsulating plumbagin-beta
cyclodextrin complex, with high entrapment efficiency of the drug complex (74%). The

subcutaneous injection of niosomes loaded with plumbagin-beta cyclodextrin complex
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was able to delay the tumour growth of B16F1 compared with free plumbagin or
plumbagin complex in mice. These indicated that niosomes can be used as promising

nanocarriers for delivery of plumbagin.

Figure 1-15: Structure of niosomes

1.3.3.3 Polymeric nanoparticles

Polymeric nanoparticles are one of the most extensively explored nanocarriers for cancer
diagnosis and treatment, because of their biodegradability and biocompatibility (Faraji
and Wipf, 2009; Patravale et al., 2012). Generally, the structure of polymeric
nanoparticles can be categorised as nanospheres (matrix particles), for which the payload
is adsorbed on the surface or encapsulated inside the particle, and nanocapsules, for which
drugs are entrapped into the cavity (Figure 1-16) (Rao and Geckeler, 2011). Such
nanoparticles can be derived from both natural and synthetic polymers such as chitosan,
gelatine, collagen, dextran, poly(lactic acid) (PLA) and poly(lactic co-glycolic acid)
PLGA, poly(alkylcyanoacrylate), poly(methylmethacrylate), and poly(butyl)-

cyanoacrylate (Peer et al., 2007; Faraji and Wipf, 2009; Uchegbu et al., 2013).
43



Furthermore, the physico-chemical properties of these polymers (molecular weight,
dispersity index or hydrophobicity), as well as size and shape of the polymeric
nanoparticles, also play an important role in their efficacy (Alexis et al., 2010; Patravale
et al., 2012). Currently, several polymeric nanoparticles are in pre-clinical and clinical
trial phases (Alexis et al., 2010). Plumbagin has already been formulated as polymeric
nanoparticles. For example, Pan and colleagues (2017) developed aptamer-targeted
PLGA-PEG nanoparticles entrapping plumbagin. This formulation increased the anti-
proliferative activity of plumbagin in vitro, with a drug concentration needed for growth
inhibition of 50% of cell population (ICso) of 4.8+ 0.8 uM, which is lower than that of
non-targeted nanoparticles (ICso of 10.3 + 2.5 uM).

Unfortunately, polymeric nanoparticles generally have some pitfalls, such as poor drug
loading, high particle size variation (due to inherent structural heterogeneity of
polymers), aggregation and toxicity (related to an increase in molecular weight of

polymers) (Peer et al., 2007; Danhier et al., 2012).

Figure 1-16: Various categories of polymeric nanoparticles: (A) nanospheres, (B)

nanocapsules containing oil and (C) nanocapsules containing water
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1.3.3.4 Micelles

Micelles are supramolecular core-shell nanostructures (10-100 nm) that are composed of
surfactants or amphiphilic block copolymers. They can spontaneously self-assemble as
lipid monolayers with a hydrophobic core and a hydrophilic shell (Figure 1-17) (Peer et
al., 2007; Jhaveri and Torchilin, 2014). Such self-assembly occurs by hydrophobic
interactions between the amphiphilic molecules above their critical micelle concentration
(CMC) and critical micelle temperature (CMT) in aqueous solution (Patravale et al.,
2012). The micelle structure allows non-polar drugs to be encapsulated in the
hydrophobic core, polar drugs to be adsorbed on the surface of hydrophilic micelles,
while drugs with intermediate polarity distribute along amphiphilic molecules (Jhaveri
and Torchilin, 2014). Micelles possess several advantages for drug delivery applications
in cancer, such as increased solubility, enhanced drug bioavailability and reduced side
effects. For example, Pawar and colleagues (2016) developed folic acid-conjugated D-a.-
tocopheryl polyethylene glycol 1000 succinate nanomicelles entrappig plumbagin, which
enhanced bioavailability, stability and cytotoxic activity of the drug compared with the
solution. In addition, Bothiraja and colleagues (2013) prepared plumbagin-loaded
phospholipid—Tween® 80 mixed micelles, which demonstrated a sustained release of the
drug and resulted in a 2.1-fold enhancement of its cytotoxic activity against MCF-7 breast
cancer cells in vitro.

However, upon intravenous injection, one of the major drawbacks of micelles is that the
concentration of micelles is often diluted below their CMC, resulting in their disruption

and loss of efficacy (Moghimi et al., 2001).
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surfactants amphiphilic block copolymers

(A) Micelles (B) Polymeric micelles

Figure 1-17: Self-assembled structures of (A) micelles (composed of surfactants) and
(B) polymeric micelles (composed of amphiphilic block copolymers) in aqueous solution

(adapted from Husseini and Pitt, 2008)

1.3.3.5 Solid lipid nanoparticles

Solid lipid nanoparticles (SLN) are particles ranging in size from 50 to 1000 nm. They
are generally composed of surfactants (i.e. lecithin, polysorbate 80, poloxamer 188,
sodium glycocholate) and physiological/biodegradable lipids that are solid at body and
room temperatures (i.e. glycerides, fatty acids, PEGylated lipids, steroids and waxes)
(Mdiller et al., 2000; Souto et al., 2013). In the literature, three models for drug
incorporation within SLN are described, depending on the presence of surfactants,
solubility of drugs, miscibility of drug-lipid and drugs-lipids ratio (Figure 1-18) (Muller
et al., 2000). SLN have been developed since 1990s to overcome the main drawbacks of
polymeric nanoparticles and liposomes (Torchilin, 2006; Souto et al., 2013). Compared
to liposomes, SLN are more stable due to the solid structure of their lipid matrix (Faraji
and Wipf, 2009). The main characteristics of SLN are their excellent physical stability,
protection of incorporated drugs from degradation, controlled release of the drug
(depending on the incorporation model), low toxicity and site-specific targeting (Wissing

et al., 2004). SLN can be used for various administration routes such as oral, dermal,
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ocular, pulmonary, rectal and intravenous administration (Souto et al., 2013). For
example, Videira and co-workers (2012) developed solid lipid nanoparticles entrapping
paclitaxel which showed anti-tumour effect in preclinical study towards the decrease of
the number and size of lung metastases. It also reduced the systemic toxicity and
increased the therapeutic index of paclitaxel.

However, SLN face limitations, such as low drug loading capacity and drug expulsion
during storage due to lipid phase transitions (Kaur and Slavcev, 2013; Souto et al., 2013).
Such problems led to development of second-generation lipid nanoparticles, called
nanostructured lipid carriers (NLC), which are thermodynamically stable with low lipid

crystallinity (Tamjidi et al., 2013).

(A) solid solution  (B) drug-enriched shell (C) lipid shell

drug molecularily lipid core drug / drug-enriched
dispersed core

Figure 1-18: Different morphological types of SLNs: (A) solid solution model
(homogenous matrix), (B) drug-enriched shell model and (C) drug-enriched core model

(adapted from Miiller et al., 2000; Kakadia and Conway, 2014)
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1.4 Drug targeting

In general, the specificity and activity of drugs towards disease depend on their ability to
interfere with local pathological processes or defective biological pathways. Once
intravenously administered, drugs are distributed throughout the whole body,
proportionally to the regional blood flow (Torchilin, 2010). Moreover, they have to cross
many biological barriers, such as the mononuclear phagocyte system and tumour
microenvironment, which often result in drug inactivation and elimination or cause side
effects, not to mention the need of high dose administration to achieve the therapeutic
concentration (Torchilin, 2010).

Over a century ago, the concept of drug targeting, which was referred to as a “magic
bullet”, was introduced by Paul Ehrlich (Strebhardt and Ullrich, 2008). He postulated that
“if a compound could be made that selectively targets a disease-causing organism, then
a toxin for that organism (in patients) could be delivered along with the agent of
selectivity” (Ho and Chien, 2014). This concept led to the development of targeting
therapy in many diseases, including cancer. Drug targeting can be described as “passive”
or “active” (Figure 1-19). Passive targeting is based on intrinsic factors, such as physico-
chemical properties of drugs and drug carriers, and physiological characteristics of the
target area. Active targeting relies on the intrinsic factors of the targeting moiety or ligand

(Schatzlein, 2003).

48



Active cellular
targeting

Receptor

Blood
vessel

Nanoparticle -

Angiogenic
vessels

AX/ Ineffective
lymphatic drainage

Figure 1-19: Delivery of passive and active targeting nanocarriers to tumours (adapted

from Peer et al., 2007)

1.4.1 Passive targeting

The theory of passive targeting is based on the pathophysiological properties and
microenvironment of the tumour, as well as the physico-chemical properties of the drug
delivery systems (Bazak et al., 2014; Wicki et al., 2015). Under pathological conditions
such as infection, inflammation and cancer, the vascular endothelium tends to become
more permeable due to fenestrations in its vasculature. This leaky vascular endothelium
allows the extravasation and accumulation of nanocarriers (usually less than 400 nm in
size) in tumours by convection and diffusion processes without specific targeting
moieties. This unique phenomenon, called the enhanced permeability and retention
(EPR) effect, was discovered by Matsumura and Maeda in 1986 (Matsumura and Maeda,

1986; Maeda et al., 2000). However, the EPR effect does not apply to low molecular
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weight drugs due to their rapid diffusion back into circulating blood and their elimination
from the circulation by renal clearance (Maeda et al., 2000).

In order to achieve optimal tissue accumulation via the EPR effect, nanocarriers should
demonstrate the long-circulating ability in the bloodstream to provide a sufficient time
for target accumulation (Deshpande et al., 2013). They should have the ability to hide
from the recognition of the MPS, which is largely determined by their physico-chemical
properties such as particle size and surface charge. Nanoparticles with a size less than
200 nm are demonstrated to be less susceptible to MPS recognition (Hoshyar et al., 2016).
Moreover, the surface charge of nanoparticles should be neutral or anionic for efficient
evasion from the renal clearance (Danhier et al., 2010). One of the key strategies to
prolong blood circulating of nanoparticles is the surface modification by conjugating their
surface with water-soluble polymers such as polyethylene glycol (PEG) (Torchilin,
2010).

However, even when passively targeted, anti-cancer drugs can still lead to side effects on
healthy tissues. These side effects are caused by non-selective accumulation of
nanoparticles in healthy organs with fenestrated endothelium, such as the liver and spleen
(Wicki et al., 2015). To overcome this limitation, the conjugation of active targeting to
nanoparticles is a promising strategy to improve selectivity and increase efficacy while

reducing toxicity of the drugs (Peer et al., 2007; Wicki et al., 2015).

1.4.2 Active targeting

Active targeting strategy is performed by conjugating the surface of nanoparticles with
targeting ligands able to recognise their receptors on the target cells. The targeting ligands
can be antibodies, proteins, peptides, sugars, lipoproteins and nucleic acids (Bertrand et

al., 2014; Pattni and Torchilin, 2015). The aim of active targeting is not only to increase
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tumour accumulation of nanoparticles but also to enhance their cellular internalisation
via receptor-mediated endocytosis. The efficiency of active targeting nanoparticles is
dependent upon a variety of factors, such as the overexpression of specific receptors on
the surface of target cells compared to non-target cells, the binding affinity of targeting
ligands to receptors as well as the uptake of the nanoparticles (Danhier et al., 2010). For
effective active targeting, Yeo (2013) suggested that the density of target receptors should
be in the range of 10* or 10° copies per cell. Moreover, multivalence ligands can further
enhance the binding affinity and specificity of the ligand to the receptor of target cells
(Chittasupho, 2012).

Although the active targeting strategy has the potential to improve the delivery of
payloads to target cells, some problems still remain. For example, ligand-bearing
nanoparticles may lose their specificity after entering in biological fluids as a result of
the corona formation with serum proteins (Durymanov et al., 2015). Furthermore, in solid
tumours, high affinity binding of the ligands to the receptors can decrease the
internalisation of nanoparticles due to the “binding site barrier” effect (molecules with
high affinities have restricted penetration inside the tumour mass) (Peer et al., 2007; Yeo,
2013). To date, several targeting ligands have been investigated as a promising strategy
to deliver therapeutic compounds to cancer cells such as folic acid, albumin, aptamer,
biotin, hyaluronic acid, monoclonal antibodies, peptides and proteins, including
transferrin which was selected as a targeting ligand in this study (Pérez-Herrero and

Fernandez-Medarde, 2015).
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1.4.2.1 Transferrin

Transferrin (TT) is a family of iron-binding proteins with a primary function of serum
iron transportation. Tf monomer comprises of 678-800 amino acid residues with
molecular weight about 78-80 kDa. Tf molecule is divided into two homologous domains
known as the N-lobe and the C-lobe linked by a short spacer sequence (MacGillivray et
al., 1982; Daniels et al., 2006b; Tortorella and Karagiannis, 2014). Free Tf molecule
(apo-Tf) is capable of binding one or two iron atoms (monoferric Tf or diferric Tf).
Diferric Tf (holo-Tf) exhibits higher binding affinity to the receptor compared to
monoferric Tf (~30-fold higher) and apo-Tf (up to 500-fold higher) (Daniels et al.,
2006b). There are two types of Tf receptors (TfR), Tf receptors 1 (TfR1) and Tf receptors
2 (TfR2). The first one is Tf receptors 1 (TfR1), which is ubiquitously expressed in most
proliferating cells. The second is Tf receptors 2 (TfR2) (45-66 % similarity to TfR1),
which is overexpressed in hepatocytes but has 25-fold lower affinity to Tf compared with
TfR1. The cellular uptake of iron mediated by Tf-TfR complex depends on clathrin-
mediated endocytosis, which recycles TfR back to the cell surface (Tortorella and

Karagiannis, 2014) (Figure 1-20).
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Figure 1-20: Mechanism of cellular uptake of iron via Tf- TfR complex upon clathrin-

mediated endocytosis (adapted from Daniels et al., 2006b)

The Tf-TfR complex pathway has been exploited as an active targeting strategy to deliver
chemotherapeutic agents into cancer cells due to the overexpression of TfR (up to 100-
fold) (Daniels et al., 2006a) on various types of tumours such as pancreatic, colon, lung,
bladder (Peer et al., 2007), lymphomas and breast cancer (Thanki et al., 2015). Direct
conjugation of Tf to liposomes and niosomes improved drug internalisation and
therapeutic outcome both in vitro and in vivo while reducing adverse effects (Peer et al.,
2007). For example, Li and colleagues (2009) developed Tf-bearing stealth liposomes
loading doxorubicin, which enhanced cellular uptake, improved pharmacokinetic,
biodistribution and therapeutic effects of the drug in HepG2 cancer cells. Zhai et al.
(2010) reported a 3.6-fold increase in the cytotoxicity of the Tf-conjugated liposomes
loading docetaxel against KB cells compared to non-targeted liposomes. An increase in
anti-tumour activity of oxaliplatin was also found when encapsulated in Tf-bearing

PEGylated liposomes compared to non-targeted liposomes and drug solution (Suzuki et
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al., 2008). When using Tf-bearing niosomes, Dufes et al. (2000) showed an increased
intracellular uptake of FITC-dextran in A431 cells compared with plain niosomes (90%
versus 74%). Tf-conjugated pluronic niosomes loading doxorubicin also achieved
cellular uptake and anti-cancer activity against MCF-7 and MDA-MB-231 human breast
cancer cell lines (Tavano et al. 2013). Similar results were recently obtained with Tf-
targeted niosomes entrapping tocotrienol, with 2.5-fold increment in drug uptake and 2-
fold enhancement in cytotoxic effect in human breast cancer cells (Fu et al. 2016).

Our research group have previously prepared transferrin-conjugated vesicles entrapping
the green tea polyphenol epigallocatechin gallate (EGCG) and tocotrienol that shared the
same delivery issues as plumbagin. These targeted vesicles significantly increased the
cellular uptake and anti-proliferative activity of the drugs in comparison with control
vesicles and drug solution for all the tested cancer cell lines. This resulted in complete
tumour suppression of respectively 40% and 60% of B16-F10 melanoma following
intravenous injection of EGCG-loaded and tocotrienol-loaded vesicles over one month
(Fuetal., 2009; Fu et al., 2011; Lemarié et al., 2013; Fu et al., 2014; Karim et al., 2017),
thus highlighting the need of a tumour-targeted delivery system for delivering these
compounds to their site of action.

However, it should be emphasised that the efficiency of active targeting of nanomedicines
depends on several factors. Three major parameters have to be considered when
designing optimally active targeting nanomedicines: (1) the target, (2) the nanocarrier,

and (3) the targeting ligand (Figure 1-21) (Lopez and Lalatsa, 2013).
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Figure 1-21: Parameters needed to optimise the active targeting of nanomedicines

(adapted from Lopez and Lalatsa, 2013)
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1.5 Aim and Objectives
Plumbagin, a naphthoquinone extracted from the officinal leadwort, has been shown to
have promising anti-cancer properties in vitro. However, its therapeutic potential is
hampered by its failure to specifically reach tumours at a therapeutic concentration after
intravenous administration, without secondary effects on normal tissues. Its use is further
limited by its poor aqueous solubility and its rapid elimination in vivo.
This drawback could be overcome by loading plumbagin within delivery systems that
have the ability to entrap this lipophilic drug, improve its water solubility, prolong its
blood circulation time and sustain its release over a period of time, thus lowering the
frequency of administration and reducing the adverse effect of the drug. Moreover,
conjugating the nanocarriers with transferrin as an active targeting ligand resulted in an
enhanced cellular internalisation and improved therapeutic efficacy of the drugs.
The aim of this study is the development of various nanocarriers entrapping plumbagin
and able to target cancers. We hypothesise that the entrapment of plumbagin within these
novel nanocarriers conjugated with transferrin, whose receptors are overexpressed on
many cancer cells, will significantly improve the therapeutic efficacy of plumbagin on
cancer cells in vitro and in vivo.
The objectives of this study are therefore:

1. to develop and characterise novel transferrin-targeted nanocarriers

entrapping plumbagin
2. to assess their cellular uptake, anti-proliferative and apoptosis efficacy on
cancer cells in vitro
3. to evaluate their therapeutic efficacy in vivo, following intravenous

administration to mice bearing tumours
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CHAPTER 2

Preparation and characterisation of tumour-targeted

nanomedicines entrapping plumbagin



2.1 Introduction

Plumbagin, a natural naphthoquinone mainly found in Plumbaginaceae plants, has been
shown to have promising therapeutic efficacy against many types of cancer, including
lung, liver, breast, prostate, colon cancers and melanoma (Checker et al., 2018). It is well
established that plumbagin exerts its anti-cancer effect through mechanisms such as
generation of reactive oxygen species and depletion of intracellular glutathione,
activation of p53, through suppression of AMPK, NF-kB, PI3K/Akt/mTOR, Ras,
MAPK/ERK, VEGFR2, FOXM1, Wnt/p-catenin, Caspase 3, MMP2/9, STAT3 and JNK
(Sandur et al., 2006; Seshadri et al., 2011; Lai et al., 2012; Niu et al., 2015; Pan et al.,
2015; Wang et al., 2015; Xue et al., 2016). This wide range of anti-cancer effects
therefore makes plumbagin a very promising therapeutic molecule.

However, the therapeutic potential of plumbagin has been limited so far due to its poor
solubility in water (79 pg/mL), high lipophilicity (log P 3.04), lack of stability
(spontaneous sublimation in solid phase) and low oral bioavailability (less than 40%)
(Hsieh et al., 2006; Pawar et al., 2016), which limited its biopharmaceutical applications.
Furthermore, plumbagin failed to specifically reach tumours at a therapeutic
concentration due to its lack of tumour specificity and rapid elimination, with a short
biological half-life of 35.89 + 7.95 min (Kumar et al., 2011).

This drawback could be overcome by loading the drug within delivery systems that have
the ability to entrap this lipophilic drug, improve its water solubility, prolong its blood
circulation time and sustain its release over a period of time, thus lowering the frequency
of administration and reducing the adverse effects of the drug. Moreover, nanocarriers
can enhance plumbagin delivery to tumours via passive targeting using the EPR effect

(Peer et al., 2007; Bertrand et al., 2014; Wicki et al., 2015).
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Liposomes have been extensively investigated and utilised as carriers for the delivery of
pharmaceutically active agents since their discovery in mid-1960s (Marasini et al., 2017).
They have been used to entrap many chemotherapeutic agents, owing to the advantages
they confer to their cargo, such as increased drug solubility, stability and bioavailability,
prolonged blood circulation time as well as enhanced therapeutic efficacy of drugs
(Wakaskar, 2017). In addition, they are naturally non-toxic, non-immunogenic,
biocompatible and biodegradable (Torchilin, 2010; Olusanya et al., 2018). Based on these
properties, we hypothesise that liposomes would be suitable nanomedicines for the
effective delivery of plumbagin to cancer cells.

Polymeric nanoparticles have become extensively used drug delivery systems for various
substances such as vaccines, proteins, peptides and anti-cancer drugs (Dinarvand et al.,
2011; Fredenberg et al., 2011; Sharma et al., 2016), due to the improvement of the
physico-chemical properties of the drug they carry, such as increased solubility,
bioavailability, protection from degradation and interaction with the biological
environment, and controlled release (Kumari et al., 2010; Li et al., 2018). Among various
polymers for nanoparticles preparation, polylactide-co-glycolide (PLGA) appears to be a
particularly promising biomaterial, owing to its biocompatibility and biodegradability
properties (Makadia and Siegel, 2011). This polymer has also been approved by the
United States Food and Drug Administration (US FDA) and the European Medicines
Agency (EMA) for application in humans due to its safety (Sharma et al., 2016). In
addition, PEGylation of PLGA nanoparticles has been shown to increase drug payload,
stability and circulation time, while escaping from the MPS (Sharma et al., 2016). It has
been reported that incorporation of anti-cancer drugs in PLGA-PEG nanoparticles, for
example paclitaxel, docetaxel, cisplatin, doxorubicin and curcumin, enhanced their

therapeutic efficacy and reduced their side effects (Dinarvand et al., 2011). These results
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therefore suggested that the PEGylated PLGA nanoparticles would be promising
nanocarriers for an efficient delivery of plumbagin to cancer cells.

Lipid-polymer hybrid nanoparticles, a new generation of drug delivery systems, have
been developed to exhibit complementary characteristics of both liposomes and
polymeric nanoparticles: (i) a hydrophobic polymer core that is biocompatible,
biodegradable and capable of carrying a poorly water-soluble drug and control its release;
(ii) a lipid layer that can reduce water penetration into the nanoparticles, while at the same
time prevents the entrapped drug from freely diffusing out of the nanoparticles; (iii) a
hydrophilic PEG shell that can prevent a rapid clearance of the delivery system by MPS,
thereby increasing the blood circulation half-life of the drug (Zhang et al., 2008). Based
on these properties, lipid-polymer hybrid nanoparticles have been chosen as versatile and
robust delivery systems for plumbagin.

Although nanocarriers have the potential to improve the delivery of chemotherapeutic
agents to target cancer cells, some side effects related to non-selective accumulation of
nanocarriers in other organs (e.g. liver and spleen) still exist. This problem can be
overcome by using active targeting (Peer et al., 2007; Wicki et al., 2015). On the basis
that iron is essential for cancer cell growth and can be effectively carried to tumours by
transferrin (Tf), whose receptors are overexpressed on many cancer cells (Daniels et al.,
2012), we hypothesise that conjugating nanomedicines with transferrin would enhance
the specific delivery of the carried plumbagin to cancer cells, resulting in an improved
therapeutic efficacy of the drug. The combination of active targeting, resulting from the
conjugation of transferrin ligands to the nanomedicines, with the passive accumulation
of delivery systems in tumours due to the enhanced permeability and retention (EPR)

effect (Maeda, 1992), should provide tumour-selective targeting of plumbagin to the
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cancer cells (Anabousi et al., 2006; Chang et al., 2009; Zheng et al., 2010; Gou et al.,

2013; Gou et al., 2015; Sun et al., 2016; Jhaveri et al., 2018).

2.2 Aim and Objectives
The main objective of this chapter is to develop novel transferrin-targeted nanomedicines
for the delivery of plumbagin to cancer cells. Three delivery systems have been chosen,
as follows:

- Liposomes

- Polymeric nanoparticles

- Lipid-polymer hybrid nanoparticles
Thereafter, the synthesised nanomedicines entrapping plumbagin will be investigated for
their physico-chemical characteristics such as morphology, drug entrapment efficiency,
transferrin conjugation efficiency, size and zeta potential. Their stability will be assessed
under storage conditions at 4 °C for 4 weeks by determining potential changes of particle
size and zeta potential, as well as any eventual drug leakage. Finally, in order to ensure
that plumbagin can be released from the delivery systems, drug release will be assessed
using dialysis at three different pHs (7.4, 6.5 and 5.5) respectively mimicking
physiological pH in normal tissue and blood, pH in the tumour extracellular environment

and pH in the subcellular endosome.
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2.3 Materials and methods

2.3.1 Materials

Materials

Supplier

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
(Carbonyl-methoxypolyethyleneglycol 2000), sodium salt

(DSPE-PEG2K)

NOF Corporation, Japan

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] (DSPE-PEG2K-

MAL)

JenKem, USA

2-Iminothiolane hydrochloride (Traut's reagent)

Sigma-Aldrich, UK

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium

bromide (MTT)

Sigma-Aldrich, UK

Acetone

Sigma-Aldrich, UK

Cholesterol

Sigma-Aldrich, UK

Cholesterol-PEG5K-maleimide (CLS-PEG5K-MAL)

Nanocs, USA

Chloroform (CHCIs)

Sigma-Aldrich, UK

Cupric sulphate (pentahydrate) (CuSO4.5H20)

Sigma-Aldrich, UK

Diethyl ether

Sigma-Aldrich, UK

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, UK

Folin & Ciocalteu’s phenol reagent

Sigma-Aldrich, UK

Holo-transferrin, human (Tf)

Sigma-Aldrich, UK

Hydrochloric acid (HCI)

Sigma-Aldrich, UK

Hydrogenated soy phosphatidylcholine (HSPC)

Sigma-Aldrich, UK

Isopropanol

Sigma-Aldrich, UK
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Maleimide-PEG5K-amine, TFA salt (MAL-PEG5K-NHy)

JenKem, USA

Methanol

Sigma-Aldrich, UK

N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC)

Sigma-Aldrich, UK

N-Hydroxysuccinimide (NHS)

Sigma-Aldrich, UK

N,N-Diisopropylethylamine (DIEA)

Sigma-Aldrich, UK

Phosphate buffer saline (PBS)

Sigma-Aldrich, UK

Plumbagin (from Plumbago indica, purity > 95%)

Sigma-Aldrich, UK

Resomer® RG 503 H (poly(D,L-lactide-co-glycolide, acid
terminated) (PLGA-COOH), lactide: glycolide 50:50,

MW 24000-38000 Da, viscosity 0.32-0.44 dL/g

Sigma-Aldrich, UK

SnakeSkin® dialysis tubes (3.5K MWCO)

Thermo Fisher

Scientific, USA

Sodium carbonate (anhydrous) (Na2COz)

Sigma-Aldrich, UK

Sodium hydroxide (NaOH)

Sigma-Aldrich, UK

Sodium phosphate dibasic (anhydrous) (NazHPO4)

Sigma-Aldrich, UK

Sodium phosphate monobasic (anhydrous) (NaH2PO.)

Sigma-Aldrich, UK

Sodium potassium tartrate (C4HsKNaOs)

Sigma-Aldrich, UK

Vivaspin® 6 centrifuge tubes (3.5K and 100K MWCO)

Sartorius Ltd., UK

Vivaspin® 20 centrifuge tubes (100K MWCO)

Sartorius Ltd., UK

2.3.2 Determination of the maximum absorption wavelength of plumbagin

In order to identify the wavelength of maximum absorbance (Amax) associated with
plumbagin, a wavelength scanning was carried out using an Agilent Varian Cary® 50
UV-Vis Spectrophotometer (Agilent Technologies, Santa Clara, CA). Plumbagin stock

solution of 10 mg/mL was prepared in isopropanol, then was further diluted to give a
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final concentration of 25 pg/mL using the same solvent. Plumbagin solution was then
scanned by spectrophotometry between 200 to 800 nm to obtain the specific Amax
wavelength. A standard calibration curve of plumbagin was then prepared at this
wavelength, by measuring absorbance of plumbagin solutions at a starting concentration
of 50 pug/mL in isopropanol, in triplicate. The absorbance obtained was then linearly
correlated with plumbagin concentration, using OriginPro 9.0 software (OriginLab

Corporation, Northampton, MA).

2.3.3 Preparation of transferrin-bearing liposomes

Due to poor water solubility of plumbagin (~100 ug/mL at 25°C), a highly concentrated
plumbagin stock solution of 100 mg/mL was prepared in DMSQO. To prepare control
liposomes entrapping plumbagin, a mixture of HSPC (19.2 mg), DSPE-PEG2K (6.4 mg),
cholesterol (5.3 mg) and cholesterol-PEG5K-maleimide (1.1 mg) (molar ratios: 60: 6: 34:
0.5), in 3.96 mL PBS (pH 7.4) was shaken at 75 °C for 1 hour. Plumbagin solution (40
uL, equivalent to 4 mg of plumbagin, measured from a stock solution of 100 mg/mL
prepared in DMSO) was then added to the mixture, followed by probe sonication using
Sonics Vibracell® VCX 500 (Sonics®, Newtown, CT) for 5 x 2 minutes. Blank liposomes
were prepared in the same manner but without plumbagin.

In order to conjugate transferrin (Tf) to liposomes, 2-iminothiolane (Traut's reagent) was
used as a cross-linking reagent to produce a thiolated Tf which can interact with thiol-
reactive maleimide group of cholesterol-PEG-maleimide. To do so, 10 mg of transferrin
were dissolved in 1 mL of 50 mM sodium phosphate containing 150 mM sodium chloride
buffer (pH 8) and reacted with 10-fold molar excess of Traut's reagent (85 pL, 2 mg/mL
in distilled water) under continuous stirring at 25 °C for 2 hours. The thiolated Tf was

then isolated from unreacted Traut's reagent using Vivaspin® 6 centrifuge tubes with a
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molecular weight cut-off of 5,000 Daltons (Sartorius Ltd., Epsom, UK), after
centrifugation at 9,500 rpm (10,500 g) for 15 min at 20 °C (Hermle® Z323K centrifuge,
Wehingen, Germany).

The freshly synthesised thiolated Tf was immediately conjugated to the control liposomes
under continuous stirring at 25 °C for 2 hours. Free plumbagin and/or unreacted Tf were
removed from both Tf-bearing liposomes and control liposomes using Vivaspin® 6
centrifuge tubes with a molecular weight cut-off of 100,000 Daltons (Sartorius Ltd.,

Epsom, UK) by centrifugation at 7,500 rpm (6,600 g) for 15 min at 20 °C.

2.3.4 Preparation of transferrin-bearing polymeric nanoparticles

2.3.4.1 Synthesis of PLGA-PEG-MAL

Poly(lactide-co-glycolide)-b-poly(ethylene glycol)-maleimide (PLGA-PEG-MAL) used
in the experiments was synthesised according to a previous method described by
Vasconcelos and colleagues (2015), with some modifications. To do so, PLGA-COOH
(1.5 g, 48.4 pmoles) was dissolved in 3 mL of dichloromethane. PLGA-NHS was then
synthesised by reacting PLGA-COOH with excess EDC (40 mg, 257.7 umoles, 5-fold
molar excess compared to PLGA-COOH) and NHS (23 mg, 199.8 pumoles,4-fold molar
excess compared to PLGA-COOH) under continuous stirring at 25 °C for 6 hours to
achieve a complete reaction. PLGA-NHS was precipitated with 6 mL of diethyl ether:
methanol (1:1) washing solvent and centrifuged at 7,500 rpm (6,600 g) for 5 min at 25
°C (Hermle® Zz323K centrifuge, Wehingen, Germany). The supernatant was then
discarded, and these washing/centrifugation steps were repeated twice. The polymer
obtained from this step was dried overnight at 25 °C. To obtain PLGA-PEG-MAL,
PLGA-NHS (1 g, 32.4 umoles) was dissolved in chloroform (3 mL). MAL-PEG5K-NH>

(210 mg, 41.2 pmoles, 1.2-fold molar excess compared to PLGA-NHS) and DIEA (30
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pL, 176.4 pmoles, 5-fold molar excess compared to PLGA-NHS) were then added. The
mixture was reacted overnight under continuous stirring at 25 °C. The polymer was
precipitated with 6 mL of ice-cold diethyl ether and centrifuged at 7,500 rpm (6,600 g)
for 5 min at 25 °C. After removing the supernatant, the product was further purified by
washing with 6 mL of ice-cold diethyl ether followed by centrifugation as described
above, and these steps were repeated twice. The resulting PLGA-PEG-MAL was dried
overnight at 25 °C and stored at -20 °C until further experiments. Its synthesis was
confirmed by 'H NMR spectroscopy, using a Bruker Avance™ Il HD 500 MHz

spectrometer (Bruker BioSpin Corporation, Billerica, MA).

2.3.4.2 Nanoparticles preparation

The polymeric nanoparticles were prepared by nanoprecipitation method. Briefly,
PLGA-PEG-MAL (35 mg) was dissolved in acetone (3.5 mL). Plumbagin solution (35
UL, equivalent to 3.5 mg of plumbagin, measured from a stock solution of 100 mg/mL
prepared in DMSO) was then added to the polymer solution. The mixture was
subsequently added dropwise into deionised water (7 mL) under moderate stirring. The
product was stirred overnight at 25 °C in a chemical fume hood to evaporate all acetone.
The nanoparticles were then collected by centrifugation at 7,500 rpm (6,600 g) for 30
min at 20 °C (Hermle® Z323K centrifuge, Wehingen, Germany), using Vivaspin® 6
centrifuge tubes with a molecular weight cut-off of 100,000 Daltons (Sartorius Ltd.,
Epsom, UK). They were washed twice with deionised water (2 mL) to remove exceed
plumbagin, before being resuspended in deionised water (1 mL) and stored at 4 °C for
further experiments.

Given the fact that particle size, zeta potential and drug entrapment efficiency of PLGA-

PEG nanoparticles prepared by nanoprecipitation method can be affected by several
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factors such as polymer concentration, water miscibility of organic solvent, ratio of water
to organic solvent and theoretical drug loading (Cheng et al., 2007), the nanoparticles
were optimised in this study by varying the volume ratio of water to acetone (1:1, 2:1,
3:1. 5:1 and 10:1) while fixing the concentration of polymer in acetone at 10 mg/mL and
plumbagin loading at 10% w/w of polymer.

Transferrin was conjugated to PLGA-PEG nanoparticles in the same manner as described

in section 2.3.3.

2.3.5 Preparation of transferrin-bearing lipid-polymer hybrid nanoparticles
Lipid—polymer hybrid nanoparticles were prepared by using one-step nanoprecipitation
method. To do so, a mixture of HSPC (2 mg) and DSPE-PEG2K-MAL (3 mg) in 5 mL
of deionised water was shaken at 75 °C for 1 hour. PLGA-COOH (25 mg) was dissolved
in acetone (2.5 mL) and plumbagin solution (25 L, equivalent to 2.5 mg of plumbagin,
measured from a stock solution of 200 mg/mL prepared in DMSQO) was then added to the
polymer solution. It was subsequently added dropwise into the lipid mixture under
moderate stirring. The product was stirred overnight at 25 °C under a chemical fume hood
to evaporate all acetone. The resulting nanoparticles were then collected by centrifugation
at 7,500 rpm (6,600 g) for 30 min at 20 °C (Hermle® Z323K centrifuge, Wehingen,
Germany), using Vivaspin® 6 centrifuge tubes with a molecular weight cut-off of 100,000
Daltons (Sartorius Ltd., Epsom, UK). They were washed twice with deionised water (2
mL) to remove exceed plumbagin, before being resuspended in deionised water (1 mL)
and stored at 4 °C for further experiments.

In order to obtain the lipid-polymer hybrid nanoparticles with desirable size, zeta
potential and high drug entrapment efficiency, the nanoparticles were optimised by

varying two factors: (1) weight ratio of lipids (HSPC and DSPE-PEG2K-MAL) to
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PLGA-COOH polymer (1:10, 1:5, 1:2.5, 1:1.67, 1:1.25 and 1:1) and (2) the molar ratio
of hydrogenated phosphatidylcholine to DSPE-PEG2K-MAL (90:10, 85:15, 80:20,
70:30, 60:40 and 50:50), while fixing the theoretical drug loading at 10% of polymer
weight, the concentration of polymer in organic solvent at 10 mg/mL and the volume
ratio of water to acetone at 2:1.

Lipid-polymer hybrid nanoparticles were conjugated with Tf in the same manner as

described in section 2.3.3.

2.3.6 Transmission electron microscopy

The morphology of nanoparticles was visualised using transmission electron microscopy
(TEM). Formvar/Carbon-coated copper grids (400 mesh) were glow discharged. A 3-5
pL drop of each sample (diluted to 1:10 with deionised water) was then added to the
hydrophilic support film. Dried samples were imaged using a JEOL 1200 transmission
electron microscope (JEOL USA, Inc., Peabody, MA) operating at 80 kv fitted with a

Gatan 794 MultiScan® camera (Gatan, Pleasanton, CA).

2.3.7 Transferrin conjugation efficiency

The amount of Tf conjugated to the nanoparticles was quantified by Lowry assay (Lowry
etal., 1951), as previously reported (Dufés et al., 2000; Fu et al., 2009). Briefly, 1 mL of
sodium potassium tartrate solution (2% w/v in distilled water) and 1 mL of cupric
sulphate solution (1% wi/v in distilled water) were added dropwise (under continuous
stirring to avoid precipitation) into 25 mL of sodium carbonate anhydrous solution (2%
w/v in 0.1 M NaOH) to make up Solution A. The bovine serum albumin (BSA) was
prepared as a standard protein solution (concentration ranging from 0 to 500 pg/mL). One

hundred microliters of Tf-bearing nanoparticles or control nanoparticles (diluted 1:20 in
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PBS) or BSA standard solution, was mixed with 1 mL of Solution A and incubated at 25
°C for 10 min. Subsequently, 100 pL of 1N Folin-Ciocalteu’s phenol reagent was added
to these samples (with immediate vortexing), followed by incubation at 25 °C for 30 min
(protected from light). The absorbance of each sample was determined at a wavelength
of 750 nm using an Agilent Varian Cary® 50 UV-Vis Spectrophotometer (Agilent
Technologies, Santa Clara, CA). Blank nanoparticles were used as the reference cell to
set zero. The experiment was done in quadruplicates. The amount of Tf was calculated
by correlating the absorbance of each sample with the standard curve of BSA. The results
were expressed as percentage of Tf conjugated to nanoparticles compared to the initial

amount of Tf added.

2.3.8 Entrapment efficiency

To assess the entrapment efficiency of plumbagin, 10 pL of nanoparticles were mixed
with 990 uL of isopropanol, followed by centrifugation at 10,000 rpm (9,300 g) at 25 °C
for 10 min using an IEC Micromax® centrifuge (ThermoFisher Scientific, Waltham,
MA). The absorbance of plumbagin dissolved in supernatant was measured by
spectrophotometry (Amax: 420 nm) using an Agilent Varian Cary® 50 UV-Vis
Spectrophotometer (Agilent Technologies, Santa Clara, CA). The amount of plumbagin
was calculated by correlating absorbance with standard calibration curve of plumbagin.
The results were expressed as percentage of entrapment efficiency (% EE) and drug

loading capacity (% LC) according to the equation (1) and (2) indicated below:
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amount of plumbagin in sample

% EE =

x 100 o)

amount of plumbagin added

amount of plumbagin in sample

% LC =

x 100 (2)

nanoparticles weight

2.3.9 Size and zeta potential measurement

Size and zeta potential of Tf-bearing nanoparticles and control nanoparticles entrapping
plumbagin were measured by photon correlation spectroscopy and laser Doppler
electrophoresis, using a Zetasizer Nano-ZS® (Malvern Instruments, Malvern, UK). All
samples were prepared at a dilution of 1:100 in 5% wi/v glucose solution (for liposomes)
or deionised water (for PLGA-PEG and lipid-polymer hybrid nanoparticles) to make up
1 mL and vortexed before being transferred into a folded capillary cell for measurement.

The experiment was done in triplicates.

2.3.10 Stability study

The stability of the formulations was assessed using 3 different batches of liposomes and
nanoparticles. All samples were placed in glass vials protected from light and were kept
under storage condition at 4°C for 4 weeks. The size and zeta potential of the samples
were respectively measured by photon correlation spectroscopy and laser Doppler
electrophoresis at specific time points (on Days 0, 7, 14, 21 and 28). The amount of
plumbagin remaining in formulations was quantified by spectrophotometry compared to

the initially entrapped amount.
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2.3.11 Drug release study

To confirm that plumbagin could be released from the liposomes and the nanoparticles,
the release profile of the drug was performed using a dialysis technique under three
different pHs (5.5, 6.5 and 7.4). Briefly, plumbagin either formulated as Tf-bearing
formulation, control formulation or in solution (500 ug of plumbagin in 1 mL phosphate
buffer) was placed into a SnakeSkin® dialysis tube with a molecular weight cut-off of
3,500 Daltons (ThermoFisher Scientific, Waltham, MA) and was dialysed against 50 mL
of phosphate buffer (pH 5.5, 6.5 and 7.4) at 37°C under gentle stirring. At specific time
intervals (30 minutes, then every hour for the first six hours (1 h, 2 h, 3 h,4 h,5h, 6 h),
then every 2 hours for the next 6 hours (8 h, 10 h, 12 h), and 24 hours), 1 mL of the
dialysate was withdrawn in triplicates and then replaced with an equal volume of fresh
buffer. The amount of plumbagin in the samples was quantified by spectrophotometry

and reported as a percentage cumulative drug release.

2.3.12 Statistical analysis

Results were expressed as means + standard error of the mean. Statistical significance
was assessed by one-way analysis of variance and Tukey multiple comparison post-test
using OriginPro 9.0® software (OriginLab Corporation, Northampton, MA). Differences

were considered statistically significant for p-values lower than 0.05.
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2.4 Results

2.4.1 Plumbagin quantification

The spectrum of plumbagin obtained from UV-Vis scanning displayed the wavelength of
maximum absorbance (Amax) at 420 nm (Figure 2-1). This finding was similar to previous
reports that plumbagin had a maximum absorbance at 420 nm (Chairungsi et al., 2006;
Srinivas et al., 2011; Vasudevarao et al., 2011). As a result, further quantification of
plumbagin was performed at this wavelength.

For plumbagin quantification, a standard calibration curve of plumbagin was first
prepared at 8 concentrations in isopropanol (with two-fold dilutions, starting at 50
pg/mL) and analysed by UV-Vis quantification at 420 nm. As shown in Figure 2-2, the
standard calibration of plumbagin was linear over the concentrations range used, which
could be described by the regression equation: Y =0.02204X + 0.00068 with a coefficient

of determination (R-square, R?) of 0.9983.

Abs

_],—420

0- ~—_ o -

200 400 600 800
Wavelength (nm)

Figure 2-1: Absorption spectrum of plumbagin obtained using spectrophotometry,

indicating the wavelength of maximum absorbance (Amax) at 420 nm
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Figure 2-2: Standard calibration curve of plumbagin for quantitative determination. The

absorbance (optical density, O.D.) was obtained from serial two-fold dilution of

plumbagin in isopropanol (n=3)
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2.4.2 Preparation of tumour-targeted nanomedicines entrapping plumbagin
Three different delivery systems were prepared. The list of their abbreviated names is

indicated in Table 2-1.

Table 2-1: Abbreviated names of tumour-targeted nanomedicines entrapping plumbagin

and blank formulations of the delivery systems used in this study

Nanomedicine formulations Abbreviated names
entrapping plumbagin Tf-bearing Control Blank
Liposomes (LIP) Tf-LIP Control LIP Blank LIP
Polymeric nanoparticles (PN) Tf-PN Control PN Blank PN
Lipid-polymer hybrid nanoparticles (LPN) Tf-LPN Control LPN | Blank LPN

Tf-bearing: Transferrin-bearing nanomedicine formulations entrapping plumbagin,
Control: nanomedicine formulations entrapping plumbagin but not conjugated to Tf,

Blank: empty nanomedicine formulations not conjugated to Tf

2.4.2.1 Transferrin-bearing liposomes

Tf-bearing and control small unilamellar liposomes entrapping plumbagin were

successfully prepared by probe sonication, as confirmed by TEM images (Figure 2-3).
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Figure 2-3: Transmission electron micrograph pictures of Tf-bearing (A) and control (B)

unilamellar liposomes loaded with plumbagin (Bar: 100 nm)
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2.4.2.2 Transferrin-bearing polymeric nanoparticles

2.4.2.2.1 Synthesis of PLGA-PEG-MAL

The maleimide-functionalised PLGA-PEG block copolymer was synthesised by direct
conjugation of PLGA-COOH and MAL-PEG5K-NH; (Figure 2-4). The yield of the final

product was 63.3%.
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PLGA-COOH PLGA-PEG-MAL

Figure 2-4: Schematic of PLGA-PEG-MAL synthesis

The 'H-NMR confirmed the successful conjugation of PLGA-COOH to MAL-PEG-NHz,
as shown in Figure 2-5. The characteristic peaks of PLGA-PEG-MAL were as follows:
IH-NMR (500 MHz, CDCls): 5 5.15 (m, (-OCH(CH3)COO0-)) (a), 4.71 (m, (-OCH2COO0-
)) (b), 4.23 (-NCH2CH3-) (c), 3.57 (s, (-CH2CH20-) (d), 2.45 (-NCH2CH2-CONH-) (e),
1.51 (-OCH(CHS3)COO-) (f). The characteristic peaks of methine protons (-HC=CH-) of
maleimide group could be seen at 6.63 ppm (g).

To determine the conjugation efficiency between PEG molecule and PLGA molecule,
PLGA-PEG H-NMR was integrated using MestreNova®12.0.2 software (Mestrelab

Research, Santiago de Compostela, Spain).
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Figure 2-5: 'H-NMR spectra of MAL-PEG5K-NH; (A), PLGA-COOH (B) and PLGA-

PEG-MAL (C)
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2.4.2.2.2 Nanoparticle preparation and optimisation

The PLGA-PEG nanoparticles entrapping plumbagin were prepared and optimised using
three important parameters: particle size, zeta potential and entrapment efficiency. In this
experiment, PLGA-PEG nanoparticles entrapping plumbagin were optimised by
selecting acetone as the organic solvent and varying the volume ratio of water: organic
solvent (1:1, 2:1, 3:1. 5:1 and 10:1), while fixing the concentration of polymer in organic
solvent at 10 mg/mL and plumbagin loading at 10% w/w of PLGA-PEG polymer. As
shown in Figure 2-6, the smallest particle size was obtained at the ratios of 2:1 (82.1 +
0.4 nm) and 3:1 (82.4 £ 0.4 nm) with no significant difference between these two ratios,
while the other ratios showed larger particle size (106.7 £ 1.1, 88.3 £ 0.2 and 91.8 £ 0.2
nm for 1:1, 5:1 and 10:1 ratio, respectively). The entrapment efficiency, on the other
hand, decreased dramatically when increasing the volume ratio of water: organic solvent
(57.8 £ 0.2% for 1:1 ratio, 53.1 + 0.3% for 2:1 ratio, 48.8 = 0.7% for 3:1 ratio, 39.9 +
0.7% for 5:1 ratio and 26.4 £ 0.5% for 10:1 ratio). The nanoparticles exhibited similar
negative surface charges at all water: organic solvent ratios (-25.5 + 0.3 mV for 1:1 ratio,
-26.2 + 0.3 mV for 2:1 ratio, -27.5 + 0.5 mV for 3:1 ratio, -27.5 + 0.4 mV for 5:1 ratio
and -27.1 £ 0.5 mV for 10:1 ratio).

From this result, the volume ratio of water: organic solvent of 2:1 was chosen due to the
smallest particle obtained with high entrapment efficiency of plumbagin. Thus, the
optimised formulation of plumbagin loaded PLGA-PEG nanoparticles was prepared at
the water: acetone ratio of 2:1 with the concentration of polymer in organic solvent at 10
mg/mL and plumbagin loading at 10%.

Transferrin-bearing and control PLGA-PEG nanoparticles entrapping plumbagin were
successfully prepared using nanoprecipitation method, as confirmed by TEM imaging

(Figure 2-7).
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Figure 2-6: Optimisation of PLGA-PEG nanoparticles based on various volume ratios
of water to organic solvent (1:1, 2:1, 3:1, 5:1 and 10:1) and plumbagin loading at 10%

w/w of the polymer (n=3) (*: p<0.05 vs 2:1)
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Figure 2-7: Transmission electron micrograph pictures of Tf-bearing (A) and control (B)

PLGA-PEG nanoparticles loaded with plumbagin (Bar: 500 nm)
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2.4.2.3 Transferrin-bearing lipid-polymer hybrid nanoparticles
2.4.2.3.1 Nanoparticle preparation and optimisation
The lipid—polymer hybrid nanoparticles were first prepared with varying weight ratios of
lipid to PLGA-COOH polymer. The lipid to polymer weight ratios of 1:10 and 1:5
resulted in nanoparticles having a desirable combination of particle size (143.8 £ 1.0 to
144.4 + 1.1 nm) and zeta potential (-57.2 + 0.3 to -58.9 = 0.8 mV) (Figure 2-8). When
increasing the weight ratio from 1:2.5 to 1:1, the nanoparticles became larger (169.0 £
0.7 to 183.2 £ 0.9 nm) and were more negatively charged (-63.7 £ 0.4 to -68.0 £ 0.8 mV).
The entrapment efficiency of plumbagin, on the other hand, did not change at all the
tested lipid to polymer weight ratios (entrapment efficiency of ~40 %). From this result,
the lipid to polymer weight ratio of 1:5 was chosen due to the smallest particle obtained
for further studies.
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Figure 2-8: Optimisation of plumbagin loaded lipid-polymer hybrid nanoparticles based
on the variation of lipid to PLGA weight ratios (n=3) (*: p<0.05 vs 1:5)
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The nanoparticles were then further optimised by keeping the optimum lipid to polymer
weight ratio obtained from the first step at 1:5 and varying the molar ratio of HSPC to
DSPE-PEG2K-MAL. As shown in Figure 2-9, the HSPC to DSPE-PEG2K-MAL molar
ratios of 90:10, 85:15, 80:20 and 70:30 resulted in nanoparticles having a desirable
combination of particle size (143.1 = 0.6 to 145.8 + 0.5nm) and zeta potential (-57.2 +
0.3 to -58.5 £ 1.4 mV), while the others ratios (60:40 and 50:50) showed an increase in
both the particle size (151.4 to 157.0 £ 0.7 nm) and zeta potential (-53.0 + 0.5t0-53.3 +
0.4 mV). Similarly, the entrapment efficiency of plumbagin did not change when
increasing the lipid to polymer weight ratio and the molar ratio of HSPC to DSPE-

PEG2K-MAL (entrapment efficiency of 40-50 %).
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Figure 2-9: Optimisation of plumbagin loaded lipid-polymer hybrid nanoparticles by

varying the molar ratio of HSPC to DSPE-PEG2K-MAL (n=3) (*: p<0.05 vs 70:30)
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Thus, the optimum formulation of lipid—polymer hybrid nanoparticles obtained from the
experiment were prepared at the weight ratio of lipid to polymer of 1:5 and the molar
ratio of HSPC to DSPE-PEG2K-MAL of 70:30 with the concentration of polymer in
organic solvent at 10 mg/mL, plumbagin loading at 10% of polymer weight and the ratio
of water to organic solvent at 2:1.

Tf-bearing and control lipid—polymer hybrid nanoparticles entrapping plumbagin were
successfully prepared using one-step nanoprecipitation method, where the PLGA
polymer (in water-miscible organic solvent) and the aqueous lipid dispersion were mixed

and formed by self-assembly, as shown in TEM pictures (Figure 2-10).
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200 nm

Figure 2-10: Transmission electron micrograph pictures of Tf-bearing (A) and control

(B) lipid-polymer hybrid nanoparticles loaded with plumbagin (Bar: 200 nm)
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2.4.3 Transferrin conjugation efficiency

Transferrin conjugation efficiency was determined by Lowry assay described in section
2.3.7. The amount of transferrin conjugated to the nanomedicines was calculated by
correlating to BSA standard curves, as shown in Table 2-2. The amount of transferrin
conjugated to the liposomes was 5.1 + 0.1 mg (50.7 + 0.5 % of the initial transferrin added
or 159 pg Tf/mg of liposomes). Similar conjugation efficiency was observed in PLGA-
PEG nanoparticles at a level of 5.8 £ 0.1 mg (58.2 = 1.2 % of the initial transferrin added
or 165 pg Tf/mg of nanoparticles). The amount of transferrin conjugated to the lipid-
polymer hybrid nanoparticles was 7.2 = 0.1 mg (72.2 £ 0.5% of the initial transferrin

added or 240 pg Tf/mg of nanoparticles).

Table 2-2: Amount of transferrin conjugated to liposomes, polymeric nanoparticles and

lipid-polymer hybrid nanoparticles (n=3)

Formulation Amount of Tf conjugated (mg)  Conjugation efficiency (%)

Tf-LIP 51+0.1 50.7+0.5
Tf-PN 58%0.1 58.2+1.2
Tf-LPN 7.2%0.1 72.2+0.5
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2.4.4 Drug entrapment efficiency

The entrapment efficiency of plumbagin within the liposomes was respectively 79.2 +

0.3 % for Tf-LIP and 78.4 + 0.4 % for control LIP, as shown in Table 2-3. This was

higher than that obtained in PLGA-PEG nanoparticles (48.9 + 2.6 % for Tf-PN and 59.3

+ 1.1 % for control PN) and lipid-polymer hybrid nanoparticles (48.0 + 0.5 % for Tf-LPN

and 56.5 + 0.4 % for control LPN). However, in term of drug loading capacity

(representing the amount of drug entrapped per unit of nanomedicines), all nanomedicine

formulations had similar loading capacity.

Table 2-3: Entrapment efficiency of plumbagin in nanomedicine formulations (n=3)

Nanomedicine formulations

Entrapment efficiency

Loading capacity

(%) (%)
Liposomes
Tf-LIP 79.2+0.3 4.47 +0.04
Control LIP 78.4+0.4 443 £0.05
PLGA-PEG nanoparticles
Tf-PN 489+ 2.6 4.33 £ 0.06
Control PN 59.3+11 5.98 £ 0.02
Lipid-polymer hybrid nanoparticles
Tf-LPN 48.0+ 0.5 4.00 £ 0.04
Control LPN 56.5+0.4 471 +£0.03
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2.4.5 Size and zeta potential

The particle size and zeta potential measurements of the three nanomedicine formulations
are summarised in Table 2-4.

As expected, the conjugation of Tf to the surface of the liposomes resulted in a larger
average size of 113.5 £ 2.3 nm (polydispersity: 0.33 £ 0.01) than that of control liposomes
(106.0 + 1.5 nm, polydispersity: 0.32 + 0.01). In addition, the zeta potential of liposomes
was slightly decreased after conjugated with Tf in comparison with control liposomes
(-18.4 £ 0.4 mV for Tf-LIP and -17.2 £ 0.1 mV for control LIP). This could be due to the
negative charge of thiolated Tf (-22.1 £ 1.4 mV).

For PLGA-PEG nanoparticles, the conjugation of Tf to the surface of nanoparticles led
to an increase in mean diameter size of Tf-PN (152.9 + 0.6 nm, polydispersity: 0.20 £
0.01) compared to control PN, which had an average size of 93.0 £ 0.3 nm
(polydispersity: 0.11 £ 0.01). Both Tf-PN and control PN were bearing a negative surface
charge, with zeta potential values of -34.3 + 0.2 mV and -39.8 + 0.9 mV respectively for
Tf-PN and control PN. The significant increase in the zeta potential of Tf-PN is probably
due to the shielding effect of transferrin on the surface of nanoparticles including some
of the positively charged amino acids of transferrin as well as ferrous iron (Fe?*) in the
protein, which neutralized the negative charges of Tf-PN.

For lipid-polymer hybrid nanoparticles, the particle size of Tf-LPN was increased after
conjugated with Tf (214.1 = 1.5 nm, polydispersity: 0.17 + 0.01) compared to that of
control LPN (145.2 £ 0.6 nm, polydispersity: 0.16 + 0.01). Furthermore, the presence of
Tf on the surface of nanoparticles significantly increased the net surface charge of Tf-
LPN (-46.6 £ 0.7 mV) in comparison with control LPN (-66.6 + 0.6 mV) due to the impact

of Tf, similar to Tf-PN.
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Table 2-4: Size and zeta potential of liposomes, PLGA-PEG nanoparticles and lipid-

polymer hybrid nanoparticles entrapping plumbagin (n=3)

Nanomedicine formulations Particle Size  Polydispersity Zeta Potential
(nm) Index (mV)

Liposomes

Tf-LIP 1135+ 2.3 0.33+0.01 -18.4+0.4

Control LIP 106.0+ 1.5 0.32+0.01 -172+0.1

PLGA-PEG nanoparticles

Tf-PN 152.9+0.6 0.20+0.01 -34.3+0.2
Control PN 93.0+0.3 0.11+0.01 -39.8+0.9

Lipid-polymer hybrid nanoparticles

Tf-LPN 2141+15 0.17+0.01 -46.6 £ 0.7

Control LPN 145.2 + 0.6 0.16 £0.01 -66.6 £ 0.6

2.4.6 Stability of nanomedicines

Tf-bearing liposomes were found to be stable when stored at 4°C for at least 4 weeks.
They displayed a slight decrease in size within 28 days (from 113.5 £ 2.3 nm at Day 0 to
102.8 £ 2.6 nm at Day 28 for size and 0.33 = 0.01 at Day 0 to 0.28 £+ 0.02 at Day 28 for
polydispersity), unlike control liposomes, whose size slightly increased (from 106.0 £ 1.5
nm at Day 0 to 115.8 £ 2.4 nm at Day 28 for size and 0.32 £ 0.01 at Day 0 to 0.37 + 0.02
at Day 28 for polydispersity). However, blank liposomes appeared to be less stable due
to a significant increase in size observed during the experiment (from 115.9 £ 2.1 nm at
Day 0to 138.9 £ 4.4 nm at Day 28 for size and 0.30 + 0.01 at Day 0 to 0.37 + 0.01 at Day
28 for polydispersity) (Figure 2-11A, 11B). The zeta potential of all liposome

formulations remained stable for 28 days (-18.4 £ 0.4 mV at Day 0 to -20.2 £ 0.8 mV at
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Day 28 for Tf-LIP, -17.2 + 0.1 mV at Day 0 to -18.6 + 0.4 mV at Day 28 for control LIP

and -17.2 +0.2 mV at Day 0 to -19.0 £ 0.2 mV at Day 28 for blank LIP) (Figure 2-11C).

In term of drug leakage, the percentage of plumbagin retention in both Tf-bearing

liposomes and control liposomes remained stable, with a slight decrease of plumbagin

(less than 5%) over 4 weeks (from 79.1 + 0.4% to 75.0 + 0.9% for Tf-LIP and 78.5

0.4% to 73.6 + 0.9% for LIP) (Figure 2-11D).
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Figure 2-11: Size (A), polydispersity index (B), zeta potential (C) and percentage

retention (D) of plumbagin in Tf-bearing, control and blank liposomes after storage at 4

°C for 4 weeks (n=3)
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For polymeric nanoparticles, all formulations of PLGA-PEG nanoparticles were found to
be stable under storage condition at 4°C for at least 4 weeks. Tf-PN displayed a slight
increase in size within 28 days (from 152.9 £ 0.6 nm at Day 0 to 163.1 + 1.2 nm at Day
28 for size and 0.20 + 0.01 at Day 0 to 0.21 + 0.01 at Day 28 for polydispersity), while
control PN (from 93.0 £ 0.3 nm at Day 0 to 94.9 + 0.5 nm at Day 28 for size and 0.13 +
0.00 at Day 0 to 0.14 £ 0.00 at Day 28 for polydispersity) and blank PN (from 83.7 + 0.2
nm at Day 0 to 85.4 + 0.5 nm at Day 28 for size and 0.12 £ 0.01 at Day 0 to 0.14 £ 0.01
at Day 28 for polydispersity) have almost a constant particle size over the duration of the
experiment (Figure 2-12A, 12B). The zeta potential of all PLGA-PEG formulations
showed an increase after 4 weeks but remained negatively charged (-34.3 + 0.2 mV at
Day 0 to -24.2 £ 0.3 mV at Day 28 for Tf-PN, -39.8 + 0.9 mV at Day 0 t0 -28.4 £ 1.0 mV
at Day 28 for control PN and -33.5 £ 0.5 mV at Day 0 to -26.5 + 1.2 mV at Day 28 for
blank PN) (Figure 2-12C). The percentage of plumbagin retention in Tf-PN and control
PN was almost constant, with a slight decrease of plumbagin over 4 weeks (from 43.3 £
0.6% to 40.9 £ 0.4% for Tf-PN and 59.8 + 0.2% to 53.6 = 0.4% for control PN) (Figure

2-12D).
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Figure 2-12: Size (A), polydispersity index (B), zeta potential (C) and percentage
retention (D) of plumbagin in Tf-bearing, control and blank PLGA-PEG nanoparticles

after storage at 4 °C for 4 weeks (n=3)

For the lipid-polymer hybrid nanoparticles, the particle size of Tf-LPN was found to
increase over 4 weeks (from 214.1 £ 1.5 nm at Day 0 to 281.8 + 3.7 nm at Day 28 for
size and 0.17 + 0.01 at Day 0 to 0.26 + 0.01 at Day 28 for polydispersity), while control
LPN (from 145.2 £ 0.6 nm at Day 0 to 143.1 + 1.1 nm at Day 28 for size and 0.16 + 0.01
at Day 0 to 0.13 £ 0.01 at Day 28 for polydispersity) and blank LPN (from 139.7 £ 0.4
nm at Day 0 to 138.7 £ 1.3 nm at Day 28 for size and 0.16 +£ 0.01 at Day 0 to 0.14 + 0.01
at Day 28 for polydispersity) have a constant particle size (Figure 2-13A, 13B). The zeta
potential of all lipid-polymer hybrid formulations increased over the duration of the

experiment (-46.6 £ 0.7 mV at Day 0 to -38.0 + 0.2 mV at Day 28 for Tf-LPN, -66.6 +
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0.6 mV at Day 0 to -50.7 + 0.6 mV at Day 28 for control LPN and -66.5 + 0.3 mV at Day
0 to -47.2 + 1.0 mV at Day 28 for blank LPN) (Figure 2-13C). The percentage of
plumbagin retention in Tf-LPN slightly decreased over 4 weeks (from 48.0 + 0.5% to
41.9 £+ 0.5%), which was lower than that observed in control LPN (from 56.5 + 0.4% at

Day 0 to 44.1 + 0.3% at Day 28) (Figure 2-13D).
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2.4.7 Drug release profile

To confirm that plumbagin could be released from the delivery systems, the release
profile of the drug was assessed by a dialysis technique at pH 5.5, 6.5 and 7.4,
respectively mimicking the subcellular endosome, the tumour extracellular environment
and the physiological pH in normal tissue and blood.

Tf-bearing and control liposomes showed similar release profile of plumbagin at all tested
pHs, while plumbagin in solution diffused through the dialysis membrane to be
completely released in 4 hours (Figure 2-14). An initial burst release of plumbagin (about
50 %) was observed in the first hour, followed by a sustained release of plumbagin with
a maximum release to nearly 90-100 % in 10 hours. The conjugation of Tf to the surface
of vesicles had a slight impact on the release profile of plumbagin at pH 7.4 (Figure 2-
14A), with a percentage cumulative release of 88.3 £ 1.5 %, slightly lower than that
observed at pH 6.5 (Figure 2-14B) and 5.5 (Figure 2-14C) during the first 10 hours
(cumulative drug release of 96.99 + 2.21 % at pH 6.5 and 95.53 + 2.72 % at pH 5.5). The
drug release from control liposomes also showed a similar profile and pH-independent
trend (cumulative drug release of 96.51 + 1.59 % at pH 7.4, 94.20 + 1.85 % at pH 6.5 and
95.79 + 1.12 % at pH 5.5, during the first 10 hours). In addition, it is worth mentioning
that there is a decrease in the percentage cumulative release of plumbagin observed in
our experiments at all tested pHs from 4 h for the plumbagin solution and from 10 h for
the targeted and control liposomes. This can be explained by the fact that plumbagin can

be evaporated from the solution once released from the liposomes.
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Figure 2-14: Drug release profile of plumbagin formulated as Tf-bearing and control
liposomes or as free drug in phosphate buffer at pH 7.4 (A), 6.5 (B) and 5.5 (C) over 24
hours (n=3)

For polymeric nanoparticles, plumbagin was released from both Tf-PN and control PN
in two phases with initial burst release in the first hour, followed by a sustained release
of plumbagin in a pH-dependent manner over 24 hours (Figure 2-15). The conjugation
of Tf to the surface of the nanoparticles also had an impact on the release profile of the
drug. More precisely, at pH 7.4 (Figure 2-15A), plumbagin was initially burst released
from Tf-PN with the cumulative drug release of 47.4 £ 0.9% at 1 hour, while 50.4 £ 1.0
% and 58.4 + 0.4% of the drug was released from these nanoparticles respectively at pH
6.5 (Figure 2-15B) and 5.5 (Figure 2-15C) during the same period. Then, a steady
release of plumbagin from Tf-PN was observed with a cumulative drug release of 85.4 +
0.5% at pH 7.4, 91.4 £ 0.5% at pH 6.5 and 94.2 £ 0.9% at pH 5.5 at 24 hours. The drug
release from the control PN followed a similar trend and pH-dependent manner but was
faster than the targeted nanoparticles with a cumulative drug release of 90.1 + 1.5% at

pH 7.4, 93.3 £ 0.5% at pH 6.5, 97.3 + 0.6% at pH 5.5 after 24 hours.
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For lipid-polymer hybrid nanoparticle, both Tf-bearing and control lipid-polymer hybrid
nanoparticles also exhibited a sustained release of plumbagin in a pH-dependent manner
with an initial burst release (Figure 2-16). In addition, the conjugation of Tf to the
nanoparticles slowed the release of the drug. Specifically, at pH 7.4 (Figure 2-16A),
plumbagin was steadily released from the Tf-LPN with a cumulative drug release of 81.7
+ 1.4 % over a 24-hour period, while 87.2 £ 1.1 % and 95.4 + 0.7 % of the drug was
released from this nanoparticle respectively at pH 6.5 (Figure 2-16B) and 5.5 (Figure 2-
16C) within the same period. The control LPN also exhibited a similar release trend of
plumbagin with pH-dependent manner, but faster than that of Tf-LPN (cumulative drug
release of 90.3 + 1.0 % at pH 7.4, 95.1 £ 0.9 % at pH 6.5 and 98.9 = 0.2 % at pH 5.5

within 24 hours).
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2.5 Discussion

Plumbagin, a nature-derived naphthoquinone, has been reported to exert its anti-cancer
effect in various types of cancer both in vitro and in vivo, for example breast, lung,
prostate, cervical, liver, colon, brain and melanoma (Panichayupakaranant and Ahmad,
2016; Rajalakshmi et al., 2017; Checker et al., 2018). The therapeutic potential of
plumbagin has however been limited so far, due to its poor solubility in water, lack of
stability and low oral bioavailability, which limited its biopharmaceutical applications.
Furthermore, plumbagin failed to specifically reach tumours at a therapeutic
concentration due to its lack of tumour specificity and rapid elimination, with a short
biological half-life.

To overcome this issue, we hypothesised that loading plumbagin into a tumour-targeted
delivery system would enhance the specific delivery of plumbagin to cancer cells and
increase the therapeutic efficacy both in vitro and in vivo, while at the same time reduce
secondary effects to healthy tissues.

In this study, liposomes, polymeric nanoparticles and lipid-polymer hybrid nanoparticles
were used as carriers of plumbagin. A liposomal formulation similar to that of Doxil®
liposomes was selected, as it demonstrated long blood circulation half-life achieved by
sterically stabilized liposomes with PEG (PEGylation) using DSPE-PEG2K (Ceh et al.,
1997). PLGA-PEG block co-polymer was used in this study due to their physico-
chemical properties such as biocompatibility, biodegradability, increasing drug
solubility, enhancing drug bioavailability, protecting the drug from premature
degradation and interaction with the biological environment and controlling drug release
(Kumari et al., 2010; Makadia and Siegel, 2011; Li et al., 2018). Finally, plumbagin was
entrapped in novel lipid-polymer hybrid nanoparticles as this delivery system combined

characteristics of both PEGylated liposomes and polymeric nanoparticles. The PLGA
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polymer was used to form the polymeric core of the hybrid nanoparticles which entrapped
plumbagin, surrounded by a lipid monolayer consisting of HSPC and DSPE-PEG2K-
MAL that provided a stealth effect (from PEG) as well as facilitating surface
modification. In addition, all lipids and polymers used in this study have also been
approved by the United States Food and Drug Administration (US FDA) and the
European Medicines Agency (EMA) for use in humans (Barenholz, 2012; Sharma et al.,
2016).

Using unmodified nanocarriers, however, may not be enough to improve tumour
targeting of plumbagin, resulting from non-selective accumulation in other healthy
tissues. Therefore, conjugation of nanocarriers with an active targeting ligand would be
a promising way to improve tumour specificity and cellular uptake via receptor-mediated
endocytosis. In this study, we selected Tf, an iron-transporting protein, as a targeting
ligand whose receptors are overexpressed in most proliferating cells including cancer
cells (Tortorella and Karagiannis, 2014). Our research group have previously prepared
Tf-conjugated Span60/Solulan C24 niosomes entrapping the green tea polyphenol
epigallocatechin gallate (EGCG) and tocotrienol that shared the same delivery issues as
plumbagin. These targeted niosomes significantly increased the cellular uptake and anti-
proliferative activity of the drugs in comparison with control niosomes and drug solution
for all the tested cancer cell lines. This resulted in complete tumour suppression of
respectively 40% and 60% of B16-F10 melanoma following intravenous injection of
EGCG-loaded and tocotrienol-loaded vesicles over one month (Fu et al., 2009; Fu et al.,
2011; Lemarié etal., 2013; Fu et al., 2014; Karim et al., 2017). In another study, systemic
administration of Tf-modified polymeric nanoparticles loading resveratrol in rats bearing
C6 glioma significantly decreased tumour volume and prolonged animal’s lifespan

compared to unmodified nanoparticles and free resveratrol (Gou et al., 2013), thus
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highlighting the need of a tumour-targeted delivery system for delivering these
compounds to their site of action.

For liposomes preparation, a stock solution of plumbagin was first prepared using DMSO
prior vesicle preparation as it has poor solubility in water. The presence of DMSO also
contributes to the increase of drug entrapment (Fu, 2010; Dhakar et al., 2012; Shariat et
al., 2014). The lipids were heated at 75 °C above the phase transition temperature of
phospholipids. Probe sonication was then used, as self- assembly of lipid bilayer is
generally requires an input of energy (Uchegbu and Vyas, 1998; Gregoriadis, 2007).
After preparation of control liposomes, transferrin was conjugated to the vesicles using
the thiol-maleimide ‘click’ reaction described by Hermanson (2013) with some
modifications (Figure 2-17). This method is one of the most widely used thiol-based
bioconjugation techniques for grafting delivery systems with peptides, proteins or
antibodies due to its high selectivity, rapid reaction (without heat or catalyst),
compatibility with aqueous condition (Stenzel, 2013; Ponte et al., 2016). In this study,
transferrin was successfully conjugated to liposomes at the level of 50.7 £ 0.5 % of the
initial Tf added, which was similar to our previous conjugation rate of around 50%
obtained when using dimethylsuberimidate as a crosslinking agent (Dufes et al., 2000;
2004). This result is also consistent with previous reports by Lopalco and colleagues
(2018) when dopamine-loaded liposomes (HSPC:cholesterol at 7:3 molar ratio and 2.5
mol % of DSPE-PEG2K-COOH) was conjugated with transferrin (120 mg per mmol of
lipid) using NHS/EDC coupling reagents (incubated for 12 h at 4 °C), resulting in a Tf
conjugation efficiency of 48.8%. Jhaveri and colleagues (2018) reported slightly higher
conjugation efficiency (60-70%) when preparing Tf-targeted resveratrol-loaded

liposomes. In their study, a carbonate PEG derivative of DOPE (pNP-PEG3400-DOPE)
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was synthesised and directly conjugated with Tf to obtain Tf-PEG3400-DOPE micelles,

followed by post-insertion in the liposomes.
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Figure 2-17: Conjugation reaction of Tf to the liposomes entrapping plumbagin.
Cholesterol-PEG-maleimide is used to provide thiol-reactive groups (maleimide).
Thiolated Tf can then be conjugated to this reactive intermediate to form covalent

thioether bonds (adapted from Hermanson, 2013)

For preparation of PLGA-PEG nanoparticles entrapping plumbagin, nanoprecipitation
method was selected, owing to its advantages over emulsification techniques, such as
simple, rapid and surfactant-free preparation (Dinarvand et al., 2011; Almoustafa et al.,
2017). Acetone was chosen as an organic solvent due to its low toxicity and low risk to

human health (International conference on harmonisation of technical requirements for

102



registration of pharmaceuticals for human use (ICH) solvent classification: class Il1)
(ICH, 2018) as well as its ease of removal (low boiling point, 56.2 °C) (Almoustafa et
al., 2017). For nanoparticle optimisation, we studied the effect of varying the volume
ratio of water to organic solvent on the physical properties of PLGA-PEG nanoparticles.
The smallest size of PLGA-PEG nanoparticles was obtained at low volume ratios of
water: organic solvent of 2:1 and 3:1 and slightly increased when the ratios were ranging
from 5:1 to 10:1. The largest size of PLGA-PEG nanoparticles was found at the volume
ratio of water: organic solvent of 1:1. This could be due to poor phase separation between
a polymer-rich phase (organic phase) and a polymer-poor phase (water phase) (Cheng et
al., 2007). By contrast, increasing the volume ratio of water: organic solvent caused
significant decrease in the entrapment efficiency of plumbagin, which was similar to
previous reports by Pan and colleagues (2017) when optimising aptamer-targeted PLGA-
PEG nanoparticles entrapping plumbagin. After successful optimisation, PLGA-PEG
nanoparticles were conjugated with Tf using the thiol-maleimide ‘click’ reaction, with a
conjugation efficiency of 58.2 + 1.2 % of the initial Tf added (equivalent to 165 pg of Tf
per 1 mg of nanoparticles). This was higher than that was previously reported by Sahoo
and Labhasetwar, who obtained a very low transferrin conjugation (only 2.9% w/w). In
their study, PLGA nanoparticles entrapping paclitaxel (containing polyvinyl alcohol;
PVA) were activated by an epoxy compound (a polyglycerol polyglycidyl ether; Denacol
EX-512), followed by conjugation with transferrin at 37 °C for 2 h (Sahoo and
Labhasetwar, 2005). In addition, Frasco and colleagues (2015) prepared transferrin-
adsorbed PLGA nanoparticles entrapping bortezomib (PLGA, MW 24,000-38,000 Da)
using physical adsorption method (incubation overnight with holo-Tf at room

temperature), resulting in 49.7 ug of Tf adsorbed to nanoparticles (1 mg).
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For the lipid-polymer hybrid nanoparticles, PLGA-COOH, a hydrophobic and
biodegradable polymer, was used to form the polymeric core of the hybrid nanoparticles
which entrapped plumbagin, surrounded by a lipid monolayer consisting of HSPC and
DSPE-PEG2K-MAL that provided a stealth effect (from PEG) as well as facilitating
surface modification (from MAL). The lipid-polymer hybrid nanoparticles were prepared
by using one-step nanoprecipitation method, where the PLGA polymer (in water-
miscible organic solvent) is mixed with the aqueous lipid dispersion in which they self-
assembled. This method is more effective, requires less time and less energy, unlike the
two-step method, where polymeric nanoparticles and lipid vesicles are prepared
separately before being mixed (or ultrasonicated) and then homogenised (Hadinoto et al.,
2013). For nanoparticle optimisation, based on the above information obtained from the
PLGA-PEG nanoparticles, we also used acetone as an organic solvent, while fixing
polymer concentration (10 mg/mL), plumbagin loading (10% w/w of polymer) and a
volume ratio of water to acetone of 2:1. The optimal formulation of lipid-polymer hybrid
nanoparticles was found at low lipid to polymer weight ratio (10-20%) which can be
explained by the fact that, at this range, the entire surface of the PLGA-COOH polymer
core was covered by the amount of lipids used (Zhang et al., 2008). On the contrary, at
high lipid to polymer weight ratios, the excess HSPC and DSPE-PEG2K-MAL can
spontaneously form liposomes, resulting in an increase of the overall measured size of
lipid-polymer hybrid nanoparticles and lowering their zeta potential value. In addition,
when keeping the lipid to polymer weight ratio at 20%, the increase of DSPE-PEG2K-
MAL (40-50 mol%) also influenced both particle size and zeta potential of lipid-polymer
hybrid nanoparticles, which might be due to the molecular conformations of PEG chains
at different grafting densities (Zhan et al., 2012; Zhang et al., 2015b). At low density (10-

30 mol%), the PEG chains formed a “mushroom” configuration which had low influence
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on the particle size and zeta potential of lipid-polymer hybrid nanoparticles. However, at
high density (40-50 mol%), PEG chains begin to stretch away from the surface and
formed a “brush” structure, leading to an increase in the particle size as well as zeta
potential due to shielding effect of PEG molecules. In the same manner, the conjugation
of Tf to lipid-polymer hybrid nanoparticles was achieved by the thiol-maleimide ‘click’
reaction with a conjugation efficiency of 72.2 + 0.5 % of the initial Tf added.

The encapsulation efficiency is one of the important parameters in the design of drug
delivery systems. This parameter relies on several factors such as the types and
compositions of nanocarrier, as well as the nature of drug load (Uchegbu et al., 1998).
Due to its lipophilic character, plumbagin can be entrapped mainly in the lipid bilayer of
liposomes and the hydrophobic core of polymer-based nanoparticles. Our results
indicated that all types of nanocarriers prepared in this study exhibited high entrapment
efficiency of plumbagin, ranging from 45- 80 %. Plumbagin has previously been reported
to be entrapped in various types of delivery systems. Our liposomes have higher
entrapment efficiency of plumbagin than that was previously reported by Naresh and
colleagues (1996), who developed plumbagin-loaded niosomes (cholesterol: span 60:
dicetyl phosphate at molar ratio of 47.5:47.5:5), which were able to entrap 52% of
plumbagin. A maximum entrapment efficiency of 66 % was found when entrapping
plumbagin in liposomes (soybean phosphatidylcholine and cholesterol at molar ratio of
9:3) (Kumar et al., 2011). For PLGA-PEG nanomedicines, Pan and colleagues (2017)
reported a lower entrapment efficiency than our polymeric nanoparticles (about 50-60%
entrapment) when entrapping plumbagin in aptamer-targeted PLGA-PEG nanoparticles
(PLGA, lactide: glycolide 50:50, MW ~17 kDa) with an entrapment efficiency of about
38 %. Plumbagin has also been entrapped in PLGA microspheres (PLGA, lactide:

glycolide 50:50, MW 54 kDa) with 70% entrapment (Singh et al., 1996), higher than that
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of our PLGA-PEG formulation. This variation in plumbagin entrapment efficiency
observed in PLGA-based nanoparticles might be explained by the differences in the
molecular weight of PLGA used for nanoparticle preparation. In general, higher
molecular weight of the hydrophobic polymer chain shows a better drug loading (Zhang
et al., 2014). However, it should be noted that the length of hydrophilic polymer chain
(PEG segment), polymer concentration, drug to polymer ratio and preparation methods
also affect the drug loading efficiency of polymeric nanoparticles (Zhang et al., 2014).
To our knowledge, this is the first report for the preparation of Tf-bearing lipid-polymer
hybrid nanoparticles entrapping plumbagin. We could not find any studies reporting the
entrapment efficiency of plumbagin loaded lipid-polymer hybrid nanoparticles to allow
a comparison with our results.

Particle size and morphology are also important characteristics of nanocarriers. They can
affect several biological phenomena such as a recognition by the MPS, blood circulation
time, biodistribution, extravasation through leaky vasculature, accumulation in tumours,
targeted and cellular internalisation (Toy et al., 2014; Blanco et al., 2015). Small particles
(less than 5 nm) are rapidly cleared from blood circulation by renal clearance, while large
particles are rapidly recognised by the MPS. Particles larger than smallest blood
capillaries (higher than 5 um) can cause embolism (Mauller et al., 1998). Moreover, the
vascular endothelium of tumours tends to become more permeable, allowing the
extravasation of nanoparticles ranging from 400 to 600 nm (Yuan et al., 1995). In term
of morphology, spherical or ovoidal particles can be more rapidly internalised by the cells
compared to elongated ellipsoids and worm-like particles (Herd et al., 2013; Toy et al.,
2014). All Tf-bearing and control formulations in our study had spherical shape and
displayed the required sizes (ranging from 93 to 216 nm) that should theoretically allow

their extravasation through the leaky vasculature of most tumours via the EPR effect
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(Yuan et al., 1995). In addition, the polydispersity index of all formulations was low (0.10
— 0.34), indicating a uniformly dispersed nanomedicine formulation with a narrow size
distribution.

The surface charge of nanocarriers is also an important parameter that affects their
stability, blood circulation time and selective accumulation in tumours. Negative (zeta
potential less than -10 mV) and positive nanoparticles (zeta potential higher than 10 mV)
exhibit high opsonisation with serum proteins compared to neutral particles ( zeta
potential within £10 mV), resulting in rapid clearance by the RES and short circulation
time (Ernsting et al., 2013; Blanco et al., 2015). Gessner et al. (2013) demonstaretd that
positive nanoparticles tend to adsorb proteins with an isoelectric point (pl) lower than
5.5, such as albumin (pl = 4.7), while negative nanoparticles adsorb proteins with pl
higher than 5.5, such as IgG (pl = 6.6-7.2). Moreover, it should be noted that the
aggregates of positive nanoparticles and negatively charged serum proteins are often
large, thus causing transient embolism in the lung capillaries (Li and Huang, 2008). In
this study, zeta potential experiments have shown that all Tf-bearing and control
nanomedicine formulations were bearing negative charges (between -17 mV and -67
mV). Therefore, these negatively charged nanoparticles would eventually reduce the risk
of having electrostatic interactions between nanocarriers and negatively charged serum
proteins, avoiding a rapid clearance by the MPS and prolonging blood circulation time
(Ernsting et al., 2013; Blanco et al., 2015). In addition, the cellular internalisation is
known to depend on the net surface charge of nanoparticles. Although positively charged
nanoparticles have been shown to improve internalisation in many cancer cells (by
interaction with negatively charged cell membrane), they also have a higher rate of non-
specific uptake in normal cells (Blanco et al., 2015). Thus, the negative surface charge

on the Tf-bearing nanomedicines in our study would enhance a specific delivery of
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plumbagin to cancer cells, while minimising non-specific uptake of nanomedicines by
healthy cells. The zeta potential is also related to the stability of a colloidal system.
Colloidal dispersions with zeta potentials of more than £30 mV and £20-30 mV, £10-20
mV and +0-10 mV, are commonly classified as highly stable, moderately stable,
relatively stable and highly unstable, respectively (Bhattacharjee, 2016). Our
nanocarriers therefore have the required colloidal stability for being efficient delivery
systems of plumbagin.

The physico-chemical stability of drug delivery systems is one of the essential parameters
that affect their quality, safety and therapeutic efficacy. For liposome formulations, the
changes in size, zeta potential and drug leakage ability of Tf-bearing and control
liposomes was minimal when they were stored at low temperature, unlike blank
liposomes, whose size significantly increased over time. This may be attributed to the
presence of plumbagin in the lipid bilayer of the liposomes, thus increasing membrane
rigidity while maintaining the negative surface charge and preventing liposome
agglomeration. A similar observation was recently reported by Tsermentseli and
colleagues (2018) regarding the entrapment of shikoni, another natural naphthoguinone
compound, in PEGylated liposomes made of DOPC, DSPG and DSPE-mPEG2K. The
authors reported that the drug-loaded liposomes also displayed a higher stability in size
and zeta potential than that of empty liposomes when stored over 28 days at 4°C.

For polymeric and hybrid nanoparticles, although the deterioration in size and drug
leakage ability of Tf-bearing and control formulations was low, the zeta potential of all
nanoparticles was found to increase. This may be due to the hydrolytic degradation of
PLGA to acidic oligomers and monomers of both lactic acid and glycolic acid, thus
causing a pH drop and zeta potential increase of the nanoparticle formulations. This

observation was previously reported by Hirsjérvi, regarding the effect of pH on the
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stability of poly(lactic acid) (PLA) nanoparticles. When the pH of PLA nanopatrticles is
titrated to acidic values (from pH 7 to pH 2) by adding hydrochloric acid, the zeta
potential of these nanoparticles increased (from -30 mV to -10 mV) (Hirsjarvi, 2008).
Simon and colleagues (2016) recently reported a similar trend when the PLGA
nanoparticles were exposed to gastric pH (pH 2), the zeta potential became close to
neutral (raised from -36 mV to 0.35 mV).

Drug release profile is one the most noticeable parameters in the development of
controlled release systems, which determines the concentration of the drug at the targeted
sites as well as its therapeutic efficacy upon administration (Maherani et al., 2013). In
this study, the release profile of plumbagin-loaded nanomedicines was determined using
a dialysis method in phosphate buffer at three different pHs (7.4, 6.5 and 5.5). This release
experiment indicated that plumbagin could be efficiently released from the targeted
liposomal formulation in a sustained manner within 10 hours. However, its release was
faster than expected and not pH-optimal yet, and should therefore be further optimised.
The release of plumbagin from Tf-bearing liposomes followed a similar trend as
previously described from plumbagin-loaded liposomes (made of phosphatidylcholine,
cholesterol at a 9:1 molar ratio), with 100% cumulative drug release being observed
within 12 hours at pH 7.4 (Kumar et al., 2011).

Plumbagin was released from polymeric and hybrid nanoparticles in a sustained manner
with initial burst release. In general, polymer-based nanoparticles can release their
entrapped drug using four basic mechanisms: (i) diffusion through water-filled pores, (ii)
diffusion through the polymer matrix, (iii) osmotic pumping and (iv) erosion of the matrix
(Karmaly et al., 2016). Although drug release may occur by any or all of these
mechanisms (Pawar et al., 2016), the diffusion of drug through water-filled pores is the

most common mechanism (Fredenberg et al., 2011). A pore-forming process, highly
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dependent on the hydrophilicity of polymers, occurs immediately after water absorption
by polymer-based nanoparticles. Thus, the initial burst release observed in our polymer-
based nanoparticles may be due to the presence of PEG, which facilitates water
absorption and accelerates the diffusion of plumbagin entrapped in the outer layer of
polymer core through water pores. In addition, it is worth mentioning that low molecular
weight compounds (i.e. plumbagin, MW of 188.17 g/mol) also have a high propensity
for burst release due to osmotic pressure (Karmaly et al., 2016). The following sustained
release of plumbagin from polymer-based nanoparticles may occur by diffusion of the
drug entrapped in polymeric core through water-filled pores. Pan and colleagues (2017)
described a similar release of plumbagin. In their study, plumbagin was also rapidly
released (66% in PBS pH 7.4) from aptamer-targeted PEG-PLGA nanoparticles in the
first 2 hours, then its cumulative release increased constantly to 87% after 24 hours. In
our study, Tf-bearing polymeric and hybrid nanoparticles showed slower release of
plumbagin than their control counterparts. This may be due to the ability of Tf conjugated
to the surface of nanoparticles to reduce water absorption by the nanoparticles, therefore
slowing the rate of plumbagin diffusion through water-filled pores. Similar to our results,
the release of docetaxel from Tf-targeted TPGS micelles (in PBS pH 7.4 containing 0.1%
w/v Tween 80) was significantly slower than non-targeted micelles (Muthu et al., 2015).
Moreover, plumbagin was released from polymeric and hybrid nanoparticles in a pH-
dependent manner. This may be particularly beneficial because plumbagin will be slowly
released from the nanoparticles at the physiological pH (pH 7.4) after intravenous
injection, minimising any secondary side effects on normal tissue. Once the nanoparticles
reach the acidic tumour microenvironment (pH 5.5-6.5), they will rapidly release

plumbagin, allowing it to exert its therapeutic effect.

110



CHAPTER 3

In vitro cell culture evaluation of tumour-targeted

nanomedicines entrapping plumbagin



3.1 Introduction

In recent years, cell culture has become one of the most important techniques used for
drug discovery and development in the pre-clinical stage, since the first cancer cell line,
HelLa, was introduced in the late nineteenth century (Ravi et al., 2015; Jaroch et al.,
2018). The main features of cell culture are the ease to control the physiochemical
environment (i.e. pH and temperature), the flexibility of experimental designs as well as
the repeatability and reproducibility of measurements (Ravi et al., 2015; Amelian et al.,
2017). By carefully selecting suitable cell lines and experimental conditions, cell-based
assays can provide fundamental information which can be used to predict possible in vivo
outcomes such as therapeutic activity, bioavailability and toxicity (Kura et al., 2014;
Amelian et al., 2017; Gordon et al., 2018). In the field of drug delivery systems, cell
culture is used as a baseline test to evaluate nanomedicines for their biological efficacy,
cellular accumulation and internalisation of drugs and safety (Kura et al., 2014).

In this study, the main purpose of using tumour-targeted nanomedicines is to increase the
specific delivery of plumbagin upon cellular internalisation at the target site where they
can exert their therapeutic effects in specific subcellular compartments such as cytosol,
mitochondria or nucleus (Sriraman et al., 2014). Therefore, investigating the cellular
uptake and internalisation mechanism of nanomedicines entrapping plumbagin will
confirm the hypothesis that conjugating nanocarriers with a targeting ligand would
enhance the uptake of plumbagin by the targeted cells.

Although low molecular weight drugs or hydrophobic drugs, like plumbagin, are able to
enter the cells by simple diffusion (Blanco et al., 2015), the uptake of nanoparticles
requires an active transport called endocytosis, which is classified into two major
pathways, phagocytosis and pinocytosis (Kou et al., 2013). Phagocytosis is a process by

which phagocytic cells (i.e. macrophages, neutrophils, monocytes and dendritic cells)
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engulf large particles (larger than 0.5 um) including nanoparticle-opsonin complexes
(Rosales and Uribe, 2017). Pinocytosis is a process allowing the uptake of fluids, solutes
as well as nanoparticles. It can be further divided into four sub-pathways: clathrin-
dependent endocytosis, caveolae-dependent endocytosis, clathrin/caveolae-independent

endocytosis and macropinocytosis (Figure 3-1) (Sahay et al., 2010; Ernsting et al., 2013).
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Figure 3-1: Summary of cellular internalisation pathways of nanocarriers (adapted from

Panariti et al., 2012)

Several inhibitors have been used to investigate the cellular uptake mechanisms of
nanocarriers. Chlorpromazine is a common blocker of clathrin-mediated endocytosis, the
main uptake mechanism of most nanocarriers, which causes the depletion of clathrin and
adaptor proteins required for the formation of clathrin-coated pits (Herd et al., 2013).
Filipin, a mixture of four isomeric polyene macrolides isolated from Streptomyces
filipinensis, is used to inhibit caveolae-mediated endocytosis by binding caveolae-rich

cholesterol, thus causing malfunction of caveolae (Schnitzer et al., 1994). Another
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blocker, colchicine, inhibits macropinocytosis, a non-specific process for internalisation
of fluids and large particles (> 200 nm) by inhibiting the polymerisation of microtubules,
thereby preventing membrane ruffling (Herd et al., 2013).

In vitro cytotoxic assays are widely used to monitor the cell response following treatment
with test substances, generally using colorimetric, fluorimetric or bioluminescent
techniques (Amelian et al., 2017). MTT assay, a tetrazolium-based assay using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), is a colorimetric
technique used to determine the cytotoxic effect of drugs by measuring the percentage of
cell viability. The principle of MTT assay is based on the mitochondrial activity of living
cells that can convert MTT, a yellow, water-soluble tetrazolium salt, into insoluble purple
formazan product (Figure 3-2). The formazan crystals can be dissolved in DMSO,
ethanol, methanol, acidified isopropanol, and their absorbance can be measured at a

wavelength of 570 nm (Lui et al., 1997; Meerloo et al., 2011; Stockert et al., 2012).
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Figure 3-2: Reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide

(MTT) in living cells by mitochondrial reductase to form the insoluble formazan product

Apoptosis is a form of programmed cell death that plays a critical role in regulating the
development, homeostasis and function of multicellular organisms (Zimmermann et al.,

2001). Cells that undergo this process demonstrate morphological changes such as cell
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shrinkage, chromatin and cytoplasmic condensation, nuclear fragmentation and finally
formation of small membrane-bound fragments (known as apoptotic bodies), which are
removed by phagocytosis. Importantly, the intracellular constituents are not released into
the extracellular environment, therefore reducing the inflammatory response on
neighbouring cells (Zhang et al., 2018).

By contrast, necrosis is a mode of cell death in which the cells suffer an acute injury,
resulting in the loss of membrane integrity, organelle swelling and rupture of plasma
membrane. This leads to the release of intracellular components that can cause an
inflammatory response and damage surrounding cells (Figure 3-3) (Duprez et al., 2009).
Although most cytotoxic drugs are considered to mediate cell death mainly through
apoptosis, it has been reported that some compounds may not only cause apoptosis but
other forms of cell death such as necrosis and autophagy (Mansilla et al., 2012). As
mentioned in Chapter 1, apoptosis induction is one of the mechanisms associated with
the anti-cancer activity of plumbagin. Therefore, investigating mechanisms mediating
cell death using apoptosis assay will confirm that apoptosis is the mechanism responsible
for the anti-cancer effect of nanomedicines entrapping plumbagin.

Several methods have been developed to characterise apoptotic cells based on
morphological changes, DNA fragmentation, DNA loss or membrane changes. Annexin
V FITC/ propidium iodide double staining assay is one of the most common techniques
for the detection of apoptotic cells using flow cytometry. The principle of the assay is
based on the differences in plasma membrane integrity and permeability of viable,
apoptotic and necrotic cells (Rieger et al., 2011). In the early stages of apoptosis, the
alteration of plasma membrane results in the translocation of phosphatidylserine from the
inner side to the outer layer in which Annexin V, a Ca®* dependent phospholipid-binding

protein, binds specifically to phosphatidylserine due to its high affinity (Demchenko,
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2013). On the other hand, Annexin V does not stain viable cells as this protein is not able
to penetrate the intact phospholipid bilayer. In conjunction with Annexin V, propidium
iodide, a membrane-impermeable nucleic acid stain, is used to discriminate between
necrotic and apoptotic cells. This dye is generally excluded from both viable cells and
early apoptotic cells due to the intact plasma membrane, whereas late apoptotic and
necrotic cells lost their plasma and nuclear membrane integrity, allowing propidium
iodide to penetrate through the plasma membrane then bind to nucleic acids (Rieger et

al., 2011).
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apoptosis (adapted from Kumar et al., 2010)
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3.2 Aim and Objectives

In Chapter 2, we demonstrated the successful entrapment of plumbagin in three novel
transferrin-bearing nanomedicines, namely liposomes, polymeric nanoparticles and lipid-
polymer hybrid nanoparticles. We hypothesise that the entrapment of plumbagin within
these novel nanomedicines conjugated with transferrin, whose receptors are
overexpressed on many cancer cells, would increase the specific delivery of plumbagin
to cancer cells, thereby enhancing its therapeutic efficacy.

In this chapter, these transferrin-bearing nanomedicines will be investigated for their
ability to increase the cellular uptake and uptake mechanism of plumbagin formulations.
We will also investigate the anti-proliferative and apoptotic efficacies of plumbagin

entrapped in these novel transferrin-bearing nanomedicines.
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3.3 Materials and methods

3.3.1 Materials

Materials

Supplier

bromide (MTT)

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium

Sigma-Aldrich, UK

Accutase® cell detachment solution

BD Biosciences, USA

Alexa Fluor® 647 dye

Invitrogen, UK

kit |

BD Pharmingen® FITC Annexin V apoptosis detection

BD Biosciences, USA

Chlorpromazine

Sigma-Aldrich, UK

Colchicine

Sigma-Aldrich, UK

Coumarin-6

Sigma-Aldrich, UK

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, UK

Dulbecco's Modified Eagle’s Medium (DMEM)

Invitrogen, UK

Filipin complex from Streptomyces filipinensis

Sigma-Aldrich, UK

Foetal bovine serum (FBS)

Invitrogen, UK

Formaldehyde solution

Sigma-Aldrich, UK

Holo-transferrin, human (Tf)

Sigma-Aldrich, UK

Human epidermoid carcinoma (A431)

European and American
Collection of Cell Cultures

(ECACC)

Human glioblastoma (T98G)

European and American
Collection of Cell Cultures

(ECACC)
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L-Glutamine Invitrogen, UK

Methanol Sigma-Aldrich, UK

Mouse melanoma (B16-F10-luc-G5) American Type Culture

Collection (ATCC)

N-(3-Dimethylaminopropyl)-N’'-ethylcarbodiimide Sigma-Aldrich, UK
(EDC)

Penicillin-Streptomycin Invitrogen, UK
Phosphate buffer saline (PBS) Sigma-Aldrich, UK

Roswell Park Memorial Institute (RPMI)-1640 medium | Invitrogen, UK

Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) | Sigma-Aldrich, UK

TPP® Tissue Culture 96-Well Plates Sigma-Aldrich, UK
TPP® Tissue Culture 6-Well Plates Sigma-Aldrich, UK
Triton X-100 Sigma-Aldrich, UK
TrypLE® Express Invitrogen, UK
Vectashield® mounting medium containing 4°,6- Vector Laboratories, UK

diamidino-2-phenylindole (DAPI)
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3.3.2 Cell lines

Three cell lines were used to investigate the activity of plumbagin entrapped in
transferrin- bearing nanomedicines, control nanomedicines or free in solution. A431
human epidermoid carcinoma is derived from an epidermal carcinoma of the skin tissue
of an 85-year old woman (ECACC). A431 cells were previously reported to overexpress
transferrin receptors (Dufées, 2011; Daniels et al., 2012). Moreover, this cell line has been
used to investigate the efficacy of transferrin- targeted delivery systems, such as
polymeric chitosan vesicles, niosomes and dendrimers (Dufes et al., 2004; Fu et al., 2009;
Koppu et al., 2010), which makes it a desirable cell line to evaluate the targeting efficacy
of our new transferrin-bearing formulations.

T98G glioblastoma is derived from a glioblastoma multiforme tumour from a 61-year old
Caucasian man (ECACC). This cell line was included in this study as it also
overexpresses transferrin receptors (Daniels et al., 2012).

B16-F10-luc-G5 mouse melanoma, a mixture of spindle-shaped and epithelial-like cells
derived from the skin of C57BL/6J mouse (ATCC), was used in this study. Like A431
and T98G cells, this cell line also expresses high level of transferrin receptors. Moreover,
it has already been used for in vitro and in vivo evaluation of transferrin-bearing niosomes

(Fu et al., 2011; Perche and Torchilin, 2013).

3.3.3 Cell culture

B16-F10-luc-G5, A431 and T98G cell lines were grown as monolayer cultures in either
Roswell Park Memorial Institute (RPMI)-1640 medium (for B16-F10-luc-G5 cells) or in
Dulbecco's Modified Eagle’s Medium (DMEM) (for A431 and T98G cells)

supplemented with 10% (v/v) foetal bovine serum, 1% (v/v) L-glutamine and 0.5% (v/v)
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penicillin-streptomycin. Cells were cultured at 37°C in an incubator with a humid

atmosphere of 5% carbon dioxide.

3.3.4 Cellular uptake

3.3.4.1 Quantification of cellular accumulation of plumbagin

Intracellular accumulation of plumbagin formulated as Tf- bearing nanomedicines,
control nanomedicines or free in solution was quantified by spectrophotometry. Cells
were seeded at a density of 2 x 10° cells/well in 6-well plates and grown at 37 °C for 72
hours before being treated with plumbagin (10 pg/well), either entrapped in Tf-bearing
nanomedicines, control nanomedicines or free in solution. After 3 hours’ treatment, the
cells were harvested using TrypLE® Express. Subsequently, culture medium (500 pL)
was added to the cell suspension to stop the trypsinisation reaction. Cells were then
centrifuged at 2,000 rpm (370 g) for 5 min using an IEC Micromax® centrifuge
(ThermoFisher Scientific, Waltham, MA). The cell pellets were washed twice with cold
PBS (3 mL) before being lysed with 5% Triton-X (1 mL/sample) and incubated for
another 24 hours at 37 °C. After incubation, cell lysates were centrifuged at 10,000 rpm
(9,300 g) for 15 min using an IEC Micromax® centrifuge (ThermoFisher Scientific,
Waltham, MA). The amount of plumbagin in the surfactant was quantified by
spectrophotometry (Amax: 420 nm), using a FlexStation 3® multi-mode microplate reader
(Molecular Devices, Sunnyvale, CA), and calculated by correlating absorbance with

standard calibration curve of plumbagin.

3.3.4.2 Preparation of transferrin-targeted nanomedicines entrapping coumarin-6
To further confirm the cellular uptake of nanomedicines, plumbagin was replaced with

coumarin-6 as a fluorescent lipophilic drug model for quantitative and qualitative
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measurements of drug cellular uptake in B16-F10 cells using flow cytometry and
confocal microscopy. Coumarin-6 loaded transferrin-bearing and control liposomes,
PLGA-PEG nanoparticles and lipid-polymer hybrid nanoparticles were prepared (fixing
theoretical loading of coumarin-6 at 0.2% of total lipids weight (for liposomes) and
polymer weight (for PLGA-PEG nanoparticles and lipid-polymer hybrid nanoparticles))
and characterised in the same manner as described in section 2.3, for formulations

entrapping plumbagin.

3.3.4.3 Confocal microscopy

The cellular uptake of coumarin-6 formulated as Tf- bearing nanomedicines, control
nanomedicines or free in solution was qualitatively assessed using confocal microscopy.
B16-F10 cells were seeded at a density of 1 x 10° cells/well on coverslips in 6-well plates
and were grown for 24 hours at 37 °C. They were treated with coumarin-6 (1 pg/well),
either entrapped in Tf-bearing nanomedicines, control nanomedicines or free in solution.
After 2 hours’ incubation, the medium was removed, and cells were washed twice with
cold PBS (3 mL) before being fixed with 2 mL formaldehyde solution (3.7 % in PBS) for
10 minutes at 25 °C. They were then washed twice with cold PBS (3 mL) and incubated
at 25 °C with 3 mL Triton-X100 solution (0.1%) for 5 min, before a further incubation
with 3 mL bovine serum albumin (1% w/v in PBS) for 30 min at 37 °C to reduce the non-
specific binding. Cells were then stained with Alexa Fluor® 647 dye (one unit of dye
diluted in 200 pL of PBS), incubated for 20 min at 25 °C, before a final wash with 3 mL
cold PBS. Upon staining of the nuclei with Vectashield® mounting medium containing
DAPI, the cells were examined using a Leica TCS SP5 confocal microscope (Wetzlar,
Germany). DAPI (which stained the cell nuclei) was excited with the 405 nm laser line

(emission bandwidth: 415-491 nm), while Alexa Fluor® 647 (which stained the cell
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cytoplasm) was excited with the 633 nm laser line (emission bandwidth: 645-710 nm),
and coumarin-6 was excited with the 505 nm laser line (emission bandwidth: 515-558

nm).

3.3.4.4 Cellular uptake of transferrin-bearing nanomedicines entrapping coumarin-6
The cellular uptake of coumarin-6 formulated as Tf- bearing nanomedicines, control
nanomedicines or free in solution, was quantified by flow cytometry. To do so, B16-F10
cells were seeded at a density of 1 x 10° cells/well and grown at 37 °C for 24 hours before
being treated with coumarin-6 (50 ng/well) entrapped in Tf-bearing nanomedicines,
control nanomedicines or free in solution. After 2 hours’ incubation, cells were then
washed twice with cold PBS (3 mL) and trypsinised using TrypLE® Express (250 pL).
Subsequently, RPMI-1640 medium (500 pL) was added to the cell suspension to stop the
trypsinisation reaction. The mean fluorescence intensity (MFI) of coumarin-6 taken up
by the cells was quantified by flow cytometry using a FACSCanto® flow cytometer (BD
Biosciences, San Jose, CA) with a fluorescein isothiocyanate (FITC) filter (EXmax: 494

nm / Emmax: 520nm). Ten thousand cells (gated events) were counted for each sample.

3.3.4.5 Mechanisms of cellular uptake

The mechanisms involved in the cellular uptake of coumarin-6 entrapped in Tf-bearing
nanomedicines and control nanomedicines were investigated using various uptake
inhibitors. To do so, B16-F10 cells were seeded in 6-well plates at a density of 2 x 10°
cells/well and incubated for 24 hours at 37 °C. Cells were then pre-incubated with
transferrin (50 puM), chlorpromazine (20 pg/mL), filipin (4 pg/mL) and colchicine (40
png/mL) at 37 °C for 30 min. After incubation, the treatment was removed and replaced

with fresh medium containing 50 ng/mL of coumarin-6 (either entrapped in Tf-bearing
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and control nanomedicines) and the same concentration of each inhibitor (except
chlorpromazine, added at a concentration of 5 pg/mL) for a further 2-hour incubation at
37 °C. After incubation, cells were then washed twice with cold PBS (3 mL) and
harvested using TrypLE® Express (250 pL). Subsequently, RPMI-1640 medium (500
pL) was added to the cell suspension to stop the trypsinisation reaction. The mean
fluorescence intensity (MFI) of coumarin-6 taken up by the cells was quantified by flow
cytometry using a FACSCanto® flow cytometer (BD Biosciences, San Jose, CA) with a
fluorescein isothiocyanate (FITC) filter (EXmax: 494 nm / EMmax: 520nm). Ten thousand
cells (gated events) were counted for each sample. The results were expressed as
percentage of cellular uptake relative to treated cells without inhibitor (100% relative

cellular uptake).

3.3.5 Anti-proliferative assay

The MTT assay was used to evaluate the anti-proliferative activity of plumbagin either
entrapped in Tf-bearing nanomedicines, control nanomedicines, or free in solution, as
well as blank nanomedicines. Cells were seeded in 96-well plates at a density of 5,000
cells/well and were incubated for 24 hours in an atmosphere of 37 °C, 5% CO; to allow
for cells attachment. They were then treated with plumbagin entrapped in Tf-bearing
nanomedicines, control nanomedicines, or free in solution, at final drug concentrations
ranging from 7.81 x 107 to 10 pg/mL. Cells were then incubated for selected exposure
time of 24 hours. At the end of treatment period, 50 pL of MTT solution (0.5 % w/v in
PBS) was added in each well. After 4 hours’ incubation (with protection from light), the
treatments were removed, and 200 pL of DMSO was then added in each well to dissolve
the formazan product. The optical density of the formazan solution was measured at an

absorbance at 570 nm using Multiskan Ascent microplate reader (Thermo Labsystems,
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Beverly, MA) and calculated as the percentage cell viability compared with the non-
treated cells. Dose-response curves were fitted to obtain the growth inhibitory
concentration for 50% of cell population (ICso) by plotting percentage of cell viability
versus logarithm of concentration of treatment using OriginPro 9.0 software (OriginLab

Corporation, Northampton, MA).

3.3.6 Apoptosis assay

The number of apoptotic cells following treatment with plumbagin formulated as Tf-
bearing nanomedicines, control nanomedicines or free drug was determined using BD
Pharmingen® FITC Annexin V apoptosis detection kit | (BD Biosciences, Franklin
Lakes, NJ), as described in the manufacturer’s instructions. Cells were seeded in 6-well
plates at a density of 2 x 10° cells per well and grown for 24 hours before being treated
with plumbagin (1 pg/well), either entrapped in Tf-bearing nanomedicines, control
nanomedicines or free in solution. After 4 hours’ treatment at 37 °C, cells were harvested
using Accutase® cell detachment solution (500 pL). Subsequently, culture medium (500
pL) was added to the cell suspension to stop the enzyme reaction before being centrifuged
at 2,000 rpm (370 g) for 5 min using an IEC Micromax® centrifuge (ThermoFisher
Scientific, Waltham, MA). The cell pellets were resuspended in 200 pL 1X Annexin V
Binding Buffer (10X of the buffer containing 0.1 M HEPES/NaOH (pH 7.4), 1.4 M NaCl
and 25 mM CacCl.). Cell suspension (100 pL) was then transferred to a 5 mL culture tube,
followed by 5 pL of annexin V-FITC labeling reagent and 5 pL of propidium iodide.
After incubation for 15 minutes in the dark at 20 °C, 400 pL of 1X Annexin V Binding
Buffer was added to each tube before analysis of apoptosis using a FACSCanto® flow
cytometer (BD Biosciences, Franklin Lakes, NJ). Ten thousand cells (gated events) were

counted for each sample. The results were reported as percentages of specific cell
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populations as followed: propidium iodide -positively and FITC-negatively stained cells
indicate necrosis (upper left, Q1), propidium iodide and FITC double-stained cells
demonstrate late apoptosis (upper right, Q2), propidium iodide and FITC double-negative
(unstained) are live cells (lower left, Q3) and FITC-positively and propidium iodide -

negatively stained cells indicate early apoptosis (lower right, Q4).

3.3.7 Statistical analysis

Results were expressed as means * standard error of the mean. Statistical significance
was assessed by one-way analysis of variance and Tukey multiple comparison post-test
using OriginPro 9.0 software (OriginLab Corporation, Northampton, MA). Differences

were considered statistically significant for p-values lower than 0.05.
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3.4 Results

3.4.1 Preparation of transferrin-targeted nanomedicines entrapping coumarin-6
The specific wavelength of coumarin-6 (Cu-6) was determined using an Agilent Varian
Cary Eclipse® spectrofluorometer (Agilent Technologies, Santa Clara, CA). The
spectrum of coumarin-6 obtained from a fluorescence scan indicated two excitation
peaks, a small one at a wavelength of 300-305 nm and the highest peak at a wavelength
of 460-465 nm (Figure 3-4A). Thus, the emission spectrum of coumarin-6 was measured
using the maximum excitation at 463 nm. The maximum emission occurred at a
wavelength of 508-515 nm (Figure 3-4B). As a result, determination of coumarin-6 was
performed at an excitation wavelength of 463 nm and an emission wavelength of 510 nm.
To measure the entrapment efficiency, coumarin-6 was first prepared at 7 concentrations
in isopropanol (2, 5, 10, 25, 50, 100 and 150 ng/mL) and analysed by fluorescence
quantification at the specific Aex and Aem Wavelengths obtained above. As shown in Figure
3-5, the standard calibration of coumarin-6 was linear for the concentrations range used,
which could be described by the regression equation: Y = 4.85959X + 1.55967 with a

coefficient of determination (R-square, R?) of 0.99078.
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Figure 3-4: Excitation wavelength (A) and emission wavelength (B) obtained using

fluorescence scan of coumarin-6 solution, prepared at 50 ng/mL in isopropanol
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Figure 3-5: Standard calibration curve of coumarin-6. The fluorescence intensity in
arbitrary unit (a.u.) was obtained from serial dilutions of coumarin-6 stock solution (1

mg/mL) in isopropanol (n=3) (error bars smaller than symbols)

For the purpose of qualitative and quantitative cellular uptake studies of nanomedicines
using flow cytometry and confocal microscopy, coumarin-6 was used as a fluorescent
lipophilic drug model because plumbagin does not contain a fluorophore that can emit
light upon excitation. Coumarin-6 loaded liposomes, polymeric and lipid-polymer hybrid
nanoparticles were prepared and characterised for entrapment efficiency, size and zeta
potential measurements. As shown in Table 3-1, all nanomedicines formulations
displayed relatively high entrapment efficiency of coumarin-6 (about 40-86% entrapment
depending on nanomedicine formulations), with a similar trend of size and zeta potential

as in nanomedicines entrapping plumbagin.
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Table 3-1: Entrapment efficiency, size and zeta potential of liposomes, PLGA-PEG

nanoparticles and lipid-polymer hybrid nanoparticles entrapping coumarin-6 (n=3)

Nanomedicine Entrapment Particle Polydispersity Zeta Potential
formulations efficiency (%) Size (nm) Index (mV)
Liposomes

Tf-LIP 86.6+ 1.2 103.1+0.8 0.12 £0.02 -22.0+£0.8
Control LIP 86.2+14 100.9+ 0.5 0.10 £ 0.00 -13.1+£0.2

PLGA-PEG nanoparticles

Tf-PN 429+0.3 138.7 £ 0.7 0.18 +0.01 -33.6£0.5
Control PN 51.4+0.2 98.7+15 0.11+0.01 -409+1.3

Lipid-polymer hybrid nanoparticles

Tf-LPN 40.9+0.6 2224 +3.1 0.22+0.01 -37.6+£0.2

Control LPN 476 +0.7 139.1+0.5 0.18 +0.01 -49.9+0.3

The entrapment efficiency of coumarin-6 within the liposomes (86.6 + 1.2 % for Tf-LIP
and 86.2 + 1.4 % for control LIP) was higher than that of PLGA-PEG nanoparticles (42.9
+ 0.3 % for Tf-PN and 51.4 £ 0.2 % for control PN) and lipid-polymer hybrid
nanoparticles (40.9 £ 0.6 % for Tf-LPN and 47.6 £ 0.7 % for control LPN). This result
might be explained by the vesicular structure of liposomes that can entrap coumarin-6
within the lipid bilayer. The similar entrapment efficiency of coumarin-6 between PLGA-
PEG nanoparticles and lipid-polymer hybrid nanoparticles can be explained by the fact
that both formulations used the same theoretical loading of coumarin-6 at 0.2% of

polymer weight.
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As expected, the conjugation of Tf to the surface of the three nanomedicine formulations
entrapping coumarin-6 led to an increase in mean diameter size of Tf-bearing
nanomedicines (103.1 £ 0.8 nm for Tf-LIP, 138.7 £ 0.7 nm for Tf-PN and 222.4 + 3.1
nm for Tf-LPN) compared to control nanomedicines (100.9 + 0.5 nm for control LIP,
98.7 £ 1.5 nm for control PN and 139.1 £ 0.5 nm for control LPN). Furthermore, the
polydispersity index of all formulations was low (0.10 — 0.22), indicating a uniformly
dispersed nanomedicine formulation with a narrow size distribution.

In addition, the zeta potential of all nanomedicines entrapping coumarin-6 were bearing
a negative surface charge, ranging from -13.1 + 0.2 mV t0 -49.9 £ 0.3 mV.

These results therefore demonstrated that the entrapment of coumarin-6 in the three
nanomedicines did not change their physico-chemical properties, such as the particle size

and surface charge, compared with the original formulations entrapping plumbagin.

3.4.2 Cellular uptake

3.4.2.1 Qualitative and quantitative analysis

3.4.2.1.1 Transferrin-bearing liposomes

The intracellular accumulation of plumbagin either formulated as Tf-bearing and control
liposomes or free in solution was investigated in the three tested cell lines (Figure 3-6).
As expected, the entrapment of plumbagin in Tf-bearing liposomes significantly
increased plumbagin uptake by the cells in comparison with control liposomes and
plumbagin solution. In B16-F10 cells, the amount of plumbagin accumulated in the cells
treated with Tf-bearing liposomes was 1.6-fold and 2.4-fold higher than that of control
liposomes and free drug, respectively (1.66 £ 0.04 pg for Tf-LIP, 1.02 + 0.15 pg for
control LIP and 0.70 + 0.17 pg for plumbagin solution). In A431 cells, it was 1.5-fold

and 2.1-fold for Tf-LIP in comparison with control liposomes and plumbagin solution,
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respectively (1.97 £ 0.25 ug for Tf-LIP, 1.35 + 0.15 ug for control LIP and 0.92 + 0.07
pg for free plumbagin). The highest intracellular amount of plumbagin was found in
T98G cells incubated with Tf-bearing liposomes which was significantly higher than that
observed after being treated with control liposomes and free plumbagin respectively by
1.4-fold and 2.1-fold (3.02 = 0.20 pg for Tf-LIP, 2.15 + 0.14 pg for control LIP and 1.43

+ 0.05 pg for free plumbagin).

47 I Tr-LiP
[ control LIP

[ Plumbagin solution

Intracellular amount of plumbagin (ug)

B16F10 A431 T98G
Cell lines

Figure 3-6: Cellular uptake of plumbagin (10 pg/well) either formulated as Tf-bearing
liposomes (orange), control liposomes (green) or as free drug in solution (purple), in B16-

F10, A431 and T98G cell lines (n=5) (*: p<0.05 vs Tf-LIP)
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The cellular uptake of liposomes entrapping coumarin-6 was qualitatively analysed by
confocal microscopy in B16-F10 cells (Figure 3-7). As expected, Tf-bearing liposomes
led to a higher cellular uptake of coumarin-6 compared to that observed in control
liposomes. Cells treated with coumarin-6 solution showed coumarin-6-derived
fluorescence in the cytoplasm, probably due to the non-specific diffusion of the drug. In
addition, coumarin-6-derived fluorescence was only disseminated in the cytoplasm
following all treatments, with no visible co-localisation within the nucleus after 2 h

incubation with the treatments.

DAPI Alexa Fluor® 647 Coumarin-6 Merge

Control LIP Tf-LIP

Free coumarin-6

Untreated

Figure 3-7: Confocal microscopy imaging of B16-F10 cells, showing the cellular uptake

of coumarin-6 entrapped in Tf-bearing liposomes, control liposomes or as solution
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Coumarin-6 uptake was also quantitatively confirmed by flow cytometry (Figure 3-8).
The conjugation of transferrin to the liposomes significantly increased coumarin-6 uptake
(mean fluorescence intensity (MFI) of 5673 + 49 a.u.) compared to control liposomes
(MFI of 4779 £ 48 a.u.). However, the highest uptake was observed following treatment
with coumarin-6 solution (MFI of 6567 £ 79 a.u.), which might occur by passive diffusion

due to its low molecular weight (350.43 g/mol).
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Figure 3-8: Flow cytometry quantification of the cellular uptake of coumarin-6 entrapped
in Tf-bearing liposomes, control liposomes or as solution in B16-F10 cells (n=3) (*:

p<0.05 vs Tf-LIP)
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3.4.2.1.2 Transferrin-bearing PLGA-PEG nanoparticles

The entrapment of plumbagin in Tf-bearing PLGA-PEG nanoparticles significantly
improved plumbagin uptake compared to that of control nanoparticles in all the tested
cell lines (Figure 3-9), respectively by 1.3-fold in B16-F10 cells (2.83 + 0.16 mg for Tf-
PN and 2.18 + 0.05 mg for control PN) and A431 cells (3.11 + 0.13 mg for Tf-PN and
2.40 = 0.05 mg for control PN), and 1.5-fold in T98G cells (3.65 + 0.10 mg for Tf-PN
and 2.43 £ 0.06 mg for control PN). It was more than 4-fold higher than that of free
plumbagin for B16-F10 cells (0.70 £ 0.17 mg), 3.4-fold higher for A431 cells (0.92 +

0.07 mg) and 2.6-fold higher for T98G cells (1.43 + 0.05 mg).
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Figure 3-9: Cellular uptake of plumbagin (10 pg/well) either formulated as Tf-bearing
(orange) and control PLGA-PEG nanoparticles (green) or as free drug in solution

(purple), in B16-F10, A431 and T98G cell lines (n=5) (*: p<0.05 vs Tf-PN)
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Confocal microscopy confirmed the cellular uptake of coumarin-6, which was
disseminated in the cytoplasm of B16-F10 cells, with no visible co-localisation within
the nucleus (Figure 3-10). As expected, the intensity of coumarin-6-derived fluorescence
appeared to be more pronounced in the cells treated with Tf-bearing PLGA-PEG

nanoparticles than that of control nanoparticles and free coumarin-6.

DAPI Alexa Fluor® 647 Coumarin-6

Control PN Tf-PN

Free coumarin-6

Untreated

Figure 3-10: Confocal microscopy imaging of B16-F10 cells, showing the cellular
uptake of coumarin-6 entrapped in Tf-bearing and control PLGA-PEG nanoparticles or

as solution
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Similarly, the highest uptake in B16-F10 cells was observed following treatment with
coumarin-6 entrapped in Tf-bearing PLGA-PEG nanoparticles (MFI of 8690 + 129),
which was 1.1-fold and 1.3-fold higher than that observed in the cells treated with control
nanoparticles (MFI of 7883 + 86) and free coumarin-6 (MFI of 6567 + 79) (Figure 3-

11).
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Figure 3-11: Flow cytometry quantification of the cellular uptake of coumarin-6
entrapped in Tf-bearing and control PLGA-PEG nanoparticles or as solution in B16-F10

cells (n=3) (*: p<0.05 vs Tf-PN)
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3.4.2.1.3 Transferrin-bearing lipid-polymer hybrid nanoparticles

The cellular uptake of plumbagin in B16-F10 cells treated with Tf-bearing lipid-polymer
hybrid nanoparticles was higher than that of control lipid-polymer hybrid nanoparticles
and free drug, respectively by 1.6-fold and 2.1-fold (1.44 + 0.06 pg for Tf-LPN, 0.92 +
0.13 pg for control LPN and 0.70 + 0.17 pg for plumbagin solution) (Figure 3-12). In
A431 cells, it was 1.3-fold and 2.7-fold for Tf-bearing lipid-polymer hybrid nanoparticles
in comparison with control nanoparticles and drug solution, respectively (2.46 + 0.04 ug
for Tf-LPN, 1.95 £ 0.05 ug for control LPN and 0.92 + 0.07 pg for free plumbagin). In
T98G cells, treatment of this cell line with Tf-bearing lipid-polymer hybrid nanoparticles
resulted in the highest cellular uptake of plumbagin, which was significantly higher than
that observed after treatment with unconjugated nanoparticles and free plumbagin
respectively by 1.3-fold and 2-fold (2.80 £ 0.21 pg for Tf-LPN, 2.24 + 0.13 pg for control

LPN and 1.43 £ 0.05 pg for free plumbagin).
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Figure 3-12: Cellular uptake of plumbagin (10 pg/well) either formulated as Tf-bearing
(orange) and control lipid-polymer hybrid nanoparticles (green) or as free drug in solution

(purple), in B16-F10, A431 and T98G cell lines (n=5) (*: p<0.05 vs Tf-LPN)

For confocal microscopy, the cellular uptake of coumarin-6 entrapped in lipid-polymer
hybrid nanoparticles followed a similar trend as previously described in liposomes and
PLGA-PEG nanoparticles. Tf-bearing lipid-polymer hybrid nanoparticles led to a higher
cellular uptake of coumarin-6 compared to that observed in control nanoparticles (Figure
3-13). Cells treated with coumarin-6 solution showed coumarin-6-derived fluorescence
in the cytoplasm, probably due to the non-specific diffusion of the drug. Coumarin-6-
derived fluorescence was disseminated in the cytoplasm of B16-F10 cells following all

treatments, with no visible co-localisation within the nucleus.
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Figure 3-13: Confocal microscopy imaging of B16-F10 cells, showing the cellular
uptake of coumarin-6 entrapped in Tf-bearing and control lipid-polymer hybrid

nanoparticles or as solution
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The quantitative analysis by the flow cytometry found that the conjugation of Tf to the

nanoparticles significantly increased coumarin-6 uptake (MFI of 5784 £ 121 a.u.) by 1.6-

fold compared to control nanoparticles (MFI of 3576 + 123 a.u.) (Figure 3-14). The

highest uptake was observed following treatment with coumarin-6 solution (MFI of 6567

+ 79 a.u.), similar to that observed in liposomes formulation.
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Figure 3-14: Flow cytometry quantification of the cellular uptake of coumarin-6
entrapped in Tf-bearing and control lipid-polymer hybrid nanoparticles or as solution in

B16-F10 cells (n=3) (*: p<0.05 vs Tf-LPN)
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3.4.2.2 Mechanisms of cellular uptake

3.4.2.2.1 Transferrin-bearing liposomes

Free transferrin, chlorpromazine, filipin and colchicine were used to inhibit transferrin
receptor-mediated, clathrin-mediated, caveolae-mediated and macropinocytosis-
mediated endocytosis, respectively (Cheng et al., 2014).

Unexpectedly, the cellular uptake of Tf-bearing vesicles loaded with coumarin-6 was not
inhibited by free transferrin in B16-F10 cells, indicating that there was no competition
between free transferrin and Tf-bearing vesicles at the studied experimental conditions
(Figure 3-15).

Pre-treatment of B16-F10 cells with chlorpromazine significantly decreased the cellular
uptake of coumarin-6 entrapped in Tf-bearing liposomes, which was 16% lower than that
observed without pre-treatment and 9.7% lower than that observed with control
liposomes (respectively 84.3 £ 1.7% and 94.0 £ 0.4% cellular uptake following treatment
with Tf-LIP and control LIP, with the relative cellular uptake without inhibitor set at
100%).

The cellular uptake of coumarin-6 entrapped in Tf-bearing liposomes was also partially
inhibited by filipin, unlike control liposomes. It decreased to 92.5 + 1.7% compared to
that measured in cells without pre-treatment, indicating that Tf-bearing liposomes were
taken up by caveolae-mediated endocytosis through caveosomes.

Colchicine, however, did not inhibit the cellular uptake of Tf-bearing and control
liposomes, meaning that macropinocytosis-mediated endocytosis pathway was not

involved in the cellular internalisation of these liposomes.
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Figure 3-15: Relative cellular uptake of coumarin-6 entrapped in Tf-bearing liposomes
(orange) or control liposomes (green), in the presence of endocytosis inhibitors, in B16-

F10 cells (n=3) (*: p<0.05 vs No inhibitor)
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3.4.2.2.2 Transferrin-bearing PLGA-PEG nanoparticles

Pre-treatment of B16-F10 cells with 50 uM of free transferrin significantly decreased the
cellular uptake of Tf-bearing PLGA-PEG nanoparticles loaded with coumarin-6, which
was 10% lower than that observed without pre-treatment (relative cellular uptake of 90.2
+ 1.0 % following treatment with Tf-PN, with the relative cellular uptake without
inhibitor set at 100%) (Figure 3-16). This result indicated a competition between Tf-
nanoparticles and free Tf for binding to Tf receptors, suggesting that the internalisation
of Tf-bearing PLGA-PEG nanoparticles is partly due to Tf receptors-mediated
endocytosis.

In this study, chlorpromazine, a cationic amphiphilic drug that prevents clathrin-coated
pits assembly at the plasma membrane surface (Chen et al., 2018), caused the most
significant inhibition in both Tf-bearing and control PLGA-PEG nanoparticles loaded
with coumarin-6 (decrease of relative cellular uptake to 84.1 + 0.4% for Tf-PN and 85.7
+ 4.7% for control PN), confirming that clathrin-mediated endocytosis is a major pathway
for the internalisation of these nanoparticles.

Following pre-incubation with filipin, the cellular uptake of coumarin-6 entrapped in Tf-
bearing PLGA-PEG nanoparticles decreased to 90.4 = 1.6%, indicating that Tf-
nanoparticles was partially taken up by caveolae-mediated endocytosis.

By contrast, colchicine did not inhibit the cellular uptake of coumarin-6 loaded Tf-
bearing and control PLGA-PEG nanoparticles, suggesting that macropinocytosis-

mediated endocytosis was not responsible for the cellular uptake of these nanoparticles.
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Figure 3-16: Relative cellular uptake of coumarin-6 entrapped in Tf-bearing PLGA-PEG
nanoparticles (orange) or control PLGA-PEG nanoparticles (green), in the presence of

endocytosis inhibitors, in B16-F10 cells (n=3) (*: p<0.05 vs No inhibitor)
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3.4.2.2.3 Transferrin-bearing lipid-polymer hybrid nanoparticles

As expected, pre-treatment of B16-F10 cells with 50 uM of free transferrin caused a
significant cellular uptake inhibition of Tf-bearing lipid-polymer hybrid nanoparticles
entrapping coumarin-6, with a relative cellular uptake of 79.8 £ 0.9 % compared to that
observed in the cells without pre-treatment (relative cellular uptake set as 100 %) (Figure
3-17). This result confirmed the involvement of Tf receptors-mediated endocytosis for
the internalisation of Tf-bearing lipid-polymer hybrid nanoparticles.

Pre-treatment of the cells with chlorpromazine significantly decreased the cellular uptake
for both the targeted and control nanoparticles (respectively 79.7 £ 3.1 % and 86.9 + 1.3
%), indicating that clathrin-mediated endocytosis is a major pathway for internalisation
of these nanoparticles.

The cellular uptake of coumarin-6 entrapped in Tf-bearing lipid-polymer hybrid
nanoparticles was weakly inhibited by filipin, which decreased to 92.2 + 3.0 % compared
with cells without pre-treatment, meaning that caveolae-mediated endocytosis was
partially responsible for the cellular uptake of Tf-bearing lipid-polymer hybrid
nanoparticles.

By contrast, colchicine only caused some weak cellular uptake inhibition following
treatment with control nanoparticles, with a relative cellular uptake of 93.9 + 3.0 %,
suggesting that macropinocytosis-mediated endocytosis was involved for the cellular

uptake of control lipid-polymer hybrid nanoparticles.
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Figure 3-17: Relative cellular uptake of coumarin-6 entrapped in Tf-bearing lipid-
polymer hybrid nanoparticles (orange) or control lipid-polymer hybrid nanoparticles
(green), in the presence of endocytosis inhibitors, in B16-F10 cells (n=3) (*: p<0.05 vs

No inhibitor)
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3.4.3 Anti-proliferative activity

3.4.3.1 Transferrin-bearing liposomes

In this study, an MTT assay was used to examine the anti- proliferative activity of
plumbagin either entrapped in Tf-bearing and control liposomes or as a free drug.

The entrapment of plumbagin in liposome formulations significantly improved the anti-
proliferative activity of plumbagin, compared with the free solution, by at least 1.5- fold
(Table 3-2, Figure 3-18). The conjugation of transferrin to the liposomes further
increased plumbagin anti-proliferative efficacy, by 2.3-fold for B16-F10 cells, 4.3-fold
for A431 cells and 4.2-fold for T98G cells, compared to that of plumbagin solution
following 24 hours’ treatment. These results correlated well with the improved cellular
uptake of the drug following treatment with the targeted liposomes.

Plumbagin loaded in Tf-bearing liposomes exhibited the highest anti-proliferative
efficacy against B16-F10 cells (ICsp: 0.22 + 0.01 pg/mL), followed by A431 cells (1Cso:
0.41 £ 0.01 pg/mL). However, Tf-bearing liposomes entrapping plumbagin only exerted
a limited anti-proliferative effect in T98G cells (ICso: 1.47 + 0.27 pg/mL). Although the
highest plumbagin uptake was found in T98G cells after treatment with plumbagin loaded
in Tf-bearing liposomes, improved anti-proliferative activities were found in B16-F10
and A431 cells, probably because T98G cells are more resistant to plumbagin than the

two other cell lines.
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3.4.3.2 Transferrin-bearing PLGA-PEG nanoparticles

The entrapment of plumbagin in PLGA-PEG nanoparticles led to a significant increase
of in vitro anti-proliferative activity of plumbagin (Table 3-2, Figure 3-19). Moreover,
the targeting of the nanoparticles with transferrin further improved plumbagin therapeutic
efficacy. In B16-F10 cells, the increase was 2.1-fold for Tf-bearing PLGA-PEG
nanoparticles and 1.6-fold for control nanoparticles compared to plumbagin solution
(ICs0: 0.24 £ 0.01 pg/mL for Tf-PN, 0.34 £ 0.01 pg/mL for control PN and 0.51 + 0.02
pg/mL for plumbagin solution). For A431 cells, both Tf-bearing PLGA-PEG
nanoparticles and control nanoparticles only exerted a limited therapeutic improvement
on this cell line (1Cso: 1.47 £ 0.21 pg/mL for Tf-PN, 1.61 £ 0.28 pg/mL for control PN
and 1.78 £ 0.20 pg/mL for plumbagin solution). In T98G cells, the increase was at its
highest, by 2.8-fold for Tf-bearing PLGA-PEG nanoparticles and 3-fold for control
nanoparticles compared to that of free plumbagin (ICso: 2.18 + 0.51 pg/mL for Tf-PN,
2.03 + 0.58 pg/mL for control PN and 6.19 + 0.20 pg/mL for plumbagin solution).
However, there was no significant difference in the 1Cso between Tf-bearing and control
PLGA-PEG nanoparticles in T98G cells. By contrast, blank PLGA-PEG nanoparticles
did not exert cytotoxicity to any of the cell lines at the tested conditions, demonstrating

the safety of PLGA-PEG-MAL polymer at the tested experimental conditions.

3.4.3.3 Transferrin-bearing lipid-polymer hybrid nanoparticles

The in vitro anti-proliferative activity of plumbagin was significantly improved when
formulated in lipid-polymer hybrid nanoparticles on the tested cell lines (Table 3-2,
Figure 3-20). In addition, the conjugation of transferrin to the nanoparticles further
improved plumbagin therapeutic efficacy when compared to the free drug. In B16-F10

cells, the anti-proliferative efficacy of plumbagin loaded Tf-bearing lipid-polymer hybrid
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nanoparticles was higher than that of control nanoparticles and drug solution respectively
by 1.6-fold and 3.2-fold (ICso: 0.16 + 0.02 pg/mL for Tf-LPN, 0.26 + 0.01 pg/mL for
control LPN and 0.51 £ 0.02 pug/mL for plumbagin solution). In A431 cells, Tf-bearing
lipid-polymer hybrid nanoparticles significantly enhanced the therapeutic efficacy of
plumbagin by 1.4-fold and 2.8-fold when compared with control nanoparticles and free
plumbagin, respectively (ICso: 0.63 + 0.03 pg/mL for Tf-LPN, 0.86 £ 0.03 pg/mL for
control LPN and 1.78 = 0.20 pg/mL for plumbagin solution). In T98G cells, the efficacy
was 3.0-fold for Tf-bearing lipid-polymer hybrid nanoparticles and 2.6-fold for control
nanoparticles in comparison with plumbagin solution. However, there was no significant
difference between Tf-bearing and control lipid-polymer hybrid nanoparticles (ICso: 2.03
+ 0.15 pg/mL for Tf-LPN, 2.40 £ 0.49 pg/mL for control LPN and 6.19 + 0.20 pg/mL
for plumbagin solution). By contrast, blank lipid-polymer hybrid nanoparticles did not
exert any cytotoxicity to the cell lines at the tested concentrations, similarly to liposomes

and polymeric nanoparticles.
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Table 3-2: Anti-proliferative activity of plumbagin entrapped in Tf-bearing and control

formulations, or free in solution, expressed as ICsp values, in B16-F10, A431 and T98G

cells, following 24 h treatment (n=15) (n.d.: not determined)

I1Cs0 (Lg/ml) [Mean £ SEM]

Cell lines
B16F10 A431 T98G
Plumbagin solution 0.51+£0.02 1.78 £0.19 6.19 £ 0.19
Liposomes
Tf-LIP 0.22+0.01 0.41+0.01 1.47+£0.27
Control LIP 0.31+0.03 0.63 +0.02 2.04 £0.35
Blank LIP n.d. n.d. n.d.
PLGA-PEG nanopatrticles
Tf-PN 0.24 +0.01 1.47+£0.21 2.18+0.51
Control PN 0.32+0.01 1.61+0.28 2.03+0.58
Blank PN n.d. n.d. n.d.
Lipid-polymer hybrid nanopatrticles
Tf-LPN 0.16 £ 0.02 0.63+0.03 2.03+0.15
Control LPN 0.26 £0.01 0.86 +0.03 2.40+0.49
Blank LPN n.d. n.d. n.d.
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3.4.4 Cellular apoptosis

3.4.4.1 Transferrin-bearing liposomes

Tf-bearing liposomes entrapping plumbagin (1 ug/mL, 5.3 uM) significantly led to higher
cellular apoptosis in B16-F10 cells compared to that of control liposomes and free
plumbagin, with 88.4 £ 0.4 % of cells being in apoptosis following treatment with Tf-
bearing liposomes, compared with 82.0 £ 1.5 % apoptotic cells following treatment with
control liposomes. By contrast, only 27.5 = 1.0 % of cells were apoptotic when treated
with free plumbagin (Figure 3-21 and 3-22). In A431 cells, the apoptosis effect of Tf-
bearing liposomes (total apoptosis of 43.3 = 3.5 % cells) was lower than that observed
with B16-F10 cells, but was still 1.9-fold higher than that observed following treatment
with control liposomes (total apoptosis of 22.4 + 3.5 % cells). Free plumbagin only
exerted a limited apoptosis effect on this cell line at the tested conditions (7.9 £ 0.9 %
apoptotic cells following treatment with free plumbagin). In T98G cells, the apoptosis
effect of Tf-bearing liposomes was further reduced compared to that of the 2 other cell
lines, but was still significantly higher (p<0.05) than that observed following treatment
with control liposomes and free drug in solution (total apoptosis of 24.9 + 0.8 % cells
following treatment with Tf- bearing liposomes, 18.5 £ 1.0 % cells for control liposomes
and 17.1 + 1.5 % cells for free plumbagin). This result correlated well with those obtained
from the anti-proliferative assay, showing that Tf-bearing liposomes entrapping
plumbagin exhibited the highest anti-proliferative effect on B16-F10 cells followed by

A431 and T98G cells.
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Figure 3-21: Apoptosis effect of plumbagin (1 pug) entrapped in Tf-bearing liposomes,
control liposomes or free in solution on B16-F10, A431 and T98G cells following 4 h
treatment, expressed as percentage of total apoptotic cells (early apoptosis + late

apoptosis) (n=3) (*: p<0.05 vs Tf-LIP)
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3.4.4.2 Transferrin-bearing PLGA-PEG nanoparticles

The conjugation of transferrin to plumbagin loaded PLGA-PEG nanoparticles led to a
significant increase in cellular apoptosis on B16-F10 cells compared to that of
unconjugated nanoparticles and free plumbagin (Figures 3-23 and 3-24), with a total
percentage of apoptotic cells respectively of 78.8 £ 1.4 % for Tf-bearing PLGA-PEG
nanoparticles, 72.3 £ 0.8 % for control nanoparticles and 27.5 + 1.0 % for free plumbagin.
For A431 cells, Tf-bearing PLGA-PEG nanoparticles exhibited higher apoptosis activity
than free plumbagin which did not exert any apoptosis on this cell line at the tested
conditions. Its efficacy was not higher than that of control nanoparticles (total apoptosis
of 27.2 £ 1.2 % for Tf-PN, 25.4 + 0.8 % for control PN and 7.9 £ 0.9 % for free
plumbagin). By contrast, in T98G cells, only free plumbagin solution induced apoptosis,
while both Tf-bearing and control PLGA-PEG nanoparticles did not exert apoptosis at
the tested conditions (total apoptosis of 7.7 £ 0.6 % for Tf-PN, 7.2 + 0.5 % for control

PN and 17.1 + 1.5% for free plumbagin).
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Figure 3-23: Apoptosis effect of plumbagin (1 pg) entrapped in Tf-bearing and control
PLGA-PEG nanoparticles or free in solution on B16-F10, A431 and T98G cells following
4 h treatment, expressed as percentage of total apoptotic cells (early apoptosis + late

apoptosis) (n=3) (*: p<0.05 vs Tf-PN)
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3.4.4.3 Transferrin-bearing lipid-polymer hybrid nanoparticles

Tf conjugation on plumbagin-loaded lipid-polymer hybrid nanoparticles significantly led
to the highest cellular apoptosis in B16-F10 cells (Figure 3-25 and 3-26), with 89.2 +
0.4 % of cells being apoptotic as a result of their treatment. By contrast, 80.5 £ 0.6 % and
27.5 = 1.0 % of cells were apoptotic when treated with the control nanoparticles or the
plumbagin solution, respectively.

In A431 cells, the apoptosis effect of the targeted formulation was much lower than in
B16-F10 cells (total apoptosis of 20.3 + 1.1 %). Control nanoparticles and plumbagin
solution only exerted a limited apoptosis on this cell line at the tested conditions (total
apoptosis of 13.2 £ 0.3 % for control LPN, 7.9 £ 0.9% for plumbagin solution), similar
to the 11.4 + 0.3 % apoptosis obtained when treated with the blank nanoparticles.

In T98G cells, the apoptosis effect of Tf-bearing lipid-polymer hybrid nanoparticles (total
apoptosis of 21.0 £ 0.4 % cells) was similar to that observed with A431 cells following
treatment with the same formulation, but was not statistically different from that observed
with control nanoparticles or drug solution (total apoptosis respectively of 17.6 £ 1.5 %

and 17.1 + 1.5 %).
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Figure 3-25: Apoptosis effect of plumbagin (1 pg) entrapped in Tf-bearing and control
lipid-polymer hybrid nanoparticles or free in solution on B16-F10, A431 and T98G cells
following 4 h treatment, expressed as percentage of total apoptotic cells (early apoptosis

+ late apoptosis) (n=3) (*: p<0.05 vs Tf-LPN)
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3.5 Discussion

The possibility of using plumbagin for cancer treatment is limited by the inability of this
compound to specifically reach tumours at a therapeutic concentration following
intravenous injection, resulting from short biological half-life and rapid elimination. To
overcome this issue, we hypothesise that loading plumbagin into a tumour-targeted
delivery system would enhance the specific delivery of plumbagin to cancer cells and
increase its therapeutic efficacy.

In Chapter 2, we successfully prepared transferrin-bearing liposomes, PLGA-PEG
nanoparticles and lipid-polymer hybrid nanoparticles entrapping plumbagin, and
demonstrated that these tumour-targeted formulations have suitable physico-chemical
properties for being efficient delivery systems for plumbagin. Thereafter, it is necessary
to investigate the capability of these delivery systems to enhance the specific delivery of
plumbagin to cancer cells and enhancement of its therapeutic efficacy.

For the PEGylated liposomes, cellular uptake studies demonstrated that Tf-bearing
liposomes led to higher cellular accumulation of plumbagin in comparison with control
liposomes and plumbagin solution. A similar result was obtained when replacing
plumbagin with coumarin-6 as a lipophilic fluorescent drug model. These results were
similar to that previously reported by our group when using Tf-bearing Solulan C24 /
Span 60-based vesicles as drug carriers for tocotrienol and epigallocatechin gallate (Fu
et al., 2009; Lemarié et al., 2013). This outcome was also reported by Jhaveri and
colleagues (2018), who showed that the cellular uptake of resveratrol, a polyphenol
compound found in grape seed, was increased in U87MG human glioblastoma cells
following treatment with Tf-bearing liposomes compared to control liposomes. Among
the three tested cancer cell lines, T98G cells exhibited the highest cellular uptake of

plumbagin after treatment with transferrin-bearing vesicles. This might be explained by
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the high level of transferrin receptors on the surface of T98G cells compared to B16-F10
and A431 cell lines (Bausch-Fluck et al., 2015).

The cellular uptake of Tf-bearing liposomes was not inhibited following pre-treatment
with free transferrin. This result was observed for a fixed set of experimental conditions,
but may have been different following optimisation (e.g. using various amounts of Tf,
various durations of incubation). The explanation for this result might be the elasticity of
vesicles. Guo and colleagues (2018) demonstrated that the vesicles that have high
elasticity such as liposomes, can enter cells predominantly by fusion with the cell
membrane, which is not affected by endocytosis inhibition. The cellular uptake of Tf-
bearing liposomes was partially inhibited by chlorpromazine and filipin, while control
liposomes were partially inhibited by chlorpromazine only. Both chlorpromazine and
filipin are pinocytosis inhibitors: chlorpromazine has been reported to inhibit clathrin-
mediated endocytosis, which is a major pathway for the interna